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Preface 

Perennially  frozen ground, or germafrost, 
underlies  an  estimated  20  percent  of  the  land 
surface  of the earth. It  affects many human 
activities,  causing  unique  problems in agri- 
culture, mining, water supply, sewage dispasal, 
and construction of airfields, mads, railroads, 
urban areas, and oil and gas pipelines. There- 
fore, understanding of its distribution and 
behavior  is essential. 

Although  the  existence  of permafrost has 
been  known  to  the  inhabitants o f  Siberia for 
centuries, not until 1836 did  scientists of the 
Western world take  seriously  the  accounts of 
thick  frozen  ground existing under the forests 
and tundra  of  northern Eurasia. In  that  year, 
Alexander  Theodor  von  Middendorf measured 
temperatures to a  depth of approximately  107 m 
in  permafrost in the  Shargin Shaft, an unsuc- 
cessful  well dug in Yakutsk for the  governor of 
the Russian-Alaskan Trading Company. It  was 
estimated that the  permafrost  there was 215  m 
thick, For over a  century  since then, scien- 
tists and engineers in Siberia  have  been 
actively  studying  permafrost and applying the 
results of their research in the  development of 
the region. Similarly, prospectors and ex- 
plorers  have been aware  of  permafrost in 
northern North America for many years, but not 
until  World War I1 were  systematic  studies 
undertaken by scientists and engineers in the 
United States and Canada. 

As  a  result  of the explosive increase in 
research  into  the  scientific and engineering 
aspects  of  frozen  ground  since  the late 1940s 
in Canada, the United States, the USSR, and, 
more recently, the People's Republic  of China, 
and Japan, among other  countries, it became 
apparent that scientists and engineers working 
in the field needed to exchange  information on 
an international level, The  First  International 
Conference on Permafrost was therefore held in 
the  United  States  at  Purdue University in 
1963. This  relatively  small  conference  was 
extremely  successful and yielded  a  publication 
that  is  still used throughout  the world. In 
1973  approximately  400  paxticipanta attended 
the  Second  International  Conference on Perma- 
frost in Yakutsk, Siberia, USSR. By that time 
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it had become apparent  that  a  conference  should 
be held every 5 years or so, to bring together 
scientists and engineers to hear and  discuss 
the  latest  developments in their fields. Thus 
in 1978  Canada hosted the  Third  Internakional 
Conference  on  Permafrost in Edmonton, Alberta, 
including field trips to northern Canada. 
Approximately 450 participants  from  14  nations 
attended, and Chinese  scientists  were present 
for the  first time. The published proceedings 
o f  all three of these  conferences  are  available 
(see p. 1524). 

In Edmonton i t  was  decided that the United 
States would host the  fourth Conference, and a 
formal offer was  made by the University of 
Alaska. Subsequently, the  Fourth  International 
Conference on Permafroat  was held at  the 
University of Alaska  at Fairbanks, July 17-22, 
1983. It  was  organized and cosponsored by 
committees  of the Polar  Research  Board of the 
National Academy of Sciences and the  State of 
Alaska. Local and extended field trips  tO 
various  parts of the state and northwestexn 
Canada, to examine  permafrost features, were 
made  an integral part of  the conference. 

Approximately  900  people participated in 
the  numerous activities, and 350 papers and 
poster displays  from  25  countries  were 
presented  at  the conference. Many engineering 
and scientific  disciplines  were  represented, 
including civil and mechanical engineering, 
soil mechanics, glacial and periglacial  geology, 
geophysics,  marine science, climatology, soil 
science, hydrology, and ecology. The  formal 
program  consisted o f  panel  discussions followed 
by paper and poster presentations. The  panels 
considered  the following themes: pipelines, 
climatic  change and geothermal regime, deep 
foundations and embankments, permafrost terrain 
and environmental protection, frost heave  and 
ice  segregation, and subsea permafrost. 

The U.S. Organizing Committee  is  indebted 
to the  many  sponsors for their financial 
support, to the  technical  and  professional 
organizations  which participated in the 
program, and to the  local  Fairbanks  organizers 
for their efforts, which resulted in a highly 
successful meeting. 
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Conference Publications 

The  official  proceedings  of  the  conference 
consist of: (1) the  Abstract and Program vol- 
ume, which  was  published prior to  the  conference 
and is available  from  the  University of Alaska$ 
(2) the present volume of 276 contributed  papers 
by authors  from 22 countries: and (3) a final 
volume  that  will  contain  the  panel and plenary 
presentations, additional  contributed papers, 
and a list of participants. 

A review group, acting under the U.S. 
Organixing  Committee for the  Fourth Inter- 
national  Conference on Permafrost, was respon- 
aible for reviewing  the  abstracts  submitted in 
response  to the initial  call for papers, and 
later for reviewing the  papers themselves. TO 
accomplish  these  tasks  within  the  span of the 
year preceding the  conference,  strict  deadlines 
were imposed and enforced. The  review  group 
met  twice  at  the  National  Academy of Sciences, 
first in the  fall of 1982 and again in April 

The  objective  of  the  group  was  to  ensure 
1983 

the  preparation of scientifically and tech- 
nically eound camera-ready copy on a schedule 
consistent  with  the  desire to have  the  con- 
tributed  papers  published by late 1983. The 
task was  greatly  facilitated by the  ability Of 
the  authors  to  prepare their own camera-ready 
copy  within  the deadlines. 

More  than 200 reviewers  were  called on  to 
ensure an adequate and timely  critique of each 
manuscript. These  reviews  were  carried  out  with 
generous  cooperation  from  Canadian specialists. 
The papers  from  the  USSR  were accepted on the 
basis of Soviet  review prior to submission to 
the U.S. Organizing Committee. The  Soviet 
camera-ready copy  was  prepared in the  united 
States following revision of their English- 
language manuscripts. An additional 30 Soviet 
papers  are being prepared for publication in 
the  final  proceedings volume. The  authors  from 
the People's Republic of  China  were provided 
review and editorial comments, and their papers 
were  then returned to them for final 
preparation. 

The  members of the  review  group were: 

Robert D. Hiller, Chairman, Cornell  University 
Duwayne R. Anderson, State University of  New 

York, Buffalo  (Remote  Sensing and Planetary 
Geophysice) 

Robert F. Black, University of Connecticut 

Joseph M, Boyce, National  Atmospheric and Space 
(Periglacial and Permafrost) 

Administration (Lead Reviewer, Remote 
Sensing and Planetary  Geophysics) 

Robert F. Carlson, University of Alaska, 
Fairbanks  (Hydrology) 

John Dennis, U.S. Park Service (Ecology) 
Hugh M. French,  Ottawa  University (Lead 

Reviewer, Periglacial and Permafrost) 
Laurel E. Goodrich, National  Research  Council 

of  Canada  (Thermal and Mechanical 
Engineering) 

William D. Harrison, University  of Alaska, 
Fairbanks  (Geothermal and Subsea) 

Hans 0. Jahns,  Exxon  Production Research CO. 
(Lead Reviewer, Geothermal and Subsea) 

C. william Lovell, Purdue  University (Lead 
Reviewer, Civil  Engineering) 

Virgil Lunardini, Cold  Regions Research and 
Engineering Laboratory (Lead Reviewer, 
Thermal and Mechanical Engineering) 

Howard Thomas, woodward-Clyde Consultants 
(Civil  Engineering) 

Leslie Viereck, u.S. Forest  Service  (Lead 
Reviewer, Ecology) 

Ted S. Vinson, Oregon  State University (Civil 
Engineering) 

John R. Williams, U.S. Geological  Survey (Lead 
Reviewer, Hydrology) 

Louis DeGOes, Secretary 

The generous  editorial  assistance  of  the 
Cold Regions Research and Engineering Laboratory 
and the  National  Research  Council  during  various 
stages  of  manuscript  review and preparation i s  
gratefully acknowledged. A special  note of 
appreciation is due  to  Louis  DeGoes for his 
dedicated  efforts  throughout  the planning and 
review  stages  of  the  preparation  of  the 
proceedings. 

field trip  guidebooks  was  published by the 
Alaska  Division of Geological and Geophysical 
Surveys and is available  from  that  agency in 
Fairbanks. A special  permafrost bibliography 
of over 4,000 citations  was published by World 
Data Center A for  Glaciology  in Boulder, 
Colorado, as Glaciological  Data  Report GD-14. 
The bibliography covets  much  of the world 
literature on permafrost published  during the 
last  five years. 

In  addition to the proceedings, a series Of 
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ON THE FEUTIONSHIP BETLEEN THE STRUCTUXE AND CHARACTERISTICS 
OF BEDROCK PIASSES AND THEIR  PERMAFROST HISTORY 

V. E. Afanasenko, V. N. Zaitsev, V. E. Romanovskii, 
and N .  N. Romanovskii 

Geology  Department, 
Moscow  State  University,  Moscow, USSR 

Comprehensive  investigations  in  the  areas  of  permafrost  hydrogeology  and  engineering 
geology  within  the  Stanovoy  and  Mongol-Okhotsk  folded  systems  revealed  the  presence 
of horizons  and  zones  of  severe  jointing  in  the  bedrock.  They  occurred  both  where 
there  was no permafrost  and  at  the  top  and  bottom  of  the  permafrost.  The  thick- 
ness o f  the  zones  involved  reaches 100 m and  more,  and  the  ice  content  where  the 
rock  is  frozen  reaches 6-10% by  volume.  The  formation  of  these  horizons  of 
severely-jointed  rock  is  related  to  the  dynamics of permafrost  development  during 
climatic  changes  in  the  Late  Pleistocene  and  Holocene,  specifically  to  intense 
frost  shattering  caused  by  repeated  freeze-thaw.  These  horizons  and zones of  severe 
jointing  exert a major  influence on the  formation o f  the  existing  subsurface  drainage 
and of talik  zones  which  operate  both  as  recharge  and  discharge zones in  terms of 
groundwater  and  also  as  lateral  transfer  zones  beneath  the  permafrost. 

The  blocks  of  mountain  bedrock in the  zone o€ 
sporadic  permafrost  distribution  have  specific 
structural  characteristics, i.e.  the  highly  jointed 
horizons  of  exogenous  origin. In the  hydrogeologi- 
cal  aspect  these  are  hydrogeological  blocks of 
insular  and  sporadic  'freezing.  Their  highly  joint- 
ed horizon6  are  most  commonly  the  highly  saturated 
zones,  the  water  of  which is o f  great  economic  value 
for  industrial agd municipal water supply. 

blocks  were  studied  in  the  central  part of the 
Baikal  Amur  Railway zone,  an  area  subjected  to 
multiple  and  substantial  changes of the  frozen 
state  in  Pleistocene  and  Holocene  time.  Those  are 
Stanovaya  and  Nongol-Okhorsk  mountain  regions3,com- 
posed of rocks  of  the  Early  Proterozoic  age,  as 
well as  Paleozoic  and  Mesozoic  folded  belts. 
Similar  to  other  regions  of  the  Baikal  region,  the 
Transbaikal  region,  and  the  Verkhoyano-Kolymskaya 
momtain-folded  regions,  subjected  to  substantial 
transformation  of  the  rota1  frozen  state  in  the 
Quaternary  period,  it  is  suggested  that  the  state 
and  characteristics of the  hard  and  semihard  rock 
blocks  of  the  terrirory in  question  have  been 
changed  by  the  dynamics of permafrost. 

To identify  regional  characteristics of cryo- 
genic  disintegration  near  the  upper  and  lower 
boundaries of permafrost,  special  investigations 
based on electrical  prospecting  methods  were 
carried out .  The  distribution of the  most  typical 
structural  characteristics of the  zone of exogenic 
jointing of bedrock  blocks  within  the  study  area, 
the  permafrost  thickness,  and  the  density o f  the 
component  rocks,  were  primarily  established.  The 
techniques  suggested  by  Piotrovskaya  and  Romanovsky 
(1982) were  used.  The  most  probable  values of the 
thickness  of  the  exogenic  density  zone  and  specific 
electric  resistance  of  the  unfrozen  jointed  bedrock, 
characterized  by  extensive  areal  occurrence,  are 
given  in  Table 1. 

The  structure  and  characteristics of bedrock 

Usually,  a  normal  field  of  thickness  distribu- 

tion of the  exogenic  jo,inted  zone of the  study  area 
has  apparent  anomalous  areas  of two types,  within 
which  the  values  are  higher  by  two  or  more  times 
than  the  background  ones. 

having  faults with  a  break  in  continuity.  The 
anomalous  areas  of  the  second type are  confined  to 
the  valleys of large  rivers  such as the  Gilyui, 
Ilikan,  etc.,  formed  within a relatively  long 
period  of  Early-Mid  Pleistocene  entrenchment 
(Piotrovskaya  and bmanovsky 1982). Such  areas 
comonly extend one ar  more km across  the  whole 
width of these  valleys. 

The  formation  and  further  development of high 
thickness of dispersion  zones,  in t h e  aforementioned 
valleys, were caused not only by  initial  jointing 
along  the  linear  tectonic  disFGwLgnces,  but also 
by  subsequent  processes  of  cryogenic  disintegration 
causing  formation of a  jointed  weakened  zone in the 
upper  part  of  the  bedrock  blocks.  The  anomalously 
great  thickness  of  such  jointed  zones  was  observed 
by us only  in  ancient-stage  valleys  and  did  not 
occur  in  younger  valleys  formed  as a result of 
Holocene  entrenchment. Thus, the  upper  and  oldest 
part  of  the  Gilyui  River  valley  is  characterized 
by  a  great  thickness of jointed zones. The down- 
stream  part  of  the  valley  was  shaped  later.  The 
zones b f  exogenic  jointing  were  either  insignifi- 
cant or absent. 

zones  in  the  frozen  part  of  the  bedrock  blocks, 
using  the  electrical  prospecting  techniques  and 
prototype  observations,  made  it  possible to identify 
zones of complete  ice  saturation,  up  to  their 
"bulged"  state,  in  the  section of frozen  bedrock. 
The  latter  is  indicative o f  intensive  processes of 
cryogenic  disintegration  in  these  parts of bedrock 
blocks.  The  disintegration  processes are confined 
to  specific  relief  forms  having  different  terrain 
expression. 

The  first  anomalous  type  includes  linear  zones 

Regional  analysis of ice-filling of the  jointed 

Upon  studying  regional  variability of rock  ice- 
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as  a  result of the  Upper- 
Pleistocene-Holocene  entrench- 
ment  cycle  (lower  horizon) a 53.3 36 4 4.3 0.25 

4 )  Dispersion  zone o f  Proterozoic 
granitoid  blocks ( PR) within 
the Pliocene/Ilid-Pleistocene 
surfaces 38 51.2 1 .O 9 3  2 . 3  0.04 

5 )  Dispersion  zone  of  tksozoic 
granite  blocks ( ME), whose 
surface  corresponds  to P l i o -  
cene/Mid-Pleistocene  stage 7 44.0 2.8 7 4.0 0 . 3 8  

filling, we used  the  values o f  specific  electric 
resistance (SER) of  frozen  jointed bedrock, ob- 
tained i n  geophysical  studies  and  confirmed  by 
prototype  observations. In this  case,  it  seems 
convenient  to use the  index o f  rock  ice-filling 
rate,  introduced  by  us as a function: 

Pf' 
Pr  ic 

where Pir = SER of  frozen  jointed  rocks; 

x."- 

Pmon 

PAon = SER of  the  unfrozen  "monolith"  part 
of the same rock  block. 

According to the  data,  the  value of the Frit 
parameter  is  different  for  divides  and  valley 
areas, thus confirming  the  substantial  differences 
i n  conditions  of  permafrost  formation  and  its  cryo- 
genic  structure  within  the  limirs of these r e l i e f  
forms . 

The  values Pric 0.35 - 0.95 are  most  charac- 
teristic of the  lowest  part of the  section o f  
frozen  jointed  bedrock on slopes  and  low  (to  an 
altitude of 1100-1300 m) on interfluves. PriC 
rarely  exceeds 1.0 here. It means  that  the  frozen 
racks of such  areas  are,  as  a  rule,  characterized 
by  inherited  cryogenic  structures  and low ice 
content,  The  joints  of  such  rocks,  in  the  belt  of 
weathering,  are,  only  partially filled with ice. 
This  cryogenic  structure of jointed  rocks  points 
to  the  weakening  of  cryogenic  disintegration  here 
at  present. 

frost boundary in the  ancient-stage  valleys,  is 
most commonly  characterized  by  the  values  of PriC= 

The  frozen  jointed  bedrock,  at  the  lower  perma- 

1 . 2  to 2 . 3 .  The values  of Prhc below 1.0 are  ex- 
tremely  rare. Most of the jomts are  entirely 
filled  with  ice,  and,  in  many cases, the  rocks 
occur  in  the  "bulged"  state.  The  high  ice  content 
seems to give  unequivocal  evidence  of  active  cryo- 
genic  disintegration  both  recently  and  at  present. 

Studies  of the intensity of cryogenic  disinteg- 
ration  at  the  base o f  permafrost  within  the so- 
called  bald  mountain  belt are of  particular  inter- 
est. Due to  the  effects o f  altitudinal  zonality, 
such  areas  were  distinguished  by  the most severe 
temperature  conditions  during  the  whole  period of 
perennial  frozen  ground  existence  and  development. 
It resulted  in  deep  freezing of bedrock  blocks. It 
i s  supported  by  the  results  of  our  geophysical 
studies on the  bald  mountain  divide  surfaces  above 
the  altitude o f  1400 m  in  the  Soktakhan  range, as 
welL as within  the  Stanovoi  range at an altitude 
of 1300-2000 m. Permafrost  thickness in these 
areas  reaches  between 200 and 500 m. The  presence 
of  highly  jointed  bedrock  immediately  under  the 
permafrost  layer  is  characteristic of the section. 
Besides, i n  many  areas the perennially  frozen  rock 
series  has a mare  complex  structure. Two intervals 
of  high  ice  content,  upper  and  lower,  interbedded 
with  ice-poor  frozen  rocks,  are  common  in  the 
section. The structure of this  section suggests 
that  cryogenic  disinregration of the  rock  near  the 
base of bedrock  blocks of the bald mountain  belt, 
as well  as i n  the  upper  part of the  perennially 
froeen  rock  section  was most intensive  during  the 
Pleistocene  and  Holocene. 

the  intensity  and  total  development o f  dispersion 
zones in the  cryogenic  series,  it  is  necessary to 
approach  the  problem  from  a  historical  aspect  and 

To  understand  fully  the  scope  of  our  findings on 
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to  relate  the  principal  structural  characteristics 
and  properties  of  bedrock  blocks  to  "permafrost" 
history. As mentioned  above,  cryogenic  disinteg- 
ration  of  bedrock  blocks  in  the  "permafrost" zone 
was  caused  by  multiple  processes  of  partial  or 
complete  freezing  or  thawing  of  rocks  at  the  base 
or  in  the  upper  part of the  frozen  seution.  These 
processes  result  in a substantial  increase  in  rock 
jointing  and  porosity. 

It  is  common  knowledge  that  one  of  the  basic 
indicators of continuous  existence  of  frozen  series 
during  the  Fleistocene  was  the  presence  of  syngene- 
tic  multiple-veined  ice  in  sections  in  Quaternary 
deposits  of  different  ages.  In  our  studies  and 
also in those  of  Alekseyev (1968), Maksimova (1971), 
Kaplina  et  al. (1975), Vtyurin (1976), the  occur- 
rence  of  syngenetic  multiple-veined  ice  in  sedi- 
ments  of  the  first,  second  and  third  terraces  above 
the  floodplain on the  floors of the Olelana,  Ust- 
Nyukzha,  Zeya,  Gilyui, G, and M. Olda  and  other 
river  valleys, i.e. approximately  up  to 54' N has 
been  established.  The  upper  surface of the  ice 
veins is, as a  rule,  "detached"  from  the  present 
base of the  active  layer  by 0,8-1.5 m. The  space 
over  the  vein  is  filled  with  peaty  sandy  loam, 
sand,  peat  or  ice of thaw-lake  origin.  This  struc- 
ture of the  upper  parts  of  syngenetic  ice  wedges  is 
indicative  of  the  fact  that  in  the  warmest  periods 
of Upper  Pleistocene  and  Holocene  some  parts of 
valley  floors  and  intermountain  areas  were  charac- 
terized  by a considerable  increase in the  mean 
annual  rock  temperature  within  the  range  of  their 
values  below O ° C  and  in  the  depth of seasonal 
thawing (2-3 fold  as  compared  to  the  present 
levels). The  frozen  series  did  not  thaw  everywhere 
or  completely. It was  largely  controlled  by  high 
ice  content  (up  to 50-70%) of  the  mantle o f  uncon- 
solidated  deposits,  substantial  heat-insulating 
effects  of  surface  moss-peat  covers,  the  effect  of 
the  negative  temperature  shift  at  the  base of the 
seasonally-thawed  layer  and  the  present  inversion 
in  distribution of the  mean  annual  air  temperatures 
from  divides  to  valley  and  depression  floors.  The 
long-term  (secular  and  millenial)  increases  and 
decreases of  mean annual  rock  temperature  should 
result  in  substantial  shifts (up  to 100 m) in the 
lower  frozen  ground  boundary.  Besides  the  valley 
floors,  the  most  favorable  conditions  for  long 
"preservation"  of  perennial  frozen  rock  in  the 
periods  from  the  Mid-Pleistocene  to  the  present 
have  occurred  within  the  limits of the cooling 
belt, most persistent in time,  coinciding  with  the 
bald  mountain  part  of  the  Stanovoi,  Dzhugdyr, 
Tukuringra,  Soktakhan  and  Dzhagdy  ranges,  confined 
to  altitudes of over 1300-1500 m. Yultiple  and 
substantial.  displacements of the  lower  permafrost 
boundary  occurred  here, a6 in the  valley floors. 
The  displacements  are  indicated  by new electric 
prospecting  data on the  frozen zone structure of 
the  mountain  structures,  mentioned  earlier,  as  well 
as by  the  data  presented  by  Kaplina  et  al. (1975). 
Most high-temerature  frozen  rock  series  are  formed 
within  the  belt,  transitional  from  the  inversion 
to  the  altitudinal-zonal  one.  We  place  in  this 
category  the  low,  smoothed  interfluves  and  gentle 
slope  areas  adjacent t o  the  mountains  and  bordering 
the  Upper-Zeya  and  Uda  depressions,  as  well as the 
Amur-Zeya  plain. In the  Late  Pleistocene  and 
Holocene,  these  areas  were  evidently  noted  for 

multiple  neogenesis  of  frozen  series  and  their 
thawing.  The  thawing  is  indicated  by  the  absence 
of  syngenetic  multiple-veined  ice on these  relief 
forms,  as  well  as  by  the  present  wide  occurrence of 
sporadic  frozen  series  and  areal  zones with  high 
bedrock  jointing  traced  to a depth  of  over 50 m, 
as  already  mentioned.  The  syngenetic  multiple 
ice  wedges  did  not  occur  in  either  relief  form of 
Amur-Zeya  plain,  i.e.  south  of  Tukuringra- 
Soktakhan-Dzhagdy  mountain  range,  although ca~es 
of  pseudomorphism  occurrence  have  been  described 
for  them  in  the  literature.  The  thawing i s  most 
likely  indicative of a complete  areal  degradation 
of  perennial  frozen  rocks on the  Amur-Zeya  plain 
during  the  Kolocene  climatic  optimum.  The  thawing 
is  also  supported  by  wide  occurrence  of  large 
relict  thermokasst  forms  there (up  to a few km 
across), on the  interfluves  of  the  upper  reaches 
of  the  Onon,  Ulmin, Olga and Tu rivers,  and  also 
by  the  presence  of  hummock-and-sink  hole  micro- 
relief  in  the  Selemdzha  and Byssy river  basins. 
According  to  Mordvinov (19401,  the  formation  of 
such  forms  was  caused  by  complete  thawing  of' 
multiple  ice  wedges  during  the  Holocene  climatic 
optimum.  Our  calculations  of  perennial  freezing 
support  the  idea  that  the  maximum  thickness  of 
frozen  ground  observed  at  present on the  Amur-Zeya 
plain  (about 50-80 m> could  have  formed  between 
3000 and 4000 years  ago  in  the  period  of  Late- 
Holocene  cooling  that  followed  the  climatic  optimum. 

The  principal  changes  in  the  physical  state of 
hard  rock  (thawed  and  frozen)  had a substantial 
effect on rock  jointing  and  porosity  in  those 
intervals  where  the  changes  were  most  substantial 
and  recurrent. 

by us  and a  number  of  other  researchers  in  the 
upper  part  of  the MFR section  within  a  wide  strip 
of  the  submontane  area  bordering  the  Upper  Zeya  and 
Uda  depressions,  and  Amur-Zeya  plain.  This 
weathering  crust  type, with  a thickness  reaching 
40-50 m, has  attracted  attention  from  experts  in 
different  fields,  Thus,  it  was  reported  by 
Alekseyeva (1978) that  vermiculite  weathering 
crusts  were  found  on  intermediate  and  basic  igneous 
rock6  that  are  enriched  with  biotite  and  phlogopite. 
The  formation of such  treathering  crusts  is  related 
by  the  researcher  to  rock  disintegration  and  leach- 
ing.  The  occurrence  of  the  weathering  crusts 
formed on the  account  of  cryogenic  disintegration 
is  supported  by  the  recent  findings of "Mosgipro- 
tans"  Institute. Thus,  weathering  crusts  were 
discovered  in  the  sections of a number of mountain 
hollows  and  quarries  along  the  foothills  bordering 
the  Upper-Zeya  depression,  commonly  with  high- 
pressure  ground  water  that  causes  active  ice 
formation  in  winter. 

genic  disintegration  zones  affects  the  saturation 
of  bedrock,  its  permeability  and  the  capacity f o r  
subsurface  drainage. Areas with  well  washed  joints 
and  high  rock  porosity  are  developed  in  areas  of 
intensive  subsurface  drainage  with  infiltration 
and  pressure  filtration.  Additional  ground  water 
pressure  is  developed  in  the  same  areas  with  an 
attenuated  subsurface  drainage  and  joints  filled 
with B fine-dispersed  filler,  because  these  rocks 
constitute  poorly  conducting  media. 

In areas  adjoining  the  linear  persistent  large 

Rather  extensive  weathering  crusts  were  recorded 

The  development  of  intensive  jointing  and  cryo- 



4 

faults  with  a  break in continuity,  the  thickness 
of  dispersion  zones  and  those  with  highly  jointed 
rocks  may  reach  100-150 m. 

The  thickness of the  upper  horizon of high 
jointing  and  rock  weathering  beyond  tectonic  dis- 
turbances  changes  within  10-30 m, reaching sme- 
times  over 50 m.  The  rocks of this  horizon  are 
irregularly  saturated  in  their  thawed  state, 
because  they  commonly  contain  a  great  amount  of 
finely-dispersed  material  and  serve as confining 
beds  in  this  case. In cases  where  the  horizon's 
rocks  constitute  highly  broken  hard  rocks,  but  with 
a  small  amount of finely-dispersed  filler  ("collap- 
sible" rock),  they  have  good  filtration  character- 
istics  and  are,  as  a  rule,  saturated. 

Our  electrical  prospecting  suggests  that  the 
zones of cryogenic  disintegration  are  confined  to 
the  lower  permafrost  interval  of  the  rock  blocks. 
The  dispersion  zones  below  the  base  of  the  perma- 
frost,  discovered  within  the  valleys  of  large  and 
medium  rivers  of  "pre-Holocene"  occurrence,  as  well 
as  within  the  bald  mountain  belt  (at  over  1300 m 
altitude), are 40-100  m thick.  In  the  frozen  part 
of the  section,  the  rocks  of  these  zones  are 
characterized  by  relatively  high  ice  content, 
but  in  the  unfrozen  state  they  are  characterized 
by  high  saturation, 

The  principal  movement of artesian  water  takes 
place  at  the  base o,f permafrost  in  highly  jointed 
zones of cryogenic  origin  within  the  limits  of  all 
hydrogeological  blocks  of  the  investigated  region, 
both of sporadic  and  continuous  shallow  freezing. 
They  are  fed  through  infiltration  taliks  in  inter- 
fluves  and  from  the  upper  courses of small  river 
valleys,  although  the  discharge  occurs  through  the 
pressure-filtration  taliks i n  river  valleys.  The 
latter  results  in  intensive  icing  formed  by  ground 
water  discharge  in  winter. 
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MEASUREMENT OF PERMEABILITIES OF FROZEN SOILS 
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A method  for  the  measurement  of  the  permeability  of  frozen  soils  is  proposed.  It  consists 
of applying a temperature  below O'C only to  the  central  portion  of a cylindrical  specimen 
of a porous  medium  and a positive  temperature  to  the  other  two  portions.  To  fix  and know 
the  position  of  the O'C isotherm  it  is  necessary  to  impose  the  same  absolute  value  to  the 
two  temperatures.  It  is  possible t o  use this  method  without  limitation of the  explored 
domain  of  temperatures.  The  first  apparatus  that  was  constructed  is  described,  and  the r e  
sults  of  permeability  measurements on a silt  at -0 .3"C are  given  and  discussed.  The  expe- 
rience  acquired  has  led  to  the  construction of  a second,  improved  permeameter  and  to fore 
see  new  supplementary  protections  against  small  variations  of  temperature in the  experimen- 
tal  room,  which  were  found  to  have an important  influence on the  stabilization of the  ther- 
mal  and  flowing  regi'mes  and  reproductibility  of  experiments. 

INTRODUCTION 

In a porous  medium  of  fine  texture  the  water 
contained i n  the  pores  undergoes a phase  transform+ 
tion  process  that  is  progressive  with  the  evolution 
temperature  below  zero  degree  Celsius.  For a given 
temperature  in  an  isothermal  system  the  ratio of 
the  quantity of liquid  water  to  the  mass of the so- 
lid  matrix  adopts a  value  which  corresponds t o  ther- 
modynamic  equilibrium.  This  equilibrium i s  assumed 
to  exist  in  each  pore of the  system;  it  depends on 
the interface  phenomena  and on the  sense  of thether- 
mal  variation  which  the  medium  has  undergone  to  at- 
tain  an  isothermal  condition,  Water  in  the  liquid 
state'is  normally  assumed ro be  present  as  adsorbed 
water  in a film  between  the  solid  matrix  and  the 
ice  in  the  pores. A particular  characteristic o f  
this  water  film  is  its  apparent  high  stress-bearirg 
capacity  in a direction  perpendicular  to  the  film 
(Vignes-Adler 1975) despite  of  the  high  mobility  of 
the  molecules of water. 

is  subject to freezing, a cryogenic  suction  appears 
near  the  ice-water  interface  existing  in  the  pores. 
On a macroscopic  scale  this  suction  results  in a d e  
pression  of  the  interstitial  water  and  causes a wa- 
ter  flow from the  warmer  to  the  colder  portions of 
the  system;  this moving water  solidifies  on  the  ice 
interfaces  encountered  during  the  flow.  The  water 
flow  takes  place  through  the  unfrozen  porous  mediun 
andalso  through  the  films of adsorbed  water  (Aguir- 
re-Puente et al. 1977). Distillation  across  the  ice 
crystals  formed  in  the  pores  also  allows  the  trans- 
fer  of  mass  (Miller 1970). 

bution  of  temperature  is  established,  and a phase- 
transformation  layer  appears  the  thickness  of  which 
depends on the  texture  and  the  nature  of  the  matrix. 
Complex  interactions  between  the  thermal,  physico- 
chemical,  and  mechanical  parameters  determine  the 
intensity of the  cryosuction,  the  rate  of  water 
movement,  and  the  position  and rate of increase of 
the  ice  lenses  (Aguirre-Puente  et  al. 1977). In ge- 
ncra1,it  may  be  statedthat  these  phenomena  are  much 

On the  other  hand,  when a moist  porous  medium 

During  the  freezing  of a porous  medium a distri- 

more  intense if the  porous  medium  has a fine  texture, 
if  the  temperature  gradients  are  small,  and  if  the 
duration of the  phenomena  is  extended  in  time. 

To  acquire a better  understanding of the zones 
of  phase  transformation  and  the  regimes  of  water 
migration  induced  by  thermal  gradients,  it i s  neces- 
sary to determine  the  laws  governing  the  cryosuc- 
tion  and  also  the  characteristics  of  permeability 
o f  soils  at  temperatures  below 0°C (Aguirre-Puente 
et  al. 1977). 

for  the  measurement  of  the  permeability of frozen 
soils,  and  to  describe  the  permeameters  fabricated 
in  the  Laboratoire  d'bsrothermique.  The  preliminary 
results  obtained  for a silt  soil,  and  the  difficul- 
ties  experienced  during  our  research  are  discussed. 

The  purpose o f  this  paper is to  propose a method 

PROBLEMS  ENCOUNTERED IN THE 
MEASU.REMENT OF PERMEABILITY 

For  the  measurement of the  permeability of fro- 
zen soils,  the use of a classical  permeameter, main 
tained  below O"C, is  excluded  because  the  free  water 
at  the  inlet  and  outlet  reservoirs  of  the  apparatus 
will  freeze.  The  ice  will  then  block  the  flow  des- 
pite  the  persistence  of  capillary  and  adsorbed  wa- 
ter  around  the  particles  of  the  medium. 

However,  the  principle  of a classical  permeame- 
ter  may  be  used  under  isothermal  conditions  if  tern- 
peratures  only  slightly  below O'C are  employed i n  
order to maintain  the  free  water of the  reservoirs 
in  a supercooled  state. In this case, to obtain  the 
freezing o f  the  soil  it  is  necessary t o  produce nu- 
cleation  of  ice in the  interstitial  water  by  intrc- 
duction of  a nucleating  agent  that  initiates  the 
phase  transformation.  Membranes  permeable to water 
but  impermeable  to  ice  must  be  placed  at  the extre 
mities  of  the  test  sample  to  prevent  freezing  of 
the  supercooled  water  in  the  reservoirs. In this 
method,  used  by  Miller  et  al. (1975), the  temper- 
ture  range of utilization  is  limited  by  the  decree 
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of  supercooling  achieved. 
A more  elaborate  system  for  eliminating  the s o l i  

dification  of  water  in  the  reservoirs  at  the  extre- 
mities  was  conceived  by  Burt  and  Williams (1976).  
The  system  consists  of  immersion of the  permeameter 

FIGUBE 1 First  permeameter  constructed 
in  a thermostatic  bath.  The  central  portion of the 
permeameter  contains  the  soil  saturated  with  pure 
water,  and  two  semipermeable  membranes  are  provided 
ar  the  extremities  to  separate  the  central  portion 
from  the  end  reservoirs.  The  supercooling  of  the li 
quid  bath  and  of  the  end  reservoirs  is  obtained  by 
using  a  solution of lactose.  The  semipermeable  mem- 
branes  permir  water  to  pass  through but restrict 
the  passage of dissolved  molecules,  thereby  allowing 
the  water of the  sample  to  remain  pure.  Freezing of 
the  porous  medium i s  accomplished  by a nucleating 
agent  introduced  from  the  exterior.  The  temperature 
domain  that  may  be  explored  with  this  system  is  li- 
mited  by  the  freezing  point o f  the  lactose  solution 
Despite  this  limitation  however,  the  lactose  system 
may  also be used for the  study of nonisothermal s y e  
tems  and  to  draw  conclusions  concerning  the  mecha- 
nism  of  freezing  (Williams  and  Wood 1982), 

DESCRIPTION OF THE METHOD AND APPARATUS EMPLOYED 
At  the  Laboratoire  d'AErothermique  du CNRS an 

apparatus  for  the  measurement of 
of.€rozep porous  media  based on t e prlnclple of 

y,ermeabi\ity 

the  classical  permeameter was constructed.  Pure 
water  is  used  to  saturate  the  porous  medium  and t o  
supply  the  reservoirs  and  channels  of  the  permea- 
meter  during  the  experiment.  To  eliminate  freezing 
of the  free  water  present  at  the  extremities of the 
apparatus,  only  the  central  portion of the  test  spe- 
cimen  is  kept  at  the  desired  negative  temperature, 
while  the  two  extreme  portions  and  the  end  reser 
voirs  are  maintained  at a positive  temperature.The 
effective  length of the  frozen  portion  to  be  consi- 
dered  for  the  calculation  of  permeability  is  defi- 
ned  by  the  two  freezing  fronts  formed  in  the  porols 
medium. To impose  the  position  and  to  prevent any 
major  displacement  of  these  freezing  fronts,  the 
two  extreme  portions of the  specimen  are maintaind 
at a positive  temperature  having  the  same  absolute 
value  as  the  negative  temperature  of  the  frozen 
portion. If the  precise  temperature  of  the  freezing 
front  in  the  porous  medium  is known, the  symmetry 
must  be  accomplished  in  relation  to  this tempera 
ture. 

The  system  consists o f  a  copper  cylinder  contai- 
ning  the  specimen,  which  is  enclosed  by a coaxial 
cylindrical  sleeve. Two plastic  plates  in  the  form 
of  a hollow  disc  having  low  thermal  conductivity 
(celeron)  are  placed  perpendicular  to  the  axis  in 
order  to  divide  the  annular  space  into  three  com- 
partments.  Cryostats  and  thermostats  are  used  to 
maintain  the  two  temperatures  symmetrical  with  re- 
pect to 0°C (or  the  characteristic  temperature  of 
the  freezing  front)  in  the  compartments  of  the  an 
nular  space  by  means of the  circulation  of  liquids, 

Figure 1 shows the  first  apparatus  constructed. 
It  was used for the  experiments  discussed  in  this 
paper.  The  diameter  of  the  test  specimen  and  the 
effective  length of the  frozen  portion  are  appro- 
ximately 3 cm  and IO cm, respectively. 

The  test  material  was  compacted  layer  by  layer 
in  the  cell,  and  its  moisture  content  and  the 
degree o f  compaction  were  rigorously  controlled. 
Pistons  provided  with  porous  plates  were  tightly 
fixed  at  the  extremities of  the  specimen  after  the 
compaction. 

1 1  ~\\\,\\\\\\\\~\,\\\\\\\\,,,\\\,\\\,\\\\,\\\\\~lOt I ForH 

FIGURE 2 Water-supply  system 



In the  preliminary  experiment a rapid  freezing 
was  used  as a first  step to  avoid  the  phenomenon  of 
supercooling  in  the  central  portion of the  sample 
and  the  resulting  modification of the  soil  structu- 
re. For this  purpose  temperatures o f  about -40°C 
and +40°C were  imposed on the  central  and  end  por- 
tims,respectively.  Once  thermal  stabilization  had 
been  obtained,  the  temperature  were  increased  and 
decreased  progressively  in  stages up t o  the  desired 
values  always  keeping  them  symmetrical  with  respect 
to 0°C. 

Temperature  control  was  accomplished  systemati- 
cally  in  order to verify  the  position  of  the 0°C 
isotherm.  For  this  purpose,  thermocouples  were  pla- 
ced on,the internal  wall  of  the  specimen  holder, 
Pmarlbnear the  insulating  plates  defining  the 
three  compartiments  and  midway  along  the  length of 
each  portion. 

The  use of water  free  of  dissolved  gases  is ne- 
cessary  in  such  experiments.  Thesupplying  of  water 
at  the  desired  pressure  to  inlet of the  permeameter 
is  done  with  the  aid  of an airtight  system ( s e e  
Fig.2). This  system  consists  of a cylinder  and  pis- 
ton  in  which  the  pressure  is  applied  by a lever  arm. 
The  length of the  lever  arm  and  the  weight  suspen- 
ded  at  its  extremity  determine  the  pressure  exerted. 
Finally,  observation  with  a  cathetometer  of  the  me- 
niscus  formed  across a capillary o f  small  diameter 
by  the  water  leaving  at  atmospheric  pressure  allows 
the  measurement of water  discharge  from  the speci- 
men. 

MPERIMENTAL EXAMPLE 

Preliminary  measurements  were  conducted on a 
silt.  It  was  the  same  soil  used  at  the  freezing 
station  of  Caen  (France)  to  simulate  roads  studied 
during  the 1 9 7 0 ' s  by the  Laboratoire  Central  des 
Fonts  et  Chaussges  and  the  Centre  National de la 
Recherche  Scien'cifique  (Philippe  et  al. 1970). 

nomena of the  porous  media  of  fine  texture,  long 
durations  are  required  for  the  stabilization o f  the 
thermal  and  hydraulic  regimes.  Despite  the  poor  con- 
trol  of  ambient  conditions  in our experimental roan,  
the  experiments  performed  presented  several  periods 
o f  stabilization  during  which  the  rate of water 
flow  was  reproductible. 

To  illustrate  the  determination  of  the  permea- 
bility,  the  case  corresponding  to a  frozen  portion 
of soil  at -0.3'C is  presented  here. 

inthe cell  were  as  follows : density p = 2 1 2 0 k ~  , 
dry  density y =  182Okgm-3,  water  content w=O.166 
(16.6%), porosity E = 0.32 ,  total  length  of  the 
sample L = 0.336m,  length  of  the  portion  at -0.3'C 
and i =  0.107 m (supposing  that  the  isotherm O°C 
corresponds to the  frozen line). 

reservoir  during  this  experiment  was 0.55 bar. 
Figure 3 represents  five  periods of evolution of 
the  meniscus  in  the  fine  capillary  of  the  outlet. 
Regularity  and  reproductibility  are  quite  satisfac- 
tory.  The  velocity of displacement  of  the  meniscus 
equal to  the  slope of  the  straight l i n e  drawn  on 
the  experimental  points.  Taking  into  account  the 
2mm-diameter  of  the  capillary,  it  is  possible  to 
determine  the  rate  of  water  flow  going  through  the 

Due to  the  high  sensitivity of the  freezing  phe- 

The  characteristics  of  the  soil  after compac-vn 

d 

The  pressure  imposed on the  water in the  inlet 

I 8.9.81 

FIGURE 3 Relative  position  of  the  meniscus  in  the 
capillary  vs.  time, for five  periods of good  repro- 
ducibility. 

specimen.  This  information  is  presented  in  Table 1. 
The  expression of the  generalized  Darcy  law  used 

in  fluid  dynamics  is 
+ K  * v = - - grad P, 

11 
where  is  the  filter-velocity2 K the  permeability, 

( 1 )  

p the  dynamic  viscosity,  and P = p + pgh,  the 
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driving  pressure of the  water  in  the  pores  (with p ,  - 1  8m2 
interstitial  pressure  and h, the  level of the con- K =  I O  for T = -0,3"C. 

sidered point-with  reference to  an  arbitrarily 
fixed  horizontal  plane).  In  the  case  of  our  experi- 
ment,  we  can  neglect  the  gravitational  influence. 

For  comparison  the  values  obtained  by  Burt  and 
William (1976) for  Slims  Valley  silt  and  Leda  clay 

Table 1 

I T = -0.3'C R = 0.107 m Ap = 0.55 x IO Pa 5 

Date  Duration  of  the  mea 
surement  during  stable 
conditions 
"-"""""""""" 

h ms ms 
I I I I I 

7.9. I981 
8.9.1981 
10.9,1981 
Ir.9.1981 
17.9.1981 
18 

7 
7 
7 
6 
20 

0.221 6.139~101: 
0.222 
0,250 6.944~1 0-8 
0.235 
0,225 6.250~10 

I Mean  rate o f  water flow 

One  point of our  research  program  consists of ana- 
lyzing  the  different  thermodynamic  aspects  gover- 
ning  the  behavior  of  the  water  during  its  passing 
through  the  fine  porous  media.  Indeed,  it  is  proba- 
ble  that  the  Darcy  law  is  not  absolutely  valid  in 
the  case  of  media  having  very  fine  interstices 
and when  the  influence of  interstitial  pressure 
could  have  effects in the phase  transition  proces- 
ses  concerning,  for  example,  the  equilibrium  rem- 
perature  ice-water  and  the  distillation  through 
the  ice  crystal.  Despite  the  absence  of  study,  we 
can  use  the  Darcy  law  and  determine  an  effective 
of apparent  permeability: 

We  can  a150  neglect  the  influence o f  the unfro- 
zen  portions  that  have a very  much  higher  permea- 
bility  than  the  frozen  portion.  The  value  of  this 
permeability  was  obtained  with  the  same  specimen 
under  isothermal  conditions  corresponding  approxi- 
mately  20°C  and  was 

- 1  6m2 
Kunfrozen = 1.14x10 (3 )  

The  filter-velocity (v)  is  the  rate  of  flow (4) 
divided  by  the  surface  of  the  circular  section (A) 
of  the  specimen,  and  we  can  therefore  calculate 
the  permeability  in  the  frozen  portion  by  the for- 
mula: 

K = q@/Aap,  (4) 

with p= 1,8 centipoise 1 1.8~10-'~kg m-ls-lfor 
T = O'C, k = 0.107 m, bp = 0.55x105Pa , 
q = 2.0124~10-13 m3s-1,  and A = ~r(0.03)~/4 = 
7 -0686x1 O-4m2: 

were,  respectively, K = 10-16m2 and K = 
approximately. 

DISCUSSION 

The  principal  problems  encountered  during  the 
measurements  were  mainly  those  coming  from  the 
small  variations  in  temperature  occurring  frequen- 
tly  during  the  night.  Indeed,  even  small  thermal 
perturbations  may  cause  considerable  variations in 
the  quantity  of  unfrozen  water,  resulting  in a sew 
sible  additional  flow  due  to  the  change of  density 
in  the  water-ice or ice-water  transformations. On 
the  other  hand, a small  change  in  temperature  will 
produce a change  of  temperature  of  the  frozen por- 
tion  and  the  unfrozen  portions  that  are  in  the 
same  sense;  consequently,  the  thermal  symmetrical 
conditions  will  be  disturbed,  producing a supple- 
mentary  displacement of the  frozen  line,  which will 
take a long  time  to  arrive  at a  new stabilized COD 
dition. 

Some  practical  problems  were  inherent to  the 
long  periods  required  for  stabilization  of tempera 
tures:  for  instance,  there  were  breakdowns in the 
electric  current  and  in  the  temperature-regulating 
apparatus  (cryostats),  which  disturbed  the  progress 
o f  the  experimenr. 

Finarly,  we  emphasize  the  need  for a more elabp 
rate  and  complete  study of the  flow of water  in a 
porous  medium  when  ice is present  in  the  pores  and 
when  the  interstices  are  very  fine. 

CONCLUSION 

The  apparatus  that  was  constructed  and  used  to 
determine  the  permeability of frozen  soils confirmaj 
the  validity of  the  method  proposed,  which consids 
of  applying  symmetrical  temperatures  in  relation 
to 0°C (or  to  the  characteristic  temperature  of 
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the f rozen  line)  to  prevent  the  solidification of 
the  free  water  present  in a permeameter.  With  this 
method  there  is  no  limitation  to  the  domain of tem- 
perature  that  can  be  studied.  Due t o  the  necessity 
of  reducing  the  duration o f  thermal  and  mechanical 
stabilization, we have  recently  constructed  the per- 
meameter shown in  figure 4 which  is  an  apparatus 
similar  to  the  one  used  €or  the  measurements  pre- 
sented  in  this  paper,  but  which  has  smaller  dimen- 
sions. We  also  foresee  the  use of a supplementary 
thermostatic  guard a t  O°C  to  protect the system 
against  the  thermal  variations  of  the  experimental 
room. 

Scale in mm. 

FIGURE 4 Second  permeameter  constructed, 
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NOTES ON CHEMICAL WEATHERING, KAPP LINN~, SPITSBERGEN 
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Sur face   kars t   fea tures  upon outcrops o f  do lomi t i c   l imestone  a re   descr ibed  f rom  an   a rea  i n  
the   wes tern   par t   o f   Sp i tsbergen (7Do04'N,  1503H'E). The morphomet r ic   charac ter is t i cs  of 
karrenforms  are compared w i t h   t h e   h e i g h t  above  sea l e v e l ,   p o s i t i o n  in t h e   t e r r a i n  and w o n  
the  outcrops,  exposure t o   p r e v a i l i n g  winds,  the snow cover. The best  developed  forms are found 
between 50 and  150 m a.s.1 upon  gent ly   s lop ing   rock   sur faces  where t h e r e  i s  a t h i c k  snow 
cover   which  can  prov ide  water   dur ing  the  mel t  season.  Signs o f   d i f f e r e n t i a l   c h e m i c a l  weathe- 
r i n g   a r e  common i n  the   a rea  i n  t h e   f o r m   o f   e l e v a t e d   q u a r t z - f i l l e d   j o i n t s   f o r m i n g  complex 
p a t t e r n s  on the   sur faces   o f   the   ou tc rops .  A good c o r r e l a t i o n   i s   f o u n d  be tween  the   he igh t   o f  
these  quar tz   ve ins  and t h e   h e i g h t  above  sea l e v e l .  As t h e   i s o s t a t i c   u p l i f t   h i s t o r y   o f   t h e  
area i s   w e l l  known, i t  is poss ib le   t o   es t ima te   t he   denuda t ion   ra te  o f  t h e   d o l o m i t i c   l i m e -  
stone t o  be  2.48 mm/lOOO y r  . 

INTRODUCTION 

Chemical   weather ing  under   per ig lac ia l   condi t ions 
h a s   r e c e i v e d   r e l a t i v e l y   l i t t l e   a t t e n t i o n .  Though 
several   authors  have  remarked  that   chemical   pro- 
cesses  have  been  neglected,  very few studies  have 
been  devoted   spec ia l l y   to   the   sub jec t   (Ca i l leux  1962 
1968, Corbel 1959, Hel lden 1974, Rapp 1960b, T r o l l  
1944,  Washburn  1969). The op in ion   tha t   chemica l  
weathering i n   t h e   p e r i g l a c i a l   e n v i r o n m s n t   i s  unim- 
p o r t a n t   i s ,  however,   today  gradual ly  d ispel led.  It 
should be observed  that  Rapp (1960a) i n  h i s   s t u d i e s  
o f   s lope  p rocesses  i n  Spitsbergen and, e s p e c i a l l y  
i n  Karkevagge i n   n o r t h e r n  Sweden has showed chemical 
denudation  processes t o  be quant i ta t i ve ly   dominant  
(Rapp 1960b p. 184-1  85) . 

Observations o f  s u r f a c e   k a r s t   f e a t u r e s ,   e x f o l i a -  
t i o n  forms,  a lveoles and t a f f o n i ,   o x i d e   r i n d s ,   c a r -  
bonate  coat ings,   deser t   varn ish and  case  hardening 
as   we l l   as   ac t i ve   g rus   weather ing   a re   today  commonly 
r e p o r t e d   f r o m   v a r i o u s   p e r i g l a c i a l  environment;s, in -  
d i ca t i ng   t he   impor tance  o f  the  chemical  processes. 
I n  the  genesis  of   the  abovement ioned  features,   the 
chemica l   ac t ion  i s  on l y  a p a r t   o f  a complex mecha- 
nism. The ka rs t   p rocesses   a rc   be t te r  known and l e s s  
complex. The number o f  s tud ies  and observat ions 
f rom  the   A rc t i c  i s   l i m i t e d  a n d   t h e   i n t e n s i t y   o f   t h e  
karst   processes i n  the   a rc t i c   env i ronmen t  compared 
w i t h   o t h e r   c l i m a t i c   r e g i o n s   i s   s t i l l  under  d is-  
cussion  (Corbel  1952,  1957, B o q l i  1954,  1960, 
Hel lden 1974,  Sweeting  1964,  Jennings  1971). 

r a t e s  for  the   a rc t . i c   reg ions ,  40 mm/ 1 000 y r  i n  
Spitsbergen  (Corbel 1957, 1 9 5 9 ) ,   b u t   l a t e r ,   a f t e r  
more f i e l d   s t u d i e o ,  he  changed t h e   r a t e   t o  15.75 mm/ 
1 000 yr .   Hel lden  (1974)   s tud ied a p a r t  o f  t h e  
s t r a n d f l a t   s o u t h  o f  Kapp L inn6  ( the  same area d e a l t  
with i n  t h i s   s t u d y ) ,  and  found  values  which  are  very 
c l o s e   t o   C o r b e l ' s   e s t i m a t e s  (11.4 - 15.5 mm/l 000 y r .  
Studies f rom no r the rn  Canada ind i ca te   cons ide rab ly  
lower   denudat ion  ra tes - 5.0 mm/l 000 y r   (Corbe l  
1959)  and 2.05 mm/l 000 yr  (Smith  1965).   Great 
d i f f e r e n c e s  i n  t h e   p r e c i p i t a t i o n   c l i m a t e  - Sp i t s -  
bergen i s  comparat ive ly  wet  (200-400 mm) and  the 
Canadian  area  studied i s  comparat ive ly   dry   (130 mm) 
- make a comparison  between  the  areas d i f f i c u l t .  The 

Corbel i n i t i a l l y   e s t i m a t e d   v e r y   h i g h   d e n u d a t i o n  
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observations  by  Hellden  (1974) i n  Spitsbergen are 
t h e   m o s t   r e l i a b l e   f i g u r e s   f r o m   t h i s   a r e a   d e s p i t e  the 
f a c t   t h a t   t h e   i n v e s t i g a t i o n   a r e a  was small and  the 
observa t ion   per iod   shor t .  

INVESTIGATION AREA 

I n  the   a rea   sou th   o f  Kapp L i n n B   ( F i g u r e 1 ) H e l l d h  
observed  that   the  area was very poor i n  ka rs t   f ea -  
tures  ( I - le l ld6n 1974  p.124).  Other i n v e s t i g a t o r s  have 
a l s o  commented on t h e   l a c k   o f   k a r s t   f e a t u r e s i n   t h i s  
area  despi te  the  preser:ce o f  a su i tab le   bedrcck .  
Dur ing  the  course o f  s t u d i e s  on p e r i q l a c i a l  qeomor- 
phology  and  processes  the  author  noted  several  
examples o f  k a r s t   f e a t u r e s  (Akerrnan  1980  p.70-75) 
and some t ime was devoted t o   t h e   s u b j e c t ,   a l t h o u g h  
it was n o t  a p a r t  o f  t h e   i n v e s t i g a t i o n  program. 

A ma jor   par t  o f  t h e   i n v e s t i g a t i o n   a r e a   l i e s  upon 
the   Hcc la  Hoek series, which   here   cons is ts   o f   Pre-  
cambr ian-Ordovic ian  rocks  (F lood  e t   a l .   1971) .   L ike 
elsewhere  along  t l - le  west  coost,the  Hecla 5oek s e r i e s  
s t r i k e  more o r   l e s s   p a r a l l e l l   t o   t h e   c o a s t ,  and  the 
rocks   cons i s t  o f  v e r t i c a l   t o   n e a r v e r t i c a l  th in  
s t r a t a   o f   s c h i s t s ,   q u a r t z i t e s ,   t i l l i t e s ,   d o l o m i t e s ,  
l imestcnes and  conglomerates. The eas te rn   pa r t  o f  
t h e   a r e a   l i e s  upon  younger  sedimentary  rocks o f  
which  Upper  Carboniferous  l imestones  are  the  most 
impor tant .  

annual a i r  temperature o f  -4.8OC (1912-1975)  and a 
mean a n n u a l   p r e c i p i t a t i o n  o f  400.8 mm (1934-1975) 
(c f .  Akerman 1980 p. 14-46). The annual  course o f  
a i r  tempera ture   and  p rec ip i ta t ion  i s  g iven i n  Table 
I, and  f rom  these  f igures we f i n d   t h a t   t h e  summer 
c l i m a t e  i s  c o l d  and tha t   t he   pe r iod   du r ing   wh ich the  
chemical  processes may a c t  is shor t .  

The a rea   hasanarc t i c ,   humid   c l ima te ,   w i tha  mean 

CJBSERVATIONS 

During  the  geomorphological  inventory  and  mapping 
of t he   i nves t i ga t i on   a rea ,   su r face   ka rs t   Fea tu res  
were observed i n  many places. The forms  found  were 
n o t  l a r g e  and  conspicuous  but common and characte- 
r i s t i c   o f   t h e   l i m e s t o n e   o u t c r o p s .  The d i s t r i b u t i o n  
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FIGURE 1 O r i e n t a t i o n  nap o f  
t h e   i n v e s t i g a t i o n   a r e a   n e a r  
Kapp Linn6,  Spi tsbergen. 
Place names and  heights (m) 
accord ing   to   Norsk   Po la r -  
i n s t i t u t t  Map no. B9, B lad  
ISFJORDEN, o r i g i n a l   s c a l e  
1:100 000. 

o f   t he   obse rva t i ons ,   t he  more impor tant  ones o f  
which  were  included i n  the  geomorphological maps, 
shows t h a t  two  separate  areas  can  be  dist inguished: 
( 1 )  t h e   c e n t r a l   p a r t   o f   t h e   s t r a n d f l a t   w e s t   o f   t h e  
Linnevatnet  Lake and (2)  the   wes t   fac ing   s lopes   o f  
the  Wardeborg-Varingen  mountain  ridge  and  the  area 
around  the  Kongressvatnet  Lake  (Figure 2 ) .  The ob- 
se rva t i ons  on the  s t randf la t   are  connected with t h e  
outcrops  o f   do lomi t ic   l imestones  and  the  sur face 
ka rs t   f ea tu res   eas t  o f  t h e   L i n d v a t n e t .  Lake  are 
found i n  soft   Cyatophyl lum  l imestones. 

The Kongressvatnet  area 

The surface  forms  observed i n  t h i s  area  are  mainly 
karren  forms, but. also  weakly  developed  dol ine  forms 
were  observed  around  the  Kongressvatnet  Lake. The 
karren  forms  are  genera l ly   found on f a i r l y   s t e e p  t o  
v e r t i c a l   s u r f a c e s  on the  mounta in  wal ls .  They con- 
s i s t   o f  furrows,  running i n   s e t s   s t r a i g h t  down the  
s t e e p e s t   i n c l i n a t i o n  with sometimes  sharp, b u t  i n  
most  cases  rounded, r i b s   i n  between. The w id th  
ranges  between 1 and 10 cm, and t h e   l e n g t h   r a r e l y  
exceeds 40 cm (Table 2 ) .  I n  f i g u r e  4 an  example of 
th is   t ype   o f   kar ren   fo rms  f rom  the   a rea   a round  the  
Kongressvatnet  Lake i s  shown. Also common are   smal l  

TABLE 1. Average Monthly Air Temperature a t   s tandard  
M e t e o r o l o g i c a l   H e i g h t   a n d   P r e c i p i t a t i o n   a t   I s f j o r d  
Radio  Stat ion,  Kapp LinnB,  Spitsbergen 1946-1975 

Temperature (OC) P r e c i p i t a t i o n  (mm) 

January -1 1.2 31 - 5  
February -1 1.5 30.5 
March -12.2 30.9 
A p r i l  -9 .2  22 .3  
May -3.5 23.6 
June +I .6 24.9 
J u l y  4 . 7  35.8 
August +4.2 45 .O 
September +I .I 40.6 
October -3.4 41.3 
November -7.1 38.8 
December -9.5 35.6 

g r i k e s   ( s o l u t i o n   s l o t s )  , which  are  solut ion-widened 
j o i n t s  i n  the  l imestone.  

To o b t a i n  a p i c tu re   abou t   t he   su r face   ka rs t   f ea -  
t u r e s  and t h e k r   r e l a t i o n s  with some environmental 
f a c t o r s ,  some s imp le   observa t ions   regard ing   the i r  
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FIGURE 2 The occurrence o f   s u r f a c e   k a r s t   f e a t u r e s  
within t h e   i n v e s t i g a t i o n   a r e a   s o u t h   o f  Kapp L inn6,  
Spitsbergen. 

p o s i t i o n  i n  t h e   t e r r a i n  were  performed. The f a c t o r s  
concerned  were  height  above  sea  level,   associat ion 
with f low ing   water ,   rock   wa l ls  and t h e i r  exposure, 
loose  b locks,   rock  outcrops  ( leve l   sur faces,   s lop ing 
surfaces,  summits) , and snow depth. 

I n  f i g u r e  3 t h e   r e l a t i o n  be tween  the   w id th   o f  
the  observed  karren  forms and t h e i r   h e i g h t  above 
sea l e v e l   i s  shown. There is a tendency f o r  t he  
widest  karren  forms  occur  between 100 and  200 m 
a.s.1. Below  and  above t h i s   h e i g h t   t h e  number o f  
wide  karren  forms i s  decreasing.  This may be  ex- 
p la ined  by  a sho r te r   t ime   fo r   f o rma t ion  a t  the  low 
l e v e l s   ( t h e   v a l l e y  was e a r l i e r   f i l l e d  with a g la -  
c i e r ) ,  and less   f avo rab le   f o rma t ion   cond i t i ons   a t  
t he   h ighe r   l eve l s   ( t he   phys i ca l   wea the r ing  domi- 
na t i ng? ) .  The exposure  and  or ientat ionof  the  rock 
w a l l  may be  an  important  Factor i n   t h e   c h e m i c a l  
weathering  processes, sun, wind and p r e c i p i t a t i o n  
exposure  (cf.   Dunkerley 1779  p.333).  However, t h e  
m a j o r i t y   o f   t h e   r o c k   w a l l s   o f   t h e   a r e a   a r e  exposed 
t o   t h e  west  and  southwest,  and  only a smal l   per-  
centage o f   t h e   r o c k   w a l l s   f a c e   o t h e r   d i r e c t i o n s .  
Therefore i t  i s   d i f f i c u l t   t o   o b t a i n  a p i c tu re   abou t  
whether i n  th is   a rea   the   occur rence o f  karrer;  forms 
may be r e l a t e d   t o   o r i e n t a t i o n  and  exposure or no t .  

The karst   forms  found on the  more l e v e l   s i t e s  
have  been r e l a t e d   t o   t h e i r   o c c u r r e n c e   i n   a s s o c i a t i o n  
w i t h   f l o w i n g   w a t e r ,   t h e i r   p o s i t i o n  upon  rock  out-  
crops,  the  occurrence upon loose blocks,  and snow 
depth  (Table  3). 

TABLE 2 Morphometr ic   Character is t ics   o f   Karren 
Forms i n  the  Kongressvatnet-Vardeborg Area East o f  
the  L innevatnet  Lake,  Spi tsbergen 

0-2 2-5 5-10 10-25  25-40 > 40 cm 

Width 38.2% 49.5% 12.0% 0.3% 0% 0 L 
Length 0 . 3 5  3.12  11.2% 47.2% 33.0% 5.2% 

0 

* .  

FIGURE 3 The r e l a t i o n  between the w i d t h   o f   t h e  ob- 
served  karren and t h e i r   h e i g h t  above  sea l e v e l  i n  
t h e  Vardeborg-Kongressvatnet area east o f   t h e   L i n n 6  
va tne t  Lake, Spitsbergen. 

TABLE 3 Occurrence o f  Surface  Karst   Features on 
t h e  More L e v e l   S i t e s  i n  t h e  Area East   o f   the   L inn6-  
vatnet  Lake,  Spitsbergen 

~ ~~ 

F lowing Rock outcrops  Loose 
w a t e r   l e v e l   s l o p i n g  summits b locks 

~~ 

sur faces  sur faces 

7.2% 16.6% 51.3% 32.1% 9 * 7% 
~~ ~ ~~ ~~ 

The su r face   ka rs t   f ea tu res   f ound  i n  assoc ia t i on  
with the   smal l   s t reams  o f   the   a rea   a re  few  and 
m a i n l y   r e s t r i c t e d   t o   t h e   K o n g r e s s e l v a   R i v e r   r a v i n e .  
The observations  upon loose b locks  are  a l s o  few bu t  
he re   t he   f i gu re  i s  probably  an  underestimate  as 
on ly   Larger   b locks  were i nco rpo ra ted  i n  t h e  obser- 
vat ions.  Rock outcrops  dominate  the  observat ion 
m a t e r i a l ,  and s lop ing   sur faces  or s ides   o f   t he   ou t -  
c rops   a re   the   p laces  where k a r s t   f e a t u r e s   a r e  most 
f requent ly  found.  There  are many fac to rs   de te rm in ing  
t h i s   d i s t r i b u t i o n ,   b u t  i n  t h i s  area  the snow depth 
i s   o f   g r e a t  impor tance.   Level   sur faces  a t   the  tops 
o f  outcrops and  more rugged  outcrops or  summit sur-  
faces  are  genera l ly   b lown free of snow. They will 
t h e r e f o r e  be compara t ive ly   d ry ,  and are  fur thermore 
s u b j e c t   t o  a more i n t e n s i v e   f r o s t   s h a t t e r i n g   w h i c h  
will destroy  forms  created  by  chemical  processes. 

The s i tes  which  have a medium t h i c k  snow cover 
(0.5-1 rn) are  those  which  have  the  best  developed 
s u r f a c e   k a r t t   f e a t u r e s .   H e r e   t h e r e   i s  a f a i r l y   l a r g e  
amount of   water  re leased  dur ing  the snowmelt  season. 
Snowmelt occu rs   ea r l y  i n  t h e  summer, a f t e r   w h i c h  
the   su r faces   a re   exposed   to   p rec ip i t a t i on .  Snow in-  
solation a f f o r d s   p r o t e c t i o n   f r o m   f r o s t   s h a t t e r i n g  
d u r i n g   l a t e   s p r i n g  and l a t e  autumn, the   pe r iods  
with the  h ighest   f requency  o f   f reeze- thaw  cyc les.  
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FIGURE: 4 Karren  forms on  a d o l o m i t i c  l ~ m e s t ~ n ~  out- 
c r o p   s ~ u t h e a 5 t  o f  Kapp LinnB, S p i ~ ~ ~ e r g ~ n .  

The S t r a n d f l a t  Area 

Surface  kars t   f 'eatures  are  found on the  do lomi te 
outcrops,  but   here  the  forms  are  general ly  smal ler  
and less   we l l   deve loped than was tk,e case i n   t h e  
softer l imestones  east  o f  the  L inr iBvatnet Lake. I n  
genera l   the  karren forms are  weakly  developed  solu- 
t i o n   f l u t e s ,   s m a l l   s o l u t i o n   f a c e t s  or  a chaot ic ,  
rugged  ridge  system  a few cent fmet res   h igh  and 
p r e f e r a b l y  on t h e   f l a t   o r   g e n t l y   s l o p i n g  summits o f  
the  outcrops.   Wel ldeveloped  Ri l lenkarren  are  rare,  
bu t  some examples are  found i n   t h e   e a s t e r n  and 
h i g h e s t   p a r t  o f  the s t r a n d f l a t   ( F i g u r e  4). 

D i f f e r e n t i a l   W e a t h e r i n q  

More in terest ing  than  the  weakly   developed  karren 
forms is t h e   d i f f e r e n t i a l   w e a t h e r i n g  o f  the  dolo- 
mi t i c   l imes tones   w i th   qua r t z   ve ins .  The d o l o m i t i c  
l imestones o f  t h e  s t r a n d f l a t  have i n  many cases 
complex jo in t  systems  which  are F i l l e d  with a wh i te  
o r  ye l low ish   wh i te   quar tz .  As the   weather ing   ra te  
i n  the   l imestone is cons iderab ly   h igher   than  tha t  
i n  the q u a r t z ,   t h e   q u a r t z   f i l l e d   j o i n t s   a r e  l e f t  as 
a  complex p a t t e r n   o f   e l e v a t e d   v e i n s  on the  sur face 
(F igure  5 ) .  Since it was observed  that   these  ve ins 
seemed t o  be  higher and bet ter   developed on h igher  
l e v e l s ,  i t  was concluded  that   the  ve ins  might   be 
used t o  est imate  the  l imestone  denudat ion o f  the  
area  (c f .  Dah1  1967, B i rke land  1982) .  

There i s  a progress ive  increase i n  v e i n   h e i g h t  
with e l e v a t i o n   ( F i g u r e  6). The d i f f e r e n c e s   i n   h e i g h t  
o f  the v e i n s   a t  each s i t e   a r e   g r e a t ,   b u t   a s   b o t h  
the mean and the  maximum  show a good c o r r e l a t i o n ,  
i t  i s  reasonable t o  c o n c l u d e   t h a t   t h e   c o r r e l a t i o n  
w i t h   t h e   h e i g h t  above  sea l e v e l  as i n d i c a t e d   i n  
F igure  6 is re levan t .   I n   t he   d i scuss ion   be low,   t he  
maximum values  are  used as probably  being  the most 
s i g n i f i c a n t   i n  t h e  discussion  about  denudation 
ra tes .  

There i s  a f a i r  amount o f  data  avai lab le  concer-  
n i n g   t h e   i s o s t a t i c   u p l i f t  o f  the  area  and  thus  the 
number o f  years  each  outcrop  has been  above t h e  sea 
l e v e l   ( B u d e l  1968, Schy t t  e t  a l .  1967,  Stablein 
1978 and the  author5 14C dat ings) .  I n  F igure  7 the 

FIGURE 5 Complex n e t   p a t t e r n  o f  q u a r t z   f i l l e d   v e i n s  
i n - a  d ~ l o m ~ t i c   l i m e s t o n e   c u t c r o p   a t  35 rn a.s.1, 4 
km east  o f  Kapp Linnb,   Spi~sbergen.  

m.a.s.1. 
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FIGURE 6 The r e l a t i o n  between t h e  mean and maximum 
h e i g h t  o f  the quar tz   ve ins  upon do lomi t i c   l imes tone  
outcrops and the   he igh t  above mean sea l e v e l  fo r  
t he   s t rand f la t   a rea   eas t   o f   t he   L inn6va tns t   Lake ,  
Spitsbergen. 

c o r r e l a t i o n  between  the maximum h e i g h t   o f  the quar tz  
ve ins  and the   es t imated  number o f  years  the  out-  
crops i n  question  have been  above t h e  sea l e v e l   i s  
shown. I F  we assume t h a t   t h e   h e i g h t   o f  the quar tz  
ve ins  i s  a  measure of   the  l imestone  denudat ion  and 
use   t he   resu l t s  above  and  estimate  the  denudation 
r a t e ,  we o b t a i n  a mean o f  2.48 mm/l 000 yr. The 
maximum value i s  3.78 rnm/ 1 000 yr and  the minimum 
i s  1.5 mm/l  000 y r ,  These va lues  are  cons iderably  
lower  t t .an  those  obtained by Corbel (1960) and 
Hel lden (1974), who ca lcu lated  va lues  between 11.4 
and 15.74 mm/l 000 y r .  The d i f f e r e n c e  i s  due t o   t h e  
fact  tha t   Corbe l  and Hel lden  based  the i r 'est imates 
upon hydrochemical   data  - the amount o f  CaCOJ+MqCO3 
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FIGURE 7 The r e l a t i o n  between t h e   h e i g h t   o f   t h e  
quartz  veins  and  years  each  s i te  has been  above  sea 
l e v e l .  The i s o s k t i c   u p l i f t  cu rve   acco rd ing   t o  
Schy t t   e t   a l ,   ( 1947) .  Two o f  the   au thors  14C da t ings  
(Lu-1722  and  Lu-2020, Dep. o f  Quaternary  Geology, 
Univ. o f  Lund)  have  been  added ( + 1,  

t r anspor ted  i n  s o l u t i o n  i n  the  streams. The water 
i n  the  s t reams comes p a r t l y  from ra inwa te r  and p a r t -  
l y  from snow and  has  been i n   c o n t a c t   w i t h  ttx bed- 
rock  and l i m e s t o n e   p a r t i c l e s  i n  t h e   s o i l  for a 
longer   t ime.   Therefore  the  so lu t ion/denudat ion 
r a t e s  based  upon t h i s   k i n d   o f  measurements  must be 
cons ide rab ly   h ighe r   t han   t ha t  on  exposed  rock. The 
rock  outcrops  are  exposed t c   r u n n i n g   w a t e r   d u r i n g  
snowmelt  and d u r i n g   r a i n f a l l ,  dew depos i t i on  and 
f o g   w e t t i n g   o n l y  so so lut ion/denudat ion i s  l ess .  
T a k i n g   t h i s   i n t o   a c c o u n t ,   t h e   r e s u l t   o b t a i n e d   i s  
p r o b a b l y   f a i r l y   r e p r e s e n t a t i v e .  

t ha t   t he   denuda t ion   ra te  seems t o  have  decreased 
d u r i n g   t h e  10 000 y r   p e r i o d   t h e  processes have 
acted i n   t h e   a r e a   ( F i g u r e  6 )  The lowest  denudat ion 
ra tes   a re   f ound  for the   s i tes   wh ich   have been  above 
t h e  sea l e v e l   d u r i n g   t h e   l a s t  2 000 t o  4 000 years. 
Dur ing t h i s  per iod   the   denudat ion   ra te  i s  about 1.5 
mm/l 000 y r   wh i l e   t hose   s i t es   wh ich   have  been  above 
t h e   s e a   l e v e l   d u r i n g  4 000 t o  9 000 years  have de- 
n u d a t i o n   r a t e s   o f  up t o  3.5 mm/l  000 y r .  This may 
be explained  by (1) t h e  change i n  surface  roughness 
over  t ime o r  (2) t h e   c l i m a t i c  opt imum  dur ing  the 
p o s t   g l a c i a l  warm per iod.  

t h e   e x p l a n a t i o n   b u t  i t  will probably  be OF g r e a t  
impor tance   on l y   du r ing   t he   ea r l i es t   s tages .  The 
w e l l  documented c l i m a t i c  changes d u r i n g   t h e   p o s t  
g l a c i a l  t.terma1  optimum  provided warmer summercli- 
mates with more  and longer   pe r iods  with p n e c i p i t a -  
t i o n  i n  t h e  form o f  r a i n ,   d r i z z l e  and fog w e t t i n g  
each  year. The vege ta t i on  was also more ample  which 
made the  sur face  water  more agressive  as a r e s u l t  
o f  a h ighe r   concen t ra t i on  o f  humus acids. This will 
increase   t he   l imes tone   so lu t i on   cons ide rab ly   ( c f  * 
Hel ldCn  1974). 

Another r e s u l t  which ought t o  be  considered i s  

The f i r s t  p o s s i b i l i t y  must  always  be a p a r t  o f  

The study  area,  which i s  r e p r e s e n t a t i v e   o f   t h e  
s t r a n d f l a t   a r e a s   o f   c e n t r a l   w e s t   S p i t s b e r g e n   a s   r e -  
gards  the  geolog ica l ,   geomorphologica l ,   c l imato lo-  
g i c a l  and   hyd ro log i ca l   f ac to rs ,  i s   r i c h  i n  forms 
and   f ea tu res   c rea ted   d i rec t l y  or  i n d i r e c t l y  by 
chemical  weat1,ering  and  associated  processes. The 
m a j o r i t y  o f  the  forms  are  smal l  and t h e r e b y   e a s i l y  
overlooked. Still, the  processes  and  the  forms re- 
s u l t i n g   f r o m  them a re   an   impor tan t   pa r t  of t h e  
pe r ig lac ia l   env i ronmen t .  

The most common and  widespread  process i n  t h i s  
respect  i s  the   l imestone  so lu t ion   and  the   sur face  
ka rs t   f ea tu res   assoc ia ted  with it. There i s  a c l e a r  
r e l a t i o n  between the  kars t   features  observed  and 
t h e i r   l o c a l i z a t i o n  i n  t h e   t e r r a i n  as we l l   as  with 
t h e   h e i g h t  above  sea l e v e l .   T h i s   l a t t e r   i s   r e l a t e d  
t o  age o f  exposure. 

The co r re la t i on   f ound   be tween   the   he igh t   o f  
quar tz   ve ins  upon  do lomi t ic   l imestones  and  the  t ime 
a v a i l a b l e   f o r   t h e i r   f o r m a t i o n   a l l o w s  o f  an  estima- 
t i o n   o f   t h e   l i m e s t o n e   d e n u d a t i o n   d u r i n g   t h e   l a s t  
10 000 years. The f i g u r e   o b t a i n e d   i s  2.5 mm/l  OOOyr 
and is cons iderab ly   lower   than  ear l ie r   s tud ies   have 
shown fo r   t he   a rea  (11-15 mm/l  000 y r  j , however, 
t h e s e   l a t t e r   s t u d i e s  were based upon  hydrochemical 
measurenents, r e s u l t  f rom processes   ac t i ve  4-5 
months per  year. The rock   ou tc rops   here   s tud ied   a re  
exposed t o   r u n n i n g   w a t e r   o n l y  a few days   dur ing   the  
snowmelt  season  and dur ing  those  days with r a i n  
p rec ip i ta t ion ,   sur face   condensat ion   and Fog. Taking 
t h i s   i n t o   a c c o u n t  (15  days  dur ing snowmelt  and 46 
days  of ra in   - the   average number o f   r a i n y  days  June 
t o  September) ,   the  per iod  dur ing  which  the  process 
can  be a c t i v e  k r i l l  be r e s t r i c t e d  t o  some 1.7  months 
on ly .   Fur ther ,   the   water   ac t ing  on the  rock  outcrops 
i s  less agress i ve   t han   t he   so i l l g round   wa te r   ac t i ng  
upon the  1eveProck  sur faces  and on t h e   s o i l   p a r -  
t i c l es .   Regard ing   t hese   f ac to rs ,   t he   ob ta ined   va lues  
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FIGURE 8 The r e l a t i o n  between  the  est imated denu- 
d a t i o n   r a t e s  and the  years  each  s i te   has  been above 
sea l e v e l .  
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a r e   p r o b a b l y   f a i r l y   r e p r e s e n t a t i v e ,   i n d i c a t i n g   t h a t  
the   denudat ion   ra tes   here   ob ta ined  reasonab ly   we l l  
correspond t o  those  obtained  by  Hel lden  (1974).   This 
means t h a t   o b s e r v a t i o n s   o f   d i f f e r e n t i a l   w e a t h e r i n g  
o f  th is  type  might  be  used as  an i n d i r e c t   t o o l   f o r  
est imates o f  l imestone  denudation. The r e s u l t   a l s o  
i n d i c a t e   t h a t   t h e   d e n u d a t i o n   r a t e s  seem t o  have de- 
creased  dur ing  the  10 000 year  per iod  the  processes 
have  been a c t i n g  i n  the   a rea .   Desp i te   the   fac t   tha t  
o t h e r   f a c t o r s   t o  some e x t e n t   a r e   i n v o l v e d   t h e r e   a r e  
reasons t o  assume t h a t   t h i s  may r e f l e c t   t h e  warmer 
and   we t te r   c l ima te   du r ing   t he   pos t   g lac ia l   t empera te  
per iod  and a co lde r   and   d r i e r   pe r iod   du r ing   t he  
l a s t  2 000-4 000 years. 
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LUG BEHAVIOR FOR MODEL STEEL PILES I N  FROZEN SAND 
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The adfreeze bond s t r e n g t h   f o r   p i l e s  embedded in   f rozen  sand  includes  ice   adhesion 
t o   t h e   p i l e ,   f r i c t i o n  between  the  pile  surface  and  sand  particles,   and  mechanical 
i n t e r a c t i o n  between  frozen  sand  and  the  pile  surface  roughness.  Experimental work 
has  shown tha t   the   p resence  of lugs,   smal l   protrusions,   increased  the volume of 
i ce   ma t r ix   and   so i l   pa r t i c l e s   i nvo lved   i n   t he   i n i t i a l   rup tu re ,   t he reby   i nc reas ing  
bond due t o  ice adhesion.  Additional  pile movement and s o i l   i n t e r a c t i o n   w i t h   l u g s  
mobi l ized   sand   d i la tancy   and   par t ic le   reor ien ta t ion   e f fec ts   a long   wi th   so i l   bear -  
ing   forces  on the  lugs.  The model p i l e  load was s igni f icant ly   increased .  The n e t  
r e s u l t  was that  creep  displacement  behavior w i l l  differ  considerably  depending  on 
p i l e  movement. Very sma l l   d i sp l acemen t s   cha rac t e r i ze   t he   s t a r t   o f   t e r t i a ry   c r eep  
( f a i l u r e )   f o r   a p p l i e d   s h a f t  stresses below those   r equ i r ed   fo r   i n i t i a l   rup tu re  of 
ice  adhesion.  Larger  displacements  and  higher  shaft  stresses are   assoc ia ted   wi th  
mobilization  of  mechanical  interaction  forces.   Experimental   relations  presented 
include  load  displacement   curves   for   constant   displacement   ra te  tests; cons tan t  
load  creep  curves  for a model p i le   wi th   mul t ip le   lugs ;  and the  dependence  of  creep 
disolacement   ra tes   and/or   adfreeze bond on lug  size,   temperature,   and  sand volume 
f r ac t ions   ( i ce   con ten t ) ,  

INTRODUCTION 

P i l e   i n s t a l l a t i o n   i n   f r o z e n  ground of ten   in -  
volves  dry  augered  or  bored  holes  with a mixture of 
sand and water   used   to   f i l l   the   annulus   a round  the  
p i l e .  Load supporting  capacity  develops when t h e  
sand-water s l u r r y  is  s o l i d l y   f r o z e n   i n   p l a c e .   P i l e  
capac i ty  is  primarily  dependent  on  the  adfreeze 
bond s t r eng th  of t h e   f r o z e n   s o i l   i n   t h e  zone  adja- 
cen t   to   the   p i le .   This   adf reeze   s t rength  i s  depend- 
ent on physical ,   thermal ,   and  rheological   propert ies  
o f   t he   f rozen   s lu r ry  and the  pi le   surface  roughness  
and  type.  Published  load tests (Crory,  1963)  have 
shown tha t   ad f reeze  bond f a i l u r e  i s  sudden  and  ab- 
rup t  and tha t   s t rength   can   on ly  be p a r t i a l l y   r e -  
gained  af ter   motion  s tops.   Increased  pi le   surface 
roughness i n   t h e  form of  lugs  or  corrugations  has 
been  used to   increase   the   load   capac i ty .  Lack  of 
information  on  the  inf luence of l ug   s i ze  and spac- 
i n g ,   s o i l  ice content,  and  temperature  on  increased 
long-term  adfreeze bond s t rength   has   l imi ted   the  
use of lugs on f i e l d   p r o j e c t s .  

face  includes  ice   adhesion,   f r ic t ion  between  the 
p i l e   s u r f a c e  and s o i l   p a r t i c l e s ,  and  mechanical  in- 
teraction  between  frozen  sand  and  pile  surface 
roughness. The presence of a lug  increases   the 
volume of i ce   ma t r ix  and s o i l   p a r t i c l e s   i n v o l v e d   i n  
rupture ,   thereby  increasing  the bond due t o   i c e  ad- 
hesion. Development  of bear ing  forces  i s  a func- 
t i o n  of l u g   s i z e  and requires   larger   displacements  
t o   mob i l i ze   t he   f r i c t ion  and d i l a t ancy  components 
of so i l   shea r   s t r eng th .   Dens i ty  of t h e   s o i l  par- 
t i c l e s   r e l a t e s   t o   t h e   s o i l   f r i c t i o n  and d i l a t ancy  
and in   tu rn   mechanica l   in te rac t ion   forces .  Exper- 
imenta l   re la t ions   a re   p resented  showing  load- 
displacement   curves   for   four   lug  s izes  and a stand- 
a rd  deformed No. 3 bar  (about 9.52 m, 318 i n . ) ;  
typ ica l   cons tan t  load creep  curves;   and  the depend- 
ence of creep  displacement   ra tes   and/or   adfreeze 

Load t r a n s f e r   a t   t h e   p i l e f f r o z e n   s o i l   i n t e r -  

bond s t r eng ths  on lug  s ize ,   temperature ,  and  sand 
volume , f rac t ions   (dry   dens i ty) .  

EXPERIMENTAL  PROCEDUWS 

Model Pi le   Set-up 

The frozen sand  sample shown i n   F i g u r e  1, with 
a p l a i n   s t e e l  9.52 nun bar  and one lug,  served  as a 
model s t e e l   p i l e   s e c t i o n   s u i t a b l e   f o r   p u l l - o u t  tests. 
Lug heights  included h equa l   t o  1.59,  3.17,  and 
4.76 mm with a length L of  12.7 m. P l a i n   b a r s  
were  included  to show the   l imi t ing   cond i t ion   a s   l ug  
s i z e  goes to   zero.  The frozen  sand  sample shown i n  
Figure 1 was rep resen ta t ive  o f  a slurry  which  might 
be used t o   f i l l   t h e  annulus  around a p i l e   i n   t h e  
f i e l d .  A l l  sand  specimens  were  prepared i n  s p l i t  
molds  152 m (6 i n , )   i n   d i a m e t e r  and f r o z e n   a t  
c l o s e   t o  -20 ' C  for   about  1 2  hours. Sample he ights  
were l i m i t e d   t o  152 nun or  less so t ha t   pu l l -ou t  
loads would not  exceed  the  equipment  capacity. The 
sand  consisted of subangular   quar tz   par t ic les   wi th  
a uniform  gradat ion  (s ize   range  of  0.105 mm t o  
0.595 nun) and a coe f f i c i en t  of  uniformity  equal  to 
1.50. Relatively  dense  samples  were formed  by place- 
ment of  sand in   wa te r  and  tamping u n t i l   t h e   d e s i r e d  
dens i ty  was obtained. Low sand volume f r ac t ions  
with  reasonably  uniform  par t ic le   dis t r ibut ion were 
obtained by mixing  precooled  sand wiKh snow and 
adding  precooled  water  to  increase  the  degree  of 
saturat ion.   Actual   sand volume f r ac t ions  were 
based on the  sample  height,  dimensions,  and  weight 
of sand  remaining a f t e r  thawing a t  completion  of 
t he  test. 

(double  thickness) were placed  as  shown i n   F i g u r e  1 
t o   p r o t e c t   t h e   f r o z e n  sample  during  immersion i n  
the   re f r igera ted   an t i - f reeze lwater   coolan t   mix ture .  
A thermis tor  embedded i n  the frozen  sample  permitted 

After removal  from the  mold,  rubber membranes 
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FIGURE 1 Equipment fo r   pu l l -ou t   t e s t s   i nc lud ing  
sample, steel   bar  with  lug,   and  loading  frame 
immersed i n   t h e   c i r c u l a t i n g   c o o l a n t .  

temperature  monitoring  before  and  during  the  test .  
A threaded  portion  at   both  bar  ends  provided  for 
easy hook-up to   an  eye  connector  and r eac t ion  hook 
a t   t h e  bottom of the  coolant  tank  and  mounting of a 
displacement  transducer a t   t h e  upper  bar end  (Fig- 
ure  1).  Clearance  between  the  bar  and  reaction 
p l a t e  was maintained at c lose  t o  1.6 m f o r   a l l   b a r  
diameters by use  of a removable s t e e l  washer i n  the  
r eac t ion   p l a t e .  

Test  Procedure 

Both constant  load  (creep)  and  constant  dis- 
placement r a t e   p u l l - o u t   t e s t s  were conducted  using 
the  loading  frame shown in   F igu re  1. The i n i t i a l  
ba r  stress p r io r   t o   l oad ing  was l i m i t e d   t o  a very 
small   value  represented by the  weight  of  the  bar,  
lug,  and  eye  connector.  Constant  loads  were  applied 
using a lever  system  and  dead  weights.  Constant 
displacement   ra tes  were produced  using a  Graham 
variable   speed  gear  box  mounted on a 44.5 kN (10 
kip)   capaci ty   Soi l tes t   load  f rame.  Movement of the  
ba r   r e l a t ive   t o   t he   l ower   r eac t ion   p l a t e  and s o i l  
sample was monitored  using a displacement  trans- 
ducer mounted  on the  bar   above  the  coolant   l iquid 
with  the  core  supported by  a rod extending down t o  
the   r eac t ion   p l a t e .  Loads  were  monitored by the  

force   t ransducer   a t tached   to   the  top of the  loading 
frame shown in   F igu re  1. Sample temperatures were 
cont ro l led  by c i rcu la t ing   an   an t i f reeze lwater   cool -  
ant   mixture   f rom  an  external   refr igerated  bath 
around  the  protected  sample  and  loading  frame. 

EXPERIMENTAL RESULTS 

Constant  Displacement Rate Tests 

Load displacement  curves  for a p l a i n   s t e e l   b a r  
wi th  a s ing le   l ug   a r e   g iven   i n   F igu re  2 f o r  an av- 
erage  displacement   ra te  o f  15.2 umlmin and a tem- 
p e r a t u r e   c l o s e   t o  -10 'C. Very l i t t l e  displacement 
(less than 50 um) was observed up t o  t h e   f i r s t   b r e a k  
in   t he   d i sp l acemen t   cu rves   ( i n i t i a l   rup tu re  of t he  
ice matrix).   Transducer  l imitations  prevented more 
accurate  measurements f o r  t he  small displacements. 
After  rupture  the  load  quickly  dropped  to a small 
r e s idua l   va lue   fo r   t he   p l a in   ba r   (h  = 0) .  In t ro-  
duc t ion  of a lug  increased  the ice mat r ix  volume 
and s o i l   p a r t i c l e s   i n v o l v e d   i n   t h e   i n i t i a l   r u p t u r e ,  
thereby  increasing  the  adfreeze bond due t o  adhesion. 
Additional bar displacement  permitted  bearing  forces 
t o  develop i n   f r o n t  of the   lug   as   shear   a t rength  
was mobilized in the  sand. The drop in load a f t e r  
i n i t i a l   rup tu re   dec reased   a s   l ug   s i ze  was increased. 
The ultimate  load,  which was mobilized a t  around 5 
mm displacement ,   great ly   exceeded  the  load  for  no 
lug  and i s  a func t ion  of lug   s ize .  

b a r   i n   f r o z e n  sand a t   t h e  same sand  f ract ion (64 X )  
and  temperature  (-10 OC) gave  the  load  displacement 
curves shown i n   F i g u r e  3.  The sample  height H was 
reduced so t h a t   t h e  equipment  load  capacity would 

A s e r i e s  of lugs on a standard  deformed N o .  3 

r T = -10 oc A A-A- 
H = 152 m /./ h = 4 . 7 6  mm 

LUG SIZE 

5 N 1 5 . 2  p f m i n  SAMPLE S34 

1 6  

/ s57 
h = 3.17 

* *  

DISPLACEMENT, 6 , m 

FIGURE 2 Load-displacement  curves  for a 9 . 5 2  mm 
s t e e l   b a r  and   four   lug   s izes   in   f rozen   sand   a t  
-10 OC and a sand volume f r a c t i o n  of 6 4  % (data 
from Alwahhab, 1983). 
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not be  exceeded. I n i t i a l   r u p t u r e   i n   t h e   i c e   m a t r i x  
appears   to   occur   a t   larger   displacements .  The load 
cont inued   to   increase  up t o   a n   u l t i m a t e   v a l u e   a f t e r  
which i t  decreased. This decrease  in   load,  as com- 
pared t o  no  decrease  for  a s ingle   lug,   appears  t o  
be  due to   an  overlap of pressure  bulbs   in   f ront   of  
the  lugs  and  to  formation of a void  space  behind 
the displaced  lug.  Preliminary work has  used 
Boussinesq's  equations  to estimate pressure  bulb 
overlap  from  consecutive  lugs.  Examination  of  the 
f a i l u r e  zone i n   f r o n t  of s i n g l e   l u g s   a f t e r  a t e s t  
showed crushed  sand  particles  extending  forward a 
d i s t ance  of 2 t o  3 times the  lug  height .  

Constant Load (Creep)  Tests 

Displacement-time curves for a p l a i n  9.52 nm 
s tee l   bar   wi th   mul t ip le   lugs  (h = 0.397 mm) a r e  
g iven   in   F igure  4 f o r  a temperature  close  to  -10 OC. 
The sample  height was l imi t ed  t o  76 nun (10 lugs)  so 
as   no t   to   exceed  equipment: load  capacity.  Prelimin- 
a ry   c reep   pu l l -out  tests on p l a i n   b a r s  showed t h a t  
fa i lure   ( te r t ia ry   c reep)   assoc ia ted   wi th   i ce   adhes-  
ion was in i t i a t ed   a t   ve ry   sma l l   d i sp l acemen t s ,   va l -  
ues   c lose   to  0.1 mm o r   l e s s .  For the  s tandard No. 
3 bar   with  mult iple  lugs the   fa i lure   d i sp lacement  
o f  about 3 mm (Figure 4 )  may correspond t o  mechan- 
i c a l   i n t e r a c t i o n   f o r c e s .   W i t h  a l a rge r   s ing le   l ug  
experimental   data   indicated  that   secondary  creep 
would continue  with no f a i l u r e   f o r   l a r g e   d i s p l a c e -  
ments (80C mm) a s  long  as  boundary  conditions  did 
no t   i n t e r f e re .  It appears   tha t   over lap  of pressure  
bulbs and formation of a void  space  behind  the  lugs 
may be  responsible   for   development   of   ter t iary 
c r e e p   a t   c l o s e   t o  3 mm bar  displacement. The con- 
vent ional   creep  curves   in   Figure 4 show  a small   in i -  
t i a l   e l a s t i c   d i sp l acemen t   fo l lowed  by a p l a s t i c  
( i r r eve r s ib l e )   c r eep  up to   s teady-state   creep,   rep-  
resented by t h e   s t r a i g h t   l i n e   p o r t i o n  of the  curve.  
To reduce  the number of samples  required, a s t e p  
loading  procedure was used  as shown  by the  
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DISPLACEMENT, 6 ,  nun 

FIGURE 3 Load-displacement  curves  for a standard 
deformed No. 3 bar   i n   f rozen   s and   a t  -10 OC and a 
sand  volume f r a c t i o n  of 64 % (data  from 
Alwahhab, 1983). 
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FIGURE 6 Creep  curves fo r  s tep  loading a standard 
No. 3 deformed  bar   with  ten  lugs  in   f rozen  sand  a t  
-10 OC and a sand volume f r a c t i o n  of 64 % (data 
from Alwahhab, 1983). 

add i t iona l  two curves   in   F igure  4 .  A s m a l l   e l a s t i c  
and plast ic   displacement   developed  as   each  load  in-  
crement was applied.  Using  duplicate  samples and a 
s ing le   lug ,  i t  was  shown that   creep  ra tes   based on 
incremental  loads were i n  agreement with creep 
r a t e s   f o r   t h e   f i r s t   l o a d .  To insure  development of 
secondary  creep i t  was important  that   the  load  be 
greater  than  the  long-term bond strength  correspond- 
ing   to   the   cur ren t   d i sp lacement .  

DISCUSSION 

Adfreeze Bond St rength  

Load t r a n s f e r   a t   t h e   i n t e r f a c e  between the  
model p i l e  and frozen  sand  involved  three bond com- 
ponents:   (1)  ice  adhesion to t h e   p i l e ,   ( 2 )   f r i c t i o n  
between  sand p a r t i c l e s  and   the   p i le   sur face ,  and 
(3)  mechanical  interaction  between  frozen  sand and 
the  pi le   surface  roughness .   Different   load  t rans-  
f e r  mechanisms are  involved.  Ice  adhesion is the  
r e s u l t  o f  i nc reased   a t t r ac t ion  between  water mol- 
ecu les   and   the   p i le   sur face   a t   f reez ing   tempera tures .  
Surface  type (steel, concrete,  etc.)  and  contamin- 
a n t s   ( s a l t s ,   m i n e r a l s ,   e t c . )   i n   t h e   i c e   s i g n i f i -  
can t ly   in f luence   adhes ive   forces   a t   the   in te r face  
and  cohesive  forces in t h e   i c e .  Load displacement 
curves   in   Figure 2 showed t h a t   v e r y   l i t t l e  movement 
mobil ized  ice   adhesion  forces   and  that   rupture  oc- 
curred  for  displacements  of  0.1 ran or  less. During 
creep, ice adhesion may cont inue   for   l a rger  dis-  
placements. The second  component, f r i c t i o n ,  is  de- 
pendent on the   coe f f i c i en t  of f r i c t i o n   ( o r   f r i c t i o n  
angle)   be tween  the   so i l   par t ic les  and p i l e   s u r f a c e  
and i s  p r o p o r t i o n a l   t o   t h e   n o m a 1  stress pushing 
p a r t i c l e s   a g a i n s t   t h e   p i l e .  An upper l i m i t  would  be 
the  long-term  strength,  T4t, of f r o z e n   s o i l  which 
is comprised  of  both  cohesive,  cAt, and f r i c t i o n a l ,  
d l t ,  components  and  can b e  expressed by the  Mohr- 
Coulomb r e l a t i o n ,  

where Q is  the  normal stress on the  shear   plane 
Weaver and  Morgenstern  (1981)  indicated  that  the 
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normal stress on a p i l e  is  t y p i c a l l y  less than 100 
kPa so t h a t   t h e   f r i c t i o n a l  component  of adf reeze  
bond would generally  be  very  small.  Surface  rough- 
ness of the   p i le   in t roduces   mechanica l   in te rac t ion  
forces  when p i l e  movement o c c u r s   r e l a t i v e   t o   t h e  
sand  par t ic les .  Roughness i s  dependent on sur face  
geometry   and   ac tua l   he ights   o f   asp i r i t i es   on   the  
p i l e   s u r f a c e .  Lugs on t h e   p i l e   s u r f a c e  were  used 
to   increase  surface  roughness   and  to   penni t   mobil i -  
za t ion  of bearing  forces  acting  on  the  frozen  sand. 
Bearing  forces on the   s ing le   l ug   i n   F igu re  2 pre- 
vented  the  load from decreasing a t   l a r g e r   d i s p l a c e -  
ments to   the   smal le r   res idua l   load  shown f o r   t h e  
p la in   bar   (h  = 0) .  Use o f  mult iple   lugs  (Figure 3) 
altered  the  load-displacement  curves  raising  ques- 
t i ons   a s   t o   l ug   spac ing   fo r  a given  lug  height .  

LUK Size   Ef fec t  

The use of lugs provided  an  increase  in  sur- 
face  roughness  of  the model p i l e s  and  increased 
both  ice  adhesion  and  mechanical  interaction  during 
movement in   the  f rozen  sand.  The e f f e c t  of in- 
creasing  lug  size  on  load  displacement  curves is  
shown i n   F i g u r e   2 .   f i e  lug increased  surface  area 
for   i ce   adhes ion   bu t  more important ly   the  lug  in-  
creased  the volume  of ice  matrix  and so i l  p a r t i c l e s  
i n v o l v e d   i n   t h e   i n i t i a l  bond rupture .  T h i s  rupture  
involved  both  ice   adhesion  a t   the   interface and  co- 
hes ion   in   the   i ce   mat r ix   resu l t ing   in   an   increased  
adf reeze  bond s t r e n g t h .   A f t e r   i n i t i a l   r u p t u r e   t h e  
pul l -out   load  decreased  to  a small res idua l   va lue  
fo r   p l a in   ba r s .  The presence  of  lugs and addition- 
a l   b a r  movement permit ted  mobil izat ion of mechanical 
in te rac t ion   forces .   For  a model p i l e   w i t h  a s i n g l e  
lug the  ultimate  load  developed a t  from 2 mu t o  5 
mm displacement  (Figure  2). The ul t imate   load  €or  
mult iple   lugs  (Figure 3) developed a t  about  1.4 nun 
displacement  and  then  decreased,  probably  due  to 
pressure  bulb  overlap  and  formation  of a void  space 
behind  the  lug. 

Data for   constant   load  (creep)   pul l -out  tests 
a r e  summarized i n   F i g u r e  5 with  load and displace- 
ment (c reep)   ra tes   bo th   p lo t ted  on logarithmic 
sca l e s .  The data  suggest a s t r a i g h t   l i n e   r e l a t i o n -  
sh ip   fo r   each   l ug   s i ze   fo r  which the  adfreeze  load 
P can  be  expressed  as 

where i s  the  creep  displacement   ra te ,  n i s  the  
creep  parameter,  and PC@ is  the  adfreeze  proof  @ad 
fo r   an   a rb i t r a r i l y   s e l ec t ed   d i sp l acemen t   r a t e  sc. 
The adfreeze  s t rength  can be readi ly   ca lcu la ted  
based  on  the 9.52 mm bar  diameter and  152 nun embed- 
ment length.  Some data   po in ts   a t   the   s lower   c reep  
r a t e s   a p p e a r   t o   f a l l   t o   t h e   l e f t  of their   respec-  
t i v e   l i n e s   i n   F i g u r e  5 .  It appeared  that   loads  for  
these  points  were below the  long-term  s t rength  for  
the  corresponding  bar  displacement  rate.  Secondary 
creep would not  have  been  reached  for  the  time  given 
to   that   load  increment   and  the  recorded  creep  ra te  
would be  la rger   than   the   t rue   c reep   ra te .  

Temperature  Effect 

Temperature,  thru i t s  inf luence  on cohesive 
fo rces   i n   t he   i ce   ma t r ix  and  adhesive  forces a t   t h e  
p i le / f rozen   sand   in te r face ,   has  a s ign i f i can t   e f -  
f e c t  on adfreeze bond s t rength.   This   inf luence was 
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FIGURE 5 Lug h e i g h t   e f f e c t  on  load for   c reep  o f  
p l a i n  9.52 nun b a r s   i n   f r o z e n   s a n d   a t  -10 OC with 
a sand volume f r a c t i o n  of 64 % (data  from 
Alwahhab, 1983). 

shown  by the  pul l -out   load  versus   creep  displace-  
ment r a t e   d a t a  summarized in   F igu re  6 f o r   t e s t s  on 
9.52 mm diameter model p i l e s   w i t h  a s i n g l e  3.17 mm 
lug.  Temperatures  of  -2, -6 ,  -10,  and  -15 OC a r e  
represented by t he   fou r   l i nes .  Again some observed 
c reep   r a t e s   a r e   l a rge r   t han  their  t rue   va lues   fo r  
the  reason  explained  in   the  previous  sect ion.  The 
s lope  and hence  the  creep  parameter n a r e   t h e  same 
a s   i n   F i g u r e  5. Selec t ion  of one  creep  displacem_e t 
r a t e ,   p lo t t i ng   t hese   l oads ,  Pcg, a g a i n s t   ( 1  4- Q Qc ), 
both  on  logarithmic  scales,  permits   evaluat ion of 
the  exponent W (Figure 7) i n   t he   equa t ion  

F 

where 0 is  the   absolu te   va lue  of the   nega t ive  tem- 
pera ture   in   degrees   Cels ius ,  0 i s  a n   a r b i t r a r y  
temperature,   usually 1 O C ,  andC Pco i s  Pcg for a 
freezing  temperature   c lose to 0 Oc. Other  symbols 
a r e   t h e  same as  i n  equation 2 .  

Bond Dependence  on Ice  Content 

Adfreeze bond s t r e n g t h   a t   t h e   p i l e / f r o z e n   s a n d  
i n t e r f a c e  w i l l  vary  with ice content.  The one  ex- 
treme w i l l  include  only  ice   adhesion  a t   the  
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FIGURE 6 Temperature e f f e c t  on load  for  creep  of 
p l a i n  9.52 mm steel  bars   with a 3.175 mm l u g   i n  
frozen  sand  with a sand  volume f r a c t i o n  of 64 % 
(data from  Alwahhab, 1983). 

i n t e r f a c e  and cohesion  within  the  ice .  The o ther  
extreme,  with  very  dense  sand, will inc lude   la rge  
cont r ibu t ions  from mechanical  interaction  between 
sand   pa r t i c l e s  and the  pi le   surface  roughness .  A 
s e r i e s  of constant   load  (creep)   pul l -out  tests on 
frozen  sand  with  different   ice   contents   (or   sand 
volume fractions)  provided  the  load  versus  creep 
displacement   ra te   data  summarized i n   F i g u r e  8. The 
9 .52  mm model s t e e l   p i l e   i n c l u d e d  a s i n g l e  3.17 nun 
lug. The l i ne   r ep resen t ing  a 64 % sand volume f rac-  
t i o n  was a l so   i nc luded   i n   F igu res  5 and 6 f o r  h = 
3.175 mm and T = -10 OC, respec t ive ly .  It appears 
that   the  creep  parameter n (based  on  slope  of  the 
l i n e s )  i s  independent o f  both  temperature  and  ice 
conten t  for the  range  of  creep  rates shown. 

The inf luence  of   ice   content  on creep  pull-out 
loads is  shown i n  Figure 9 f o r  two constant  creep 
displacement   ra tes .  The zero  sand volume f r ac t ion ,  
represented by polycrystalline  snow-ice,  gave  the 
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FIGURE 7 Temperature  dependence  of PC@ f o r  a creep 
displacement   ra te  'B e q u a l   t o  1 pmm/min (data from 
Figure 6 ) .  

smal les t   adf reeze   s t rength .  Most i c e  found i n  s o i l  
pores is of polycrys ta l l ine   type   wi th  random cry- 
s t a l   o r i e n t a t i o n .  The add i t ion  o f  dispersed  sand 
p a r t i c l e s  to t h i s   i ce   i nc reased   t he   ad f reeze  
s t rength ,   perhaps   due   to   the   g rea te r   s t i f fness   o f  
t h e   p a r t i c l e s  which  involves more i c e  volume a t   t h e  
p i l e r f rozen   s and   i n t e r f ace   i n   t he   f a i lu re   p rocess .  
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FIGURE 8 Effec t  of sand volume f r a c t i o n  on load 
for   c reep   of   p la in  9.52 mm s t e e l   b a r s   w i t h  a 3.175 
nun lug   in   f rozen   sand   a t  -10 'C (data from 
Alwahhab, 1983). 
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FIGURE 9 Load  dependence on sand  volume  fraction 
during  creep  for  plain  steel 9.52 mm bars  with a 
3.175 nun lug at -10 OC. 

Beginning  at a sand  fraction  close  to 42 %, sand 
particle  interaction  with  pile  surface  roughness 
rapidly  increased  the  pull-out  load  and  adfreeze 
strength. The curves in  Figure 9 clearly  show  the 
benefits of using a high  density  sand  slurry  mix- 
ture  during  field  placement  of  piles. 

CONCLUSIONS 

1. Ice  adhesion  was  mobilized  at  very  small 
displacements  with  rupture  at  less  than 50 pm for 
constant  displacement  rate  tests. The presence of 
sand  particles  and  more  surface  roughness  (lugs) 
increased  the  ice  matrix  volume  involved in rupture 
and  thereby  significantly  increased  the  adfreeze 
strength. 

2 .  With  an  increase i n  surface  roughness 
(addition of  a single  lug)  load-displacement  curves 
showed  the  initial  rupture  of  ice  adhesion  followed 
by mobilization  of  mechanical  interaction  forces. 
Use  of  multiple lugs showed an increase in the 
ultimate  pull-out  load in a direct  ratio  to  the 
number  of  lugs.  Suitable  lug  spacing  appears to be 
dependent on pressure  bulb  overlap  for  consecutive 
lugs  and  formation  of a void  space  behind lugs.  

considerably,  depending  on  pile  movement.  Very 
small  displacements  characterize  the  start of ter- 
tiary  creep  for  applied  shaft  stresses  below  those 
required  for  initial  rupture  of  ice  adhesion. 
Larger  displacements  and  higher  shaft  stresses  are 
associated  with  mobilization of mechanical  inter- 
action  forces. 

nificantly  influenced  the  adfreeze  strength  for a 

3 .  Creep  displacement  behavior  will  differ 

4. Sand  volume  fraction (or ice  content)  sig- 

given  creep  rate,  bar  and  lug  size. For  ice-rich 
samples (sand  volume  fraction < 42 X )  the  adfreeze 
strength  depends  primarily on ice  adhesion  and  be- 
havior  of  the  ice  matrix.  Mechanical  interaction 
of  pile  surface  roughness  with  sand  particles  was 
important  primarily  for  ice-poor  samples  (sand 
volume  fraction > 42 %). 

5. Methods  used t o  account  for  temperature 
effects on the  adfreeze  strength  (or  pull-out  loads) 
agreed  very well  with the  experimental  data.  The 
creep  parameter n was  independent  of  temperature 
and  ice  content  over  the  range o f  creep  rates 
observed. 
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INCREASE WITH DEPTH OF FREEZE-BACK PRESSURES ON THE SIDES OF 
DRILLHOLES ASSOCIATED  WITH FREEZING OF A FLUID I N  A CAVITY 

V. I. Antipov  and  V. B .  Nagayev 

Research  Institute of Petrochemical  and Gas Industry 
Moscow, USSR 

Recently,  there  has  been a considerable  growth  of  interest in the  problem of 
secondary  freezing  of  thawed  materials  around  a  drillhole.  This  is  associated 
with the  fact  that  the  process  of  secondary  freezing  leads t o  the  development of 
considerable  freeze-back  pressures on the  walls  of  drillholes,  which  may  lead t o  
their  collapse.  Analysis  of  studies of secondary  freezing  has  shown  that no 
satisfactory  theory  has  been  advanced  thus  far which  would permit  reliable  fore- 
casting of a  stressed  condition in  the  freezing  materials  around  a  drillhole.  The 
present  paper  suggests  an  approximate  theory  for  calculating  maximum  freeze-back 
pressure  Omax on the  walls  of  a  drillhole  as  the  materials  freeze  around  it  and 
as  drilling  mud  filtrates  freeze  in  a  cavity.  Identification of the  dependence  of 
omax on depth i s  based on the  solution of the  problem  of  the  axially-syrmnetrical 
plane on the  development of the  freeze-back  pressure o(~). 

1 i  2 
" - 2 " 

SOLUTION FOR  FREEZE-BACK PRESSURE %ax - n(Kav)" A (a - so -1 n n  n 

In this  paper an approximate  theory  is  proposed 
on the  basis of permafrost  soil  and  ice  equations 
derived  from  experiments.  Following  the  work  of 
Dubina (1977) it  is  easy  to  obtain  the  freeze-back 
pressure on well  casings  (Figure l ) ,  if  the  equa- 
tions of ice  state  are  based on the  Mellor  and 
Smith (1966) isotherm  and Royen (1922) hypothesis 
which  considers  dependence of ice  properties  upon 
temperature T: 

1 1  2 2 - - " " 
t> 

-n(KSv)" A IS(,) n - so n I - 

lD+l 2m 3 2 shm So 

where t = time; 
d = radius  of  the  casing; 

So = radius of a  cavity; 
S ( t )  m inner  radius of the  ice-water  interface 

v = velocity  of  the  ice-water  interface; 
n,A = the  parameters  of  ice  state  equation; 

k = coefficient o f  volumetric  expansion 

rn,E,h = the  rheological  parameters o f  permafrost 

To determine  the  maximum  pressure on a  casing 
omax,  which  develops  if  there  is  complete  freezing 
of mud  filtrate  in  a  cavity,  it  is  necessary t o  
assume S(t) = a, the  radius of the  casing  and t = 
ta  in  equation 1, where ta is  time of complete 
freezing  of  fluid  in  a  cavity. 

i n  a cavern; 

when  ice forms from  water; 

soil. 

E K ~  Sin [T(l-X)] 
3 rhm s 2m 

0 

t a 

0 
X E (St - a'> (t - T>-' d.r * 

d (2)  

The  calculation  of 0 at  various  depths 
according  to  equation 2 gives  the  values  which 
decrease with the  depth,  but do not  agree with 
observations. In field  experiments  Ruedrich  and 
Perkins (1974)  observed  that  the  value  umqX  in- 
creases  as  the  depth Z increases. Accordmg to  the 
plane  axially  symmetrical  problem  just  solved,  this 
is  an  unlikely  result. 

However,  it  is  taken  into  account  that  during 
freezing o f  a  fluid in  a  cavity  a  frozen  girt 
(Figure 1) is  formed in the top of  the  cavity, 
then  a  relationship  which  agrees with the 
field  data  may  be obtamed (Figure 1). This  girt 
does not allow  the  fluid  remaining  to  flow  upwards 
under  pressure  and  thus  pressure  builds  up in the 
system.  Eventually new and  thicker  ice  layers form 
up  to  the  well  casing,  thus  increasing  the  volume 
of  the  frozen  fluid.  This  results  in  continuous 
compression of the fluid  remaining in a cavity, 
which  accumulates  stresses  transformed  to  the well 
wall. So to  determine  value Omax at a  depth 2 it: 
is  necessary  to  add  value  umax  derived  from  the 
solution o f  the  axial-symmetrical  problem a t  the 
same  depth t o  the  pressure  that  has  accumulated in 
the  fluid  adjacent t o  the  casing in the  frozen 
overlying  layers. 

the  pressure AomaxZ adjacent  to  the  well  casing 
where  an ice layer  is  built up and  the  hydrostatic 
pressure'flu, corresponding  to  the  difference in the 
elevation  of 2 and  the  elevation  of  the  previous 

max 

Thus, to  determine  omaxz  at a depth 2 (Figure 2) 
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calculation I, should  be  added t o  the  value Omaxl: 

A computer-aided  numerical  solution  of  the  first 
two  quantities  of  this  expression  was  developed 
according  to  the  equations  of  Bulatov  (1979)  for 
cavities  in  the  upper  parr  of  the  profile  of  the 
well DS4-6 described  by  Ruedrich  and  Perkins (1974). 
Figure 3 illustrates  the  resulting  theoretical 
relationship om xz,  obtained with equation 3 and 
the  experimenta?  values  obtained  from  transducers 
on the  well  casing. 

CONCLUSION 

I n  the  framework of the  model  under  considera- 
tion  it  is  quite  natural  to  expect  freeze-back 
pressure  build-up with depth.  The  comparison  of 
computed  freeze-back  pressure  values  calculated 
with  equation 3 with  the  field  experimental  data 
convinces  us  that  the  theoretical  model  chosen  is 
appropriate. 

tion  conditions  of  wells  under  permafrost  one 
should  consider  build-up  of  freeze-back  pressure 
according t o  equation 3 rather  than  equation 2 ,  as 
the Omax increases  with  depth. 

When  choosing  the  optimum  technological  produc- 
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FIGURE 1 Freezing  of  fluid in a  cavity. (1)  fil- 
trate, (2) frozen  filtrate, (3)  thawed  soil, 
( 4 )  frozen  soil, (5) a  well, (6) boundary of 
cavity, (7) ice-water  interface, ( 8 )  girt  (ceiling). 

FIGURE 2 Calculation of freeze-back  pressure  at 
various  depths. 

FIGURE 3 Relationship  between  the  maximum  freeze- 
back  pressure  of  the  well wall and  the  depth. 
1 - theoretical  relationship; XX - experimental 
values  Umax  measured  by  sensors on the  well  casing. 



THERI4AL ABRASION OF COASTS 

I?. E. Are 
Permafrost  Institute,  Siberian  Branch 
Academy  of  Sciences,  Yakutsk, USSR 

Thermal  abrasion of the  shores of any  water  body or stream is controlled  by  the 
same  basic  principles  and  is  distinguished by peculiarities  dictated  by  differing 
hydrological  regimes.  The  main  influence  of  the  frozen  state  of  the  materials on 
the  development o f  thermal  abrasion  is  determined  by  their  ice  content  and  reveals 
itself when the  materials  slump  on  thawing.  The  greater  the  potential  for  settle- 
ment, the  greater  is  the  rate  of  thermal  abrasion  and  the  limiting  value  of  shore 
retreat.  The  frozen  condition  of  the  materials  does  not  prevent  destruction of the 
shores. In the  case  of  large  water  bodies  the  thermal  abrasion  rate  is  dictated  by 
the  removal  of  the  thawed  materials  from  the  shore zone,  while  in  small  water  bodies 
and  in  shores  developed  in  massive  ice  bodies  the  limiting  factors  are  the  thermal 
processes.  During  recent  decades  climatic  cooling  has  slowed  the  rate  of  thermal 
abrasion by  the  sea.  One  of  the  possible  controls on the  orientation  of  thaw  lakes 
is  the  irregular  development of thermal  abrasion  due  to  spatial  variations  in  the 
distribution of sediments  prone to thermal  abrasion  collapse  in  their  shores.  Rates 
of erosion  in  river  banks  developed  in  similar  materials  are  identical  whether  or 
not  permafrost  is  present. 

Coastal  thermal  abrasion  of  water  bodies  (seas, 
lakes,  storage  reservoirs,  rivers)  is  an  integrated 
process of destruction of coasts,  composed of 
frozen  materials  that  follows  the  same  general 
principles.  Destruction  is  due  to  the  combined 
hydromechanical  and  thermal  impact  of  water  masses 
on coasts.  The  hydromechanical  effect  is  exerted 
by waves  and  currents  which  develop  in  various 
combinations  on  all  water  bodies.  When  considering 
the  erosion of coasts  of  seas  and  other  large  water 
bodies,  the  destructive  effect  of  waves  has  common- 
ly been  invoked.  But  choppiness  is  always  accom- 
panied by currents,  the  velocity o f  which is of the 
same  order  of  magnitude  as  that  of  river  currents. 
It is these  currents  that  perform  major  work on 
wash-out of coasts  and  longshore  drifts. On the 
other  hand,  large  rivers  commonly  produce  severe 
roughness  which  plays  an  important  role in the 
destruction  of  their  shores.  For  example, i n  the 
area  near  the  mouth o f  the  Lena  River  such  strong 
gales  occur  that  even  lake-class  vessels  are  com- 
pelled  to  take  cover.  Thus,  there  is no difference 
in the  principles of erosion  among  coasts o f  seas, 
lakes,  reservoirs  and  rivers.  The  same  situation 
applies t o  the  thermal  effect of water  masses on 
coasts.  Just  the  same is the  development  of 
littoral  benches, 1.e. part of the  littoral  zone 
above  the  water on reservoirs  and  rivers.  Pro- 
cesses of destruction of coasts of different  types 
of water  bodies  differ  only  in  some  features  pro- 
duced  by  the  different  hydrological  regime.  This 
makes  it  possible to  develop  a  unified  theory of 
thermal  erosion  process  for  water  bodies  of  a11 
types. 

Observations  made  by  a  number of researchers 
indicate  that  even  under  the  mast  severe  climatic 
conditions,  in  the  spring  thermal  erosion  starts 
at  above-zero  temperatures o f  water  within  water 
bodies.  The  published  data on the  depth  and 

character  of  seasonal  thawing on the  littoral  shelf, 
measurements  by  this  author on the  coasts o f  the 
Lena,  the  Aldan,  the  Vilyui  reservoir,  and  the 
Laprev  Sea,  as  well  as  calculations  of  seasonal 
thawing  depth  on  the  littoral  shelf  lead  us  to 
conclude  that  from  the  earliest  days  of  the  ice- 
free  period  the  underwater  slopes  of  coasts 
attacked  by  thermal  erosion  are  covered  by  a  layer 
of  unfrozen  drift.  Therefore,  for  a  wide  range of 
natural  conditions  thermal  erosion  results from 
the  wash-out of an unfrozen  surface  layer.  Direct 
wash-out  of  frozen  ground  is  observable  only  in 
the  upper  part  of  the  littoral  shelf  at  the  rime 
of  storms,  high  water  and  flash  floods.  Exceptions 
are  coasts  bordered  by  ice  and  those o f  some 
thermal-karst  lakes io the  tundra. 

We should  distinguish  between  the  two  kinds  of 
thermal  effect  of  water  bodies on permafrost:  a 
direct  effect  and  an  effect  transmitted  through  a 
layer of unfrozen  ground.  The  direct  effect  leads 
to  a  maximum  impact.  The  theory  of  heat  transfer 
lacks  any  solution  for  its  calculation.  To  infer 
the  order  of  magnitude, one can resort  to  the  formula 
for  computing  convective  heat  transfer  at  longitu- 
dinal flow  of  a  turbulent  current  along  a  plate. 
For  the case of  minor  roughness  (ripple 0.3 m high), 
these  formulas  give  a  value of the  coefficient of 
convective  heat  transfer  of  the  order  of 1100 
w/(rn2 "C). With  such  a  coefficient of convective 
heat  transfer  and  the  temperature of  water +lac, 
a sheer  ice  precipice  would  recede  about 30 m 
during  three  months of an ice-free  period  (Are 
1979a). 

0. N. Vinogradov  and A .  N. Krenke ( 1 9 6 4 )  have 
determined  the  rare of ice  coast  retreat  due  to 
thermal  erosion on Franz Josef  Land  (Sedov  glacier) 
to  be  the  difference  in  observed  velocities  of  the 
glacier  movement  and  the  advance of a  vertical  ice 
cliff  into  the  sea i n  the  period  between  the 
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subsequent  separations of icebergs.  They have 
obtained  a  value o f  20 m per  year, In the  area 
under  consideration,  the  sea is predominantly 
ice-free  from 2 to 4.5 months  in the  year,  but 
throughout  the  summer  it  abounds in drift  ice. 
The  water  temperature  does  not  exceed 3 O C .  The 
Sedov  glacier  is  descending  into  a  relatively 
closed  bay.  Under  these  conditions  strong  chop- 
piness  is  seldom  observed  (Sukhodrovsky 1967). 

Based on laboratory  and  in  situ  measurements, 
Pekhovich  and  Shatalina (1970), and  Khodakov  et  al. 
(1978) have  derived  identical  equations  of  convec- 
tive  heat  transfer  for  the  case  of  a  water  flow 
moving  along  ice  plates.  The  coefficient o f  con- 
vective  heat  transfer,  inferred  from  these 
equations  for  conditions of minor  agitation,  is 
2000-3000 W/ (m2 "C) 

The  calculations  of W. Morgan  and W. Budd 
(Schwerdtfeger 1979), based on a generalization  of 
ground-based  and  spacecraft  observations  of  near- 
Antarctic  water  temperatures  drift  velocity  and 
decrease  of  icebergs  in  size  as  these  move  away 
from  the  Antarctic  coast,  have  shown  that  in  the 
course  of  three  months  at  a  water  temperature  of 
+ l ° C ,  between 10 and 20 m  of  ice  melt  off  the 
underwater  surface of icebergs. 

The  above  mentioned  results  of  calculations, 
experiments  and in situ  observations  indicate  that 
the  thawing  rate  of  ice  and  primarily of exposed 
frozen  ground  in  contact with  water  exceeds  by  a 
few  or  many  times  the  observed  rates  of  wash-out 
of  coasts  attacked  by  thermal  erosion  which i n  the 
Arctic  seas  normally  do  not  exceed 10 m  per  year 
(Are 1980). Thus,  the  potential  for  ground  thawing 
on a littoral  shelf  is  very  great,  but  because of 
the  presence of a  surface  layer of unfrozen  debris 
that  slows down the  thawing it i s  generally  not 
f u l l y  implemented. 

Under  the  severe  climatic  conditions of the 
Arctic mast at the subzero  annual  mean  temperature 
of  water,  the  bottom  seasonal  thawing  near  thermal 
abrasive  coasts,  composed  of  thaw-collapsible 
permafrost,  causes  the  bottom  surface to lower 
substantially.  Every  year  rhis  occurs  until  the 
permafrost  surface  accumulates  a  layer  of  thawed 
and  settled  sediments,  whose  thickness  is  equal t o  
the  depth of seasonal  thawing.  Mathematical  simu- 
lation, on a computer, of the  process in question 
has  been  carried  out. In selecting  the iziput data, 
it was assumed  that  thawing  applies  to  a  sea  bottom 
composed  of  the  ice  complex  (silty  sediments of 
high  ice  content  and  a  high  content of polygonal 
ice  wedges),  whose  properties  are  listed in Table 
1. The  surface  temperature  of  the  bottom  is 
specified  in  two  variants  (Table 2 ) .  Variant  A 
corresponds to warmer  sea  Conditions  in  which  the 
mean  annual  temperature of the  bottom  surface  tends 
to  be  zero.  Variant E roughly  corresponds to more 
severe  conditions  near  the  coast  of  Kotelny  Island 
(Table 3). Under  normal  conditions,  except  for 
extreme  variant I -A,  the  process  under  considera- 
tion  declines  rapidly.  For  the  first  two  years, 
more  than  a  half  of  the  possible  subsidence  was 
completed,  and  that  frequently  reached 2 m. The 
time  required  for  it t o  reach  an  equilibrium  state 
seldom  exceeds 10 years. 

development o f  thermal  abrasion is small  because, 
as soils  are  thawing,  the  amount o f  heat  required 

The permafrost  temperature  effect in the 

TABLE 1 Properties  of  Ice  Complex. 

Heat 
conductivity  Wear 

E 
5 a  

coefficient  capacity 

4 
W / ( 3  " C )  kJ/(m3 "C) 

0 
a c  

U d U  > u  State  of  ground 
B 0 d -2 
.rl 
2 H U  & 10 frozen  frozen  frozen  frozen 
Y :2 " ~ n  

m r o  
u o  a 7  un- un- 

I 0.90 0.85 

III 0.57 0.32 
I1 0.78  0.66 2 . 3  1.6 2050 2950 

- 

TABLE 2 Temperature  of  Surface  of  Bottom  and 
o f  Permafrost, " C  

Month 
Temperature 

Variant X-VI VII  VI11 Ix of ground 

A -1 .4 2.0 6 . 3  3.1 -11 
B -1.6 1.0 4.4 0.4 -13 

for  their  temperature  to  rise i s  generally  much 
smaller  than  that  required  for  ground  ice to melt. 

The  main  influence  of  a  frozen  state  of  soils 
upon  the  development  of  thermal  erosion  is  deter- 
mined  by  their  ice  content,  and  it  manifests  itself 
when  ice  content  exceeds  the  porosity in an  un- 
frozen  state,  that is,  when soils  involve  thaw 
settlement.  This  effect  implies  two  aspects. 

the  water  body  when  the  coast  composed  by  thaw 
collapsible  ground  is  being  destroyed,  is  smaller 
than  that  resulting  from  destruction.  This  dimin- 
ishes  the  work  of  water  bodies,  required  for  them 
to wash out  and  transport  soils,  in  comparison 
with coasts  composed  of  similar  thaw-uncollapsible 
ground. 

On the  other  hand,  thawing  of  collapsible  soils 
forming  the  bottom i s  attended  by  a  deepening of 
the  water  body  and,  therefore,  by  an  increase  of 
wave  energy. In the  absence of agitation,  thermal 
settlement  of  the  bottom  itself may cause  coastal 
recession. 

For that  reason,  other  conditions  being  equal, 
with  increasingly  excess ice  content,  there is an 
increase of the  rate of thermal  erosion  and  of  the 
limiting  value  of  coastline  recession. 

If ice  content of soils  composing  the  coast 
exceeds  a  critical  value,  the  coast  then  recedes 
continuously.  Critical  ice  content is that  ice 
content  in  soils  at  which  their  complete  thawing 
produces  a  settlement  of  the  ground  surface  down 
to  the  water  level in the  water  body (Gb). It  is 
matched  by  the  critical  level  of  the  water (%I, 
which  coincides  with  the  surface level of soils 
constituting  the  coast,  following  their  complete 
thawing  and  settlement. The possibility of 

On one  hand,  the  volume of sediments  coming  into 
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TABLE 3 Results  of  Calculations oE Perennial  Seasonal  Thawing  Below  Sea 
Bottom  (Limiting  State) 

Thickness  of Time  required for 
Thawing  unfrozen  layer  Bottom  thawing  to  reach 
depth,  after  subsidence,  subsidence,  limiting  state, 

Variant  m m m years 

I-A  4.9 
I I-A 2 . 2  
111-A 1.1 
11-B 1 . 5  
111-B 0.75 

0 .7  

0.5  

4 . 2  
1.5 
0.4 
1.0 
0.25 

17 
9 
9 
4 
4 

unlimited  destruction  of  the  coast i s  determined 
by  the  relation  Gb 5 Gk. If its  left-hand  side i s  
less  than  the  right-hand,  coastal  recession  has a 
limit,  and,  if  vice  versa,  recession  becomes  con- 
tinuous,  and one of the  main  principles of the 
theory of development  of  sea  shores  is  violated, 
that at constant  sea  level  erosion  is  restricted 
by  the  development of a  limiting  profile of equil- 
ibrium. 

Perennially  frozen  unconsolidated  deposits 
differ  by  having  greater  content of silt  particles 
than  their  unfrozen  counterparts.  Particularly 
high  silt  content  occurs  in  the  ice  complex  of  the 
Yana-Indigirka  depression  and  the  Kolyma-Alazeya 
shoreland  where  the  predominant  silt  content 
amounts  to 60-80%, and  the  maximum is around 95%. 
Silt  content  exerts  the  same  influence  upon 
development o f  thermal  erosion  as  the  ice  content 
of  thaw-collapsible  soils  because  fine  particles 
are  easily  suspended  and  transported  by  water  (Are 
1980). As for large  shallow  water  bodies,  the 
shores of which are formed  by  permafrost o f  high 
silt  content,  wash-out  and  transport  of  bottom 
sediments  develop  throughout  the  water  area,  and 
the  concept of a  shore  slope  below  the  water  is 
virtually  invalid  here. 

Perennially  frozen  unconsolidated  deposits  are 
able to withstand  the  destructing  impact of water 
masses  only  in  a  frozen  stare.  Once  unfrozen,  its 
wash-out  capacity  is  equal to or  greater  than that 
of unfrozen  soils  of  similar  composition. 

Calculations  of  the  shore  wash-out  coefficient, 
according  to  Kachugin  (1959)  for  Beveral  areas o f  
sea  and  lake  shores  attacked  by  thermal  erosion  are 
formed  of  an  ice  complex,  have  shown  that  the 
values of the  wash-out  coefficient,  inferred  by 
neglectin3  thaw  settlement, are in excess of 
300-10-9m /yr. Thus,  the  ice  complex, ox perma- 
frost with the  highest  ice  content, i s ,  according 
to  Kachugin's  classification,  a  soil  readily 
yielding  to  wash-our.  Its  wash-out  rate  is  equal 
to  or  larger  than  t.hat  of  unfrozen s o i l s  of 
similar  composition:  fine  and  silty  sands, 
loess-like  sandy loam and  loam  (Are  1979a). 
Permafrost  wash-out  rate  depends on its  cryogenic 
texture. For instance, in the  case  of  net-like 
texture  it  is  one  order  of  magnitude  higher  than 
for  a  massive  one  (Ershov  et  al. 1979). 

far  indicate  that, in the  case of descruction of 
shores  attacked  by  thermal  erosion,  ground  thaw- 
ing  occurs  before  wash-out.  Consequently,  the 

The  results of the  investigations  discussed so 

frozen  state of soils, i n  all  practicality,  does 
not  hinder  shore  destruction. For large  water 
bodies,  the  rate of thermal  erosion is limited  by 
wash-out of unfrozen  products of littoral  zone 
destruction,  rather  than  by  thermal  processes. 
Therefore,  agitation on large  water  bodies  plays 
the  same role in the  development of shores as 
outside  the  permafrost  zone.  Thermal-erosional 
shores  of  small  bodies  of water,  with  a water  level 
exceeding a critical one, low  energy of agitation, 
and  weak  currenrs  recede  mainly  due  to  thermal 
destruction.  This  is  the  least  intensive  type of 
rhermal  abrasion. 

The  influence  of  the  ice  cover  of  water  bodies 
upon  thermal-erosional  shores  leads, i n  the  main, 
to  preventing  their  destruction. In this  case,  the 
most  important  role is played  by  the  duration  of 
the  Ice  cover,  and  in  seas  also  by  the  amount of 
drift ice in summer. The  destructive  effect  of 
ice on shores  is  not  great  and  does  not  substan- 
tially  influence  the  shoreline  position. 

Thermal  erosion i s  defined  by  its  irregular 
discontinuous  development.  Its  maximum  rate  is 
observed for extremely  high  water  levels. In the 
seas,  particularly  strong  storms,  accompanied  by  a 
precipitously  high  level  storm  surge,  produce  shore 
destruction  that  would  require  many  years to 
accomplish  at  normal.  rates o f  erosion. 

The  rate  of  retreat  of  thermal-erosional  sea 
shores  varies  greatly  in  space  and  time. Even the 
values  averaged  over 20-25 years  are  most  irregular- 
ly distributed  along  the  littoral.  There  are  no 
regular  differences  in  retreat  rate  of  thermal- 
erosional  shores  formed  by  yedoma  and  thaw-lake 
sediments. 

erosional  sea shores, with  a rate of 100 m or more 
per  year,  is  generally  recognized. In the  last 150 
years,  the  maximum  rate of thermal  abrasion  was 
observed  in  1944-1946 on Semenovsky  Island  in  the 
Laptev  Sea  to  be  at  least 55 m  per'year. The 
average  long-term  rates  are  far  lower.  For  shores 
formed  by  fine-grained  soils  of  high  ice  content 
(ice  complex,  alas  sediments,  etc.)  the  maximum 
mean  rate  from  many  years of observations  is  rough- 
ly 10 m  per  year, while the  predominant  mean  values 
for  shores of mainlands  and  large  islands  vary 
from 2 to 6 m  per  year. The mean  estimated  thermal 
abrasion  rates  along  the  large  lengths of the 
coast  (tens  of  kilometers)  usually  do  not  exceed 
2 m  per  year. 

The exceptionally  rapid  retreat  of  thermal- 

The  rate  of  thermal  erosion o f  sea  shores  formed 
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by  ice-rich,  fine-grained  soils,  under  comparable 
conditions  seems  to  exceed  by 3-4 times  that  of 
shores  formed  by  unfrozen  ground  of  similar  litho- 
logic  composition.  But  annual  rates  of  shore 
retreat  are  close to each  other  because  during 
most  of  the  year  the  Arctic  Seas  are  ice-covered. 

the  thermal  erosion  rate  to  decrease. A likely 
cause of this  is  the  increase of drift  ice  amount 
in the  Arctic  Seas, as a  consequence of the fall 
of  temperature  since 1940. 

lake  shores  is  its  dependence on dimensions  of 
water  area.  This  dependence  is  different  for 
shores  formed  by  soils  of  different  ice  content. 
If  ice  content  is  much  lower  than  a  critical  one 
(thaw  uncollapsible  ground),  shore  wash-out can 
then  develop  €or  a  geologically  long  time  only 
for  very  large  lakes,  the  hydrological  regime  of 
which  is  close t o  that  of  seas.  Therefore,  most 
of the  lakes  of  this  type  have  stable  shores. If 
ice  content  of  shore-forming  soils  exceeds  a  criti- 
cal one, then  thermal  erosion  proceeds  irrespective 
of the  water  area  dimensions.  These  factors  have 
the  implication  that  thermal  erosion is presently 
observed  mainly  for  thermokarst  lakes.  This  has, 
in  particular,  been  pointed  out by Tomirdiaro and 
Xyabchun (1 97 3) . 

Thermal-erosion  induced  destruction o f  the 
shores of thermokarst  lakes  can  develop  irregularly 
due  to  the  different  force  and  duration  of  differ- 
ently  directed  winds.  This  non-uniformity  is 
believed  to  be  one  of  the  possible  reasons  for  the 
formation  of  oriented  lakes.  But  its  influence 
depends  on  some  other  factors,  discarded so far 
when  considering  the  problem  of  oriented  lakes. 
These  include  wash-out  and  thaw-collapsible  rates 
of  soils,  the  thickness of thaw-collapsible  ground 
and  its  hypsometric  position with respect to the 
water  level.  These  factors  can  determine  a  given 
orientation  of  thermokarst  lakes  if  they  obey 
regular  spatial  variations  and  conversely,  they 
can  be  responsible  for  the  diversity  in  shape  of 
lakes  if  their  spatial  variations  have  a  random 
character. 

banks of the Lena River  have  been  determined  for 
the  last  18-26  years  (Are  1979). In the  middle 
flow on a  floodplain  the  total  average  rate of 
bank  retreat  is  6.5  m  per  year.  The  rate of 
retreat  of  steep  banks  of  principal  river  branches 
amounts  to 19-24 m  per  year.  The  front  parts  of 
islands  are  washed  out with  a  rate  of  up  to 40 m 
per  year.  The  rate  of  wash-out  of a sand  terrace 
above  floodplain, 25-30 m  high,  reaches 11 m  per 
year in the  area of the  steep  bank of one of the 
principal  river  branches. 

In the  Olenek  channel of the Lena River  delta 
the  banks  composed  of  muskegs  up  to 9 m thick, 
split  by  wedge  ice  and  supported  by  a  sand  base, 
retreat  at  a  mean  rate  of  1.7 m per year,  In the 
sharpest  curves  the  maximum  rate  is as high  as 6 m 
per  year. 

of  the  Ob  River  (Zemtsov  and  Burakov  1972,  Trepet- 
sov  1973)  and  the Lena River  has  shown  that  under 
quite  similar  hydrological  conditions  the  Elood- 
plain  and low terraces  above  the  floodplain,  formed 
of  sand  and  sandy-loamy  unfrozen  and  perennially 

The  last  decades  have  witnessed  a  tendency of 

One of the  main  features  of  thermal  erosion  of 

The  mean  rates of many  years  of  wash-out  of  the 

Comparison  of  wash-out  observations  of  the  banks 

frozen  thaw-uncollapsible soils, are washed  out 
approximately  with  the  same  intensity. 

of retreat  of  river  banks  of  the  permafrost zone 
can  be  smaller  than  those  outside  it  because  of 
the  short  duration of active  wash-out  due  to  the 
peculiarities  of  the  hydrogeological  regime of 
rivers  in  the  permafrost  zone.  These  peculiarities 
are  most  pronounced in small  plainland  rivers,  fed 
by atmospheric  precipitation. 

One of  the  possible  reasons  for  the  abnormally 
broad  river  valleys  in  the  permafrost  zone  is  the 
thaw-collapsibility  of  soils  of  the  upper  part of 
the  geological  cross-section.  The  influence  of 
this  effect  decreases with the  deepening of the 
valley  because  the  ice  content  of  soils  drops  off 
with depth. 

Under  comparable  conditions,  the  annual  values 
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PREDICTING F ISH PASSAGE DESIGN DISCHARGES FOR ALASKA 
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Improper  placement o f  highway c u l v e r t s  may s e l e c t i v e l y  or t o t a l l y   b l o c k   f i s h  
migrat ion,   thereby  decreaslng  avai lable  spawning  and  rear ing  habi tat .   Blockage 
will o c c u r   w i t h  a combination o f  e x c e s s i v e   c u l v e r t   w a t e r   v e l o c i t i e s ,   l a c k   o f   f i s h  
rest ing  areas  upst ream and  downstream o f   t h e   c u l v e r t ,  and  scour a t   t h e   c u l v e r t  
ou t l e t ,   c rea t i ng   pe rched   cond i t i ons .   P rev ious   s tud ies   o f   f i sh   passage   cu l ve r t s  
have  determined  f ish swimming a b i l i t i e s  and p r o f i l e s   o f   c u l v e r t   w a t e r   v e l o c i t y ,  
T h e r e   a r e   l i m i t e d   s t u d i e s   o f   t h e   h y d r o l o g i c   r e l a t i o n s h i p  among frequency, 
du ra t i on ,  season,  and  magnitude o f   d i s c h a r g e   f o r   t h e   d e s i g n   o f   f i s h  passage 
t h r o u g h   c u l v e r t s   i n   n o r t h e r n   r e g i o n s .  We analyzed  streamflow  records  f rom 14 
g a g i n g   s t a t i o n s   i n   s o u t h   c e n t r a l ,   i n t e r i o r ,  and arc t i c   A laska  (d ra inage  a rea  4'60 
km ) t o  determine  the  h ighest  consecut ive mean d i scha rge   w i th  1, 3, 7, and 15 
day durat ions.   St reamf low  dur ing  three  per iods  were  analyzed:   spr ing,   Apr i l  1 
t o  June 30; summer, J u l y  1 t o  August 31; and f a l l ,  September 1 t o  November 30. 
The Lognormal d i s t r i b u t i o n ,   u s i n g   t h e  Blom p l o t t i n g   p o s i t i o n ,   p r e d i c t e d   f l o o d  
f requency   va lues .   Reg iona l iza t ion ,   w l th   the   index- f lood method, o f   s i n g l e  
s ta t ion   va lues   p rov ides  a method for pred ic t ing   d ischarges   f rom ungaged drainage 
basins.  Regressions  developed t o   p r e d i c t   t h e  2-year   re tu rn   per iod   d ischarge 
f o u n d   t h a t   t h e   s i g n i f i c a n t   b a s i n   c h a r a c t e r i s t i c s  were  basin  area  and  forest   cover 
i n   t h e   s p r i n g   p e r i o d ,  and basin  area,  forest   cover,   and mean annua l   p rec ip i t a t i on  
i n   t h e  summer and f a l l   p e r i o d s ,  

INTRODUCTION 

Four   c r i t e r i a   mus t   be   cons ide red   f o r  
e f f e c t i v e  and p r a c t i c a l   d e s i g n   o f  highway c u l v e r t s  
t o  pass f i sh :   the   f low  reg ime  o f   the   s t ream,   the  
h y d r a u l i c   p r o p e r t i e s   o f   t h e   c u l v e r t   ( i . e . ,  shape, 
roughness, or l eng th ) ,   t he  swimming a b i l i t i e s   o f  
t h e   f i s h   s p e c i e s  and  age c lasses  present ,  and t h e  
t i m e   o f   y e a r   o f   f i s h  movement a n d   m i g r a t i o n   i n   t h e  
stream.  Understanding  the  f low  regime i s  
-important f o r   de te rm in ing   t he   re la t i onsh ip  among 
the  f requency,   durat ion,  season,  and  magnitude o f  
f low.  The frequency i s  impor tan t   to   unders tand ing  
t h e   r i s k   o r   p r o b a b i l i t y   t h a t  a g iven  magni tude  o f  
f l o w  will occur. The d u r a t i o n   o f   t i m e   f o r   w h i c h  a 
given  magnitude o f  f l o w   i s  exceeded  provides  the 
t ime  a f i sh   spec ies   m igh t  be delayed i n   i t s  normal 
m ig ra t i on .  The season o f   t h e   f l o w   t e l l s   w h e t h e r  a 
given  magnitude  f low will occur   du r ing  a c r i t i c a l  
p e r i o d   i n   t h e   l i f e   c y c l e   o f  a f i sh   spec ies .   Th i s  
three-d imensional   representat ion  prov ides a more 
de ta i l ed   desc r ip t i on   o f   t he   f l ow   reg ime   than   t he  
highest  annual   instantaneous  discharge. 

Development o f   a r c t i c   o i l  and  gas resources 
i n   t h e   U n i t e d   S t a t e s  and Canada has prov ided an 
impetus t o  s t u d y   t h e   e f f e c t s   o f  highway c u l v e r t s  
on f i s h  passage i n   n o r t h e r n   l a t i t u d e s  (Dryden  and 
Jessop 1974, MacPhee and  Watts  1976,  Katopodis e t  
a l .  1978,  and E l l i o t t  1982).  Prevention  of 
extended  delay o f   f i s h   i n   t h e i r  upst ream  migrat ion 
i s  an impor tan t   des ign   c r i t e r i on .   De lay   o f  
spawnable f i s h  can  cause  them t o  spawn a t   l e s s  
s u i t a b l e  spawning s i t e s ,   a f f e c t i n g  spawning 
success  and  causing  stress  and  physical damage. 
This  makes them  more vu lne rab le   t o   d i sease  and 
predat ion  (Dryden and S t e i n  1975). Dryden  and 
Ste in   es t imate  a maximum delay o f  3 days d u r i n g  
the  mean annual   f lood may be t o l e r a t e d   b y  a 

spawn ing   run   w i thou t   se r ious   b io log i ca l  
consequences. Dur ing   t he   des ign   f l ood ,   w i th  a 
r e t u r n   p e r i o d   o f  50 years,   they recommend a 
maximum d e l a y   p e r i o d   f o r  spawners o f  7 days. 
These maximum delay  per iods  have been 
recommended i n   c u l v e r t   d e s i g n s   f o r   t h e   M a c K e n t i e  
Highway i n  the  Nor thwest   Terr i tor ies  (Dryden and 
Stein  1975). The S t a t e  o f  Alaska  Off ice of t h e  
P ipe l ine   Coord ina tor   (S ta te   P ipe l ine  
Coord ina to r ' s   O f f i ce  (SPCO) 1982) design 
requirements  for   the  proposed  Alaskan  Northwest 
Natura l  Gas T ranspor ta t i on  System speci fy   use of 
the  instantaneous mean annual   f lood.  Al lowable 
de lay   t ime   i s   no t   men t ioned .   Dur ing  3 y e a r s   o f  
study on Popular Grove  Creek,  Alaska, sp r ing  
upst ream  migrat ion  o f   arc t ic   gray l ing  (Thymal lus 
a r c t i c u s ) ,   t h e   p r i m a r y   d e s i g n   f i s h   i n   i n t e r i o r  
=preceded t h e   s p r i n g  peak d i s c h a r g e   i n  
1973, fo l l owed  i t  i n  1974,  and occurred  about 
the  same t i m e   i n  1975. Consideration  must  be 
g i v e n   t o  spawning  migrat ions  o f   o ther   spec ies 
o c c u r r i n g   d u r i n   t h e  summer and f a l l  (Watts 
1974).  Morrow  f1980)  describes  the  periods o f  
spawning  migrat ion  genera l ly  as: a r c t i c  
g r a y l i n g   i n   t h e   s p r i n g ,   c h i n o o k  and  sockeye 
salmon d u r i n g   t h e  summer, and D o l l y  Varden  and 
coho  salmon d u r i n g   t h e   f a l l .  To p r e d i c t   t h e  
e f f e c t   o f   h i g h   f l o w s  on f i s h  passage  through 
cu lver ts ,   knowledge  o f   the   f low  reg ime  dur ing  
t h e s e   f i s h  passage p e r i o d s   i s   r e q u i r e d .  

R e g i o n a l i z a t i o n   o f   s i n g l e   s t a t i o n   d i s c h a r g e  
data i s  a t e c h n i q u e   f o r   p r e d i c t i n g   d i s c h a r g e  
from ungaged drainage  basins. O f  t he  methods 
avai lable,   empir ical   approaches  such as the  
index- f lood  method  a re   p rac t ica l  i n  reg ions   w i th  
few  long- term  s ta t ions (Benson  1962). One of 
the  problems  wi th   the  index- f lood method i s   t h e  
e f f e c t   o f   d r a i n a g e   b a s i n   s i z e  on the  s lope  o f  
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the  frequency  curve. To r e g u c e   t h i s   e f f e c t ,   o n l y  
bas ins  smal ler   than 260 km are  considered. To 
account f o r   t h e   d i f f e r e n t l y   t i m e d  spawning 
m i g r a t i o n s   o f   d i f f e r e n t   s p e c i e s ,   t h r e e   p e r i o d s   o f  
ana lys is   a re   used:   spr ing ,  summer, and f a l l .  
Since  most  of  the  concern f o r   f i s h  passage i s   a t  
l o w   r e t u r n   p e r i o d   f l o w s ,   o n l y   f l o w s   w i t h   r e t u r n  
p e r i o d s   o f  20 y e a r s   o r   l e s s   a r e  used. 

METHODS 

We used  streamflow  data  from  continuously 
reco rd ing  U.S. Geologica l   Survey  gaging  s ta t ions 
i n   t h e   h y d r o l o g i c a l l y   s i m i l a r   a r e a   ( A r e a  11) 
def ined  by Lamke (1979; Figure 1) .  Sta t i ons  

FIGURE 1 Areas o f  Alaska  used i n   t h e   f l o o d -  
f requency   ana lys is .   S ta t ion  numbers show 
approx imate   loca t ion   o f   the   gag ing   s ta t ions   used 
i n   t h i s  paper  ( f rom Lamke, 1979). 

w i t h i n   t h i s   r e g i o n  were   de le ted   f rom  fu r ther  
cons ide ra t i on  i f  t h e  basSn area was greater   than 
260 km , 15% or more of  the  bas in  area was 
covered  by  g laciers,   the  streamflow was regulated,  
o r   t he re   were   l ess   t han  5 years of reco rd  as o f  
November 1981. Aleu t ian   I s land   s ta t i ons ,   a l t hough  
w i t h i n  Lamke's r e g i o n   d e f i n i t i o n ,  were  deleted 
f rom  cons idera t ion .   Out l ie rs  and s t a t i o n s   w i t h  
zero   f low  per iods   a re   t rea ted  as d e s c r i b e d   i n   K i t e  
(1977). Three  per iods  o f   the  year   were  se lected 
fo r   s t reamf low   ana lys i s :   sp r ing ,   Ap r i l  1 t o  June 
30; suntmer, July 1 t o  August 31; and f a l l ,  
September 1 t o  November 30. The h ighes t  
consecutive mean d i s c h a r g e   w i t h   d u r a t i o n s   o f  1, 3 ,  
7, and 15 days  were  computed f o r  each  period. 
Predicted  discharge  values  were computed us ing  a 
Canadian f lood  f requency  program  (Condie  e t   a l .  
1976). F o u r   f r e q u e n c y   d i s t r i b u t i o n s   a r e   a v a i l a b l e  
w i t h   t h i s  program: Gumbel (Extreme  Value  Type I ) ,  
Lognormal,  Three-Parameter  Lognormal, and t h e  
Log-Pearson  Type 111. Each o f  t h e   d i s t r i b u t i o n s  
uses t h e  maximum l i k e l i h o o d  method o f   f i t t i n g .   I n  
the   event  a t r u e   s o l u t i o n   i s   n o t  found  by t h i s  
method, a moment fit i s  used.  Condie e t   a l .  
revised  the  program i n  1981 t o   rep lace   t he   We ibu l l  
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p l o t t i n g   p o s i t i o n   f o r m u l a   w i t h  a genera l ized 
p lo t t ing   pos i t ion   fo rmula   deve loped  by  Adamowski 
(1981). The Lognormal d i s t r i b u t i o n  was se lec ted  
fo r   f u r the r   ana lys i s   o f   t he   s t reamf low   da ta .  
The program was mod i f i ed   t o   p rov ide   t he  95% 
c o n f i d e n c e   l i m i t s   f o r  each  predicted  value, and 
t o  use  the Blom p l o t t i n g   p o s i t i o n   f o r m u l a  

F. = (i - 0.375)/(N +- 0.25), 

where F i s   t h e   p l o t t i n g   p o s i t i o n   o f   i t h   s m a l l e s t  
as a p robab i l i t y   va lue   o f   t he   f l ow   be ing   l ess  
than  the  assoc iated  f low,  i i s   t h e   s e r i a l  number 
o f   i t h   s m a l l e s t   i n  a sample s i z e  N,  and N i s  t h e  
sample s i r e  (Cunnane 1978). 

We r e g i o n a l i z e d   t h e   s i n g l e   s t a t i o n   d a t a  
us ing   t he   i ndex - f l ood  method as modi f ied  for   use 
w i t h  computers,  the  Lognormal d i s t r i b u t i o n  and 
computation o f   c o n f i d e n c e   l i m i t s   ( C o l l e r  1963, 
as c i t e d   i n   K i t e  1977). The  mean annual   f lood 
was de f i ned  by t h e   p r e d i c t e d   f l o o d   w i t h  a 
p r o b a b i l i t y   o f   o c c u r r e n c e   o f  0.50. Only 
s t a t i o n s   w i t h  10 y e a r s   o r  more o f   r e c o r d  were 
used. I f  a s t a t i o n  had 10 years  o f   record 
du r ing   a t   l eas t   two   o f   t he   t h ree   pe r iods ,   t he  
s t a t i o n  was i n c l u d e d   i n   t h e   a n a l y s i s ,   o t h e r w i s e  
i t  was dropped  f rom  fur ther   cons iderat ion.  
D imens ion less   f lood   ra t ios   were  computed  by 
d i v i d i n g   p r e d i c t e d   f l o o d s   w i t h   r e t u r n   p e r i o d s   o f  
2 ,  5, 10, and 20 years  by  the  predic ted  2-year  
discharge.  Floods  wi th  return  per iods  h l 'gher 
than 20 years  were  not  considered. 
Dimensionless  ra t ios  were computed for t h e   f o u r  
d u r a t i o n s   w i t h i n   t h e   t h r e e   p e r i o d s ,  and  median 
r a t i o s  were  se lected  for   d imension less  p lo ts .  
Confidence limits f o r  each r a t i o  were  determined 
by   d i v id ing   t he   upper  and lower  95% confidence 
f l o o d   v a l u e   a t  each r e t u r n   p e r i o d   b y   t h e  
pred ic ted   2 -year   re tu rn   per iod   d ischarge.  
Median va lues  were  se lected  f rom  these  ra t ios 
and p l o t t e d  as c o n f i d e n c e   l i m i t s  on t h e   f l o o d  
ra t i o   p lo t s ,   Mu l t i p le   reg ress ion   equa t ions   were  
deve loped   us ing   bas in   cha rac te r i s t i cs  and 
c l i m a t i c   p a r a m e t e r s   t o   p r e d i c t   t h e   2 - y e a r  
d ischarge on  ungaged drainage  basins. 
Regress ion  coef f ic ients   were computed using  an 
HP 9845 stepwise  regression program. Due t o  
l i m i t e d   d a t a ,  a maximum of three  independent 
var iables  were  considered  for   each  equat ion.  A 
v a r i a b l e  was i n c l u d e d   i n   t h e  model i f  i t  was 
s j g n i f i c a n t   a t   t h e  5% l e v e l  and increased  the  
R by a t   l e a s t  5%. Var iables  considered i n  
regress ion  analys is   were  dra inage  area,  mean 
annua l   p rec ip i t a t i on ,   bas in   s to rage   a rea ,   f o res t  
cover ,   g lac ie r   a rea ,  mean minimum January 
temperature, mean bas in   e leva t i on ,  and mean 
annual  snowfal l .  

1 (1)  

RESULTS 

Nine teen  gag ing   s ta t ions   met   the   c r i te r ia  
o f   bas in   s ize ,   percent   o f   a rea  as g l a c i e r s ,  and 
l e n g t h  of record. A base   pe r iod   o f  1965-1981 
was se lected,   reducing  the number o f  s t a t i o n s   t o  
14 (Table 1). Dimens ion less   f lood   ra t ios   were  
computed  and p l o t t e d   w i t h  95% c o n f i d e n c e   l i m i t s  
(F igure 2).  The 2 - y e a r   r e t u r n   p e r i o d   f l o o d   f o r  
ungaged bas ins i s   p r e d i c t e d   u s i n g  a reg ress ion  
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TABLE 1. Gaging  Stat ions.  

Permafrpst Drainaq Period 
Station No. Station Name Zone Area (km ) of Record 

15208100 Squirrel Cr. at Tonsina Discontinuous 182.60  7/65-9175 
15266500 Beaver Cr. near Kenai Discontinuous 132.00  10/67-9/78 
15272550 Glacier Cr. at Girdwood Discontinuous 160.60  8/65-9176 
15273900 SF Campell Cr. at canyon mouth near Anchorage Discontinuous 65.30  10166-9/81 
15274600 Campell Cr. near  Spenard Discontinuous 180.50  6166-11181 
15275000 Chester Cr. at Anchorage Discontinuous 51.80  4/65-9176 
15275100 Chester Cr. at Arctic Blvd. at Anchorage Oiscontinuous 70.40 6/66-9181 
15290000 Little  Susitna  River near Palmer Di scontinuous 160.30  4/65-9181 
15439800 Boulder  Cr.  Central Discontinuous 81.10  5/66-9181 
15476300 Berry Cr. near  Dot Lake Discontinuous 168.60  7/71-9/81 
15515800 Seattle Cr. near Cantwell Discontinuous 93.80  10165-9175 
15535000 Caribou  Cr. near Chatanika Discontinuous 23.80  10/69-9/81 
15621000 Snake River near Nome Oiscontinuous 222.00  9/65-9181 
15798700 Nunavak Cr. near  Barrow Continuous 7.23  10171-9/81 

after  Brown and Piwi. 

equa t ion   w i th   t he   f o rm 

Qmn = aAbPC(F + l ) d ,  

where 

Qmn = dependent  var iable,   the peak 
mean d i scha rge   f o r   t he   m th  
period,  where s i s  spr ing,  
su i s  summer, and f i s   f a l l ,  
and t h e   n t h   d u r a t i o n  where 1 
i s  1 dayS 7 i s  7 days,  and so 
f o r th ,  m /s ;  

a = regression  constant;  
b,  c,  and d = r e g r e s s i o n   c o e f f i c i e n t s   f o r   t h e  

independent   var iab les  (bas in 

A 
c h a r a c t e r i s t i c s ) ; 2  

P 
= drainage  area, km ; 
= mean annua l   p rec ip i t a t i on ,  mm; 

( F  -+ 1) = percent   forest   cover ,   expressed 
as a whole number. 

The r e g r e s s i o n   c o e f f i c i e n t s ,   w i t h   t h e i r   a s s o c i a t e d  
percent   s tandard   e r ro r ,   a re   g iven   in   Tab le  2 .  
B a s i n   c h a r a c t e r i s t i c s   u s e d   i n   t h e   a n a l y s i s   a r e  
f rom Lamke (1979)  and SPCO (1981). Basin 
c h a r a c t e r i s t i c s   n o t   i n c l u d e d   i n   t h e s e   p u b l i c a t i o n s  
are  taken  f rom  the  sources  c i ted  by Lamke. 

DISCUSSION 

Reg iona l i za t i on  o f  s i n g l e   s t a t i o n   d a t a  
i l l u s t r a t e s   t h e   h y d r o l o g i c   c o m p l e x i t y   o f   s m a l l  
bas ins and regions  wi th  sparse  data  networks.  
H y d r o l o g i c   s i m i l a r i t y  among drainage  basins i s  
r e q u i r e d   f o r   r e g i o n a l i z a t i o n s .  In p r a c t i c e ,  
however, t he   deg ree   o f   d i ss im i la r i t y   pe rm i t ted  

w i t h i n  a homogenous r e g i o n   i s   n o t   w e l l   d e f i n e d  
(Molsey  1981). The r e g i o n a l i z a t i o n   b y  Lamke 
(1979) d e t e r m i n e d   s i g n i f i c a n t   b a s i n  
c h a r a c t e r i s t i c s   i n   t h e   f l o o d   h y d r o l o g y   o f  
Alaskan  streams. Among these  a re   the  mean 
minimum January  temperature  and  percent  forest 
cover. These c h a r a c t e r i s t i c s   a r e   b e l i e v e d   t o  be 
i n d i r e c t   i n d i c a t o r s   o f   t h e   p r e s e n c e  or absence 
o f   permaf ros t ,  As more data become a v a i l a b l e ,  
re f inements  are made o f  these i n i t i a l  
assumptions.  With f i v e   a d d i t i o n a l   y e a r s  o f  
streamflow  data,  Janowicz  and Kane (1983)  and 
SPCO (1981)  have  determined, for instantaneous 
annual  peak  f lows,  that Lamke's  Area I 1  can  be 
subdivided, Because o f   i n s u f f i c i e n t   d a t a  and 
the   genera l i zed   na ture   o f   the   da ta  we do have, 
we cannot   determine  the  e f fect   o f   permafrost  on 

TABLE  2. Regress ion   Coe f f i c i en ts   f o r   P red ic t i ng  
2-Year Return  Period  Discharge. 
Dependent Regression RagrRsslOn Coefficients 
Va iable  

Percent 
Constang Standard 

Error 4ln a x 10' b C d x 

Qs 1 

Qs 3 8.000 1.107 ** 4 . 4  29 

Qs 7 

9515 

Qsu 1 

QS"3 4.64 

Qsu7 3.94 

Qru15 

Qf 1 

Qf 3 

Qf 7 

Qf 15 

9.400 1.097 " -9.1 31 

6,200 1.128 " -9.5 28 

260 0.884 0.643 -8.8 22 

4.88 0.764 1.310 -6.9 23 

0.770 1.294 -7.2 21 

0.758 1.303 -7.3 19 

2.46 0.776 1.333 -7.1 18 

1.22 0.627 1.559 -5.8 14 

1.30 0.667 1.495 -5.7 13 

1.40 0.696 1.437 -5.6 12 

1,64 0.722 1.370 -5.5 13 
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FIGURE 2 Reg iona l   f reg iona l   cu rves   f o r   t he   f ou r   du ra t i ons .  The p r e d i c t e d   l i n e  (-) f o r   t h e   t h r e e  
per iods i s  shown w i t h   t h e   r e s p e c t i v e  95% con f idence   l im i t s  (*----- *). 

a r c t i c  a n d   s u b a r c t i c   s t a t i s t i c a l   f l o o d   h y d r o l o g y .  
The r e g i o n a l i z a t i o n   p r e s e n t e d   i n   t h i s   p a p e r  

predic ts   f lood  magni tudes  for   smal l   dra inage 
basins. These f lood  magnitudes  can be p red ic ted  
f o r   t h e  season  of the   year ,   f low  dura t ion ,  and 
f requency   o f   occur rence  o f   in te res t .   Th is   method 
prov ides  reasonable  est imates  for   watersheds  wi th  
the  fo l1owi ;pg  l imi ta t ions:   the  bas in  area  should 
be 1260 km and g lac ie r   cover   shou ld  be ~ 1 5 %   o f  
bas in   a rea ;   p red ic ted   spr ing  1-day f lows  can 
exceed  Lamke's p r e d i c t i o n s   f o r  some combinations 
o f   b a s i n   c h a r a c t e r i s t i c s ;  and s i n c e   s p r i n g   f l o w  
pred ic t ions   fo r   s t reams  in   the   Anchorage bowl a r e  
overes t imated,   mu l t ip ly   es t imate   by  0.4 (Lamke 
recommends 0.5 fo r   ins tan taneous peak f l ows  
regard less o f  season). 

For the  des ign of c u l v e r t s   f o r   f i s h  
passage,  Watts  (1974) recommends use o f   t h e  
probable  d ischarge  a t   the  t ime o f  f i s h  
m i g r a t i o n .   T i m i n g s   o f   f i s h   m i g r a t i o n s   v a r y   w i t h  
species and  geographic  locat ion.  O f  t h e   f i s h  
passage cu l ve r t   des ign  methods  (Watts  1974,  and 
Dryden  and  Stein 1975) t h a t  recommend a f i s h  
passage d ischarge  less  than  the  instantaneous 
annual  peak,  none p rov ide  a method f o r  
p red ic t i ng   d i scha rges  on  ungaged  watersheds. 
The r e g i o n a l i z a t i o n   d e s c r i b e d   i n   t h i s   p a p e r  
p rov ides   cu l ve r t   des igne rs   w i th  a method f o r  
p r e d i c t i n g   t h e   f i s h  passage d ischarge on  ungaged 
watersheds i n  Alaska. 
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PERIGLACIAL GEOMORPHOLOGY IN THE KOKRINLI-HODZANA HIGHLANDS OF ALASKA 
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The  portion  of  the Kokrine-Hodzana Highlands  near   the  Arct ic   Circle  and adjacent 
Eo the   Dal ton Highway is  an  easi ly   accessible   area  containing  a   diverse   assor tment  
of  p e r i g l a c i a l   f e a t u r e s .  The region is wi th in  the discontinuous  permafrost  zone 
and  probably  has  never  been  glaciated.  Bedrock is pr inc ipa l ly  metamorphic  with 
major   intrusions of po rphyr i t i c   g ran i t e s  and some mafic  and  ultramafic  rock. The 
na ture  of the  bedrock  profoundly  affects  the  type and charac te r  of t he   l oca l  
landforms.  Finely  jointed  and  foliated  bedrock  tends  to  promote  development of 
cryoplanat ion  terraces .   Terraces   are  most f u l l y  and d i s t i n c t l y  developed on 
metamorphic  bedrock, e s p e c i a l l y   s c h i s t  and p h y l l i t e ,   a t   e l e v a t i o n s  above 600 m. 
Terraces  are  usually  obscure  or  absent  on  igneous  bedrock. Widely jointed  massive 
bedrock  tends  to  form  the  best   tors.  Of t h e  128 t o r s   p h y s i c a l l y   i n s p e c t e d   i n   t h e  
f i e l d ,  88 a r e  composed of   highly  weathered  porphyri t ic   grani te   dis t r ibuted  over   a  
wide  range of e leva t ions .  Both the  diameter and t h e   p a r t i c l e   s i z e  of sor ted  
polygons a re   l ikewise   de te rmined   in  p a r t  by bedrock  type.  Other  periglacial  land- 
forms include  felsenmeer,   sorted  circles,   icmedge  polygons,   thermokarst   depres- 
sions,open-system  pingos,   extensive  gelifluction  slopes,  and  anthropogenic mounds, 

INTRODUmION 

The  portion of t he  Kakrine-Hodzana Highlands 
adjacent   to   the  Dal ton Highway is an e a s i l y  
accessible   area  containing  a   diverse   assor tment  of 
per ig lac ia l   fea tures .   Dur ing   the  summer of 1982 an 
area  approximately 6 km wide  from  a  point 39 km 
nor th  of the Yukon River  extending 85 km northward 
along the highway to   Gobbler ' s  Knob was inves- 
t iga ted   (F igure  1). The area  i s  a s t r i d e  of t h e  
Arc t i c   C i r c l e  and is within  the  discont inuous 
permafrost  zone.  Permafrost,  where  present, is 
generally  found  between 0.5 and 3.0 m from the  
surf  ace  (Kachadoorian 197 I). D r i l l  ho les  
assoc ia ted   wi th   cons t ruc t ion  i n  t he   a r ea   o f t en  
bottomed i n  permafrost st depths  up t o  20 m. The 
maximum depth of the  permafrost  is unknown. The 
a r e a  i s  beyond t h e  maximum ex ten t  of the l a s t  major 
g l a c i a t i o n  and  has  probably  never  been  glaciated 
(Hamilton 1982). Bedrock of the   region is princi-  
p a l l y  Precambian  and lower Paleozoic  metamorphic 
rocks   wi th   l a rge   in t rus ions  of Cretaceous  porphy- 
r i t i c  grani te .   There   a re   a l so   smal le r   in t rus ions  
of  Mesozoic  mafic  and  ultramafic  rocks 
(Kachadoorian 1971, Brosg4  and  Patton 19821, The 
mean annual   temperature   a t   the  tree l i n e  on 
Gobbler's Knob is approximately -3'C (Haugen 1982). 
Mean temperatures   a t  lower s i t e s  i n  the   reglon  such 
a s   t h e  Bonanza Creek,  Fish  Creek,  and  Kanuti  River 
va l leys   a re   p robably   s ign i f icant ly   co lder   because  
of   pers is t ing  winter   temperature   inversions.  The 
co ldes t   o f f i c i a l   t empera tu re  i n  Alaska, -62OC, was 
r eco rded   i n  1971 at   Prospect   Creek,   only 5 km nor th  
of Gobbler's Knob. 

CRYOPLANATION LANDFOM AND TORS 

Cryoplanation  has  been  an  important  process  in 
t h e  development  of  landforms in   t h i s   r eg ion .  

Excellent  examples of r i d g e c r e s t ,   h i l l s i d e ,  and 
summit cryoplanation  terraces  (Reger 1975) a r e  
v i s i b l e  from the  Dalton Highway. Terraces   are  
most f u l l y  and d i s t i n c t l y  developed on metamorphic 
bedrock ,   espec ia l ly   sch is t  and phyl l i te .   Ter races  
a re   u sua l ly   obscu re   o r   en t i r e ly   absen t  on  igneous 
bedrock. The majori ty   of   the   res idual   rock  tors ,  
however, cons i s t  of ignequs  rocks.  There is an 
average of 0.13 tors2per  km i n  metamorphic  bedrock 
and 0.46 t o r s   p e r  km i n  gran i te .  The d i s t r i b u t i o n  
of t o r s  shown i n   T a b l e  1 t ends   t o   i nd ica t e   t ha t  
t he i r   occu r rence  is much more c l o s e l y   r e l a t e d   t o  
bedrock  type  than  to  elevation. The bimodal 
d i s t r i b u t i o n  of g r a n i t e   t o r s  is s imply   a   re f lec t ion  
of   the mean e l eva t ion  of two la rge   ou tcrop   a reas ,  
Finger  Mountain  and Bonanza Creek. 

TABLE 1 Elevation  and  Composttion of Tors Near t h e  
Dalton Highway i n   t h e  Kokrine-Hodeana Highlands, 
Alaska. MN Metamorphic  Nonfoliated, MF = Meta- 
morphic  Foliated, IG = Igneous  Granite, IM = 
Igneous  Mafic  or  Ultramafic. 

Bedrock  Type 
MN MF IG IM 

Percent  of  Area 
Number of  Tors 

800-900 m 
700-800 m 
600-700 m 
500-600 m 
400-500 m 
300-400 m 
200-300 m 

Tota l s  

(1 62 32 

- 5  d 

- 4  10 
4 4  26 
5 16 16 
2 -  10 

23 
3 

11  29  88 

- - - "- - 

34 
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Features on Imeous  Bedrock 

Of t h e  128 tors   physical ly   inspected in t h e  
f i e l d ,  88 a r e  composed of a highly  weathered 
porphyri t ic   grani te   containing  large  phenocrysts  of 
f e ldspa r  (Cook and Bailey 1983).  A t  many of t h e  
sites the  weathering  has  been BO i n t ens ive   t ha t  
rock  specimens may be crushed i n   t h e  hand. The 
deepest  sample  obtained  during this study was from 
the   base  oE a 7 m high  quarry  face  near  Bonanza 
Creek.  This  sample  crumbled when tapped  with a 
hammer. Dr i l l i ng   i n   t he   a r ea   has   r evea led  
weathered  bedrock t o  a depth of up t o  16 m. There 
i s  no apparent   correlat ion between  depth of 
weathered  bedrock  and  permafrost  conditions. The 
weathered  rock  and  the  abundant  grus i n   t h e   r e g i o n  

may be the   p roducts   o f   e i ther  frost weathering of 
chemical   dis integrat ion by hydration of b i o t i t e  
(Reger,  personal  communication). Deep weathering 
must  have  occurred  under  conditions  different  than 
the  present  environment. The permafros t   ex is t ing  
i n  most of the  area  inhibi ts   both  mechanical  and 
chemical  weathering below the   ac t ive   l ayer .   L in ton  
(1955) proposed a two-stage  hypothesis of t o r  
formation  requiring  deep  chemical  weathering  during 
a warm cl imat ic   per iod  fol lowed by removal of 
weathered  products by ge l i f luc t ion   under  
per ig lac ia l   condi t ions .  The grea t   ex ten t  of 
weathering i n  the   a r ea   suppor t s   t h i s   hypo thes i s  
but   does  not   exclude  other   explanat ions.  

Granite  crops  out  at   Finger  Mountain,   near 
Old Man  Camp, and i n   t h e  Bonanza Creek  basin. At  
Finger  Mountain,  the  bedrock is t h e   l e a s t   i n t e n s e l y  
weathered.  Widely j o i n t e d   r e s i s t a n t   p a r t s  of t he  
rock  s tand  as   large  prominent   tors   (Figures  2 
and 3).  The t o r s   o c c u r   a t  and above t h e   l o c a l  



36 

tree l ine .  The a r e a  between t o r s  is generally  a 
coarse   block  f ie ld ,   of ten  covered by low shrubs and 
tundra. The typical  boulder  diameter is near ly  1 m 
i n  places.  

North of the  Kanuti  River  near Old Man Camp the  
g r a n i t e  i s  umre intensely  weathered. The eurEace 
mater ia l  is a  thick  res idual   mant le  of weathered 
grani te .  Between Kanuti  River and  Old Man  Camp 
t h e r e  are no t o r s ,   b u t  numerous small  low mounds 
of disintegrat ing  grani te   are   apparent .   These 
vegetat ion-free  areas  may be the   res idua l   p roducts  
of tor  weathering. If Linton's two-stage 
hypothes is   appl ies   here ,   the   a reas  may, however, 
mark t h e   s i t e  of f u t u r e   t o r  emergence.  There a r e  
numerous to r s   no r th  of Old Man  Camp. These a r e  
much smaller ,  however,  and l ack   t he   ve r t i ca l  
development of t o r s   a t   F i n g e r  Mountain.  Block 
f i e l d s  and so r t ed   ne t s   a r e   r a r e  and poorly 
developed. 

In   the  Bonanza  Creek baein  the  bedrock i s  
similar ly   deeply  weathered,   but   very  large  tors  
are present.  They are   genera l ly   masgive   h i l l - top  
outcrops  displaying  widely  spaced  ver t ical   jo ints  
and  surrounded by decomposed grani te   (F igure  4). 
Downslope  from t h e   t o r s   t h e   l o o s e   s u r f a c e   m a t e r i a l  
i s  covered by a mat o f  Cladonia  lichens  with 
sca t te red   spruce   and   b i rch   t rees .  A dense mixed 
broadleaf and need le l ea f   fo re s t   occup ies  most 
o f  the  basin.  The e n t i r e   b a s i n  is a t  or below 
tree l i n e  and i s  predominantly  free o f  permafrost. 

Mafic  igneous  rocks  underlie much of t he   a r ea  
nea r   t he   ea s t  end of Caribou  Mountain  and  a 
narrow  band  on  the  south  side of  the  South  Fork 
of  Fish  Creek. S o r t e d   s t r i p e s  and  polygons a r e  
excel lent ly   developed  in   both of those  areas.  
Mafic   tors   were  not  found in   the   a rea   s tud ied .  
J u s t   t o   t h e  w e s t ,  however, the summit o f  Caribou 
Mountain (Figure 5) disp lays  a prominent  ridgecrest 
of mafic  igneous  rock  (Kachadoorian 1Y71). 

Features  on Metamorphic  Bedrock 

Nearly  every h i l l  or mountain of metamorphic 
rock   i n   t he   a r ea   has   s eve ra l   l eve l s  of c r y o p l a n e  

t ion   sur face   (F igure  6).  In   general ,   the  most 
angu la r   t e r r ace   p ro f i l e s   occu r   a t   t he   h ighes t  
e levat ions.  The  mote  subdued  rounded forms t e n d   t o  
o c c u r   a t  lower elevations.   This  agrees  with  obser- 
va t ion  at  other  Alaskan  locations (Reger 1975, 
Reger  and Pdwe' 1976). A l l  t e r r a c e s   i n   t h e   a r e a  
a r e  above 600 m e levat ion.  The normal   d i s t r ibu t ion  
of   c ryoplana t in   t e r races   wi th   regard   to   e leva t ion  
reported by Nelson (1982) was not  observed. The 
l i m i t e d  maximum e leva t ion   in   the   a rea   perhaps  
r e s t r i c t s   t h e   l o c a l   d i s t r i b u t i o n   t o  the lower ha l f  
of a normal  curve,  thus  producing  a  simple 
increasing  funct ion.  

Of t h e  40 t o t s  of  metamorphic  rock, 11 cons is t  
of a  dense  greenstone. Some of the   greenstone is 
probably metamorphosed basa l t   d ikes ,   based  on the  
mineralogy and s t r u c t u r e  of t h e  band  of greenetone 
e a s t  of t h e  highway a t   t h e   A r c t i c  Circle. Fol ia ted  
igneous  rocks  grade  into  greenstone  in   several  
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18 Large  tors on the e a s t  end of the 
m o u n t ~ ~ n   6 ~ ~ w n  i n  ~ ~ ~ u r e  7. 

t o r s .  About 4 km south of Bonanza  Creek severa l  
t o r s  of metamorphic  rock  contain many small   quar tz  
v e i n s   t h a t   t e n d   t o   i n c r e a s e   t h e i r   r e s i s t a n c e   t o  
weathering. A few well-developed  tors   are  composed 
e n t i r e l y  of s c h i s t  and p h y l l i t e .  In t h e s e   t o r s  
t h e   f o l i a t i o n  is usual ly   hor izonta l ,   the   l eas t  
f avorab le   o r i en ta t ion   fo r   c ryo f rac t ion ,  and j o i n t s  
are  widely  spaced. The  moat spec tacular  examples 
of  these   to rs   a re   found on a  mountain 830 rn high 
loca ted   ea s t  of the  Dalton Highway about 55 km 
nor th  o f  the  Yukon River. On t h e  summit a r e  
several   well-developed  cryoplanation  surfaces  with 
d i s t i n c t   s c a r p s   i n   a s s o c i a t i o n   w i t h   s e v e r a l   t o r s  
(Figures  7 - 10). 

OTHER PERIGLACIAL FEATURES 

The g rea t e s t   va r i e ty  of permafrost-related 
f e a t u r e s  is found on t h e   f l a t s  o f  t he  Kanuti  River 

near  Olsons Lake.  The many small lakes on t h e  
f l a t s   a r e   p robab ly  thaw lakes of thermokarst 
origin.  Ice-wedge  polygons  are  present  throughout 
t h e   f l a t s .   S e v e r a l  low mounds on t h e s o u t h  end of 
t h e   f l a t s   h a v e   t h e  form o f  low pingos  (Kreig  and 
Reger 1982). Shallow  excavations I n  these  mounds, 
however, r evea led   t ha t   t hey   cons i s t  o f  clean,  well- 
s o r t e d  sand. They a re   p robab ly   r e l i c t  sand dunes 
s t a b i l i z e d  by vegetat ion  (Figure 11). The mounds 
have   no t   ye t   been   dr i l l ed   to  conEirm the  absence 
of an i ce   core .  

Two l a r g e   h i l l s   a r e   l o c a t e d   i n   a  small basin 
14 km south of Finger  Mountain, 2 km w e s t  of t h e  
Dalton Highway. Those h i l l e   a r e  composed of non- 
sorted  sediment and are  probably open-system  pingos 
(Kreig and  Reger 1982).  

Seasonal f r o s t  mounds were observed near the  north 
s i d e  o f  Old Man  Camp a i r f i e l d ,   n e a r  an access  road 
c ross ing  of the  South  Fork o f  Fish  Creek, and 
adjacent  t o  the Dalton Highway 1.3 km north of 
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The North  Fork  of Bonanza Creek. A l l  t h r e e   s i t e s  
i nd ica t e   an   an th ropogen ic   o r ig in   s imi l a r   t o   t hose  
observed by Nelson  and Outcalt  (1982). Road and 
a i r f i e ld   cons t ruc t ion   has   d i s rup ted   t he   l oca l  
drainage,   creat ing  areas   with  excess   water   avai l -  
a b l e   f o r  development of i ce   co res .  

Sor ted   c i rc les ,   ne ts ,   po lygons ,  and s t r i p e s  
occur commonly in   t he   r eg ion ,   u sua l ly  above 550 m 
e leva t ion .   Sor ted   po lygons   o f ten   occur   a t   the  
base  of  the  concave  slopes o f  cryoplanation  scarps.  
Polygons  were  observed i n   a l l  of the  bedrock  types 
of  the  study  area.  Both polygon s i z e  and p a r t i c l e  
s i z e ,  however, are   aEfected by l i thology. The 
polygonal   grani te   fe leenmeer  on Finger  Mountain 
cons i s t s  of coa r se   pa r t i c l e s   ove r  1 m i n   s i z e   w i t h  
polygon  diameters up t o  10 m. Several   k i lometers  
south ,  the  sorted  polygons of metamorphic  rock a r e  

no more than 5 m in diameter  with a coa r se   pa r t i c l e  
s i z e  of 0.2 m (Figures 12 and 13). 

barge   ge l i f luc t ion   s lopes   a r e  found  throughout 
the   reg ion ,   espec ia l ly  on t h e   n o r t k f a c i n g   s i d e s  
of  ridges. Some of these  are   long,   uniform  s lopes 
covering many square  kilometers. Many of the 
more gen t ly   s lop ing   ge l i f luc t ion   su r f aces  show a 
remarkably regular spacing of a lder   shrubs  (Figure 
141,  perhaps  due t o  changes   r e l a t ed   t o   f ro s t   ac t ion  
(Evere t t  1981). 

CONCLUS IONS 

The  geomorphic f e a t u r e s   i n   t h e  Kokine-Hodzane! 
Highlands  have  developed  during  long  exposure t o  a 
co ld ,   r igorous   c l imate   wi thout   in te rupt ion  by gla- 
c i a t ion .  The type  and  character of f ea tu re s   a r e  
determined  in   par t  by the   na tu re  of t h e  bedrock. 
In  general ,   widely  jointed  massive  bedrock  tends  to 
produce  the  best   tors .  There a r e   o v e r   t h r e e  times 
more tors p e r  u n i t   a r e a   i n   g r a n i t e  bedrock  than i n  
metamorphic  bedrock.  Tors  occur a t   a l l   e l e v a t i o n s  
in   t he   a r ea .   F ine ly   j o in t ed   fo l i a t ed  bedrock 
tends t o  promote  cryoplanation.  Cryoplanation 
t e r r a c e s   a r e  most common and  most d i s t i n c t   a t  
higher   e levat ions.  None were   ident i f ied  below 
600 m. Well-developed t o r s  and d i s t i n c t   t e r r a c e s  
seldom  occur  together.  Sorted  patterned  ground 
occurs on a l l  types o f  bedrock a t   e l e v a t i o n s  above 
550 m. The s i z e s  o€ ind iv idua l   fea tures  and t h e i r  
c o n s t i t u e n t   p a r t i c l e s ,  however, a r e   s t rong ly  
a f f ec t ed  by rock  type. A wide   var ie ty  of o the r  
per ig lac ia l   l andforms  ind ica tes   tha t  a d i v e r s i t y  
of geomorphic  processes  have  been or a r e   a c t i v e  
in the region. 
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FIGURE 14 Stereogram  i l lus t ra t ing   regular   spac ing  of a lder   shrubs  on a   ge l i f luc t ion   s lope   near  Fish Creek. 
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UNCONFINED  COMPRESSION  TESTS  ON  ANISOTROPIC  FROZEN  SOILS FROM THOMPSON,  MANITOBA 
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Laminated  frozen  soils,  consisting  of  alternate  horizontal  layers  of  dark  brown 
clay  and  light  brown  silt,  with  ice  lenses  between  the  layers,  are  found  in  the 
northern  area  of  ancient  glacial  Lake  Agassiz.  Laboratory  tests  confirmed  the 
results  of  in  situ  ground  anchor,  penetrometer,  and  pressuremeter  tests  performed 
at  Thompson,  Manitoba,  which  showed  these  soils  to be stronger  in  the  horizontal 
direction,  parallel  to  the  layers,  than in the  vertical  direction.  Undisturbed 
block  samples  of  these  laminated  (varved)  frozen  soils  were  obtained  and  test 
specinens  were  prepared  at  various  orientations  to  the  direction of layering, 
Unconfined  compression  tests,  using  both  naturally  frozen  and  remolded  frozen 
specimens,  have  shown  the  extent  of  strength  anisotropy  due  to  the  natural 
anisotropic  soil  structure. 

INTRODUCTION 

A  series  of  in  situ  creep  loading  tests was 
undertaken in the  frozen  varved  clay  soils  at 
Thompson,  Manitoba,  between 1967 and 1974. These 
field  tests  included  circular  plate  anchors  (Ladanyl 
and  Johnston 1974), power-installed  screw  anchors 
(Johnston  and  Ladanyi 1974), pressuremeter  (Ladanyi 
and  Johnston 1973) and  electric  penetrometer  tests 
(Ladanyi 1976,  1982). Creep  equations  were  developed 
using  the  theory of an  expanding  spherical  cavity. 
It was  found  that  the  creep  exponent  deduced  from  the 
static  penetration  tests  was  much  higher  than  that 
found  in  the  pressuremeter  tests.  Still  higher 
values  were  obtained  from  creep  tests on the  ground 
anchors,  performed  earlier  at  the  same  site.  Since 
the  anchor  and  penetrometer  tests  loaded  the  soil in 
a  vertical  direction  and  the  pressuremeter  loaded  the 
soil  in  a  horizontal  direction,  this  indicated  that 
the  frozen  varved  clay  was  more  resistant  to 
deformation (i.e., stronger)  in  the  horizontal 
direction  than in the  vertical  direction.  This  was 
attributed  to  the  natural  anisotropic  structure of 
the  frozen  varved  soils  (Ladanyi 1976). A systematic 
study  was  undertaken to determine  the  influence of 
the  anisotropic  structure  of  these  soils on the 
response  to  the  various  loading  conditions  described 
above. This paper  describes  a  series of  unconfined 
compression  laboratory  tests on field  samples  of 
frozen  varved  clay  from  the  Thompson  area. 

INVESTIGATING  STRENGTH ANISOTROPY 

The  term  strength  anisotropy  is  used 
exclusively  in  this  paper  to  describe  the  variation 
of  stress-strain  behavior  in  the  soil  with  direction 
o f  loading.  Most  soils  exhibit  stress-strain 
anisotropy,  due  mainly t o  the  nature of the 
depositional  process.  This  anisotropy  becomes 
marked  in  layered  or  laminated  (varved)  soils  formed 
by cyclic  sedimentation  and  subsequent  one- 
dimensional  consolidation.  The  testing  of  unfrozen 
varved  soils  to  determine  their  strength  and . 
deformation  properties  has  been  reported by several 

authors,  including  Tschebotarioff  and  Bayliss (1948), 
Eden (19551, and  Metcalf  and  Townsend (1960). These 
investigators  performed  unconfined  compression  tests 
at various  orientations  to  the  varves  and  found  a 
distinct  anisotropy  in  shear  strength, In testing 
Lake Agassiz  varved  clays  from  Steep  Rock,  Ontario, 
Eden (1955) found  that  when  clay  layers 
predominated,  the  shear  strength  was  higher  when  the 
direction of  loading  was  parallel  to  the  layers. 
When  silt  layers  predominated,  the  shear  strength 
was  higher  when  the  direction  of  loading  was 
perpendicular  to  the  layers. 

Frozen  fine-grained  soils  often  have an 
anisotropic  structure,  due to the  existence o f  ice 
lenses  formed  perpendicular  to  the  direction  of 
freezing.  Livingston (1956) studied  the  strength 
anisotropy by  performing  unconfined  compression 
tests on frozen  Keweenaw  silt  at  various 
orientations  to  the  ice  lenses.  There  was  a  large 
scatter  among  the  observed  stress  and  strain  values, 
due t o  specimen  variability  and  to  the  extreme 
sensitivity  of  the  soil-ice  mixture  to  slight 
variations  in  temperature  at  the  time of the  test, 
particularly  in  the  temperature  range (-1 to -2'C) 
at  which  the  tests  were  conducted.  These  tests 
indicated  that  the  shear  strength  was  generally 
higher  for  specimens  with  ice  lenses  parallel  to  the 
direction o f  loading. 

The  strength  anisotropy of soils  is  usually 
expressed  as  the  ratio  of  the  shear  strength  with 
the  major  principal  stress  oriented  at  various 
angles t o  the  vertical ( S o )  to  the  shear  strength  in 
the  vertical  direction ( S o ) .  The obvious  angles of 
significance  for  horizontally  layered  soils  are 
0 = 45', where  the  maximum  shear  stress  is  parallel 
to che layers, and 8 = 90", where  the  major  stress 
is  parallel  to  the  layers. 

The  shear  strength  ratios  for  the  Steep  Rock 
varved  clay  and  frozen  Keweenaw  silt  are  shown  in 
Table 1. These  ratios  indicate  a  definite  strength 
anisotropy  which i s  dependent  upon  the  properties  of 
the  individual  layers. It was  thought  that  the 
frozen  varved  clay  from  the  Thompson  area  would show 
an  even  greater  strength  anisotropy  than  the  soils 
mentioned  above,  due  to  the  combined  presence of 
horizontal.  varves  and  ice  lenses. 

4 0  
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TABLE 1 Strength  Anisotropy of Some S o i l s  From t h e  
L i t e r a t u r e  

S o i l  - '90 Reference 
so so 

Lake Agassiz  varved  clay Eden (1955) 
(Steep Rock, Ontario) 

predominantly  clay 1.18 0.51 
l aye r s  

predominantly s i l t  0 . 5 7   0 . 9 2  
l aye r s  

Frozen Keweenaw silt 1 . 2 3   0 . 6 3  Livingston 
(1956) 

SITE LOCATION AND DESCRIPTION 

The c i t y  of Thompson (55"45lN,  97'50'W) i s  
l o c a t e d   i n   n o r t h e r n  Manitoba  about 640 km nor th  of 
Winnipeg, within  the  discontinuous  permafrost  zone. 
Perennia l ly   f rozen   ground  occurs   in   sca t te red  small 
patches or i s lands   vary ing   in   s ize   f rom a few square 
metres to   severa l   hec ta res   ( Johns ton  et a1 1963) .  

Thompson is  a l so   l oca t ed   w i th in   t he   no r the rn  
extremity of anc ien t  Lake Agassiz,  which  existed 
during  the  Wisconsin  period of g l a c i a t i o n  
(Figure 1). C h a r a c t e r i s t i c  of t h e   d e p o s i t i o n a l  
processes   assoc ia ted   wi th   g lac ia l  Lake Agassiz was 
the  formation of extensive  deposits  of  laminated 
(varved) silt  and  clay. The varved   so i l s  are f u l l y  
sa tu ra t ed  and o f t en   con ta in  ice lenses   f rom  ha i r l ine  
t o  5-10 c m  in   th ickness ,   normal ly   o r ien ted   para l le l  
t o  the  predominantly  horizontal   laminations.  The 
a l t e r n a t i n g   h o r i z o n t a l   l a y e r s  of l i g h t  brown s i l t  
and  dark brown c lay  combine wi th   t he   ho r i zon ta l  ice  
l enses   t o   p roduce   an   an i so t rop ic   so i l   s t ruc tu re .  

FIELD PROGRAM 

Saopling 

A backhoe was used to   excavate  a test p i t   t o  a 
depth of about 3 m a t  a s i t e  approxieately 5.5 lux 
nor th  o f  t h e   c i t y  of  Thompson, near  the  southwest 
corner of t he  Thompson a i r s t r i p ,   i n  March 1978. The 
p i t  was loca ted  i n  a l a rge   sp ruce   i s l and   c lose   t o  a 
ground  temperature   cable   instal led by the  Geological 
Survey of Canada (GSC) i n  1973.  The site (GSC 2A) 
is d e s c r i b e d   i n   d e t a i l  by Klassen (1976). The walls 
of t h e   p i t  were visually  logged,  and  samples were 
obtained  for   water   content ,   organic   content   and 
gra in   s ize   ana lyses .  A log of t he  test p i t  is  shown 
i n   F i g u r e  2 .  

A l aye r  of d i s t inc t ly   l amina ted   (varved)   f rozen  
clay  occurred  between  the  depths of  1.25  and 2.25 m. 
Small (0 .3 m3) blocks o€ the  frozen  varved material 
were wrapped in   polyethylene  sheet ing,   p laced i n  
insulated  boxes  packed  with ice, and  shipped t o  
Ottawa by air. These-samples were maintained a t  
-6°C i n  a cold room u n t i l  specimens were prepared 
fo r  t e s t ing .  

Ground Temperatures 

Ground temperatures were measured  weekly by NRC 
s t a f f  on t h e   t h e r m i s t o r   c a b l e   i n s t a l l e d  a t  t h e  s i t e  
by the  Geological  Survey of  Canada. Figure 3 shows 
ground  temperatures  obtained i n  ea r ly  March 1978 and 
the  maximum,  minimum, and mean temperatures  for Khat 
year,  The maximum and minimum temperatures   for  1978 
were near the extreme  values  observed  for  the  years 
1975-1978. The mean annual  ground  temperature, a t  
the  depth at  which the  block  samples were obtained, 
was between -1 and -2'C. A t  t h e  tine of sampling, 
t he  ground temperature,  in  the  sampling  zone, was  
between -2 and -3'C. 

LABORATORY TESTING 

Test Specinen  Preparation and Descr ip t ion  

Cyl indr ica l  test specinens 76 m in  d iameter  
and 152 mm i n   h e i g h t  were machined from the   block 
samples  using a band saw and l a t h e   i n  a cold room. 
The procedures  for  sawing,  nachining  and  preparing 
the  specimens are described by Baker (1976) .  
Specimens were machined a t  var ious  angles  t o  t h e  
plane of the   hor izonta l   varves .  "Vertical" 
specimens  contained  varves  oriented  perpendicular  to 
t he  vertical ax i s  of t he  specimen.  "Horizontal" 
spec iuens   conta ined   varves   o r ien ted   para l le l  K O  t h e  
v e r t i c a l   a x i s  of t he  specimen.  Another set of 
specimens was machined wi th   varves   o r ien ted  a t  45' 
t o   t h e   v e r t i c a l   a x i s  of t he  specimen.  Each  specimen 
contained  from 15 t o  2 0  varves ,   cons is t ing  of dark 
brown clay  layers  from 8 t o  12 mm i n  thickness  and 
l i g h t  brown s i l t  layers  from 2 t o  5 nnn i n   t h i ckness .  
Ice l e n s e s   v i s i b l e  on the   s ides  of the  specimens 
ranged in t h i ckness   f rom  ha i r l i ne   t o  a few 
nillinetres. 

by measuring  the volume and  weight of  t h e  test 
spec inens .   Af te r   t es t ing   they  were weighed,  oven 
dr ied ,  and weighed  again t o  determine  their   to ta l .  
water contents.  The d e n s i t i e s  and water conten ts  
are presented  in   Table  2 .  

Hydrometer tests on "combined" sadples  
(conta in ing   bo th   l igh t   and   dark   l ayers )   ind ica ted  
tha t   t he   va rved   so i l   cons i s t ed  of 80-90% clay s ize  
(50.002 mm) material. Igni t ion- loss  tests (ASTM 
D 2974)  ind ica ted  an average  organic  content of 12%. 
Eight  Atterberg Linits tests showed a Liquid linit 
of 52.0%. a p l a s t i c  linit of 32.7%, and a p l a s t i c i t y  
index of 19.3%. The average water content was 
35.0%, a b w t  2-3% lower than  that   determined at  t h e  
f i e l d  s i te  (Figure 2) .  

Several  remolded  specinens were spec ia l ly  
prepared i n  the   l abora tory  t o  t r y  and remove t h e  
an i so t rop ic   s t ruc tu re  formed by the  varves  and ice 
lenses.  Some specimens were completely  thawed,  and 
t h e   s o i l  was nixed  and  remolded t o   d e n s i t i e s  and 
water contents similar to   the   na tura l   samples .  
These  remolded  cylindrical  specimens  were  placed i n  
the  cold room a t  -6'C and  allowed t o   f r e e z e  from a l l  
s ides .  They were removed from  the  molds,  and  their 
ends were machined p r i o r   t o   t e s t i n g .   S m a l l   h a i r l i n e  
r a d i a l  ice lenses  could  be  seen a t  the  ends of t h e  
frozen remolded  specimens.  These  remolded  specimens 
were tes ted   for   compar ison   wi th   resu l t s   ob ta ined  on 
the  natural   (undis turbed)   f rozen  soi ls .   Frozen  bulk 

Bulk d e n s i t i e s  were de termined   pr ior   to   t es t ing  
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TABLE 2 Proper t ies  of Test Specimens 

Bulk. Dry Water Loading 

(kg/m3) (kg/m3 (% dry t o   p l ane  
Specimen  densi ty   densi ty   content   direct ion 

wt .  ) of varves 

Undisturbed 

cs-1 1,799  1,332  35.1 P a r a l l e l  
cs-2 1,791  1,353  32,4 P a r a l l e l  
cs-3 1,780 1,334 33.5 goo 
cs-4 1,766 1,316 34.2 90' 
cs-5 1,761 1,284 37.2 90' 
CS-6 1,751 1,298 34.9 Para l l e  
cs-7 1,769 1,288 37.3 45' 
CS-8 1,772 1,318 34.4 4 5' 
cs-9 1.759 1.303 35.0 45' 
cs-10 1;828 

Mean 1,778 
Stand. Dev. 23 

Remolded 

RS-1 1,776 

~~ 

,374 

,320 34.7 
29  1.6 

~~ 

33.1 Para l l e  

,340  32,6 1. 
RS-2 1;852 1,440 28.6 
RS-3 1,761 1,303 35.1 
RS- 5 1 , 768 1,303 35.1 

Mean 1.789  1.347  33.0 
S t  and. Dev , 4 2  65 3 e2 

dens i t i e s  and t o t a l  water contents were determined 
be fo re   and   a f t e r   t e s t ing ;   t hese  are p r e s e n t e d   i n  
Table 2. 

Unconfined  Compression Tests 

Unconfined  compression tests were performed a t  
a cold room temperature of - 6 ' C ,  us ing  a 250 kN 
capaci ty   screw-driven  universal   tes t ing machine. 
These tests were car r ied   ou t  a t  nominal s t r a i n  rates 
of 0.01 and  l.O%/min. Some t e s t a  were performed a t  
a n   i n t e r m e d i a t e   s t r a i n  rate o f  O.l%/mLn, but were 
incomplete due t o   t h e   l i m i t e d  amount of sample 
material ava i lab le .  Data from this incomplete test 
series w i l l  not be presented. An extensometer 
cons i s t ing  of three  displacement   t ransducers   located 
on the  specimen, measured axial  deformation  and 
t i l t i n g  (Baker e t  a1 1982). Compliant p l a t ens  
(Baker 1978) were used t o  reduce  end e f f e c t s  and t o  
ensure a uniform  normal  application of p re s su re   t o  
t he  specimen ends. 

Vert ical ly   or iented  specimens had t h e  maximum 
normal stress d i r ec t ion   pe rpend icu la r   t o   t he   p l ane  
of t he   va rves   t o  simulate the anchor  and 
penetrometer tests performed in t h e   f i e l d .  
Horizontally  oriented  specimens had t h e  maximum 
normal stress d i r e c t i o n   p a r a l l e l   t o   t h e   p l a n e  of t h e  
v a r v e s ,   i n  a manner similar t o   t h e   f i e l d  
pressuremeter tests. Specimens  oriented at  45' had 
t h e  maximum shear ing  stzes8 d i r e c t e d   p a r a l l e l   t o  the 
plane of the  varves. 

S t r e s s - s t r a in   cu rves   fo r   t he  two nominal strain 
Pares a r e  shown i n  Figures 4 and 5 .  The loading 

d i r e c t i o n   r e l a t i v e   t o   t h e   p l a n e  o f  the varves   for  
each specimen is indica ted .  Some tests were 
d u p l i c a t e d   t o  show the v a r i a t i o n  i n  s t r e s s - s t r a i n  
behavior  between  specimens. The maximurn a x i a l  
s t r a i n  imposed on specimens was between 10 and 15%, 
due t o  the l imi t a t ions  imposed by the  83 mm diameter 
extensometer  ring. A s  a r e s u l t ,  none of t h e   t e s t a  
reached peak stress. 

DISCUSSION AND CONCLUSION 

A l l  of the   spec imens   exhib i ted   an   in i t ia l   y ie ld  
a t  a b w t  0.15% a x i a l   s t r a i n ;   t h e  stress then 
cont inued   to   increase   un t i l   the  test was stopped. 
Although  none  of t h e  specimens  reached f a i lu re   (peak  
s t r e s s ) ,   t h e   v a l u e  of t he  stresses a t  and beyond 
y i e l d  i s  an   ind ica tor  of t h e   r e l a t i v e   s t r e n g t h  of 
specimens and can  be  used t o  determine  strength 
anisotropy. A l l  specimens  deformed as r i g h t  
cylinders  without  central   bulging  or  expansion  of 
ind iv idua l   l ayers .   This   ind ica ted   tha t   the   s t ra ina  
wi th in  the specimen were uniformly  distributed. 

I n  both  ranges of s t r a i n  rate the   hor izonta l ly  
oriented  specimens were cons i s t en t ly   t he   s t ronges t ,  
followed by t h e  specimens  oriented a t  45'. The 
ver t ical ly   or iented  specimens were the  weakest. 
Th i s   r e l a t ionsh ip  was a lso   observed   in  the l imi ted  
tests performed a t  the   i n t e rmed ia t e   s t r a in  rate. 
S t r e n g t h   i n c r e a s e   w i t h   s t r a i n  rate seemed t o  be 
similar f o r  a l l  specimen o r i en ta t ions .  Tests t h a t  
were dupl ica ted  showed very similar s t r e s s - s t r a i n  
behavior.  This  probably  reflects  the  narrow  range 
i n  the na tu ra l   phys i ca l   p rope r t i e s   (dens i t i e s  and 
t o t a l  water content) .  The similarities i n  phys ica l  
p rope r t i e s  between  specimens  enhanced the 
r e l i a b i l i t y  of comparing the  test r e su l t s .  The 
remolded  laboratory-frozen  specimens were as much as 
80% stronger   than  the  natural ly-frozen  undis turbed 
specimens.  Although  there was sore anisotropy i n  
the s t r u c t u r e  of t h e  remolded  specimens, these 
r e s u l t s   i n d i c a t e d   t h a t   t h e   n a t u r a l   a n i s o t r o p i c  
s t ruc ture   ac ta   to   reduce   the  shear s t rength .  

the two s t r a i n  rates and f o r   a x i a l  strains 
cor responding   to   y ie ld  (0.15%) and 10%. The amount 
o f  anisotropy i s  not  pronounced a t  y i e l d  o r  a t  small 
s t r a i n  rates, but i t  becomes q u i t e   s i g n i f i c a n t  a t  
10% s t r a i n .  High ho r i zon ta l   s t r eng ths  are similar 

TABLE 3 Strength  Anisotropy 

The s t rength  anisotropy is shown i n  Table 3 f o r  

A x i a l   s t r a i n  Nominal s30 - so 
s t r a i n  rate S - 

( X )  (Xlmin) 
0 $0 SR 

0.15  0.01  0.93 0.99 0.55 

1.0 1.14  1.18  0.67 
( y i e l d )  

10.0 0.01  1.13  1.03  0.72 

1 .o 1.35 1.06 0.83 
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to   those   observed  by Eden  (1955) i n  unfrozen  varved 
clays  from  Steep Rock  when the   c lay   l ayers  
predominated.  Specimens i n   t h i s   s t u d y  had a high 
clay  content  (80-90%). High shear s t r eng ths  a t  45' 
o r i en ta t ions  have  not  been  seen i n  any of t h e   d a t a  
on v a r v e d   s o i l s   i n   t h e   l i t e r a t u r e .   I c e   c e m e n t a t i o n  
may resist the   shea r ing   a t r e s ses   ac t ing  between t h e  
layers .  The h i g h e r   s t r a i n  rates u s e d   i n   t h i s   s t u d y  
are comparable t o   t h o s e   u s e d  by Eden  (1955)  and 
Livingston  (1956) i n   t h e i r  test programs,  Frozen 
Thompson varved   c lays   appear   to   exhib i t  a g r e a t e r  
s t rength  anisotropy  than  e i ther   the  unfrozen  varved 
clay  from  Steep Rock (Eden  1955) or the f rozen  
Keweenaw silt (Livingston  1956). 

An estimate of the  average  unfrozen water 
content of the combined s o i l  a t  the i n   s i t u  
temperature of - l 'C ,  based  on  the  Liquid l&nits, is 
15% (Tice et al. 1976). The unfrozen water content 
would p r o b a b l y   b e   d i f f e r e n t   i n   t h e   i n d i v i d u a l   c l a y  
and silt layers ,   due   to   the   sur face  area of t h e   s o i l  
grains,   and would i n f l u e n c e   t h e   r e l a t i v e  stress- 
s t ra in   behavior  of these   l ayers .  It  is recognized 
that  t h e  change  from t h e   i n   s i t u   t e m p e r a t u r e   t o  the 
laboratory  temperature of -6'C, coupled w i t h  
sublimation o f  the  samples  during 2 years  of co ld  
s torage ,  would lower  the  unfrozen water content.  
The s t r e n g t h   a n i s o t r o p y   i n  these specimens is 
probably  due t o   t h e  combined e f f e c t  of the  varves  
and t h e i r   d i f f e r e n t   u n f r o z e n  water contents,  and 
o ther   phys ica l   p roper t ies ,  as well as t o  the  ice 
lenses.  No attempt was made t o  estimate t h e  
r e l a t i v e   c o n t r i b u t i o n  of these  various components. 

The series of i n   s i t u  tests pe r fo rmd  by 
Johnston and  Ladanyi i n  an  a t tempt   to   deteruine  the 
bearing  capacity  of the  f rozen   varved   so i l s  at  
Thompson were analyzed  using  cavity  expansion  theory 
t o  estimate the s t ress-s t ra in   behavior   of  the s o i l .  
Cavity  expansion  theory  assumes  that   the  soil  
behaves as a homogeneous, i s o t r o p i c ,   i d e a l l y   p l a s t i c  
material (Ladanyi  1963).  Horizontal  varves  and ice 
l enses  make these s o i l s  heterogeneous. This 
laboratory  s tudy  has  shown that t h e s e   s o i l s  are not 
i s o t r o p i c   b u t   a n i s o t r o p i c   i n   t h e i r   s t r e s s - s t r a i n  
behavior. The s t r e s s - s t r a in   cu rves   i nd ica t e  that  
t h e s e   s o i l s  do not  deform i n   a n   i d e a l l y   p l a s t i c  
manner. A modification  could be  made to t he   cav i ty  
expansion  theory t o   t a k e   i n t o   c o n s i d e r a t i o n   s t r e n g t h  
anisotropy.  Davis  and  Christian  (1971)  have 
proposed a modi f ica t ion ,   t ak ing   in to   cons idera t ion  
s t r eng th   an i so t ropy ,   t o   t he   y i e ld   c r i t e r ion  which 
S c o t t  (1963) recommended fo r   p red ic t ing   t he   bea r ing  
capacity of undrained  soi ls .  They  show s t r eng th  
an i so t ropy   t o   be   p re sen t   i n  most  cohesive  soils.  

one  presented i n  t h i s  paper  would  be  needed t o  
determine the complete  range  and  magnitude  of 
s t rength  anisotropy  associated  with a p a r t i c u l a r  
so i l   depos i t .  One would have to   cons ider   the  
influences  of  various  components of t h e   s o i l   d e p o s i t  
(number and phys ica l   p rope r t i e s  of the varves,  ice 
lenses ,   e tc . )   tha t   could   cont r ibu te   to   the  
anisotropy. The r e s u l t s  of f i e l d   t e s t i n g   u s i n g   t h e  
pressuremeter  and  penetromter would  provide a 
use fu l  check on the   s t rength   re la t ionships   ob ta ined  
and a q u a l i t a t i v e   a p p r a i s a l  of t he   i n f luences  of 
sampling  and tes t ing   p rocedures .  

A more de ta i led   l abora tory   s tudy  similar t o  the  
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MEXWISN AND REGULARITIES OF CHANGES IN HEAT CONDUCTIVITY 
OF SOILS DURING  THE  FREEZING-THAWING PROCESS 

Ye.  N.  Barkovskaya, E. D. Yexshov, 1. A .  Komarov,  and V. G.  Cheveriov 

Geology  Department, 
Moscow  State  University,  Moscow, USSR 

The  paper  discusses  the  results of comprehensive  experimental  studies  an  the  mech- 
anism  and  regularities  of  heat  conductive  properties of a  variety of soils of 
different  genesis  and  age.  These  soils  have  different  granulometric  and  chemical- 
mineralogical  composition  and  are in  various  degrees of salinization  and  peating; 
they also have  different  cryogenic  texture.  The  studies were carried  out  by  the 
stationary  regime  method  applied  during  the  process  of  freezing  and  subsequent 
thawing in the  temperature  interval  from + 2 5 O  to -2SoC,  which  encompassed  the 
temperature  interval  of  intensive  phase  transformation of water  in  soils. 

INTRODUCTION 

The study of hear  conductivity of rocks  and 
soils  is  important  both  scientifically  and  prac- 
tically.  Prediction  and  control of such  cryogenic 
processes as freezing-thawing,  heaving-settlement, 
thermokarst,  and  thermal  erosion  are  impossible 
without  the  understanding  of  thermophysical 
properties. 

During  the  last  decades  many  researchers  have 
studied  thermophysical  characteristics.  Theor- 
etical  principles  have  been  elaborated  to  describe 
heat  transfer in porous  soils,  and  a  cansiderable 
amount of experimental  material has been  collected. 
The experimental  data,  however, was normally 
obtained for ground  in  the  fully  thawed  or  solidly 
frozen state. There i s  almost no data on heat 
conductivity of s o i l s  under  large  negative  tempera- 
tures,  i.e.,  in  the  range of intensive  phase 
transition of water. The mechanism  and  regulari- 
ties of heat  conductivity of soils  during  the 
cyclic  freezing-thawing  process are still unknown. 
And, finally, a generalizing  work  has  yet t o  be 
compiled an the  mechanism  and  regularities  of  heat 
conductivity i n  cryogenic  soils of various 
composition, stmcture, genesis,  and  age  under 
different  thermodynamic  conditions of formation. 

The staff a f  the  Laboratory  of  Physics, 
Physical  Chemistry,  and  Mechanics af Frozen 
Grounds,  under  the  Chair  of  Geocryology of the 
Geolagical  Faculty  of  the  Moscow  State  University, 
has carried  out  comprehensive  research to determine 
the  mechanism  and to establish  the  regularities  in 
the  changes  of  the  thermal  conductivity of frozen, 
thawed,  and  freezing  and  thawing  soils,  and  further 
to  analyze  and  generalize  the  available  experimen- 
tal material. T h i s  paper  describes  several  basic 
results o f  these  studies. 

The materials  studied  were  soils  (derived from 
solid  to  fine-dispersion  rock) of different 
genesis,  age,  granulometric  composition,  and 
chemical-mineral  composition;  these  soils  had 
various  degrees  of  salinization  and  peating, 
humidity,  density,  and  cryogenic texture. Samples 
of disaggregated  soils  with  disturbed  structure 
were  specially  prepared for the  purpose of finding 

regularities  in  the  changes of their  heat  conduc- 
tive  properties. The method of comprehensive 
research  was  used  because  it  combines  the  deter- 
mination of heat  conductivity  in  the  temperature 
interval  from + 2 5 O  to -25'6 with  estimation of the 
macro-  and  microstructure o f  the so l ids  and  of  the 
phase  content of included  water.  This  research was 
based on the  method  of  stationary  thermal  regime, 
which  permits  the  measurement  of  heat  conductivity 
of rocks  not  only  at high  negative  temperatures  up 
t o  -0 .5"C but  also  during  the  cycle of freezing  and 
subsequent  thawing;  moreover,  the  method  provides 
an estimation of the  anisotropy  of  thermal  proper- 
ties. 

The  Mechanism of Changes  in  Heat-Conductive 
Properties of Rocks during the  Freezing- 
Thawing  Process 

The  temperature  effect  on  heat  conductive 
properties o f  rocks  has  various  manifestations. 
As shown  by  both  laboratory  and  published  data, a 
decrease of temperature  increases  heat  conductivity 
in  crystalline  rocks  and  reduces  it  in  amorphic 
rocks.  These  effects  are  due to a difference i n  
the  mechanism of heat  transfer; in crystalline 
rocks  heat  transfer  occurs  by  elastic  oscillations 
o f  the  crystalline  grid,  whereas, in amorphic  rocks 
it is the  result of nan-elastic  dispersion  of 
thermal  energy. 

Unlike  sorid  rocks,  moist  soils  have  non-linear 
and  extrema1  types  of  dependence  of  heat  canduc- 
tivity (1) on temperature  (Pie. 1). Typical  parts 
o f  the  curve may  be  selected  for  analysis.  The 
change of  h caefficient in the  region of positive 
temperatures (tl + O'C and O°C t ts) is  linear; 
this  feature  is  related  to  the  analogous  dependence 
of heat  conductivity of water on temperature. The 
parts from O°C to the  temperature of the  beginning 
of freezing (tz = tQ3) and  from  the  temperature of  
the  end of thawing (t7) t o  0 ° C  correspand t o  
relation A(t} in the  region of positive  tempera- 
tures,  a  fact  attributed  to  the  unchanging  phase 
content of the  system. The length of these  parts 
depends on the  composition  of  the  soil. 

In the  course  of  further  temperature  decrease in 

46 



47 

the  interval (t2 to t3), corresponding  to  the 
region of intensive  phase  transformation, a con- 
siderable  increase  in X value  is  observed.  Start- 
ing  with  the  temperature of The  beginning  of 
freezing (t2), the  value of heat  conductivity 
coefficient  at t3 can  be  twice  its  value  in  the 
thawed  state.  This  fact  is  a  change in soil 
composition  and  to  the  first  appearance  of  ice 
crystals,  the  heat  conductivity  of  which  is  four 
times  greater  than  that of water. A study  of  the 
microstructure  of  soils  during  freezing  shows  a 
complicated  process of formation  of  ice-cementing 
structural  ties.  The  particles  and  aggregates 
become  larger,  thus  reducing  the  contact  heat 
resistivity  in s o i l s .  

The  part of the  curve  corresponding  to  the 
temperature  interval (t 3 to tq) , where  the  inten- 
sity  of  phase  transition  of  water  is  reduced,  the 
coefficient of heat  conductivity  somewhat  increases 
to a certain  constant  value  owing  to  the  accretion 
of  pore  ice.  Structural  studies in this  tempera- 
ture  range  did  not  reveal  any  notable  changes in 
the  structure of frozen  soils. 

curve (t4 to ts) causes  a  reduction of the  heat 
conductive  potential  of  the  soil.  The  study  of 
microstructural  transformations in  frozen ground 
has  demonstrated  that  this  effect  is  connected 
with  the  appearance  of  microcracks in ice  and  with 
its  fragmentation;  the  near-contact  ice-soil zones 
become  more  friable  owing  to  thermo-mechanical 
stresses. The decrease  of X value  in  this  interval 
of  temperature  can  reach 25-30%. In soils  the 

clays  and  peats. 

t,), the  values of A coefficient of soil  during 
freezing  do  not  coincide  with  the  values  for  the 
same  soil  during  thawing.  This  hysteresis in the 
X(t) dependence  is  observed in practically  all 
studied  grounds. It is  attributed  to  the  develop- 
ment of irreversible  structural  transformations 
and  to  peculiarities  in  the  formation  of  the  phase 
content  of  water.  The  area  of  the  hysteresis 
loop  depends on the  content  and  structure of the 
solid  particles  and on the  intensity o f  structural 
changes;  it  reduces  from  peats  and  clays  to  sandy 
loam and  sands.  The  maximal  difference  in  the 
values  of  heat  conductivity  of  soils  in  the 
freezing-thawing  cycle  is  not  more  than  30%. 

Under  conditions  of  phase  transformation of 
water,  the X value  of  thawing  ground in the  range 
(ts to t7) i s  more  than  that  of  freezing  ground  in 
the  same  temperature  interval;  this  fact  is  related 
to a  difference  in  phase  content  and  structure 
under  the  same  temperatures. 

moist  soils  is  practically  absent  in  the  range  of 
positive  temperatures,  because,  notwithstanding  the 
changes in structure  during  thawing,  heat  transfer 
in  the  liquid  phase  is  the  determining  factor  of 
heat  conductive  properties  in  this  temperature 
range. 

Regularities  in  the  Changes of Heat  Conductivity 
during  Freezing-Thawing  of  Soils  with  Different 
Composition  and  Structure 

The  decrease of temperature in the  part  of  the 

*percentage  increases  from  sands  and  sandy  loams  to 

In the  interval  of  negative  temperatures (ts to 

The  expected  hysteresis  of  heat  Conductivity of 

The  effect  of  the  chemical-mineralogical 

composition o f  soils on heat  conducttvity  is 
associated  with  the  peculiarity of crystalline- 
chemical  structure of minerals,  with  the  contents 
of the  pores,  and with organic  admixtures  and  their 
quantitative  ratios.  Heat  conductivity  of  solid 
rocks  mainly  depends  on  the  heat  conductive  proper- 
ties  of  minerals  composing  them;  the  most  common 
mineral  is  quartz,  whose  heat  conductivity is much 
higher  than  that  of  many  pore-forming  minerals. 
Thus,  the  increase  of  quartz  content  in  magmatic 
rocks  from  basic  to  acid  is  responsible  for  the 
observed  tendency of h to  increase  in  that  s5ries. 
Heat  transfer  in  sedimentary-cemented  rudaceous, 
sandy,  and  sandy  loam  rocks  is  also  to  a  large 
extent  determined  by  heat  conductivity  of  rock- 
forming  minerals.  Their role,  however, is  reduced 
owing  to  micro-  and  macrocracks  and  porosity. 

These  effects  are  confirmed  by  the  results o f  
experiments  carried  out on sandy loam with differ- 
ent  mineral  content:  quartz,  and  vermiculite  (Fig. 
2, curves I and 2 ) .  Heat  conductivity  of  quartz 
sandy  loam  is  higher  than  that of vermiculite  sandy 
loam  owing t o  the  larger X value  of  quartz.  Ver- 
miculite  sandy  loam  is  characterized  by a stronger 
hysteresis  of h(t), caused  by  microstructural 
transformations  occurring with greater  intensity 
as  compared  to  quartz  sandy  loam. 

on the general  heat  conductivity of rocks  is 
reduced  with an increase in  dispersion,  because  the 
role of contact  heat  conductivity  is  greater.  Thus, 
the  influence  of  mineral  composition  on  the h of 
clay  soils is manifested  not  directly,  but  indi- 
rectly  through  hydrophilicity.  Clays with sharply 
differentiated  crystalline-chemical  structures 
were  chosen  as  the  subjects  of  research:  montmor- 
illonite  and  kaolinite  (with  similar  density  values 
and  pores  almost  completely  filled with water) 
(Fig. 2, curves 3 and 4 ) .  In the  region of posi- 

practically  identical (0,5 to 0 . 6 5  W/m "C) , and 
tive  temperatures  the values for  these clays are 

the  shape of the A(t) dependence is close to 
linear.  The slope o f  these  straight  lines  is 
similar  to  the  slope  of  the  straight  line  depicting 
the  temperature  dependence of the h coefficient of 
water.  Consequently,  heat  conductivity of thawed 
clay  soils  does  not  depend  strongly on the  nature 
of the  minerals,  but i s  primarily  determined  by  the 
heat  resistivity of water  molecules  composing  a 
single  water  layer. On the  contrary,  under  nega- 
tive  temperatures  the  difference in the  structure 
of  minerals  is  fairly  well  manifested  by  affecting 
the  proportions o f  ice  and  unfrozen  water.  The 
value  of h and  the  area  of  the  hysteresis  loop of 
h(t) for  kaolinite  clay  are  less  than  those  for 
montmorillonite  clay  owing to larger  irreversible 
transformations  in  the  structure  of  the  latter. 

The  presence  of  organic  impurities in soils  is 
an  important  factor  influencing  the  development 
of their  heat  conductive  properties. A special 
series  of  experiments on pears  and  peated  grounds 
was  performed  to  study  the  effect  of  the  degree of 
peating  and  organic  decomposition on the  heat 
conductivity  of  ground. In the  temperature  range 
from +15 to -15°C the  change  in  heat  conductivity 
coefficient i s  in  general  the  same  for  sands, 
peated  sands,  and  peats  (Fig. 3 ) .  When  the  pores 
are,  for  practical  purposes,  completely  filled  with 
water  (or  ice)  the  value  of X reduces  with an 

The  effect of the  heat  conductivity  of  minerals 
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increase  of  peating,  which  correlates  with  data 
obtained  by A.  A. Kanovalov  and L. T. Rotman (1970). 
Also the h value  in  the  region  of  negative  tempera- 
tures  close  to O'C decreases with the  degree  of 
peating,  This  effect  is  attributed  to  the  differ- 
ence  in  the  quantitative  water-ice  ratio  and  to 
the  nature  of  thermal  contacts  formed  between ice, 
sand  particles,  organic  inclusions,  and  water. 

The  reduction  effect  of  the X value  for  peat  and 
peated  sand, in  a  solidly  frozen  state, is associated 
with  the  development  of  microcracks i n  pore  ice 
during  cooling of the  soil.  Results  obtained  lead 
to  the  conclusion  that  the  presence  of  organic 
impurities  reduces  heat  conductivity in the +15 
to -15°C range  because  of  low  heat  conductiviry 
of  peat,  a  larger  amount of liquid  phase,  and 
structural  defects  appearing  as  the  result of 
cooling.  The  hysteresis  in  the h(t) dependence 
for peats  under  freezing-thawing  conditions  is 
caused  by  intensive  physical-chemical  and  struc- 
tural  transformations. A tendency for  an  increase 
in  the h coefficient  is  noted in the  frozen  peat 
series  from  largely  to  slightly-decomposed;  heat 
conductivity  of  thawed  peats  is  practically  the 
same. . 

Salinization  of  rocks  strongly  influences  hear 
conductive  properties.  The  effect of NaCl  salini- 
zation on heat  conductive  properties  of  fine  quartz 
sand  and  medium  loam was studied  (salinization of 
frozen  soils  was 2 = 0.5, 1.0, 1.5%). The  increase 
of 2 to  1%  reduces  by  half  the  heat  conductivity  of 
water-saturated  sands.  The  obtained  experimental 
data  imply  a  complicated h(t) dependence  (Fig. 4 )  
including  the  presence  of  maximums,  because  under 
freezing  the  change  in  salinization  affects  not 
only  the  phase  composition of water  and  the  heat 
conductivity of porous  solids, but causes  struc- 
tural  transformations as well.  For  soils  with 
different  salinization  the A(t) dependence is anal- 
ogous,  but  the  values  of  their  heat  conductivity 
differ by 50% and  more.  When  the  temperature 
decreases  to  -25°C  the  heat  conductivity  value of 
unsalinized  sands  (curve 1) monotonically 
decreases. For salinized  sands  the  decrease  of 
heat  conductivity  at  temperatures  below -15°C 
changes  to  a  slow  increase  of A values,  owing  to 
better  thermal  contacts  resulting  from  the  freezing- 
out  of  solution  and  the  crystallization  of  salts. 

The  effecy  of  grain  size on heat  conductivity 
was  studied  by  many  researchers,  among  them R. I. 
Gavriliev, V. T. Balobaev  (19781, N. S .  Ivanov 
( 1 9 6 2 )  and A. F. Chudnovsky (1962). These studies 
demonstrated  a  reduction  of  heat  conductivity of 
soils with  an  increase of dispersion  in  the  series 
(rudaceous-sandy-sandy  loam-loamy-clay  grounds) 
over  the  entire  studied  temperature  range, which 
included  the  temperatures  of  the  water  phase 
transitions.  The  character of the 1 dependence 
in  the  range  from 0 to -5°C (Fig. 5 )  is  associated 
wirh  changes  in  the  area of thermal  contacts  and 
in  the  amount  of  unfrozen  water,  both  of  which 
increase  in  the  order  shown  for  the  dispersion 
series. In the  course  of  study,  data on heat  con- 
ductivity  of loess soils  was  obtained €or the 
first  time.  The  value  of X in  loess  soils  at 
similar  values  of  water  saturation  and  density is 
intermediate  between  the  heat  conductivity of loamy 
sands  and  of  clays.  Among  loess  soils,  the X 

coefficient  increases  with  an  increase  in  the  size 
of  their  aggregates. Thus,  all  other  conditions 
being  equal,  heat  conductivity  of  coarse-dust 
loesses is 1.3 to  1.5 rimes  greater  than  that  of 
fully  loesslike loams of  the  same  genesis  and  age. 

the  nature of heat  conductivity  dependence on 
moisture of loess soils is the  same as that  of 
sands  and  sandy  loams,  but  different  from  that  of 
loams and clays,  a  result  contrary  to  expectations 
based  on  the  high  content  of  dust  and  clay  particles 
in  loesses.  This  phenomenon can  be  explained by 
the  model of loess  soil  structure;  the  model 
indicates  that  with  an  increase of water  saturation 
up  to  values  of 0.5 to 0.7 (water  content  reaching 
20%) deformation of the  surfaces  of  globules  and 
extension  of  areas of thermal  contacts  occurs  owing 
to  the  swelling  of  clay  shrouds.  Subsequent  mois- 
tening  up t o  0 .7  (water  content 220%) does not 
cause  notable  changes  in  heat  conductivity  of  the 
soil,  because  heat  flow  is  then  almost  completely 
within  the  water  system.  The  freezing  of  water- 
saturated  loess  soils is accompanied  by  a  consid- 
erable  growth  of  heat  conductivity  as  the  result 
o f  formation  of  ice-cementing  bonds.  Consequently, 
h of  frozen  loesslike  loam o f  natural  composition 
at  a  water  content of 30% is  three  times  as  large 
as h at  a  water  content  of 3%. 

The problem of the  influence  of  cryogenic 
texture on soil  heat-conductive  properties  is  as 
yet  hardly  approached.  The  study  of  frozen  sandy 
loam of natural  composition  shows  that  the  value 
of A for  soils  with  massive  cryogenic  texture 
(1.8 to 2 . 2  W/m-de$) exceeds X for S o i l s  with 
layered  and  subreticulate  texture (1 .4  to 1.6 
W/m-degC).  Numerous  defects  of  ice  structure 
(cracks,  air  bubbles,  organic  admixtures, etc.) 
have  been  noted in sandy  loam  soils o f  layered 
texture;  these  defects  create  additional  resistivity 
to  heat  transfer. 

Varying  the  conditions of freezing of clay  has 
enabled  us  to  obtain  specimens  of  massive  and  of 
layered  cryogenic  texture  with  almost  identical 
ice  contents.  Heat  conductivity of clay with 
massive  texture  normally  exceeds  heat  conductivity 
of clay  with  layered  texture  by  about 25%. 

In summary,  results  derived  from  experimental 
research  have  revealed  a  complicated  mechanism  of 
development of heat-conductive  properties  of  soils 
and  have  indicated  basic  trends  in  the  variations 
of  heat  conductivity,  which  depend on the  composi- 
tion  and  structure o f  soils  and  the  temperature 
conditions. 

As shown  by  the  results  of  experimental  research, 
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FIGURE 1 General  type  of  curve of heat  conduc- 
tivity  coefficient of soils  with  temperature  in 
the  process of freezing (t2 - t5) and  subsequent 
thawing (t5 - t8). 

FIGURE 2 Dependence o f  heat  Conductivity Cod- 
ficienr  on  temperature  in  water-saturated  soils of 
different  mineral  composition: 1 -heavy quartz 
sandy  loam; 2-heavy vermiculite  sandy  loam; 
3-montmorillonite  clay; 4-kaolinite clay. 

W 

FIGURE 3 Dependence of heat  conductivity  coef- 
ficient on temperature for fine sand with  different 
amounts of peat  under  freezing ( 1 , 2 , 3 , 5 )  and  sub- 
sequent  thawing ( 4 ) .  
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FIGURE 4 Dependence of the amount o f  unfrozen 
water (a), and the  value of heat  conductivity  coef- 
ficient (b) on temperature for moist f ine  sand with 
different  salinization: l - Z - O . O % ;  2-2=0.5%; 
3 - Z=l.O%. 

FIGURE 5 Dependence of heat conductivity  coef- 
f i c i ent  of water-saturated s o i l s  having different 
grain s i ze  with temperature in  the process of 
freezing.  I-rudaceous rock debris  with sandy loam 
f i l l i n g ;  2-fine sand; 3 - l i g h t   f i n e  sandy  loam; 
4 - loes s l ike  loam; 5-medium loam; &-c lay;   7 -peat .  



PROPERTIES OF GEOTMTILES IN COLD REGIONS APPLICATIONS 

J.R. Bell, T. Allen  and T.S. Vinson 

Dept. of   Civi l   Engineer ing,  Oregon S ta t e   Un ive r s i ty ,   Corva l l i s ,  OR 97331 USA 

To i n v e s t i g a t e   p r o p e r t i e s  of g e o t e x t i l e s  in co ld   r eg ions   app l i ca t ions ,  a 
labora tory  program was conducted w i t h  f ive   geo tex t i l e s .   heeze - thaw  du rab i l i t y  
i n   f r e s h  and   s a l ine  water was considered.   Geotext i le   s t rength  before   and af ter  
300 freeze-thaw  cycles showed no serious  degradation.  Geotextile  load- 
deformation-t ime  re la t ionships  were determined a t  +22'C and -12'C by wide-str ip  
t e n s i l e   a n d  s ta t ic  creep  tests. Temperature  had l i t t l e  e f f e c t  on s t r eng th ,   bu t  
creep was s i g n i f i c a n t l y   a f f e c t e d .  Lower temperatures   resul ted  in   reduced 
creep.  Both  geotexti le  structure  and  polymer  type were s i g n i f i c a n t  t o  creep. 
Polypropylene  geotext i les  were a f f e c t e d   t o  a greater degree by temperature   than 
p o l y e s t e r   g e o t e x t i l e s .  

A pre l imina ry   i nves t iga t ion  was performed to   de te rmine  the p o t e n t i a l  of 
g e o t e x t i l e s  as c a p i l l a r y   b r e a k s   i n  a h i g h l y   f r o s t   s u s c e p t i b l e  silt .  Soil collupns 
were frozen  from the  top  a t  a constant  rate. Pree water was a v a i l a b l e  a t  t h e  
bottom  for two co1umns"one contained a geotex t i le   l ayer   and   one   d id   no t -  A 
t h i r d   c o n t r o l  column was frozen  without   f ree  water or a g e o t e x t i l e .  Heave and 
water content   increases   durine;   f reezinR were determined for each soil column. 
The results i n d i c a t e  some g e o t e x t i l e s  have t h e   p o t e n t i a l  t o  s ign i f i can t ly   r educe  
f ros t   heave .  'Ihe e f f e c t i v e n e s s  i s  d i f f e r e n t   f o r   d i f f e r e n t   g e o t e x t i l e s .  

INTRODUCTION 

Ceotextiles  have  been  widely  used  in  the more 
temperate   areas  of the world  for  the p a s t  two 
decades  (Bell  and  Hicks 1980). &re r e c e n t l y ,  
engineers  concerned wi th  arct ic  and s u b a r c t i c  
cons t ruc t ion   have   i nco rpora t ed   geo tex t i l e s   i n to  
the i r   des igns   (Tar t   and   Luscher  1981). To d a t e ,  
seo tex t i les   have   been   used   in  their  t r a d i t i o n a l  
r o l e s   t o   p r o v i d e   f i l t r a t i o n ,   s e p a r a t i o n ,   a n d   r e i n -  
forcement i n   d r a i n s   a n d  roadways (Bell  and  Hicks 
1980). They are a l so   be ing   u sed   i n   e ros ion  con- 
t r o l   s t r u c t u r e s   i n   t h e  Arctic ( b i d e r s d o r f  e t  a l .  

While successful a p p l i c a t i o n s  o f  g e o t e x t i l e s  i n  
cold  regions  have  been made, questions  remain 
unanswered r e l a t i v e  t o  Khe inf luence  of   the  cold 
environment on their   performance. For example, 
t h e   i n f l u e n c e  of cold  temperatures  on g e o t e x t i l e  
load-s t ra in   and   c reep   re la t ionships  is 1arg;ely 
unknown. Degradation  due t o  freeze-thaw cycles 
also has  had  l imited  s tudy.  

In add i t ion   t o   t he   u sua l   p rob lems ,   eng inee r ing1  
cons t ruc t ion   p rac t i ces   fo r   bu i ld ing   founda t ions ,  
roadways,  and embankments i n  co ld   reg ions  of the 
world are in t ima te ly   a s soc ia t ed   w i th   f r eez ing  
r e l a t e d  phenomena of i n i t i a l l y   u n f r o z e n  ground  and 
thawing  re la ted phenomena o f   i n i t i a l l y   f r o z e n  
ground.   beezing o f  i n i t i a l l y   u n f r o z e n   f r o s t -  
s u s c e p t i b l e   s o i l   c a n   r e s u l t   i n   h e a v e  a t  the ground 
su r face   and   d i s rup t ions  of embankments or founda- 
t ions   p laced  on or   whol ly   wi th in   the  zone of 
f reez ing .  "hawing of i c e - r i c h   s o i l s  results in 
se t t lement   and   loss  of bearing  s t rength  ( termed 
thaw i n s t a b i l i t y ) .  

The publ i shed   in format ion   re la t ive   to   geotex-  
t i l e  uses i n   c o n s t r u c t i o n   t o   l i m i t   o r   a m e l i o r a t e  
problems a s s o c i a t e d  with f ros t   heaving   and/or  thaw 
weakening is l imi ted .  Kinney (1981) has suggested 
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t h a t  a g e o t e x t i l e   l a y e r   c o u l d  be used t o  br idge  
thermokarsts,   but  no  installaKions are known. 
Creep i s  a very   impor tan t   cons idera t ion   in   th i s  
use.  &antman e t  a l .  (1977) r epor t ed   t he   u se  of a 
g e o r e x t i l e  as a c a p i l l a r y   b r e a k   i n  a roadway test 
s e c t i o n  in t h e  USSR but   d id   no t   inc lude   an   eva lua-  
t i o n  o f  the  performance. Sale e t  a l .  (1973) and 
Bell and Yoder (1957) descr ibe   encapsula t ion   of  
roadbed sails i n  waterproof mambranes t o  limit 
f r o s t   e f f e c t s .  

Roth (1977) performed  laboratory soil column 
f r e e z i n g  tests. He found a 10 cm (3.9 i n . )   t h i ck  
l a y e r  of g r a v e l  sandwiched  between two g e o t e x t i l e  
l a y e r s   w r k e d  as a cap i l l a ry   cu to f f   and   l imi t ed  
f r o s t  heave. He a l so   concluded   the   cu tof f   l ayer  
should be above  the free water but below the 
f r e e z i n g   f r o n t   f o r  maximum ef fec t iveness .  
tb l l ingswor th  (1976) and Hoover e t  al .  (1981) per- 
formed  laboratory  capi l lary  cutoff  tests us ing  
only  a fabr ic  as t he   cap i l l a ry   b reak .  They t e s t e d  
only one f ab r i c   (Mi ra f i  1 4 0 ) .  b t h  conclude  the 
geotext i le   reduced water miflation,  and Hoover 
observed   tha t  two R e o t e x t i l e  layers worked b e t t e r  
than   one   l ayer .  The geo tex t i l e   p rope r t i e s   wh ich  
influence  the  performance  of a g e o t e x t i l e   l a y e r  as 
a cap i l l a ry   b reak  are permeabi l i ty ,  pore s i z e ,  
thickness ,   and  wet t ing characteristics. 

Hoover e t  a l .  (1981) i n s t a l l e d   M i r a f i  140 as a 
combined  reinforcement  layer and cap i l l a ry   b reak  
in county  roads i n  Unn County, Iowa, USA. Ihe 
q e o t e x t i l e  was placed  on  top of a f r o s t -  
suscept ib le   subgrade   so i l .  'Ihey observed  l imited 
improvement i n  roadway s t a b i l i t y .  

The e x i s t i n g   l i t e r a t u r e  shows numerous ind iv id-  
uals b e l i e v e   R e o t e x t i l e s   t o  have g r e a t   p o t e n t i a l  
f o r   u s e   i n  arctic and   subarc t ic   reg ions .  Ihe 
results t o   d a t e   s u p p o r t  chis b e l i e f  but are Lim- 
i t ed   and   o f t en   i nconc lus ive .  

In  recogni t ion  o f  the   need  to   determine  geotex-  



5 2  

t i l e  mechanica l   p roper t ies   and   the   e f fec t iveness  
of g e o t e x t i l e s   t o   r e d u c e   f r o s t   a c t i o n   i n   c o l d  
reg ions ,  a research  program was conducted a t  
Oregon State University t o   i n v e s t i g a t e  (1) t h e  
inf luence  of f reeze- thaw  cycles   in  a freshwater  
and saline  water  environment  on  the  load-strain- 
s t r e n g t h  o f  g e o t e x t i l e s ;  ( 2 )  evaluate   the  load-  
s t r a i n - s t r e n g t h  and   c r eep   cha rac t e r i s t i c s   o f  geo- 
t ex t i l e s   a t   sub f reez ing   t empera tu res ;   and  ( 3 )  
i n v e s t i g a t e   t h e   a b i l i t y  of g e o t e x t i l e s  t o  a c t  as 
cap i l l a ry   b reaks  and thereby l i m i t  f ros t   heave .  
' h e  r e s u l t s  from  the  research program are sum- 
marized  herein  with  emphasis on the   f ros t   heave  
tests,  P d d i t i o n a l   r e s u l t s  from the   l o sd - s t r a in -  
s t r e n g t h  and  creep studies a t  subfreezing tem- 
peratures  have  been  published  elsewhere  (Allen e t  
a l .  1982, Allen 1983). 

GEOTEXTILES  TESTED 

Five geo tex t i l e s ,   e ach   w i th   d iEfe ren t   s t ruc tu re  
a n d / o r   m a t e r i a l   c h a r a c t e r i s t i c s ,  were employed i n  
the   r e sea rch  program.  These g e o t e x t i l e s   a r e  
descr ibed i n  Table 1. The geo tex t i l e   t ypes  were 
se l ec t ed   t o   ensu re   t ha t   t he   l oad - s t r a in - s t r eng th  
cha rac t e r i s t i c s   a s soc ia t ed   w i th   s eve ra l   geo tex t i l e  
s t r u c t u r e s   a n d   f i b e r  polymer  compositions  could  he 
compared i n  a meaningful way. 

The g e o t e x t i l e s   t e s t e d   r e p r e s e n t e d  woven and 
nonwoven f a b r i c s .  For t h e  nonwovens,  needle- 
punched  and  bonded m a t e r i a l s  were  tested.  Both 
polyes te r  and  polypropylene  fibers were in- 
cluded. The geotex t i les   represented  a range of 
permeabili ty,   strength,   modulus,   and  susceptibil-  
i t y   t o   c r e e p .  

TEST PROCEDURES AND EQUIPMENT 

Tensi le  Tests 

A wide s t r i p   t e n s i l e  test was used t o  char- 
ac te r ize   the   load-s t ra in-s t rength   behavior  o f  t h e  
g e o t e x t i l e s .  A 200 mm (8.0 i n . )  specimen  width 
and a 100  mm (4.0 in.)  specimen  length  between 
test g r i p s  were  employed t o   e n s u r e   t h e   r e s u l t s  
obtained would s i m u l a t e ,   t o  R S  g r e a t  a degree as 

Which e x i s t  i n  t h e   f i e l d  ( W r e s t h a  and Re11 
p r a c t i c a l ,  t h e  p lane-s t ra in  loading condi t tons  

1982) .  Five  specimens o f  each   geotex t i le   type  
were t e s t e d .  Both MTS and  Instron  tes t   systems 
were  employed i n   t h e  program. The Tnstron was 
used  for  specimens  which  exhlblted very l a r g e  
s t r a i n s  a t  f a i l u r e .  

Each g e o t e x t i l e   t y p e  was tes ted   under   the   fo l -  
lowing  conditions:  

8 room temperature [22'C (71"F) l  i n  a d r y  s t a t e  

subfreezing  temperature [-12"C  (lO°F)] i n  a d r y  
s t a t e  

0 room temperature i n  a sa tura ted   sur face   d ry  
( w e t )   s t a t e  

0 room temperature [ 2 2 " C   ( 7 l 0 F ) ]  i n  a s a t u r a t e d  
sur face   d ry   (wet )   s ta te   fo l lowing  300 Ereeze- 
thaw cyc les  in a dry s ta te  

TABLE 1 Geotext i les   Tested.  

Geotext i le  Nominal 
Gotext i le   Hlament   Cons t rue-  Weighs 

t i o n  gm/m 

Birlim Polyester  Nonwoven 272 
c-3s Continuous Needlepunched 

S t  ahi lenka  Polyester  Nonwoven 100 
T-100 Continuous Resin Bonded 

Typar  Polypropylene Nonwoven 136 
3401 Continuous & a t  RDnded 

FIhretex  Polypropylene Nonwoven 300 
300 Continuous  Needlepunched 

Propex  Polypropylene Woven 150 
2002 S l i t  N l " m  

0 room tenpera ture  [22"C  (71OF)J i n  a s a t u r a t e d  
surface  dry  (wet) s ta te  following 300 freeze-  
thaw  cycles i n  d i s t i l l e d   w a t e r  

room temperature [22"C ( 7 1 " F ) I  i n  a s a t u r a t e d  
s u r f a c e   d r y   ( w e t )   s t a t e  following 300 f reeze-  
thaw cyc les  in RaLine  water. 

The freezing  temperature   condi t ion was achieved by 
p l ac ing   t he   gco tex t t l e s  in a walk-in  cold room f o r  
2 4  hours ,   and   tes t ing  in t h e   c o l d  room. The sat-  
ura ted   sur face   d ry   (wet ) .   condi t ion  was obtained by 
soak ing   t he   geo tex t i l e s   i n   wa te r   fo r  24  hours  and 
b lo t t i ng   t he   spec imens   j u s t   p r io r   t o   t e s t ing .  
fieeze-thaw  cycling i n   e i t h e r   d i s t i l l e d   o r   s a l i n e  
water wa6 accomplished by p lac ing  n specimen i n  a 
s e a l e d   p l a s t i c  baF: f i l l e d   w i t h   e i t h e r   d i s t i l l e d   o r  
sal ine  water   and  placing  the  bag  on a r a c k   i n  a 
freeze-thaw  chamber, 

The t e n s i l e   s t r e n g t h  of  each  specimen was nor- 
mal ized  to  a nominal. mass p e r   u n i t   a r e a   t o   a c c o u n t  
f o r  specimen v a r i a b i l i t y .  The normalized 
s t rengths   o f   f ive   spec imens  of a g iven   geotex t i le  
type f o r  a g iven   t e s t   cond i t ion  were averaqed. 
The s ign€f icance  of the  average  values when 
compared with  the  average  normalized  s t rength o f  
o t h e r   t e s t   c a s e s  was determined  usinE a s t u d e n t ' s  
t - d i s t r i b u t i o n   f o r  a 90% confidence  level ,  

Creep Tests  

The c r e e p   c h a r a c t e r i s t i c s  of   the   geotex t i les  
were  evaluated a t  room temperature [22"C (71"F)I 
and  suhfreeztng  temperature [-12'C (10"F)] when 
loaded  to  various  percentages o f  ul t imate  wide 
s t r i p   t e n s i l e   s t r e n g t h .   T h r e e   t e s t   s p e c i m e n s  o f  a 
given  geotexti le  type,  f o r  a g iven   t e s t   cond i t ion  
were t r immed t o  a width of  1 5 2  mm (6.0 in . )  and 
secu red   i n   g r ip s   w i th  a spacing  of 76 mm (3.0 
in . ) .  The three  tes t   specimens  were  connected  in  
s e r i e s  €or dead  weight  loading,. 

Average  normalized  strength was used t o  de te r -  
mine t he   l oad   r equ i r ed   fo r   each  set of  creep  spe- 
cimens. Fach g e o t e x t i l e   t y p e  was t e s t e d   a t   l o a d  
l e v e l s   o f  20 ,   35 ,  50, and 6 5 %  of  ultimate  wide 
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s t r i p   t e n s i l e   s t r e n g t h .  The loads   assoc ia ted   wi th  
a given test condi t ion  were appl ied  as r a p i d l y  as 
possible  without  impact,   and  deformation  readings 
were taken a t  1, 2,  5, 10,  30, 60,  120,  240, 
1,440,  and 2,880 min. Thereaf ter ,   readings  were 
taken  every week up to  approximately  15 weeks or 
un t i l   r up tu re   occu r red .  A test was a l s o   t e r -  
minated when no measurable  deformation  occurred 
during a period of one week. The subfreezing 
temperature  condition was achieved by conducting 
t h e   c r e e p  tests i n  a walk-in  cold romn. 

Frost Heave Tests 

F ros t   heave   t e s t s  were performed i n   t h e   f r o s t  
heave  chamber shown schematical ly   in   Flgure 1. 
The chamber, operated in a walk-in  cold room, con- 
ta ined   th ree   t apered   luc i te   cups   171  mm (6.75 i n . )  
high  with 116 mm (4.17 in.)   and  105 mm ( 4 . 1 3  i n , )  
top  and  bot tom  diameters ,   respect ively.  The s o i l  
t o   b e   t e s t e d  was con ta ined   i n   t he   cups .  Two cups 
had small holes   dr i l led  through  the  bot tom  and a 
6 . 5  mm ( 0 . 2 5  in . )   th ick  porous  s tone on the   bot-  
tom. The t h i r d  cup  had  no  holes,  thereby  exclrld- 
i n g   t h e   e n t r y  of water. The three  specimen  cups 
were h e l d   i n  a 0.394 m (15.5 in . )   d iameter   disk  of  
high-densi ty   s tyrofoam  (brand)   insulat ion  to  
a s su re   un iax ia l   f r eez ing .  Tne base of the  cups 
extended  below  the  bottom of the  Styrofoam SO 

water in   the   ba th   could   be   ra i sed   above   the   l eve l  
of  the  porous  stones.   Thermistors were i n s t a l l e d  
through  the   s ide   o f   one   o f   the   cups   wi th   ho les   in  
t h e  bottom. The thermis tors  were spaced  ver- 
t i c a l l y   a t  14 mm (0.56 i n . )   i n t e r v a l s .  Ther- 
mis tors  were placed  only a t   t he   t op   and   bo t tom of 
t h e   o t h e r  two cups. 

The water ba th  was insu la ted   and   the   water  
temperature was maintained a t  l ° C  (34'F). An 
environmental  chamber was used t o   c o n t r o l   t h e   a i r  
temperature  above  the s o i l  specimens a t  -5'C 
(23'F). 

Tnree  dial   gauges  were  used t o  measure  the 
heave fo r  each  specimen.  Thin  [0.3 mm (0.012 
in . )  1 rubber  membranes were  placed  around  each 
s o i l  specimen. The i n s i d e  o f  each  cup was coated 
w i t h   s i l i c o n e   g r e a s e   t o   r e d u c e   f r i c t i o n .   P l a s t i c  
wrap was placed on t h e   t o p  of each  specimen  to 
reduce  subl imat ion  during  f reezing.  

Ihe tes t  s o i l  was a n o n p l a s t i c  s i l t  from 
Fairbanks, Alaska, known to   be   h igh ly   f ros t   sus -  
c e p t i b l e .  'Ihe test  specimens were c a r e f u l l y  
compacted t o  90% of s tandard maximum dry  densi ty  
(AASHTO T-99) a t  a water conten t  2% above optimum. 

After the   so i l   spec imens  were compacted i n   t h e  
cups  and  the  cups were placed  in   the  Styrofoam 
i n s u l a t i o n   c o n t a i n e r ,   t h e   s o i l  was pro tec ted  
against   evaporat ion  and  the  assembly was precooled 
f o r  1 2  hours  a t  1°C ( 3 4 ' F ) .  A f t e r   c h i l l i n g ,   t h e  
assembly was placed on t h e  water b a t h ,   t h e  d i a l  
gauges were mounted and  zeroed,  and  the  environ- 
mental chamber was placed  over  the  assembly. Tne 
system was allowed t o   c o o l   u n t i l   t h e  O°C (32'F) 
isotherm had moved a maximum o f  6 mm ( 0 , 2 5  i n . )  
below t h e   s u r f a c e  of t h e   s o i l .  

When the   f r eez ing   f ron t   r eached  a depth o f  
about 6 mm (0.25 i n . ) ,   i n i t i a l   r e a d i n g s  of a l l  
thermis tors  and d i a l  gauges were taken. As 
f r eez ing   p rog res sed ,   d i a l  gauge  and  thermistor 
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FIGURE 1 F r o s t  heave t e s t  cell. 

readings were taken a t  0.5, 1, 2 ,  3 ,   5 ,  8, 12,  18, 
and 24 hours.  ReadinEs  were  continued a f t e r  24 
hour s   o r   un t i l   t he   f r eez ing   f ron t   r eeched   t he  
level of the   geotex t i le   l ayer ,   whichever  was 
less. At t h e  end o f  t he   t e s t   t he   spec imens  were 
removed f rom  the   ce l l s  and  moisture  content 
samples  taken,  Water  content was determined imme-  
d ia te ly   above  and  below t h e   l o c a t i o n  of t h e  
f r e e z i n g  f r o n t  a t  t h e  end of t h e  tes t  and a t  
approximately 19 mm (0 .75   in . )   in te rva ls   th rough-  
o u t   t h e   l e n g t h  of  each  specimen. 

mree specimens  were  tested  simultaneously  with 
each test. The specimens were prepared as 
i d e n t i c a l l y  as possible  except  one had a geotex- 
t i l e  l a y e r  38 mm (1.5  in.)  above  the  bottom of  t h e  
specimen. The specimen  with  the  geotext i le   and 
one  other  specimen were open t o   f r e e   w a t e r  a t  t h e  
bottom. Ihe thi rd  specimen was f o r  cont ro l   and  
had ne i the r   geo tex t i l e   no r   access   t o   f r ee   wa te r .  

TEST RESULTS 

Tensi le   bad-Strain-Strength 
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Tens i le   ax ia l   load   versus   s t ra in   re la t ionships  
for   the   geotex t i les   t es ted   a t   t empera tures  of 22" 
and -12'C (7  1' and 100 F) are shown i n  Flgure 2. 
The modulus and s t rength  of t he  Typar increased 
with decreasing  temperature. The s t r a i n  a t  
f a i lu re   dec reased   s ign i f i can t ly   fo r   a l l  polypropy- 
lene  geotext l les .  No o the r   s t a t i s t i ca l ly   s lg -  
n i f i can t  (90X probabi l i ty)   deviat ions i n  load- 
s t ra in-s t rength   charac te r i s t ics  were observed. 

A summary of a l l   t he   t ens i l e   l oad - s t r a in   cha r -  
a c t e r i s t i c s  of the geo tex t i l e s   t e s t ed  i s  given i n  
Table 2. 'he s t r a i n   a t   f a i l u r e   f o r  the resin- 
bonded polyester  geotexti le  increased upon 
wetting. Other r e s u l t s   i n d i c a t e  that normalized 
s t r eng th ,   pe rcen t   s t r a in   a t  peak s t rength ,  and 
normalized  secant modulus . a t  10% s t r a i n  do not 
change  appreciably  from  the i n i t i a l   d r y   v a l u e s  
when the  aeotexti les  considered were t es ted  in a 
w e t  cond i t ion   a t  room temperature  or  following 300 
freeze-thaw  cycles i n  a dry ,   d i s t i l l ed   wa te r ,   o r  
saline  water  environment. An exception was Propex 
2002 which exhibited a s ign i f i can t   dec rease   i n  
strength  (approximately 12%) a f t e r  300 freeze-thaw 
cycles in d i s t i l l e d  and in   s a l ine   wa te r .  

Creep - 
Typical   creep  s t ra in   versus  time re la t ionships  

fo r   t he   geo tex t i l e s   t e s t ed   a t  22' and -12'C (71' 
and 10°F) a t  a load  level   of  50X of t h e  wide s t r i p  
t e n s i l e   s t r e n g t h   a r e  shown i n  Figure 3. A re- 
duction in temperature t o  -12-C (IO'F) resu l ted  in 
a decrease   in   c reep   s t ra ins   for   geotex t i les  with 
polypropylene  fibers. A t  th i s   load   leve l   c reep  
s t r a ins   fo r   geo tex t i l e s '   w i th   po lyes t e r   f i be r s  were 
not   s ignif icant ly   inf luenced by this   temperature  
change. 

This d i f f e r e n c e   i n   t h e   e f f e c t  of temperature on 
creep  for  polypropylene  and  polyester  geotextiles 
may be  explained in terms of t he   g l a s s   t r ans i t i on  
temperatures  of  these two polymers. The g l a s s  
transition  temperature  €or  polypropylene i s  about 
O'C (32"F), whereas for   polyester  i t  i s  about 

110°C. When the  temperature of a polymeric 
material f a l l s  below i t s  g l a s s   t r ans i t i on  tem- 
pe ra tu re ,   t he   ab i l i t y  of the  material to deform i s  
severe ly   res t r ic ted .   S ince   the   g lass   t rans i t ion  
temperature of the  polyester i s  well  above the 
range o f  temperatures  tested i n  t h i s   i n v e s t i -  
gation,  and  since  for  the  polypropylene i t  i s  
within this range,  the  deformation  characterist ics 
o f  polyester   geotext i les  change mch less with 
temperature  than  those of the  polypropylene geo- 
t e x t i l e s .  k load  levels  of 20% ultimate 
s t rength,   the   decrease in c reep   s t r a in  with tenr 
perature was not s t a t i s t i c a l l y   s i g n i f i c a n t   f o r  any 
geotex t i le .  'Ihe geotext i le   s t ruc ture  and polymer 
appear  to  dominate  short-tern  creep  strains,  and 
the  polymer and temperature  control  the  long-term 
creep   ra tes .  

The polypropylene  materials  experienced 
t e r t i a r y   c r e e p  and f a i l e d   a t   l o a d   l e v e l s   o f  50% or 
65% of wide s t r i p   t e n s i l e   s t r e n g t h   a t  22'C 
(72°F). The geotex t i les   wi th   po lyes te r   f ibers   d id  
n o t   f a i l  a t  th i s   t empera ture   un t i l   the   load   leve l  
was 80% of wide s t r i p   t e n s i l e   s t r e n g t h .   S i g n i -  
f i can t ly ,  a t  -12OC (10'F) none of the  polypropy- 
lene   mater ia l s   fa i led  at  a 50% load   leve l ,  
hmever,  and only one geotext i le   (Typar )   fa i led   a t  
a 65% load  level .  

Frost Heave 

R o s t  heave r a t e s   f o r   a l l  tests are   presented 
i n  Table 3,  and water  contents  after  freezing for 
two tests a r e  shown i n  Figure 4 .  The d a t a   i n  
Table 3 show a l l  o f  the  nonwaven eeo tex t i l e s  
except  the  Stabilenka  caused a marked reduction i n  
the  heave rate. The only woven f ab r i c ,  Propex, 
was in te rmedia te   in  its e f fec t .  

of the   th ree  most e f f ec t ive   geo tex t i l e s ,  
Hbre t ex  and Bidim are   both  thick and have  high 
permeabili t ies.  Tgpar, i n   c o n t r a s t ,  is t h i n  and 
has a low permeability. Typar is also the  most 
hydrophobic and requi res  a head  of  about 75 rnm ( 3  
in.)  of  water t o   i n i t i a t e  flow. Of the   fabr ics  
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TABLE 2 Load-Strain  Characteristics of Geotextiles. 

Tes.t Condition  (see  legend  below) 
Geotextile  Property I I1 I11 IV V VI 

Bidim 
c-34 

S t  abilenka 
T-100 

5 Par 
3401 

ELbretex 
300 

Propex 
2002 

Normalized Strength (kN/m)  
% S t r a i n   a t  Peak Strength 
Normalized Secant b d u l u s   a t  

Normalized Strength (kN/m) 
X S t r a i n   a t  Peak Strength 
Normalized Secant Modulus a t  

Normalized Strength (kN/rn) 
% Stra in  a t  Peak Strength 
Normalized  Secant Modulus a t  

Normalized Strength (kN/m) 
% S t r a i n   a t  Peak Strength 
Normalized  Secant  tbdulus a t  

Normalized Strength (kN/m)  
% S t r a i n   a t  Peak Strength 
Normalized  Secant Ebdulua a t  

1OX s t r a i n  (kN/m)  

10% s t r a i n  (kN/m) 

10% s t r a i n  (kN/m) 

10% s t r a i n  (kN/m) 

10% s t r a i n  (kN/m) 

18.6 
53.2 
33.5 

5.9 
32.6 
37.7 

8.9 
53.3 
56.9 

10.3 
186 
6.1 

24.2 
21.2 
151 

17.5 
60.0 
20 e 3  

5.6 
27.9 
41.0 

10.3 
31.3 
75.2 

- - 
7.5 

23.7 
18 e 0  
163 

16 .O 
59.9 
25.2 

5.3 
44 .O 
30.8 

8.8 
43.8 
61.9 

9.9 

7.5 

24.4 
19.8 

166 

162 

16.7 
64.6 
28.5 

5.4 
44.1 
33.5 

9.0 
40.4 
63.8 

10.3 

4.7 

23.3 
22.7 

188 

146 

16 .O 
58.2 
31.7 

5.4 
41.6 
33.6 

9.0 
43.4 
61.5 

10.6 

5.5 

21.3 
20.7 

192 

144 

15.6 

30.7 

5.3 
43.9 
32.6 

8.8 
42.3 

59.0 

63.6 

10.9 

5.4 

22.9 
22 .o 

213 

151 

I = Control, Dry Condition (DC), 22'C  (71'F) 11 - Control, DC, -12'C (10'F) 

V - 300 Cycles, FT, Dis t i l l ed  Water Environ., WC V I  - 300 Cycles, FT, Saline Water Environ., wc 
I11 Control, Wet Condition (WC), 22'C (71'F) IV = 300 Cycles, Freeze-Thaw (lT.), Dry Environ., WC 

Note: Specimens subjected  to   f reezing and thawing were cycled between -15' and +15OC (5' and 58°F) 

TABLE 3 Freeze  Front  Penetration and Heave Rates. 

Heave Rate - mm/hr 
Reeze No h e e  With Free Water 
Rate Water o r  Without With 

Geatextile mm/hr Geotextile  Geotextile  Geotextile 

Bid im 0.91 0.08 0.46  0.18 
c-3 4 

Stabilenka 0.58 0.01  0.46  0.56 
T-100 

5 par 2.49  0.03  0.54  0.12 
3401 

Nbretex  2.11 0.07 0.43  0.13 
300 

'- 
Bidim C-34 S t a b i  1 enKa T-100 

w/o Free Water - - - ,  

Water Content - % 

Pr opex 1.75 0.08 0.58  0.32 
2002 

tested,  only  the  Stabilenka was hydrophilic and 
readily  adsorbed  water. 

Flgure 4 i l lus t ra tes   the   water   conten ts  i n  the  
s o i l  specimens for   the  poorest  and  one of the   bes t  
r e su l t s .  It is c lea r   t ha t  for the  conditions of 
these  tes ts ,   Stabi lenka had v i r t u a l l y  no influence 
on the  water  migration  while Bidim es sen t i a l ly  
stopped  heave  completely.  lhese  teats  are  quali- 
t a t i v e  and  cannot be  d i r e c t l y   r e l a t e d   t o   f i e l d  

conditions; however, i t  does  appear t ha t  some 
geotex t i les  show potent ia l  as capi l la ry   b reaks   to  
limit f r o s t  heave.  Different  geotextiles  have 
d i f f e ren t   e f f ec t s  and t h e   f a c t o r s   a f f e c t i n g   t h e i r  
effectiveness  are  not well defined.  Additional 
research   in to   th i s   ,use  of geotex t i les  i s  both 
needed and deserved. 
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CONCLUSIONS 

Based upon t h e   t e s t   r e s u l t s   p r e s e n t e d  for t h e  
f i v e   g e o t e x t i l e s   c o n s i d e r e d   i n   t h i s   r e s e a r c h  pro- 
Fram, the  following  conclusions  have  been 
reached:   (1)   the  mechanical   propert ies   of   geotex-  
t i les ,  in terms of  load-strain-strength  and  creep 
c h a r a c t e r i s t i c s ,  are not   adverse ly   a f fec ted  by 
subfreezinR  temperatures i n  a temperature  ranee 
assoc ia ted  w i t h  many co ld   reg ions   engineer ing  
appl icat ions:   (2)   f reeze- thaw  cycl ing in d r y ,  
d i s t i l l e d   w a t e r ,  o r  sal ine  water   environments   has  
l i t t l e  inf luence  on the load-strain-s t rength 
c h a r a c t e r i s t i c s  of  most geotext i les :   (3)   geotex-  
t i l e   s t r u c t u r e   a n d  polymer  tend t o   c o n t r o l   s h o r t -  
term c r e e p   s t r a i n s ;  ( 4 )  t h e  f i b e r  polymer  and 
temperature   control   lona- term  creep  ra tes ;  (5) for 
temperatures  warmer than O°C (32OF), po lyes te r  
fabr ics   have  much lower  creeu  rates  and  higher 
t h re sho lds   o f   t e r t i a ry   c r eep   t han   po lyn roay lene ;  
however, for colder   temperatures   there  is much 
l e s s   d i f f e r e n c e  between the  two polymers; ( 6 )  many 
Reorex t i l e s   have   cons ide rab le   uo ten t i a l   a s   cap i l -  
lary breaks   to  limit f ros t   heave ;   (7)   o ther  
f a c t o r s   e q u a l ,   t h i c k   f a h r i c s   t e n d   t o  be b e t t e r  
c a p i l l a r y   h r e a k s   t h a n   t h i n   f a b r i c s ;  (8) geotex- 
t i l e s  which are hydrophobic  are more e f f e c t i v e  
c a p i l l a r y   c u t o f f s   t h a n   t h o s e  which  absorb  water 
r e a d i l y ;  and (9) g e o t e x t i l e s  deserve f u r t h e r  
t e s t i n g   o f  their  ab i l i t i e s  a s   c a p i l l a r y   b r e a k s   t o  
linit f r o s t   a c t i o n .  
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During the f a l l  of 1981 and the spr ing   of   1982,   e igh t  test items were e s t a b -  
l i s h e d  on an asphalt pavement i n   F a i r b a n k s ,   A l a s k a .  The test items were: two 
s e c t i o n s  of untreated  pavement ,   yel low-painted  pavement ,   whi te-painted  pavement ,  
" s t a n d a r d "   c h i p  seal, f ine -g ra ined   " s t anda rd"   ch ip  seal, c h i p  seal w i t h   d a r k  
brown a g g r e g a t e ,  and c h i p  seal with whi te   marb le   aggrega te .  The test items were 
l o c a t e d  on a main   road .   Sur face   t empera tures  were moni tored   hour ly  by thermo- 
c o u p l e s   a t t a c h e d   t o   a n   a u t o m a t i c   d a t a   c o l l e c t i o n   s y s t e m .  The ambient a i r  temp- 
e r a t u r e ,  wind  speed and d i r e c t i o n ,  amount of p r e c i p i t a t i o n ,   a n d   r a d i a t i o n  
balance were cont inuous ly   recorded  a t  a n   u n t r a f f i c k e d  pavement  approximately 100 
m from the test items. Inc iden t   and   r e f l ec t ed   sho r twave   r ad ia t ion   measu remen t s  
were made nea r ly   eve ry  weekday over  each tes t  item u s i n g  a hand-held  radio- 
meter. N - f a c t o r s ,   r a t i o s   o f   s u r f a c e   t h a w i n g   i n d e x e s   t o  a i r  thawing  indexes 
var ied  f rom  about  1.2-1.3 f o r  the white- and y e l l o w p a i n t e d   s u r f a c e s ,   r e s p e c -  
t i v e l y ,   t o   a b o u t  1.4-1.5 f o r  the o the r   su r f aces .   Da i ly   and   mon th ly   r r f ac to r s  
f o r  a p a r t i c u l a r   s u r f a c e   v a r i e d   d e p e n d i n g   o n  wind  speed, the d u r a b i l i t y   o f   t h e  
s u r f a c e   t r e a t m e n t ,  and t h e  amount o f   i n c i d e n t   s o l a r   r a d i a t i o n .   A p p r o x i m a t e l y  
2200 veh ic l e s   pe r   day   c ros sed  the t e s t  s e c t i o n s ;   t u r b u l e n c e   i n d u c e d  by the 
t r a f f i c   c a u s e d   n - f a c t o r s   t o   b e   l o w e r   t h a n   r e p o r t e d  by o t h e r   a u t h o r s .   A b r a s i o n  
by t r a f f i c   r e d u c e d  the  e f f e c t  of t h e   s u r f a c e   t r e a t m e n t s .  

In the d i s c o n t i n u o u s   p e r m a f r o s t   r e g i o n s   o f  
A laska ,   ex t r eme ly   t h i ck   g ranu la r  embankments (15-20 
E t  deep) may be n e c e s s a r y   t o   c o m p l e t e l y   c o n t a i n  sea- 
sonal  thawing. Due t o   i n a d e q u a t e   q u a n t i t i e s   o f  
materials, c o s t s  of m a t e r i a l   a c q u i s i t i o n   a n d   p l a c e -  
ment, o r  e x c e s s i v e l y   e l e v a t e d   s u r f a c e s ,  the neces- 
sa ry   th ick   embanknents  are se ldom  cons t ruc ted ,   and  
c o n s i d e r a b l e   d i f f e r e n t i a l   s e t t l e m e n t   f r e q u e n t l y  re- 
s u l t s   b e n e a t h   r o a d s   a n d   a i r f i e l d s .   T h r e e   p a s s i v e  
methods  have  been  used t o  minimize  seasonal  thaw 
depths  and  thereby  minimize embankment t h i c k n e s s  
requirements:  (1) thermal i n s u l a t i n g   l a y e r s   ( B e r g  
1976, Esch 1973); (2 )  h i g h  water c o n t e n t   l a y e r s  
(Esch  and  Livingston 1978); and ( 3 )  materials t h a t  
r e d u c e   t h e   s u r f a c e   t e m p e r a t u r e   o f   t h e  embankment 
(Fulwider  and  Aitken  1963,  Berg  and  Aitken 1973). 

c o l o r  and t e x t u r e  on t h e   r h a w i w   s e a s o n   s u r f a c e  
t e m p e r a t u r e s   o f   a n   a s p h a l t i c   c o n c r e t e  roadway  pave- 
ment i n   F a i r b a n k s ,   A l a s k a .  The roadway carries a 
s u b s t a n t i a l  volume of t r a f f i c  each day,  so this 
s t u d y   d i f f e r s   f r o m   p r e v i o u s   s u r f a c e   t e m p e r a t u r e  
s tud ie s   o f   pavemen t s  t ha t  were not s u b j e c t e d  t o  
s i g n i f i c a n t   t r a f f i c - g e n e r a t e d  a i r  movements and t o  
t h e   e f f e c t s  of tire wear on s u r f a c e   c o a t i n g s .  

In t h i s  paper  we d i s c u s s  the e f f e c t s  of s u r f a c e  

SITE PREPARATION AND INSTRUMENTATION 

The test s e c t i o n s  are l o c a t e d  on  Pegar Road 
between the e n t r a n c e s  t o  t h e   I n t e r i o r  District 
o f f i c e s  of t h e   S t a t e  of Alaska  Department o f  Trans- 
p o r t a t i o n   a n d   P u b l i c   F a c i l i t i e s  (DOT/PF) ( F i g u r e  

- N -  4 
I 

Porking 
LO t 

FIGURE I Layout of test s e c t i o n s   a n d   i n s t r u m e n t a t i o n  
a t  Peger  Road test si te.  

5 1  
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1). Peger Road in   Fa i rbanks ,   Alaska ,  was recon- 
s t r u c t e d  i n  t h e  summer of  1981,  and i n   t h e   f a l l  of 
1981 and s p r i n g  of 1982 e i g h t  test s e c t i o n s  were in-  
s t a l l e d .  The tegt items were: two s e c t i o n s  of un- 
t reated  pavement ,   yel lowpainted  pavement ,   whi te-  
painted  pavement ,   "s tandard"  chip seal, f ine-grained 
"s tandard"   ch ip  seal, ch ip  seal wi th  a da rk  brown 
aggregate,  and a c h i p  seal wFth whi te   marb le  ag- 
g rega te .   P r io r  t o  p lac ing   the  5-cm (2411.)  thick 
a s p h a l t i c   c o n c r e t e  pavement, UOT/PF eng inee r s  
i n s t a l l e d   f o u r  2.5-cm (1-in.)  diameter PVC p i p e s  
h o r i z o n t a l l y   n e a r   t h e   t o p  of t he   base   cour se .  The 
pipes  extended beyond t h e  pavement on e a c h   s i d e  by 
about  0.6 m ( 2  ft). In t h e  l a te  summer, 15-cm 
(6- in . )   d iameter   cores  were removed from  the pave- 
ment  over  the WC pipes.  and two 6-mm ( 1 1 4 - i ~ )  
d iameter   bo les  were d r i l l ed   t h rough   t he   co res   f rom 
bottom t o  top. Two copper  and two cons t an tan  therm- 
ocouple wires were fed  through  the PVC pipe  from 
e a c h   c o r e   h o l e   t o   t h e   e d g e  of the  road. Two copper 
constantan  thermocouples were then   f ab r i ca t ed  
a t   e a c h   c o r e   h o l e  and a thermocouple was epoxied 
into each  hole ,  w i t h  leads  extending  from  the  bottom 
of the   co res .  The sensing t i p  of each  thermocouple 
vas approximately 3 mu (118 in.)   f rom  the  top of t h e  
core.  Warm l i q u i d   a s p h a l t  cement was poured on t h e  
exposed  base  course,  and the   co re   con ta in ing   t he  two 
thermocouples was pushed in to   t he   a spha l t   cemen t ,  
A d d i t i o n a l   l i q u i d   a s p h a l t  cement was poured   i n to   t he  
annulus  between  the  core  and  the  undisturbed pave- 
ment. 

ground or l a i d  on the  ground  surface  f rom  the  edge 
of  t h e  pavement t o   t h e  DOTfPF o f f i c e   b u i l d i n g  
(Figure  11,  where a da ta   co l l ec t ion   sys t em was 
loca ted .   Meteoro logica l   equipnent   cons is t ing  of 
radiometers   to   measure  incident   and  ref lected  short-  
wave radiation  and  incoming  and  emitted  longwave 
radiat ion,   equipment   to   measure wind speed and wind 
d i rec t ion ,   and   ha rdware   t o   measu re   p rec ip i t a t ion   and  
a i r  temperature  were loca ted   w i th in  a fenced area t o  
p reven t   veh ic l e s  from damaging the  equipment.  The 
meteorological   equipment  is  loca ted   approximate ly  
100 m (300 f t )  f rom  the test sect ions.   Output   f rom 
the  meteorological  equipment was t r ansmi t t ed  t o  t h e  

Thermocouple wires were bur i ed   benea th   t he  

d a t a   c o l l e c t i o n   s y s t e m  and o the r   r eco rde r s   t h rough  
ex tens ion  wires mounted on the  fence.  Measurements 
from a l l  o f  the   equipnent  commenced i n  March o r  
Apr i l  1982 and w i l l  cont inue   th rough  ear ly  summer 
1983. The da ta   co l l ec t ion   sys t em  r eco rded   t he   su r -  
face t empera tu res   and   r ad ia t ion   t o t a l s   hour ly   du r ing  
summer 1982. Average wind speed   and   d i rec t ion   were  
a l so   recorded   hour ly .  Between  1100  and  1300 h r   e a c h  
day  from  April  through  September  1982, a hand-held 
radiometer  was used t o  make ins t an taneous  measure- 
ments of i n c i d e n t  and r e f l e c t e d   s h o r t w a v e   r a d i a t i o n  
over   the  test s e c t i o n s .  The albedo of each   su r f ace  
was computed from these  measurements. 

F igu re  1. Each t e s t   s e c t i o n  was approximately 15.2 
m (50 Et) long by 5.9 m (16 ft) wide. The average 
d a i l y   t r a f f i c  on Peger Road du r ing  the 1982 summer 
was approximately 2200 veh ic l e s   pe r  day i n  each 
d i r e c t i o n .  The s p e e d   l i m i t  on Peger Road i s  ap- 
proximately 22 m/sec (50 mph), Gradations  and 
a s p h a l t   a p p l i c a t i o n   r a t e s   f o r   e a c h  of t h e   c h i p  seals 
are shown i n   T a b l e  1. D i f f e r e n t   l i q u i d   a s p h a l t  ap- 
p l i c a t i o n   r a t e s  rere n e c e s s a r y   t o   r e t a i n   t h e   v a r i o u s  
g rada t ions  of ch ips   p rope r ly .  

The layou t  of t h e   t e s t   s e c t i o n s  i s  shown in 

DATA ANALY S I S 

The mean and des ign  a i r  f r e e z i n g  and  thawing 
indexes   f rom  observa t ions   a t   the   Fa i rbanks   In te r -  
n a t i o n a l   A i r p o r t   ( p e r i o d  of  record  1950  through 
1979) are: 

Mean a i r  f r eez ing   i ndex  3200'C-days (5760'F-days) 
Design a i r   f r e e z i n g   i n d e x  3724'C-days (6704°F-days) 
Mean a i r  thawing  index 1844'C-days (3320°F-days) 
Design a i r  thawing  index  2104'Fdays  (3787'Fdays) 

The des ign   va lues   were   ca l cu la t ed  as the  aver- 
age   o f   the   th ree   ex t remes   in  the 30 yea r s  of record.  

Thawing indexes  from  the  Peger Road s i te  and 
the   Fa i rbanks   In t e rna t iona l   A i rpo r t   fo r   t he  1982 
thawing   season   a re  shown i n  Table  2.  Summer 1982 
was considerably warmer than  normal  and  the a i r  
thawing  index  measured a t  the   Pege r  Road s i t e  was 

TABLE 1 Grada t ions ,   co lo r s ,   and   a spha l t   app l i ca t ion  rates fo r   Pege r  Road 
ch ip  seals. 

Fairbanks S&G- Browns H i 1 1  White marble 
" 

E-chips C- ch ips  B-chips C- c h i p s  
Test s e c t i o n  1* 2* 3 4 
s i e v e   s i z e  % passing % passing X pass ing  % passing 

0.75" 100 100 
0.50" 100 100 
0.375" 93  51 
I4 25 2 

#ZOO 1 0 
/I a 7 1 

100 100 
53 100 
16 86 

4 2 
4 1 
1 0 

Color   l igh t   g ray   dark  brown whit  e 
Asphal t  
(ga l lyd2)  0.11" 0 *24* 0.43 0 * 3 1  
(L/m2) 0 e 5 0  1.09 1.95 1 a 4 0  

* Resealed on 26 August  1982 w i t h   a s p h a l t   a p p l i c a t i o n  rate of  1.58 L/m2 
(0.35 ga l /yd2)  and  C-chips. 
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TABLE 2 1982 thawing  indexes  and  n-factors,  Peger b a d  and 
Fa i rbanks   In te rna t iona l   Ai rpor t .  

Fairbanks S&G Browns H i l l  White  marble 
E-chips  C-chips  B-chips  C-chips 

Air Surface Surface Surf ace Surf  ace 
Month Index index n index n index n index n 

( OF-days) (OF-days) (OF-days) ('F-days) (OF-days) 

APr 59.9 198*1 3.31 165.4 2.76 151.4 2.53 133.6 2.23 
*Y 491.7 850.4 1.73 780.5 1.58 748.8 1.52 755.9 1.54 

Aug 758.9 1062.2 1.40 1048.3 1 e 3 8  1033.8 1.36 1077.8 1 e42 
SeP 464.8 607.5 1.31 599.7 1.29 618.4 1.33 638.3 1.37 
Oct 1.4 14.6 10.43 12.6 9.0 15.9 11.36 20.5 14.64 

Tota l  3575.4  5345.4  1.50  5143.9  1.44  5024.9  1.41  5169.4  1.45 
'C-days 1986.3  2969.7  2857.7  2791.6  2791.6 

S t a r t  23 Apr 12 kpr 12 Apr 13 Apr 13 Apr 
End 2 O C t  7 Oct 6 Oct 7 O c t  8 O c t  
Length 162 178 177 177 178 

Jun 851.0 1243.3 1.46 1191.7 1.40 1147.2 1.35 1182.8 1.39 
J u l  947.7 1369.3 1.44 1345.7 1.42 1309.4 1.38 1360.5 1.44 

n = sur face   index  + a i r  index 

White  paint  Yellow  paint Bare pavement Air index,  Fairbanks 
Month Index n Index n Index n I n t ' l  Airport  ~~ ~ 

(OF-days) ( 'F-day~) (OF-days) ('P-days) 

Apr 143.4 2.39 172.6 2.88 219.0 3.66 60 .O 
MY 764.8 1.56 796.5 1.62 859.6 1.75 458.8 

Aug 875.5 1.15 914.9 1.21 1092.8 1.44 762 -6  
SeP 533.3 1,15 547,4 1.18 640.5 1.38 519.0 
Oct 9.2 6.57 9.4 6.71 18.9 13.50 9 .o 

Jun 967.6 1.14 1047.5 1-23 1254.0 1-47 795.0 
J u l  1080.8 1 - 1 4  1152.1 1-22 1378.9 1.46 964.1 

Total 4374.6 1.22 4640.4  1.30  5463.7 1.52 3568 * 5  
OC-days 2430.3  2578.0  3035.4  1982.5 

S t a r t  15 Apr 12 Apr 12 Apr 23 Apr 
End 3 O C t  3 Oct 7 Oct 3 oct 
Length 171 174 I 178 163 

s l i g h t l y  warmer than a t  t h e   a i r p o r t ,  which is about 
3 law (2 mi) west of the  Peger Road test s i t e .  

Monthly and seasonal  n-factors,   determined 
from: 

n - surface  thawing  index i air  thawing index 

a r e  also shown i n  Table 2. 
The n-factor for the bare  pavement was 1.53; 

for the chip seals, n-factors   var ied from 1.41 t o  
1.50. Wfactors f o r  the white-painted  and  yellow- 
painted  pavements were 1.22 and 1.30, respec t ive ly .  
On the b a s i s  of d a t a  from a i r f i e l d  pavement s t u d i e s  
in   Fa i rbanks  and a t  Thule,  Greenland, the U.S. 
Departments of t h e  Army and t h e  Air Force (1966) 
relate summer n - f a c t o r s   t o   t h e  pavement type and 
average summer wind speed. The average wind speed 
measured beyond t h e  zone of t raff ic- induced t u r  
bulence  near  Peger Road was 0.7 mfsec (1.6 mph) for  
t h e  1982 summer. For   an   asphal t ic   concre te  pave- 
ment, an n-factor of about 2.8 is obtained  from the 
abave  reference. 

Air and  pavement surface  temperatures  have 
recently  been  measured a t  s e v e r a l  arctic and sub- 
a rc t i c   l oca t ions .   Tab le  3 contains   n-factors   that  
were determined  fram  data  gathered  from  asphalttc 
concrete  pavements.  In general, a i r f i e l d  pavements 
and t e s t  s e c t i o n s  e x h i b i t  t h e  highest   n-factors  and 
roadway pavements  the  lowest. The n-factors  com- 
puted for Peger Road were s ign i f i can t ly   l ower   t han  
those   ca lcu la ted  for other  roadway sur faces .  

A i r f i e l d s  and t e s t   s e c t i o n s  do not   receive as 
much t r a f f i c   t o   i n d u c e  air turbulence as do roadway 
surfaces .  A t  the l o c a t i o n  where  surface  tempera- 
t u r e s  were measured on  the  Richardson Highway, ap- 
proximately 700 vehic les   per   day   use  the road. Ap- 
proximately 4400 vehicles   per  day  use Peger Road. 
It is u n l i k e l y   t h a t   e i t h e r   t h e  Kotzebue or   Inuvik  
a i r p o r t s  have more than 100 a i r c r a f t  movements per 
day and probably fewer than 10 vehicles   per   day  use 
the a i r f i e l d  or roadway test  sect ions.  These d a t a  
imply that   turbulence  induced by v e h i c u l a r   t r a f f i c  
is an  important  influence on the  n-factor  of  an 
a spha l t i c   conc re t e  pavement.  In  addition,  vehicular 
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TABLE 3 Summer n - fac to r s  f o r  a spha l t   conc re t e   pavemen t s   i n  arct ic  and 
subarctic  environments.  

Per iod of Type of n-factors  
Loca t ion   Re fe rence   r eco rd   (y r s )   f ac i l i t y   Gnge   Average  

Fairbanks 
Fairbanks 
Fairbanks 
Fairbanks 
Inuvik 
Kotzebue 
Ko t ze  bue 
Farmers 

Parks  Hwy 
Richardson 

LO op 

Berg & Aitken (1973) 
Berg & Altken (1973) 
Berg b Aitken (1973) 
Lundardini (1978) 
Johns ton  (1981) 
Esch & Rhode (1976) 
Eech & Rhode (1976) 
DOTIPF d a t a  

DOTIPF d a t a  
DOTIFF d a t a  

1 
1 
1 
1 
5 
2 
2 
4 

5 
2 

AT1 2.11-2.26 
BT2 1.72-1 -96 
RT --- 
AT 1.40-2.13 
A4 1.70-1.89 
A 1.49-1.72 
A 1.66-2.00 
B' 1.52-1.64 

R 1.59-1.86 
R 1.58-1.66 

2.19 
1.84 
0.98 
1.92 

1 ,605 
1.846 
1.56 

1.70 
1.62 

1.79 

A i r f i e l d   t e s t   s e c t i o n s  
Roadway test s e c t i o n s  
White pa in t ed  pavement 
A i r f i e l d  
30 cm (12 in . )  below  pavement s u r f a c e  
I n s u l a t e d  pavement 
Roadway 

TABLE 4 Average  monthly  measurements of a lbedo of t e s t   s e c t i o n s   ( a l b e d o  
values   expressed  as  a percentage  of   incident   shortwave  radiat ion) .  

Browns White 
- 

Fairbanks S&G Hill marble 
E- C- B- C- White  Yellow Bare 

Month c h i p s   c h i p s   c h i p s   c h i p s   p a i n t   p a i n t  pavement 

Apr* 16  17  17  24 24 28 
May 11 13  13  17 20 19 
Jun 10 12  14  15 45 1 41 15 
5 3 .  8 9 9 11 45 38 13 
Aug lZ3 114 12 14 46 44 
Sep 17 18 19  19 45  42 11 135 

Avg 12  13 14 17 38 35 ' 13 

" 

" 

* Days 12-30 only 
- 

Repainted  af ternoon 8 June (23 on 1-8 June) 
Repainted  af ternoon 8 June (22 on 1-8 June) 
A d d i t i o n a l   l i q u i d   a s p h a l t  and  C-chips  added on 26 August (13  on 1-26 

A d d i t i o n a l   l i q u i d   a s p h a l t  and  C-chips  added  on 26 August ( 1 1  on 1-26 
August) 
Radiometers removed on 24 September 
45% a f t e r  8 June 
41% a f t e r  8 June 

August) 

t r a f f i c  may i n d i r e c t l y   c a u s e   t h e  pavement to   abso rb  
less s o l a r   r a d i a t i o n  by wear ing ,   t he   b l ack   a spha l t i c  
concre te   coa t ing   of f  a l a r g e r   p o r t i o n  of t h e  
genera l ly   l igh ter -co lored   aggrega te .  

Berg and Aitken (1973) repor ted   tha t   the   a lbedo  
o f   t h e   a s p h a l t i c   c o n c r e t e  test a e c t i o n s  was 16%. A t  
Peger Road the  albedo  averaged 13% (Table  4 )  on t h e  
b a r e  pavement; t h e r e f o r e  we conclude   tha t   the   sur -  
face  a lbedo  did  not   cause  the  lower  temperatures  ob- 
served on Peger Road. Turbulence  caused by passing 
v e h i c l e s  seems t o  be   the   mos t   log ica l   explana t ion .  

Since  increased  turbulence  causes   increased  convec-  
t i v e   h e a t  loss, lower   surface  temperatures   resul t .  
Lunardini  (1981) a l s o   i n d i c a t e s   t h a t   i n c r e a s e d  aver- 
age summer wind speeds  cause  reduced  surface  thawing 
indexes.  

s e c t i o n  on Peger Road r e s u l t e d  i n  an  n-factor  o f  
1.22 fo r   t he   s eason .  Berg  and  Aitken (1973) re- 
por ted   an   n - fac tor  of 0.98 and an  albedo  of 66% f a r  
the  white-painted test s e c t i o n   i n   t h e i r   s t u d y .  The 
albedo f o r  t h e   w h i t e p a i n t e d  test s e c t i o n  on Peger 

Surface  temperatures  on the white-painted tes t  
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Road averaged 38% €or the ent i re   thawing  season  and 
45% a f t e r   t h e  test s e c t i o n  was repa in t ed  on 8 June 
(Table 4 ) .  The most  probable  cause of the  reduced 
albedo on Peger Road was degrada t ion  of t h e   p a i n t  
c o a t i n g   d u e   t o   t r a f f i c .  

r e f l e c t e d   n e a r l y   a s  much r a d i a t i o n  as the   white  
pa in t .  The albedo  averaged 35% f o r   t h e   e n t i r e  
summer and 41% a f t e r  i t  was repa in t ed  on 8 June. 
The n- fac tor   for   the   ye l low-pain ted  test s e c t i o n  was 
1 .30 ,   on ly   s l igh t ly   l a rger   than   tha t   for   the   whi te -  
pa in t ed   s ec t ion .  

None of t h e   c h i p  seals reduced   the   sur face  
temperatures  as much as the   whi te   o r   ye l low  pa in t .  
The Browns H i l l  B-chips  were  most e f f e c t i v e .  They 
were a l s o   t h e   l a r g e s t  and  were  appl ied  with  the 
h i g h e s t   a p p l i c a t i o n  ra te  of a spha l t .  The Fairbanks 
S&G and the  white   marble   C-chips   resul ted  in   about  
t h e  same n-factor ,  The wh i t e   marb le   ch ips   f r ac tu red  
due t o   t r a f f i c   l o a d i n g s ,  Had they  remained  intact  
they  probably would have  been more e f f e c t i v e   t h a n  
the   da rk  or colored  chips .  The Fairbanks S&G E- 
c h i p s  were t h e   l e a s t   e f f e c t i v e   c h i p  seal. The ap- 
p l i c a t i o n  rate of a s p h a l t   i n  1981 was i n a d e q u a t e   t o  
p rope r ly  bond the   Fa i rbanks  S&G E-chips t o   t h e   p a v e  
ruent; approximately  one-half of t h e   c h i p s  were l o s t ,  
exposing  the  bonding  layer  of a s p h a l t  and  lowering 
the  albedo.  White  and  yellow  paints  were  applied 
twice t o   t h e  roadway; each  coat  was approximately 
0.2 mm (0.01 in . )   th ick .  Annual r e p a i n t i n g  would b e  
necessa ry   t o   p rov ide   cons i s t en t   cove rage   o f  road- 
ways. Pa in t ing   should  be comple t ed   ea r ly   i n   t he  
thawing  season to avoid damage by studded tires. 

The ye l low-pa in ted   t e s t   s ec t ion  on Peger Road 

CONCLUSIONS 

In t h i s   s t u d y ,   w h i t e   o r   y e l l o w   p a i n t   a p p l i e d   t o  
t h e  pavement sur face   reduced   sur face   t empera tures  
and  n-factors more than  any of t h e   c h i p  seals. 

Berg  and  Aitken  (1973)  indicates  that   painted treat- 
ments may be more e f f e c t i v e   o n   a i r f i e l d   p a v e m e n t s  
where  the volume of t r a f f i c  is inadequate   to   cause  
rap id   degrada t ion   of   the   pa in t .   Ai r f ie ld   pavements  
may r e q u i r e   r e p a i n t i n g  once  every 5 yea r s  or more, 
bu t  roadways will probab ly   r equ i r e   r epa in t ing   eve ry  
yea r ,  due pr imar i ly   to   removal   o f   pa in t  by studded 
tires. A s p h a l t i c   c o n c r e t e   a i r f i e l d  pavements  prob- 
ably  remain  "blacker"   due  to  less t i r e  ab ras ion  
removing the   a spha l t   coa t ing   f rom the aggregate .  

The  da ta   ob ta ined  at  Peger Road and a t   o t h e r  
arctic and s u b a r c t i c  sites i n d i c a t e   t h a t   t r a f f i c -  
induced a l r   tu rbulence   appears   to   reduce   thawing  
season   n - f ac to r s ,  i .e.  the   numer ica l   va lue  of t h e  
n- fac tor   decreases   wi th   increased  amount  of t r a f f i c ,  

Comparing t h e s e   r e s u l t s   w i t h   t h o s e   r e p o r t e d  by 
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WEICHSELIAN PINGO REMNANTS (7 )  IN  THE  EASTERN PART OF THE NETHERLANDS 

S. Bijlsma* 

Soil  Survey  Institute  and  State  Geological  Survey, 
P.O. Box 98, 6700 AB Waqeningen,  Netherlands 

Three  depressions  with  depths  ranging  from 4 to 19 m were  investigated. It was 
determined  that  they  are  most  probably  pinqo  remnants.  The  pingos  formed  in  fluvial 
sediments,  perhaps  between  circa 29,000 and 23,000 years BP. Before  circa 23,000 
years  BP.  no  surface  expression  of  the  pingos was present. It is  assumed  that  a 
buried  ice  core  remained  and  was  covered  by  eolian  and  fluvial  deposits.  Circa 
12,000 years  BP  the  buried  ice  core  melted  and  the  overlying  material  subsided  to 
form water-filled  depressions,  that  subsequently  filled  with  organic  matter.  The 
pingo  remnants  have  no  ramparts. 

*Deceased 

INTRODUCTION 

Closed  topographic  depressions  interpreted  as 
pingo  remnants  are common in  the till covered  area 
of the  northern  part of the  Netherlands  (Fiqure 1) 
and  were  first  described by Maarleveld  and  Van  den 
Toorn (1955). A recent  summary of the  investiga- 
tions of these  pingo  remnants  is  given by De Gans 
and Soh1 (1981) and  by De Gans (1982). 

A few  pingo  remnants  have  been  described  from 
other  parts of  the  Netherlands  (Maarleveld 1976, 
Bisschops 1973). 

sions  in  the  eastern  part  of  the  Netherlands  that 
can  be  interpreted as pinqo  remnants. 

The  purpose  of  this  paper  is to describe  depres- 

GEOLOGICAL  FRAMEWORK 
4 

The  eastern  part of the  Netherlands  was  covered 
by  ice  during  the  penultimate  glacial,  the  Saalian. 
The  ice  left  a  landscape of ice-pushed  ridges, 
basins, and almost  level  plains  with  till  and  gla- 
ciofluvial  deposits. fn the  last  glacial,  the 
Weichselian  (Table 11, the  glaciers  did  not  reach 
the  Netherlands:  this  time  periglacial  conditions 
existed. 

small  rivers laid down  deposits of sand  interca- 
lated  with loam and  peat.  Layers of fine  sand  and 
loam  are  particularly  cormnon i n  the  upper  part of 
the  deposits.  These  fluvial  deposits  are  called 
(niveo-)fluviatile  by  Van  der  Hammen  et  al. (1967). 
and  fluvioperiglacial  deposits  (which  include  flu- 
vial  and lake deposits)  by  Zagwijn  and  Paepe 
(1968). Fluvioperiglacial  deposits  occur  in  the 
fieldwork  area  [Figure 1) in  all  the  lower  areas 
between  the  ice-pushed  ridges.  Palynological 
stuaies  (Van  der  Hammen  et a l .  1967, Zagwijn 1974, 
D e  Gans  and  Cleveringa 1981) indicate  a  severe 
climate,  with some warmer  interstadial  intervals 
(Table 1) during  the  deposition of the  fluvio- 
periglacial  deposits.  It  seems  probable  that 
during  the  Early  and  Middle  Pleniglacial  there was 
permafrost  in  areas  not  occupied  by  rivers. 

posited  over  nearly  the  whole  fieldwork  area. 

In the  Early  and  Middle  Pleniglacial  (Table l), 

In the  Late  Pleniqlacial  eolian sands were  de- 

These  fine gr .ained  sands with  thin  layers of loam 
are  called  Older  Coversand I. 

ningen  Complex.  The  basal  part of the  Beuningen 
Complex  is  an  arctic  soil  developed  in  cryotur- 
bated  Older  Coversand I (Van der  Hammen  et  al. 
1967). This  soil  is  often  overlain  with  a  layer of 
coarser  (fluvial ?) deposits  with  large  ice-wedge 
casts  (Maarleveld 1976, Kolstrup 1980). The upper- 
most  part of the  Beuningen Complex is  a  thin 
eolized  pebble  band  called  the  Beuningen  Gravel 
Bed. 

Overlying  the  Older  Coversand I is  the  Beu- 

TABLE 1 Stratigraphy  of  the  Weichselian. 

Early I I  
I I 

E E M I A N  
S A A L I A N  

62 
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FIELD WORK 

Closed  topographic  depressions  are  indicated  on 
the  Geomorphological  map  of  the  Netherlands.  scale 
1:50,000. This  map  also  gives  information  on  their 
surface'form  and  present  depth.  From  this  map  de- 
pressions  were  selected  for  preliminary  field  study. 
As the  purpose of the  survey  was  to  identify  pingo 
remnants,  depressions  had  to  be  circular  or  oval 
and  more  than 2 m deep  (De  Gans 1982). The  accessi- 
bility  of  the  depression  and  the  thickness of the 
organic  infill  determined  whether it was  selected 
for  a  more  detailed  investigation. 

The  described  depressions  are  in  almost  flat 
plains  that  were  originally  covered  with  Holocene 
peat.  The  peat was dug  out  for  fuel  in  the  last 
centuries  and  after  it  had  been  removed,  organic 
sediments  only  remained  in  the  lowest  parts  of  the 
terrain,  usually  former  lakes. 

Detailed  cross  sections  were  made of the  depres- 
sions  and  their  surroundings.  The  lithostratigraphy 
was  established  by  means of hand  drilling  equipment. 
Stratigraphic  units  were  identified  and  correlated 
using  litholoqical  properties  such  as  grain  size, 
loam  content  and  the  presence  or  absence  of  gravel.. 
The soil of  the  Beuningen Complex, an  important 
marker  horizon,  is  not  identifiable  but  the  over- 
lying  coarse  sands  and  the  gravel  bed  are  usually 
recognizable  in  borings. 

Depression A (Nieuwe  Veen, 6°40'00"E-52033'49"N, 
see  Figure 1) is  nearly  circular  with a diameter of 
350 m  and  an  infill of organic  material  of 19 m 
thick  (Figure 2 ) .  In all 45 barinqs  were  made  to 
study  the  depression  and  the  surrounding  area.  The 
depression  formed  in  fluvioperiglacial  deposits 
consisting o f  fine  sands,  alternating  with  layers 
of silt,  probably  lake  deposits.  These  deposits  are 
more  than 4 m thick  and  the  base  was  not  reached  by 
the  borings.  No  rampart i s  present.  Because of its 
depth  the  inorganic  infill in the  deeper  parts 
could  not be studied.  An  infill  with  Older  Cover- 
sand I, deposits of the  Beuninqen  Complex,  and 
Older  Coversand I1 were  found on the  sides  of  the 
depression.  The  lithology  and  thickness  of  these 
deposits  seem  to  be  the same as  those  in  the  sur- 
rounding  area. 

organic  infil.1  in  the  depression.  Outside  the  de- 
pression  the  Younger  Coversand  is  well  developed. 
The  beginning o f  organic  sedimentation  is  dated  as 
Earlier  Dryas  Stadia1  (pollen  zone IC, Table 1, 
Figure 5 ) .  

Figure 1) has  an  oval  shape  with  a  short  axis of 
320 m  and  a  long  axis  of 430 m. Its  depth, includ- 
ing  the  inorganic  infill, is 4 m (Figure 3 ) .  61 Bo- 
rings  were  made  to  study  this  depression.  The  de- 
pression  cuts  through  fluvioperiglacial  deposits 
but  not  through  the  underlying  till. 

The  fluvioperiglacial  deposits  are  coarse  grain- 
ed at the  base.  The  uppermast  part of these  depos- 
its  in  the  area  surrounding  the  depression  are  very 
fine  sands  with  thin  silt  Layers  that  are  sometimes 
peaty.  They  are  interpreted as Lake  deposits. 

sent  in  the  depression  as  well as gravelly  sands 
interpreted  as  a  part  of  the  Beuningen  Complex. 
Older Coversand,II is Vel1  developed  in  the  sur- 
rounding  area  but  is  very  thin  in  the  depression. 
The  beginning of organic  Sedimentation  is  dated  as 

Some  Younger  Coversand  is  intercalated  with  the 

Depression B (Mokkelengoor, 6°36r00"E-52019'20rrN, 

No rampart  was  found.  Older  Coversand I i s  pse- 

H P R E - W E I C H S E L I A N   F L U V I A L  DEPOSITS 

m I C E - P U S H E O  R I D G E S  

=TILL.   OFTEN  COVERED BY 
EOLIAN  OEPOSITS 

WElCHSELlAN  FLUVIAL  DEPOSITS 

OWEICHSELIAN  FLUVIOFERIGLACIAL 
AND  EOLIAN DEPOSITS 

LOESS 

0 PINGO  REMNANT 

I"' STUDY  AREA 
1, - I 

HOLOCENE DEPOSITS 

FIGURE 1 Generalized  geological  map of the  Nether- 
lands  showing  the  location o f  the  investigated  pin- 
go  xemnants  and  other  pingo  remnants  described  in 
the  literature. 

overlying  the  Beuningen  Complex,  eolian  deposits 
of  Older  Coversand I1 (with  the  same  lithology as 
the  Older  Coversand I) are  found. 

In the  Late  Weichselian  the  so-called  Younger 
Coversands  were  deposited.  They  are  coarser  than 
the  Older  Coversands  and  often  contain  some  fine 
gravel. Loam layers  are  absent. In contrast to the 
Older  Coversands,  accumulation of the  Younger  Cov- 
ersands  often  took  place  in  the  form  of  dunes. 
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FIGURE 2 Depression A .  Upper  part:  shape of the 
depression,  location of the  borinqs  and  the  cross 
section.  Lower  part: cross section. 

Earlier  Dryas  Stadia1  (pollen  zone IC, Table 1, 
Figure 5). 

Depression C (Marienvelde, 6°28'00"E-52001'00"N, 
Figure 1) is  nearly  circular  with a diameter of 275 
m and  a  depth,  including the inorganic  infill, o f  8 
rn (Figure 4 ) .  39 Borinqs  were  made to study  this 
depression  and  the  surrounding  area.  The  depression 
i s  formed in  fluvioperiglacial  deposits  consisting 
of fine  grained  sands. In most of the  borings  out- 
side  the  depression,  the  uppermost  layer  is  com- 
posed of very  fine  sand or  silt,  that  can  probably 

/' . * *  
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FIGURE 3 Depression B. Upper  part:  shape of  the 
depression,  location of the  borings  and the cross 
section. Lower part:  cross  section. For legend  see 
Figure 2 .  
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FIGURE 4 Depression C .  Upper  part:  shape of the 
depression,  location o f  the  borinqs  and  the  cross 
section. Lower part:  cross  section.  For  legend see 
Figure 2 .  
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FIGURE 5 Pollen  diagrams. 

be  interpreted  as  lake  deposits. 
The  depression  has  no  rampart. In the  depression, 
Older  Coversand I, a thin  gravel  layer  interpreted 
as  a  part  of  the  Beuningen  Complex,  and  Older  Cov- 
ersand I1 are  found.  The  lithology  and  thickness of 
these  layers  do  not  differ  from  those  of  the  cor- 
responding  layers  in  the  surrounding  area.  The 
Younger  Coversands  are  very  thin  in  the  depression 
but are  well  developed  in  the  surrounding  area.  The 
beginning of the  organic  sedimentation  can  be  dated 
a5  Earlier  Dryas  Stadia1  (pollen  zone IC, Table I, 
Figure 5). 

DISCUSSION 

Oriyin 

The  three  depressions  have so much  in  common 
that  their  origins  do not need to be  discussed  sep- 
arately.  Although  they  differ  in  diameter  and 
depth,  they  all  formed  as  nearly  circular  depres- 
sions in  fluvial  deposits.  Late  Pleniglacial  depos- 
its  are  present  in  all  the  depressions  but  they  do 
not  fill  them.  The  beginning of organic  sedimenta- 
tion is roughly  synchronous  and  starts  circa 12,000 
years BP. 

It is  often  very  difficult  to  identify  pingo 
remnants  with  certainty  (Flemal 1976). According  to 

Flemal,  pingo  remnants  are  circular  to  oval  ram- 
parted ox non-ramparted forms, with  diameters  rang- 
ing  from  a  few  tens to  a few  hundreds o f  meters. 
For  areas  without  permafrost  it  must be proved  that 
the  depression  formed  in  a  period  in  which  perma- 
frost  might  have  existed,  i.e.  in  a  glacial  period- 

Their  circular  form  and  the  pollen  data  from  the 
basal  sections of the  organic  infill  suggest  that 
the  depressions  described  above  may  be  pingo  rem- 
nants * 

Flemal (1976) lists five  possible  mechanisms 
that  can  produce  forms  resembling  pingo  remnants: 
glacial,  thermokarst,  karst,  eolian  and  anthropo- 
genic  processes. 

Although  the  investigated  area  was  covered  by 
glacier  ice  in  the  Saalian,  a  glacial  origin  can  be 
dismissed.  Such  depressions  would  have  been  filled 
with  Eemian  and  Early  Weichselian  deposits,  and  not 
solely  with  Middle  and  Late  Weichselian  deposits. 

* A S  no  soluble  material  underlies  the  depressions 
a  karst  origin is impossible.  Anthropogenic  pro- 
cesses  are  very  unlikely, as pollen  data  from  the 
organic  infill  indicate  that  deposition  began  dur- 
ing  the  Late  Weichselian.  Eolian  processes  can  pro- 
duce  nearly  circular  ramparted  or  non-ramparted  de- 
pressions  that  can  reach  the  same  dimensions as the 
described  depressions,  but  are  usually  less  than 2 
m  deep  (De  Gans  and  Soh1 1981). An eolian  origin  is 
therefore  unlikely. 

Thermokarst  processes  include  the  differential 
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meltinq of  ma ssive  segregated  ice  (pingos,  palsas, 
ice  wedges or massive  tabular  sheet  ice) or dis- 
persed  ice.  It i s  difficult  to  envisage  large  bowl- 
shaped  depressions  being  formed  by  differential 
melting  of  even  large  complex  ice  wedges,  massive 
tabular  ice  sheets  or  dispersed  ice,  as  for  this 
the  bodies of ice  would  have  to  have  been  nearly 
circular.  Palsas  are  unlikely  to  have  fossilized, 
as  their  structure  is  such  that  the  former  surface 
will  be  restored  after  melting  (Lundqvist  1969). 
Although  some  other  modes  of  origin  cannot  be  ig- 
nored,  the  most  likely  explanation of the  origin  of 
the  depressions  is  the  presence of a  large  circular 
ice  body  that  uplifted  the  overlying  deposits.  Part 
of these  deposits  was  subsequently  removed  by  ero- 
sion,  and  after  the  ice  melted,  a  depression  re- 
mained.  This  process  very  closely  resembles  the 
formation  of  pingos  and  pingo  remnants  as  described 
by  numerous  authors  (e.9.  Mackay 1979) , so an  ori- 
gin as a  pingo  remnant  is  assumed. 

If the  depressions  are  interpreted  as  being 
pingo  remnants,  the  absence of ramparts  must  be  ex- 
plained.  Ramparts  are  formed  during  pingo  growth 
and  the  early  stage  of  decay  by  creep,  mass  move- 
ment,  and  surface  wash  from  the  uplifted  overburden 
(Mackay 1979). The  overburden  consisted of fine 
sands  with  some  silt  layers.  Because  it i s  elevated, 
the  surface  of  a  pingo  is  better  drained  than  the 
surroundings  and  it  seems  quite  plausible  that  part 
of the  overburden  could  be  removed  by  deflation. 
The  remaining  part  of  the  overburden is probably 
present  in  and  around  the  depression  but  because 
no  lithological  differences  exist  it  cannot  be 
identified  in  borings. 

Age  of  Formation  and  Decay 

As the  supposed  pingo  remnants  form  depressions 
in  fluvioperiglacial  deposits  it  can  be  inferred 
that  the  pingos  formed  either  in a late  stage of, 
or  after  the  deposition of these  deposits.  From  the 
radiocarbon  data  available  in  the  Netherlands  and 
Belgium.  Kolstrup (1980) indicates  an  age  between 
28,000 and 27,000 years BP for  the  uppermost  flu- 
vioperiglacial  deposits.  Most of the  fluvial  acti- 
vity  then  ceased,  probably  because  the  climate 
changed  to  drier  and  colder  conditions  (Wijmstra 
and  Van  der  Banmen 1971) after  the  Denekamp  Inter- 
stadial,  about 29,000 years BP. It  may  be  imagined 
that  after  the  fluvial  activity  ceased,  permafrost 
developed  in  the  alluvial  plains  (De  Gans 1982). 
Pingos  probably  formed  on  the  sites of residual 
ponds  (French  and  Dutkiewicz 1976, Mackay 1979), or 
where  ponds  formed  in  thaw  depressions  (Czudek  and 
Demek 1970). In the  areas  surrounding  the  pingo 
remnants  lake  deposits  were  found  in  the  uppermost 
part  of  the  fluvial  deposits.  Thus it is  thought 
that  the  pingos  formed  after 29,000 years BP, but 
there is no  good  evidence  that  they  did  not form 
earlier. 

calation  with  Younger  Coversand  show  that  the  ice 
cores  melted  completely  after  the  onset of the  Late 
Weichselian,  at  circa 12,000 years BP. Water-filled 
depressions  were  formed.  Over  time  these  became  in- 
filled  with  organic  matter. 

As. especially  in  the  depressions A and C ,  the 
development  of  the  Older  Coversand 1 and  IT  and of 
the  deposits of the  Beuningen  Complex  found  in  the 
depressions is simular to that  of  the  corresponding 

Both  the  age o f  the  organic  fill  and  its  inter- 

deposits  in  the  surrounding  areas,  it  seems  that 
neither  a  hill  nor  a  depression  was  present  during 
their  deposition.  A  high  hill  would  have  prevented 
deposition,  a  depression  would  probably  have  been 
filled  completely,  resulting  in  the  deposits  being 
thicker  than  in  the  surrounding  areas. If this 
interpretation  is  correct  it  would  mean  that  during 
at  least  the  later  part of the  sedimentation  of 
Older  Coversand I, the  pingos  had  already  been 
partly  destroyed.  The  Older  Covereand I was  depos- 
ited  between 27,000 and  circa 23,000 years  BP 
(Kolstrup  1980).  Pingo  formation  may  thus  have 
occurred  between  circa 29,000 and 23,000 years  BP. 
Partial  melting  of  the  ice  core so that  the  pingo 
became  almost  Level  with  the  surface  must  then 
tentatively  be  assumed to explain  the  development 
of  the  inorganic  fill. 

Van  der  Hammen  et  al. (1967) assume  that  polar 
desert  conditions  existed  in  the  Netherlands  during 
the  period  from  circa 27,000 to 13,000 years  BP. 
Organic  deposits  are  extremely  scarce  in  sediments 
from  this  period.  Together  with  the  widespread  oc- 
currence o f  eolian  deposits,  this  points  to  the ab- 
sence of a closed  vegetation  cover. Under these 
conditions  deflation  would  have  been  important  in 
any  dry,  finegrained  sediment.  It  can  be  expected 
that  because  of  their  elevation  the  pingo  skins 
were  well  drained, so if  they  consisted of fine 
grained  sand,  deflation  would  have  been  easy. 

Partial  removal of the  overburden  e.g.  by  de- 
flation  of  the  upper  part of the  active  layer,  may 
cause  the  active  layer  to  reach  the  ice  core.  The 
upper  part  of  the  ice  core  then  melts. The melt- 
water  can  drain  through  the  active  layer  or  over 
the  surface.  The  excess  of  moisture  in  the  active 
layer  may  slow  down  or  even  stop  deflation.  This 
process  may  continue  until  an  almost  level  surface 
is  reached. Older Coversand I could  then  be  depos- 
ited  over  the  remaining  overburden  and  the  increas- 
ing  thickness  of  the  covering  material  could  pre- 
vent  the  active  layer  from  reaching  the  remaining 
ice  core. 

CONCLUSIONS 

The  depressions  described  may  be  pingo  remnants, 
although  they  have  no  ramparts.  They  are  all  near- 
ly  circular  crater-like  depressions  formed  in  flu- 
vial  deposits.  They  seem  to  have  been  formed  in  al- 
luvial  plains  at a time of reduced  discharge,  when 
permafrost  developed  in  the  alluvial  plains. It is 
not  possible to date  the  pingo  growth  precisely:  it 
occurred  probably  between 29,000 and  circa 23,000 
years  BP.  From  the  lithology  and  thickness  of  the 
inorganic  fill,  compared  with  those  of  the  same se- 
diments  in  the  areas  surrounding  the  pingo  remnants 
it  is  tentatively  concluded  that  before  circa 
23,000 years  BP  no  surface  expression  of  the  pingos 
existed  any  more,  but  buried  ice  cores  remained. 
These  were  covered  with  eolian  and  fluvial  sedi- 
ments.  From  the  dating  of  the  lowest  parts o f  the 
organic  fill  the  final  melting  of  the  ice  core  can 
be  put  at  circa 12,000 years BP. Subsequently,  the 
deposits  covering  the  ice  core  subsided  and  water- 
filled  depressions  were  formed.  These  depressions 
were  filled  with  lake  deposits  and  peat  in  the  Late 
Weichselian  and  the  Holocene. 
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THREE SUPERPOSED SYSTEMS OF I C E  WEDGES AT MCLEOD POINT, NORTHERN 
ALASKA, MAY SPAN  MOST OF THE WISCONSINAN STAGE AND HOLOCENE 

Robert F. Black 
Department of Geology  and  Geophysics,  University of 

Connecticut,   Storrs,   Connecticut 06268 USA 

Actively  growing,  surface  ice wedges up t o  9711 wide in  primary,  secondary,  and 
tertiary  polygons  began  growing by about  12,000  years B.P. a t  McLeod P o i n t ,  120 
km southeast  of Barrow, northern  Alaska.  Below the   su r f ace  wedges two 
superposed,  buried  systems of i n a c t i v e   i c e  wedges in  primary,  secondary, and 
t e r t i a ry   po lygons  were  both  truncated by separate  episodes of deep  thaw. The 
younger  episode  clearly  resulted  from a thaw-lake  cycle. The o lder  i s  
a t t r i b u t e d   t o  a thaw-lake  cycle,  but  available  evidence i s  less d e f i n i t i v e .  The 
two buried  systems  of  truncated ice wedges are i n   d e p o s i t s   t h a t  are separated by 
an  organic  horizon  that   is   >40,000  radiocarbon  years B.P. By analogy and 
correlat ion  with  the  major   events   in   the  Quaternary  his tory of northern  Alaska,  
it i s  i n fe r r ed   t ha t   t he   t h ree   sys t ems  of i c e  wedges  and associated  sediments may 
span most o f  t h e  Wisconsinan  Stage and Holocene. 

INTRODUCTION 

McLeod Poin t ,  120 km southeast  of Barrow, 
nor thern   Alaska ,   i s  a 7 . 2 3  bluf f  of fine-grained 
sediments and ground i c e   f r o n t i n g  on the  Beaufort  
Sea.  In  1981  the  bluff  revealed a system of 
actively-growing,  massive,  surface  ice wedges ( i n  
u n i t  111) over ly ing   the   t runca ted   roo ts  of two 
buried,  superposed  systems of i nac t ive   i ce  wedges 
i n  depos i t s  o f  u n i t s  I and I1 (Figure 1). An 
unconformi ty   loca l ly   r ich   in   f ine ly  comminuted 
organic   mat te r   separa ted   un i t s  I and 11. 

At l e a s t  one thaw-lake  cycle  (Britton  1967, 
Black  1969,  Sellmann e t   a l .  1975)  of l a t e  
Wisconsinan  age  has  modified  the  sediments,  ice 
conten t ,  and  chemistry of t h e  younger  deposits and 
truncated  the  upper  system of  bur ied   i ce  wedges. 
Another  thaw-lake  cycle,   or  less  l ikely a marine 
t ransgress ion ,   t runca ted   the   i ce  wedges  of the  
lowest   uni t .  

Measurements on a i rphotos   t aken   in  1948 show 

t h a t   t h e   b l u f f   r e t r e a t e d  230 m on t h e  west s i d e  
and 420 n on the   ea s t   s ide   du r ing   t he   i n t e rva l  
1948/1981, or  10-18 in per  year.  Hence,  the  ice 
wedges s tudied   in  1949/1950  (Black  1974)  were 
destroyed. However, the  small  geomorphic 
entity--an  old  upland--in  which  the wedges were 
exposed i s  s t i l l  represented  today. 

to   co l lec t   mater ia l   for   rad iocarbon  da t ing   in  
order   to   determine when t he   l a rge ,   su r f ace   i ce  
wedges i n   u n i t  111 began t o  grow, and a l s o ,   i f  
possible ,   the   ages  of the   o lder   bur ied   i ce  wedges. 
The rad iocarbon  da t ing   ind ica tes   tha t   the   l a rge ,  
su r f ace   i ce  wedges of un i t  I11 began t o  grow about 
12,000 B.P. The lower  system of buried wedges is 
beyond t h e  age of radiocarbon  dating. By analogy 
and inference from the  Quaternary  his tory of 
northern  Alaska  the  three  systems of i c e  wedges 
may span most of the  Wisconsinan  Stage and 
Holocene . 

The main  purpose of t he   f i e ld   s tudy   i n  1981 was 

FIGURE 1 Composite  diagrammatic  sketch of p a r t  of t h e   b l u f f   a t  McLeod Poin t ,  showing t h e   t h r e e   u n i t s   i n  
which separate  systems of  i c e  wedges appear. The boundary  between u n i t s  I and I1 i s  a dashed l i n e  
representing  an  unconformity  with  f inely comminuted organic  matter.  The boundary  between u n i t s  I1 and I11 
i s  t h e  lowermost  broken i r r egu la r   l i ne   r ep resen t ing   pea t  above t h e   i c e  wedges i n   u n i t  11. 
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STRATIGRAPHY 

Black  (1964, p .  68-69) c h a r a c t e r i z e d   t h e  
l o w e r m o s t   s e d i m e n t s   i n   t h e   g e n e r a l   a r e a   a s   m a r i n e  
s i l t y   c l a y s   a n d   c l a y e y  s i l t s  w i t h   l e s s   t h a n   1 0 %  
v e r y   f i n e   s a n d   a n d   c o r r e l a t e d   t h e m   w i t h   t h e   S k u l l  
C l i f f   u n i t   o f   t h e   G u b i k   F o r m a t i o n  of P l e i s t o c e n e  
age .   Organic   mat te r   makes  up 6-82 o f   t h e  t o t a l  
w e i g h t   a n d   i n c r e a s e s   i n   t h e   u p p e r   p a r t   o f   t h e  
b a n k .   T h e   s e d i m e n t s   a r e   g e n e r a l l y   d a r k   g r a y   t o  
b l a c k ,   g r e e n i s h   g r a y ,  or da rk   b rown ,   bu t   l oca l ly  
have   da rk   ye l low-brown ,   ox id i zed   b lo t ches ,   and  
i r r e g u l a r   s t r e a k s .   I c e   i n   g r a i n s ,   g r a n u l e s ,  
ve ins ,   d ikes   ( i nc lud ing   wedges ) ,   and   sma l l  
i r r e g u l a r   b o d i e s  makes  up 25-60% of   the   sed iment  
by  weight  and  increases  upward.  The  marine 
s e d i m e n t s   a r e   c u t   i n t o  by  thaw  lakes ,  some of 
w h i c h   e x t e n d   t o   s e a   l e v e l .  Most p e n e t r a t e   o n l y  
1-2 m. T h e y   l e a v e   c h a r a c t e r i s t i c   d e p o s i t s   r e a d i l y  
d i s t i n g u i s h a b l e   f r o m   t h e   u n d e r l y i n g   m a r i n e  
d e p o s i t s   b y   t h e i r   c o l o r ,   b e d d i n g ,   a n d   s o r t i n g .  
The lake   sed iments   have  much g r e a t e r   o r g a n i c  
c o n t e n t   a n d   r o o t s  of w a t e r - l o v i n g   p l a n t s   i n   g r o w t h  
p o s i t i o n   i n   a d d i t i o n   t o   l a r g e   u n d e c a y e d  woody 
f ragments   and   f ine ly   comminuted   t i s sues .  

The   l ower   h i a tus   s epa ra t ing   t he   two   bu r i ed  
s y s t e m s   o f   i c e   w e d g e s   w a s   c o n s i d e r e d   i n   t h e   f i e l d  
t o   b e   t h e   b e d  o f  a fo rmer   t haw  l ake   r a the r   t han  
the r e s u l t  of a m a r i n e   t r a n s g r e s s i o n  on t h e   b a s i s  
o f :  1. t h e   l a c k  of  3 l a g  of  c o a r s e r   s e d i m e n t s  a t  
t h e   h i a t u s ,  2. t h e   2 r e s e n c e   o f   a b u n d a n t   f i n e l y  
comminuted   organic   mat te r ,  3 .  t h e   p r e s e n c e   o f  
l o c a l   o x i d i z e d   z o n e s   b e l o w   t h e   h i a t u s ,   a s   f r o m  
groundwater  movement, 4 .  t h e   p r e s e n c e   l o c a l l y  o f  
t r u n c a t e d   r o o t s   o f   i c e   w e d g e s   d i r e c t l y   b e l o w   t h e  
h i a t u s ,   a n d   5 .   d i f f e r e n c e s  in pH, s p e c i f i c  
conduc tance ,   and   r e s i s t i v i ty   above   and   be low  the  
h i a t u s .  

The  measurements o f  pH, s p e c i f i c   c o n d u c t a n c e ,  
and r e s i s t i v i t y   o f   m a t e r i a l s   f r o m   t h e   t h r e e   u n i t s  
(Tab le   1 )   were  made o f   t h e   m i n e r a l   z o n e s   r a t h e r  
t h a n   o f   t h e   o r g a n i c - r i c h   z o n e s .  A l l  are f rom  the  
s e c t i o n  a t  McLeod Poin t .   Measurements   f rom  o ther  
n e a r b y   s t r a t i g r a p h i c   s e c t i o n s   a r e   n o t   i n c l u d e d ,  
bu t  showed s i m i l a r   r e s u l t s .  Brown (1969)  made 
more   comprehens ive   s tud ies  o f  s p e c i f i c   c o n d u c t a n c e  
of p e r m a f r o s t   w i t h   m a r i n e   a n d   f r e s h w a t e r   d e p o s i t s  
a t  B a r r o w   w i t h   s i m i l a r   r e s u l t s .  

Ar i thmet ic   means   and   ranges  of t h e  small 
p o p u l a t i o n s   i n d i c a t e   g o o d   s e p a r a t i o n   o f   v a l u e s .  
The   lowermost   hor izon   (un i t  I )  i s  c o n s i d e r e d   t o  
be   mar ine  on t h e   b a s i s   o f  i t s  u n i f o r m ,   t h i n l y  
l a m i n a t e d   s t r a t i f i c a t i o n ,   g r e a s y   f e e l   ( t y p i c a l  of 
t h a t   u n i t ) ,  a n d   w i d e s p r e a d   d i s t r i b u t i o n .   T h e  
uppe rmos t   un i t  (111) i s  q u i t e   c l e a r l y   r e w o r k e d  
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material d e p o s i t e d   i n  a former   thaw  lake .  The 
d r o p   i n   s p e c i f i c   c o n d u c t a n c e   a n d  r i se  i n  
r e s i s t a n c e   f r o m   u n i t  I t o   u n i t  I1 s u g g e s t   t h a t  
e l e c t r o l y t e s   i n   t h e   m a r i n e   d e p o s i t s  were l o s t  
d u r i n g   t h e   f i r s t  presumed  thaw-lake  cycle.  

water were  seen i n  samples of e i t h e r   u n i t s  I o r  
11. They  were  examined  by  both  binocular  and 
p e t r o g r a p h i c   m i c r o s c o p e s   b e f o r e   a n d   a f t e r  
t rea tment   wi th   hydrogen   peroxide .   However ,   the  
p r e s e n c e   o f   f o s s i l s   i n   s i m i l a r   s e d i m e n t s   a l o n g   t h e  
c o a s t  i s  n o t   u n i v e r s a l   ( D a v i d  M. H o p k i n s ,   o r a l  
communication,  17  March 1983). 

P r e l i m i n a r y   l a b o r a t o r y   e x a m i n a t i o n  o f  samples 
f rom  the   sed iments   above   and   be low  the   h ia tus  
r e v e a l s   m a r k e d   d i f f e r e n c e s .   U n i t  I i s  comprised 
most ly  of  w e l l   r o u n d e d ,   f i n e  s i l t  and   c l ay   w i th  
a b u n d a n t   f i b r o u s   p l a n t   t i s s u e s   a n d   c o a l   f r a g m e n t s .  
Reavy  minerals  are s p a r s e .   U n i t  11 i s  mos t ly  well 
rounded,   coarse  s i l t  a n d   c l a y   w i t h  a f ew  pe rcen t  
o f   v e r y   a n g u l a r ,   f i n e   t o  medium s a n d ,   s p a r s e  
f i b r o u s   p l a n t   t i s s u e s  and c o a l   f r a g m e n t s ,  and 
common heavy   mine ra l s  o f  c o n s i d e r a b l e   v a r i e t y .  
However, i t s  f i n e  s i l t  i s  ve ry  similar i n   s h a p e  
a n d   c o m p o s i t i o n   t o   t h a t   i n   u n i t  I. The  bimodal 
t e x t u r a l   d i s t r i b u t i o n  and d i s t i n c t l y   d i f f e r e n t  
shape  and  composi t ion  of   the  sand  compared  wirh 
t h e   f i n e  s i l t  p r e c l u d e   e i t h e r  a common o r i g i n  or 
much d i s t a n c e  of t r a v e l  by  water  for  t h e   l a r g e r  
g r a i n s .  A g l a c i a l .   d e p o s i t   n e a r b y  i s  i n d i c a t e d .  
T h u s ,   t h e s e   f i n d i n g s   s u p p o r t   t h e   i n t e r p r e t a t i o n   o f  
t h e   l o c a l   p r e s e n c e   o f   g l a c i a l   d e t r i t u s   o f   t h e  
Flaxman  Formation  of   ear ly   Wisconsinan  age 
(MacCarthy  1958,  Hopkins 1979) i n  t h e  
s t r a t i g r a p h y .   P r e s u m a b l y   u n i t  I1 w i t h  i t s  g l a c i a l  
s u i t e  was t h e   l o w e r m o s t   u n i t   e x p o s e d   i n   t h i s   a r e a  
in   1949/1950  (Black  1964,   p .  6 8 ) .  

i n   t h e   b l u f f  a t  McLeod P o i n t  i s  sugges t ed  also by 
t h e   p r e s e n c e   o f   o c c a s i o n a l   l a r g e   e r r a t i c s  oE 
i g n e o u s   o r i g i n   a l o n g   t h e   s h o r e   a n d   i n   t h e   b l u f f s .  
They a r e   f o u n d   f r o m   t h e   C a n a d i a n   b o r d e r   t o   P o i n t  
Barrow  and far ther   southwest   (MacCarthy  1958) .  
L e f f i n g w e l l   ( 1 9 1 9 )   c o r r e l a t e d   t h e m   w i t h   t h e  
Flaxman  Formation, a t h i n   d e p o s i t   o f  t i l l  on 
Flaxman  Is land,   about  180 km s o u t h e a s t  of McLeod 
P o i n t .  A g r a n i t i c   b o u l d e r ,   f o r   e x a m p l e ,   j u s t   e a s t  
of McLeod P o i n t   i n   1 9 5 0   r o s e   a b o v e   t h e   s h a l l o w  
water   about  1 m. It i s  p o s s i b l e ,   b u t  no t  
p r o b a b l e ,   t h a t   t h o s e   e r r a t i c s   i n   s h a l l o w   w a t e r  
were i ce - r a f t ed   i n   modern  times t o   t h e i r   p r e s e n t  
p o s i t i o n .  However, t h i s  i s  n o t   p o s s i b l e   f o r   t h o s e  
e r r a t i c s   o c c u r r i n g   i n   t h e   s e d i m e n t s  of t h e  b l u f f s .  
Even  though  none was s e e n   i n   t h e   b l u f f  a t  McLeod 
P o i n t ,  i t  i s  more l o g i c a l   t o   b e l i e v e   t h a t   t h e y  

No d ia toms or o t h e r   f o s s i l s   o f   m a r i n e   o r   f r e s h  

A g l a c i a l   o r i g i n   f o r  some f i n e - g r a i n e d   m a t e r i a l  

TABLE 1 pH, s p e c i f i c   c o n d u c t a n c e ,   a n d   r e s i s t a n c e   o f  s t r a t a  a t  McLeod P o i n t .  
..................................................... 

- UNIT Efl SPECIFIC CONDUCTANCE RESISTANCE(000) NUMBER 
"""~~""""~"""~""""""~"""~"""""~""""""""""""""""~~"""""~~~~- 
111 (5.8) 4.5-7.1 (113) 70-176 (31) 24-40 8 
I1 (7.1)  6.8-7.7 (513) 255-720 (22.5)  18-26 7 
I ( 7 . 2 )  7.1-7.4 (970)  800-1110 (19.5)  16.5-22 3 """""_""""_"""""""""""""""""""""""""""""""""""""""""" 
NOTE: Numbers i n  ( ) a r e   a r i t h m e t i c  means  of   the  ranges.  pH was  measured on thawed  sed iment   d i lu ted  1:1 
w i t h   d i s t i l l e d   w a t e r .   S p e c i f i c   c o n d u c t a n c e   i n   p a r t s   p e r   m i l l i o n  was  measured on thawed  sediment   di luted 
5 : l   w i t h   d i s t i l l e d   w a t e r .   R e s i s t a n c e   i n  ohms was measu red   w i th   an   e l ec t rode   spac ing   o f  4 cm on thawed 
sediment ,   bu t   wi th  no added water. 



I t  were   eroded  f rom  nearby  bluffs ,   as   a t  Drew Poin 
or Cape Halkett  (next  west and e a s t  of McLeod 
Poin t ,   respec t ive ly)  where  they  have  been  seen 

1983). 
(Hopkins, w r i t t e n  communication,  18  February 

I C E  WEDGES 

Truncated  remnants of i c e  wedges i n  t h e  
lowermost  system ( u n i t  I ,  Figure I) observed  in 
1981  were  not  recognized  seaward  in  1949/1950 
(Figure  2).  The i c e  wedges  of u n i t  I occurred 
only  local ly   a long  the  bluff   in  1981. Where 
present  they  were less than 1-2 m above  sea  level 
and  always  with a d i scont inuous ,   f ine ly  comminuted 
organic  zone d i r e c t l y  above them. They were  not 
seen  where  the  organic  zone  approached  sea  level. 
The i c e  wedges were l e s s   t han  1 m high and 1 dm 
wide ( a l l   w id ths   c i t ed   he re in   a r e  normal t o   t h e  
s t r i k e   o f   t h e  wedges). The wedges were  spaced 
gene ra l ly   a t   i n t e rva l s   o f  4-6 m y  but  only a few 
would be p r e s e n t   i n  a p a r t i c u l a r   s p o t .  The 
ice-wedge remnants  megascopically  displayed 
v e r t i c a l   f a b r i c s   c h a r a c t e r i s t i c  of other   buried 
wedges (Black  1974). They were  not  exposed more 
than 1-2 dm i n t o   t h e  bank ,   bu t   the i r   d i s t r ibu t ion  
and s t r ike  suggested  that   pr imary,   secondary,  and 
t e r t i a ry   po lygons  were  present  (Black  1974). 

The i c e  wedges i n   u n i t  'II above t h e  lower 
organic   layer  were l a r g e r  and be t t e r   d i sp l ayed  
than   t hose   i n   un i t  I ,  i n   t h e   b l u f f   a s   w e l l   a s  i n  a 
thermal  niche  carved by the   sea   benea th   the   face  
(Figures  1 and 2) .  (Black  1964,  p. 68, and 1974, 
p. 250 reproduce  other  photographs of t he   b lu f f  
showing i c e  wedges i n   u n i t  11). Some wedges were 
seen  in   three  dimensions  to   join i n  polygons  with 
diameters of 3-7 m. Primary,  secondary, and 
t e r t i a r y  wedges were  present.  Black  (1974) 
desc r ibed   t he i r   f ab r i c s .  Many of these  wedges 
penetrated  the  lower  organic  zone  and  upturned 
tha t   s t r a tum on both   s ides   o f   the   i ce  wedges 
(Figure  3) .  They c l e a r l y   a r e  younger  than  the 
organic  zone they  penetrated.  Some wedges a r e   a s  
much a s  1 m wide and several   meters  high. The 
l a r g e r  wedges have  flowed upward according  to   the 
exter ior   shape  of   the wedges, t h e   d i s r u p t i o n  and 
d i s t o r t i o n  of fo l ia t ion   p lanes   genera ted  by 
inclusions  in   former  contract ion  cracks,  and t h e  
r e c r y s t a l l i z a t i o n  and  realignment of i c e   c r y s t a l s .  
They have  flowed upward 1-3 m y  l i k e   d i a p i r s ,   t o  
e leva te   another   unconformi ty   wi th   sca t te red   b i t s  
of coa r se   f i b rous   pea t   i n  i t s  upper  part.  These 
wedges a l s o  seem t o  have  been  truncated by deep 
thaw,   accord ing   to   the i r   d i s t r ibu t ion ,   s ize ,  
shape ,   and   s t ra t igraphic   se t t ing .  

The upper  organic  zone,  which i s  more d i s j u n c t  
and d is tor ted   than   the   lower ,  marks the   incept ion  
of the  low-centered  polygon  ponds  associated  with 
the  uppermost,   very  large,   surface wedges  of u n i t  
I11 (Figure  1) .  The sur face  wedges were 5-7 m 
wide i n   t h e  bank exposed i n  1981  (Figure  1). One 
9-m  wide wedge was seen i n  1949/1950  seaward of 
t h i s   l o c a l i t y .  Open cont rac t ion   c racks  and 
megascopic f ab r i c s   w i th in   t he   i ce  wedges indicated 
current   act ivi ty   (Black  1974) .   Fibrous  sedge 
pea t ,   i n   pa r t   i n   g rowth   pos i t i on ,  i s  i n  
sedimentary  layers  aggregating  as much a s  3.3 m i n  
the  former  low-centered  polygon  ponds  between  the 
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sur face  wedges. The organic   mater ia l   increased  i n  
amount upward. 

DATING 

Four  radiocarbon  samples  from  the  base  of  the 
upper  pear  (unit  111, Figure 1) between t h e   l a r g e  
sur face  wedges da te   the   incept ion  of vege ta t ion  i n  
the  low-centered  polygon  ponds. The dates   range 
from  11,530 to  11,700 B.P. (Table 2) .  The 
vegeta t ion  is  assumed t o  have  begun  growing within 
some c e n t u r i e s  of t h e   i n i t i a t i o n  of those wedges, 
when the  double-raised rims adjacent  t o  them 
generated  low-centered  polygon  ponds.  Hence, it 
can  be assumed t h a t   t h e   l a r g e s t  and o ldes t   su r f ace  
i c e  wedges  of u n i t  111 began t o  grow about  12,000 
radiocarbon  years  ago  or somewhat e a r l i e r .  Only a 
br ief   t ime would have  been  necessary  to  regelate 
the   permafros t   a f te r   d ra in ing  of t h e  thaw lake 
exposed the   sur face .  The i c e  wedges  of u n i t  I1 
were t runcated by t h a t  thaw  lake. How much time 
was involved  in   the  thaw-lake  cycle   is   not  known. 

on t h e  lower  organic  zone  that   separates  deposits 
of u n i t s  1 and I1 i n d i c a t e   t h e   g r e a t   a n t i q u i t y  of 
the  oldest   system of i c e  wedges. A spruce  log 
(Picea)   in   the  marine  deposi ts  below t h e   i c e  
wedges i n   u n i t  I da ted   a t  >37,000 B.P. (Table  2). 
However, t h e  same sample  gave very low amino 
ac id   r a t io s   a s   d id  a fragment of wil low  (Sal ix)  
from t h e  same horizon (N. W. Rut t e r ,   wr i t t en  
communication, 4 October  1982).  This  suggests a 
la te   P le i s tocene   age .  A l l  wood seen is  e r r a t i c .  

The pol len  and  spores  in  the two dated  samples 
o f  t h e  lower  organic  zone and in  13  other  samples 
in   the   s t ra t igraphic   success ion  i n  the   genera l  
area  suggest  the  presence of herbaceous,  wet 
tundra (Tom Ager  and E f f i e  Shaw, U. S. Geological 
Survey,  written  communication, 7 October  1982). 
"No c lear   ev idence   o f   d ramat ica l ly   d i f fe ren t   pas t  
vegetation  types" was apparent  between  the  older 
and younger  materials.   Preservation of pol len i s  
generally  poor.  Many are  recycled  from 
Cretaceous,   Ter t iary,  and older  Quaternary 
depos i t s .  Hence,  none of the  pol len  provides  much 
evidence  of  the  age of the  buried ice-wedge 
systems o r  of the i r   hos t   sed iments .  

The only  previously  dated,   buried  ice wedge i n  
northern  Alaska i s  14,000 B.P. (Brown 1965,  p. 
39-41). It was a t  Barrow a t  a depth of 3 m i n  Ita 
'primary  surface',   or  one  that  has  not  been 
recent ly  reworked by t h e  thaw-lake  cycle". In 
central   Alaska  several   bur ied  ice  wedges a re   da t ed  

A t  p r e s e n t   t h e   e a r l i e r   i c e  wedges  and s t r a t a   a t  

Two d a t e s  of >33,200 and >40,000 B . P .  (Table 2) 

24,000-32,000 B.P. (P6w6 1975, p. 53). 

McLeod Point  can  only be  dated by analogy  with 
other   events  and  sequences  in  the  region. 
Previous  studies  have  suggested  that   the lowermost 
sediments   a t  McLeod Point  range  from 
mid-Wisconsinan t o   I l l i n o i a n .  Black  (1964, p. 
67-68) noted   tha t   the  lowermost  sediments  exposed 
i n  1949/1950 i n   t h e   v i c i n i t y  of McLeod Point  had a 
g l a c i a l  component  of sand and suggested  (p.  89) 
that   they  might be f l l i n o i a n  i n  age. The upper 
sediments  (p.  69)  were  considered  to  be  deposits 
i n  thaw-lake  basins. 

Sellmann and Brown (1973, p .  177-178) 
co r re l a t ed   t he   Sku l l   C l i f f   un i t  of the  Gubik 
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Formation a t  Barrow wi th   the   Pe lukian  
transgression  (Sangamonian) and t h e  lower  marine 
phase of t h e  Barrow un i t   o f   t he  Gubik Formation 
with  the mid-Wisconsinan t ransgress ion .  They 
cons idered   the   l a t te r   to   be   represented  by t h e  
7.5-8 m e l eva t ion   a t t a ined  by large  ice-raf ted 
boulders.   This  includes McLeod Poin t .  

McLeod P o i n t   l i e s   n o r t h  of an  extensive,  
e levated  beach  dated  as  more than  51,000  years 
B.P. (Car te r  and Robinson  1980). They suggested 
tha t   the   beach   depos i t s  and the  marine mud to   t he  
no r th   ( i nc lud ing   t ha t   a t  McLeod Poin t )  may be 
synchronous and may consti tute  the  youngest  marine 
depos i t s  on t h i s   p a r t  of t h e   c o a s t a l   p l a i n .  

David M. Hopkins ( w r i t t e n  communication, 18 
February 1983) considered  the  beach  deposi ts  t o  be 
Pelukian  (Sangamonian)  in  age and t h a t   t h e  Flaxman 
Formation  (early  Wisconsinan)  with i t s  ice-raf ted 
g l a c i a l  component o v e r l i e s   t h o s e   d e p o s i t s   a t  
McLeod Poin t .  

assignment  for  the  timing of growth of t he   i ce  
wedges i n  u n i t s  I and 11. However, f u r t h e r  
c o n s t r a i n t s  have  mater ia l ized  recent ly .  

Arctic  Coastal   Plain  immediately  south of McLeod 
Po in t  and a s s o c i a t e d ,   b u t   o l d e r ,   f o s s i l  sand 
wedges immediately  north and e a s t  of t h a t  sand sea 
( t h i s  volume). The p r imary  sand wedges occur  in 
sediments  older  than  about  12,000 B.P. and have a 
maximum l imit ing  age  in   sediments   correlated  with 
the  Pelukian  t ransgression.  He concludes  that  
a r id   cond i t ions   ex i s t ed   du r ing   l a t e  and middle 
Wisconsinan  time  and  perhaps  throughout  the 
Wisconsinan  Stage. 

A f requency   d i s t r ibu t ion  of 78 radiocarbon 
d a t e s  from nor thern   va l leys  of t h e   c e n t r a l  Brooks 
Range (roughly 300 km t o   t h e   s o u t h )   r e v e a l s  no 
f i n i t e   d a t e s   l i e  between 13,200-30,000 B.P. 
(Hamilton  1982). The suggest ion i s  t h a t  
conditions  were  unfavorable  (too  cold and d ry )   fo r  
growth of woody shrubs and peat-forming  plants. 

These i n t e r p r e t a t i o n s   p l a c e   r e s t r i c t i o n s  on t h e  
dat ing  of   the  older   buried  ice  wedges a t  McLeod 
Po in t   a s   i ce  wedges requi re  humid condi t ions and 
primary  sand wedges r equ i r e   a r id   cond i t ions   fo r  
growth. It would seem t h a t   t h e  sand  sea i s  too 
c lose  t o  McLeod Poin t   to   have  had a d i s t i n c t l y  
different  cl imate  simultaneously.   Moreover,   the 
pol len  f rom  the  interval   between  uni ts  I and I1 
indicate   herbaceous wet tundra (Tom Ager and E f f i e  
Shaw, w r i t t e n  communication, 7 October  1982)--not 
the  arid  environment  required fo r  primary 
sand-wedge  growth.  Therefore,  the  logical 
conclusion i s  t h a t   t h e   i c e  wedges of u n i t s  I and 
I1 m u s t  be  older  than  the  sand wedges as   they  
cannot  be  younger  nor  the same age. If t h e  
c o r r e l a t i o n  of t h e  sand wedges w i t h   l a t e  and 
middle  Wisconsinan  time i s  c o r r e c t ,   t h e  two o lder  
systems of ice wedges a t  McLeod Point must be 
e a r l y  Wisconsinan o r  o lder .  

The bur ied   i ce  wedges a r e  presumed t o  have 
grown a s   l a r g e  as the   p resent   sur face   i ce  wedges. 
This seems necessary  in   order   to   provide 
s u f f i c i e n t   i c e  i n  t h e  ground to  permit thaw lakes 
t o  i n c i s e  t o  t h e   r o o t s  of t h e  wedges. Each system 
would r equ i r e   a t   l ea s t   12 ,000   yea r s   t o  grow t o  
such   s ize   i f   the   p resent   sur face  wedges a r e  a 
guide. The  two thaw-lake  cycles a l s o  requi re  some 

A l l  these  conclusions  provide no clear-cut  age 

Carter  (1981,  1982)  describes a sand  sea on t h e  

thousands of years. Thus, many tens  of  thousands 
of years  are  required  for  the  development and 
des t ruc t ion  of the  three  systems  of i ce  wedges. 

CHRONOLOGY AT MCLEOD POINT 

Two almost   equal ly   viable   scenarios  seem 
appl icable  t o  the  chronology  of  the  deposits and 
i c e  wedges a t  Mcfeod Poin t .  I f  t h e  lowermost 
sediments   in   the bank are   Pelukian  in   age,   then 
t h e   i c e  wedges of u n i t  I l o g i c a l l y  are e a r l y  
Wisconsinan.  This  correlation  almost demands t h a t  
t he   t runca t ion  of those  wedges occurred  during  the 
Flaxman t ransgress ion  which l e f t   t h e   g l a c i a l  
sediments of Unit 11. The i c e  wedges of u n i t  11 
should  have grown i n   t h e   l a t t e r   p a r t  of e a r l y  
Wisconsinan  time  in  order t o  be  older  than  the 
ar id   middle  and la te   Wiscons inan   in te rva l  of 
sand-wedge  growth. The thaw lake   tha t   t runca ted  
the   i ce  wedges of u n i t  I1 could  have  started a t  
any time dur ing   tha t   long   in te rva l .  It was 
drained sometime pr ior   to   12 ,000   years  B.P. to 
permit  the  growth of t h e  wedges of u n i t  111. 

I f ,  however, t h e  lowermost  sediments a r e  
Flaxman, t hen   t he   i ce  wedges  of u n i t  I grew 
immediately  thereaf ter   in   ear ly   Wisconsinan time. 
The h i a tus   t ha t   t runca ted  them could  be  assigned 
t o  a thaw-lake  cycle,  which i s  preferred  over  a 
marine  transgression. However, t h e   i c e  wedges of 
u n i t  I1 would s t i l l  have t o  grow pr ior   to   middle  
Wisconsinan  time in order   to   preceed  the  growth of 
the  primary  sand wedges t o  the   southeas t .  The 
record  of  middle and late  Wisconsinan  t ime is 
again presumed t o  be l o s t  i n  the  subsequent 
thaw-lake  cycle  that   truncated  the  ice wedges  of 
u n i t  11, The growth o f  i c e  wedges i n   u n i t  1x1 
followed  about 12,000 years  B.P. On t h e   b a s i s  of 
knowledge t o   d a t e   t h e   l a t t e r   s c e n a r i o  i s  
p re fe r r ed ,   bu t   t he   f i r s t   c anno t   be   ru l ed   ou t   w i th  
d a t a   i n  hand. A t  l e a s t  it seem6 t h a t  m o s t ,  i f   not  
a l l ,   the   Wisconsinan  Stage and Holocene are 
involved   in   the   s t ra t igraphy and i c e  wedges a t  
McLeod Point  and the  t ime  span may be  longer. 
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TABLE 2  Radiocarbon  dates, McLeod Point   (see 
F igure   1 ) .  
.......................... 

DATE SAMPLE NO. 
""""-*~""""-*""""""""""""""" 

8,785 +/- 230 GX-8130 
11,530 +/-  170 I-12,129 
11,600 +/- 170 I-12,130 
11,615 +/- 305 GX-8131 
11,700 +/- 170 I-12,131 

>33 , 200 1-12,132 
>37 , 000 I-12,127 
>40 , 000 1-12 , 128 

NOTE: Dates  are  based  on  the  Libby  half   l ife of 
5568 yea r s   fo r  C14. The age i s  re ferenced   to   the  
year A.D 1950. 

"""~""""""-Ifl_________l_______"""""- 
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The l a r g e - s c a l e   g e o m o r p h i c   f e a t u r e s   o f   t h e   E a s t e r n   i i o r t h   S l o p e ,   A l a s k a   w e r e   f o r n e d  
b y   t h e   S a g a v a n i r k t o k   a n d   a d j a c e n t   r i v e r s   d u r i n g   S u a t e r n a r y   t i m e .   T h e   l a r g e s t   l a n d -  
f o r w   a r e   l o w   h i l l s ,   h e r e   c a l l e d   e r o s i o n a l   r e m n a n t s ,   s i t u a t e d   b e t w e e n   a c t i v e   a n d  
abandoned r l v e r   c o u r s e s .  The e ros iona l   remnan ts   a re   f l anked   by   P le i s tocene   age  
te r races   and   abandoned   f l oodp la ins   l ower   t han   t he   remnan t   su r faces .   Fo rmat ion   o f  
r e r t i n a n t s   a n d   t e r r a c e s   p r o c e e d e d   m o r e   r a p i d l y   d u r i n g   t i r n e s   o f   d e g l a c i a t i o n   w h e n d i s -  
charge was g r e a t e s t ,   a u g m e n t e d   b y   c a t a s t r o p h i c   d r a i n a g e   o f  moraine-dammed l a k e s ,  
T h e r e   h a s   b e e n   e x t e n s i v e   m o d i f i c a t i o n   o f   v a l l e y   f l o o r s   a n d   o f   r e m n a n t   a n d   t e r r a c e  
s l o p e s   b y   e o l i a n ,   c r y o g e n i c ,   a n d   d e b r i s - f l o w   a c t i v i t y .   G e o m o r p h i c   p r o c e s s e s   o n  
the   Eas te rn   do r th   S lope   have   p roduced  a s u i t e  of m o r p h o l o g i c   f e a t u r e s   c h a r a c t e r -  
i s t i c   o f   t h o s e  seen, o r   i n f e r r e d ,   o n   V i k i n g   G r b i t e r   i m a g e s   o f   i i a r s   i n   a r e a s   c o n -  
t a i n i n g   s r n a l l e r   o u t f l o w   c h a n n e l s   a n d   d e p o s i t i o n a l   b a s i n s .   T h e   f o r r , l a t i o n   o f   t h e s e  
channels   and  bas ins--Ladon  Val les (24"S, 29.5"ii) i s  a good  example--predates  the 
development o f   n o s t   m a j o r   o u t f l o w   c h a n n e l s   a n d   n a y   h a v e   o c c u r r e d   a t  a . t ime  when t h e  
l i a r t i a n   c l i m a t e  was " w e t t e r "   a n d   t h u s   m o r e   a k i n   t o   p r e s e n t   c o n d i t i o n s   o n   t h e   i l o r t h  
Slope. The s i m i l a r i t y   o f   t h e   t w o   s u i t e s  o f   n o r p h o l o g i c   f e a t u r e s   s u g g e s t s   t h a t   s i m -  
i l a r  processes, i n  t ype   and   magn i tude   t o   qua te rna ry   p rocesses   t ha t   have   shaped   the  
Eas te rn   I i o r th   S lope ,  may have  operated  on  l iars .  

IllTROUUCT1.Oi~I 

The s e a r c h   f o r   a p p r o p r i a t e   t e r r e s t r i a l   a n a l o g s  
o f   t h e   c h a n n e l s   a n d   v a l l e y s   o f   i ; a r s   h a s   r e s u l t e d   i n  
t h e   i d e n t i f i c a t i o n   o f   s e v e r a l   p o s s i b l e   e x a m p l e s   f o r  
t h e   l a r g e   o u t f l o w   c h a n n e l s   o n  liars; s p e c i f i c a l l y  (1) 
the  Channeled  Scabland  (Baker  1978,  Baker  and lium- 
medal  157E;), ( 2 )  suboar ine   canyons  and  va l leys  
(i:urnmedal 1982), and ( 3 )  t e r r a i n   m o d i f i e d   b y   c o n -  
t i n e n t a l   g l a c i a t i o n   ( L u c c h i t t a   1 Y Z 2 ) .  It i s  a l s o  
c l e a r   t h a t   t h e   l a r g e   o u t f l o w   c h a n n e l s   a n d   t h e   s n a l l -  
e r   channe ls   and   va l l eys   have   undergone   ex tens i ve  
s l o p e   a n d   f l o o r   m o d i f i c a t i o n   b y   v a r i o u s   m a s s - w a s t i n g  
a n d   e o l i a n   p r o c e s s e s   a f t e r   t h e   o r i g i n a l   f o r r i a t i v e  
even ts  ( i  iars  Channel   l iork i   ng  Group, i n   p r e s s ) .  The 
p u r p o s e   o f   t h i s   p a p e r   i s  t o  o f f e r  a t e r r e s t r i a l   a n -  
a l o g ,   t h e   S a g a v a n i r k t o k   a n d   a s s o c i a t e d   d r a i n a g e  
Systems o f  t he   Eas te rn   I i o r th   S lope ,   A laska   (F igu re  
l ) ,  f o r   t h e   s m a l l e r   o u t f l o w   c h a n n e l s   a n d   l a r g e r  
v a l l e y s  on t h e   l i a r t i a n   s u r f a c e ,   a n d   t o   i l l u s t r a t e  
sor3e m a s s - w a s t i n g   a n d   e o l i a n   m o d i f i c a t i o n s   t o   t h e  
f l u v i a l   v a l l e y s .  

lie examined Lk;iUSliT  images  and  U-2 c o l o r   i n f r a r e d  
p h o t o g r a p h s ,   p a r t i c u l a r l y  L A i l X A T  w i n t e r  images ob- 
t a i n e d   d u r i n g   t i m e s   o f  snow cover   and  low  sun  angle 
( F i g u r e  2 ) .  :ie t h e n   v i s i t e d   t h e   E a s t e r n   I i o r t h S l o p e  
i n  August 1975 and  August  1981  and  chose t o  work  a- 
l o n g   t h e   S a s a v a n i r k t o k   R i v e r   b e c a u s e  i t  i s   t h e   m o s t  
a c t i v e   r i v e r   i n   t h e   a r e a   t h a t   i s   e a s i l y   a c c e s s i b l e  
v i a   t h e   p i p e l i n e   h a u l   r o a d .  ;ie d i d  however,  con- 
d u c t  a l o w - l e v e l   a e r i a l   r e c o n n a i s a n c e   s u r v e y  o f  t h e  
a rea  shown i n   t h e   l a r g e   b o x   o n   F i g u r e  1.  

General  

The g e n e r a l   s t u d y   a r e a ,   o u t l i n e s   i n   F i g u r e  1, 
l i e s   m o s t l y   i n   t h e   A r c t i c   C o a s t a l   P l a i n   a n d   A r c t i c  
F o o t h i l l  s p h y s i o g r a p h i c   p r o v i n c e s   o f   n o r t h e r n  
A l a s k a   ( Y a h r h a f t i g   1 9 6 5 ) .   T h e   c o a s t a l   p l a i n  i s  
u n d e r l a i n   b y   s e m i c o n s o l i d a t e d   s a n d s t o n e ,   s i l t s t o n e ,  
a n d   c l a y s t o n e   ( c o n t i n e n t a l   a n d   m a r i n e )   o f   T e r t i a r y  
age   (Le i  kman lSSO),  which i s  i n   t u r n   o v e r l a i n   b y  
q u a t e r n a r y  age f l u v i a l   g r a v e l s  and  mar ine s i l t  
(Pe'we' 1975) .  The f o o t h i   1 1 s   a r e   u n d e r l a i n   b y   C r e t &  
ceous p a r t i a l l y   t o   t o t a l l y   c o n s o l i d a t e d   t e r r i g e n o u s  
r o c k s   t h a t   a r e   m o d e r a t e l y   f o l d e d   i n   c o n t r a s t   t o t h e  
l o w   n o r t h w a r d   d i p   o f   t h e   T e r t i a r y   c o a s t a l   p l a i n  
sediments  (Bei  kman 1 SEO) . 

R i v e r s   d r a i n i n g   n o r t h w a r d   f r o m   t h e   B r o o k s  Range 
have  c rea ted  a complex f l u v i a l   d r a i n a g e   s y s t e m   o n  
t h e   T e r t i a r y   a n d   C r e t a c e o u s   r o c k s .   T h e   p r i n c i p a l  
r i v e r s ,   f r o m   w e s t   t o   e a s t ,   a r e   - t h e   C o l v i l l e ,   I t k i l -  
l i k ,  Kuparuk ,   Too l i k ,   Sagavan i rk tok ,   and  Kad lero-  
s h i l i k   ( F i g u r e   1 ) .  The C o l v i l l e   a n d   S a g a v a n i r k t o k  
h a v e   l a r g e   t r i b u t a r i e s   a s s o c i a t e d   w i t h   t h e i r   s t r e a m  
s y s t e m s .   T h e   p r e s e n t   r i v e r s ,   w i t h   t h e   e x c e p t i o n o f  
t h e   C o l v i l l e  a n d   t h e   S a g a v a n i r k t o k ,   a r e   u n d e r f i t  
w i t h   r e s p e c t  t o  v a l l e y   a n d   f l o o d p l a i n   w i d t h .   P l e i s -  
t o c e n e - a g e ,   a l p i n e   g l a c i e r s   o f   t h e   P r o o k s  Kange ad- 
vanced  nor thward down t h e   r i v e r   v a l l e y s   i n   t h e f o o t -  
h i l l s   t o   d e p o s i t   p r o n l i n e n t   e n d   m o r a i n e s   a t   t h e  
s o u t h e r n   e d g e   o f   t h e   s t u d y   a r e a   ( C o u l   t e r   e t   a 1  . 
1465,  Hamil ton 1976) ( F i g u r e   1 ) .  

Ouaternary  Landscape  Development, 

The  s tudy   a rea  i s   u n d e r l a i n   b y  up t o  650 PI of 
permaf ros t  (Pe'wc! 1975) .   Format ion o f  g r o u n d   I c e  
h a s   r e s u l t e d   i n   t h e   d e v e l o p m e n t   o f   i c e - w e d g e   p o l y -  
gons ,   o ther   pa t te rned-ground  fea tures ,   and  p ingos .  
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h summer a c t i v e   l a y e r   i s   p r e s e n t   t o  a depth o f  1-2 
~li (Pdw6 1975). 

The no r thward   d ra in ing   r i ve r  systems  have c u t  
down i n t o   t h e   u n d e r l y i n g   r e g o l i t h  and bedrock  dur- 
i ng   Qua te rna ry   t ime   to   p roduce   t he   f o l l ow ing   su i te  
of   landforms. The largest-scale  geomorphic  fea- 
tu res   a re   l ong ,   l ow   h i l l s ,   he re   ca l l ed   e ros iona l  
remnants, s i t u a t e d  between a c t i v e  and  abandoned 
r i v e r   c o u r s e s ,  The erosional  remnant h i l l s   a r e  up 
t o  100 km long   and   r i se  up t o  200 m above present-  
l y  a c t i v e   f l u v i a l  channels  (Figure 2 ) .  The h i l l s  
w i th in   t he   Coas ta l   P la in   phys iog raph ic   p rov ince  
(F igure  1)  have l a r g e ,   f l a t ,   r e l a t i v e l y   u n d i s s e c t e d  
upper   sur faces   tha t   d ip   nor thward   w i th   an   inc l ina-  
t i o n   s l i g h t l y   g r e a t e r   t h a n   t h e   a c t i v e   r i v e r  chan- 
ne l s .   F rank l i n   B lu f f s   (F igu re  2) i s  a good example, 

The eros ional   remnants  are  f lanked  by  P le is to-  
cene-age f l u v i a l   t e r r a c e s  and  abandoned f l o o d p l a i n  
segments t h a t   a r e   l o w e r   i n   e l e v a t i o n   t h a n   t h e  rem- 
nant   sur faces,   but   are 20-60 m h igher   than  the  
p r e s e n t   r i v e r  beds. They are   labe led   (T)  on F igure 
2. The o n l y   s t r u c t u r a l   c o n t r o l  o f  remnant l o c a t i o n  
appears t o  be a major  southwest-northeast  t rending 
l ineament   tha t  bounds the  southeast  or   northwest 
s i d e   o f  each major  remnant h i l l  and i s   d e f i n e d  by 
t h e   C o l v i l l e   R i v e r   f l o o d p l a i n   i n   t h e   s o u t h w e s t  
(A lber t   1976)   (F igure 2 ) .  Contacts  between  the 
v a r i o u s   T e r t i a r y  and Cretaceous  uni ts  (Bei  krnan  1980) 
cut   across  the  remnants and p l a y   l i t t l e   r o l e   i n  
remnant  shape (F igu re  2 ) .  

sraphy  on LAIiGSAT winter  imagery and c o n s i s t   i n  
p a r t   o f   d r a i n e d  thaw  lakes  that   were  act ive  dur ing 
l a t e   P l e i s t o c e n e  and ear ly   Holocene  t ime  (Gat to  and 
Anderson  1575, Pewe 1975)  (Figure 2 ) .  The etched 
t e r r a i n   i s  bounded  on t h e   s o u t h   b y   t h e   f o o t h i l l s ,  
f o l d e d   b e l t   o f   t h e   B r o o k s  Range. The f o l d s   t r e n d  
g e n e r a l l y   e a s t - n o r t h e a s t   i n   t h i s   a r e a .  Tongues o f  
mora ina l   d is in tegrat ion  topography,   labeled (91)  on 
Figure 2 ,  extended  out o f   t h e   v a l l e y s   o f   t h e   f o o t -  
h i 1  1 s and  have  been d issected by t h e   a c t i v e   r i v e r s ,  

The C o l v i l l e  and Sagavani rk tok  are  robust   bra id-  
ed r i v e r s   t h a t   a r e   a c t i v e l y   d o w n c u t t i n g  and l a t e r -  
a l l y   m i g r a t i n g   t o   m o d i f y   t e r r a c e  and e ros iona l  rern- 
nant shape.  However,  most o f   t h e   p r e s e n t   r i v e r s ,  
w i th   the   except ion   o f   the   Sagavan i rk tok  and t h e  
C o l v i l l e ,   a r e   u n d e r f - i t   w i t h   r e s p e c t   t o   v a l l e y  and 
f l o o d p l a i n   w i d t h ,   p a r t i c u l a r l y   t h e   I t k i l l i k  and the  
T o o l i  k. It i s  apparent   tha t  much of the  remnant 
and terrace  development  took  p lace  dur ing  per iods 
o f  d e g l   a c i a t i  on a f t e r  P1 ei   stocene  ice  advances. 
Hami 1 ton   (1  978) ind ica tes   the   pas t   ex is tence o f  
g l a c i a l   l a k e s  dammed behind some o f   t h e  moraines 
shown i n   t h e   l o w e r   r i g h t  on F igu re  2. Increased 
r u n o f f   d u r i n g   d e g l a c i a t i o n  was augmented  by catas- 
t roph ic   f l ood ing   du r ing   d ra inage   o f   t he   mora ine -  
dammed 1 a kes . 

The southern   o lder   te r races   exh ib i t   e tched  topo-  

THE SAGAVANIRKTOK DRAIFiAGE SYSTEri 

Sedimentary  Processes 

The Sagavanirktok (Sag) i s   t h e   s e c o n d - l a r g e s t  
r i v e r ,   a f t e r   t h e   C o l v i l l e ,  on the  Xorth  Slope of 
A laska,   wi th  a l e n g t h   o f  267 kn.  ilaximum discharge 
i s   du r ing   sp r ing   b reakup ;   f l ow   dec l i nes   t o   essen-  
t i a l l y  ze ro   du r ing   t he   w in te r   f reeze .  The Sag i s  a 
coa rse -g rave l ,   b ra ided   r i ve r   t ha t   i s   deg rada t iona l  

FIGURE 1 Locat ion nlap of   the  Eastern  Nor th  S lope,  
Alaska.  General  study  area i s  o u t l i n e d  by l a r g e  
box centered on the  Sagavani   rktok (Sag) R i  v e r i   F i g -  
ure 2 (LAFJUSAT image) i s  out1  ined by sma l le r   i nse t .  
R ive rs   i nd i ca ted  by l e t t e r s   a r e  (A )  Anaktuvuk, (I) 
I t k i l l i k ,  (K)  Kuparuk, ( T )  Too l i k ,  (Ka) Kadlero- 
s h i l i k ,  

through  most o f  i t s   l e n g t h ,  becoming aggradat ional  
o n l y  on t h e   l a s t  20 km o f   d e l t a   p l a i n .  

complexes  and la rge   t ransverse   bars .  Kany t rans -  
verse  bars  are  forri led a t   t h e  downstream  end  of 
chu tes   i nc i sed   i n to   l ow   te r races   o f   t he   i nac t i ve  
f l u v i a l   p l a i n ,   F o r m a t i o n   o f   c h u t e s   i s  due t o  block- 
age o f   t h e   r i v e r  by i ce   de r i ved   f rom  i c i ngs   (au fe i s ) .  
Ic ings  form by repeated  overf lows o f  water on r i v e r  
i c e   c o v e r   t h a t   i s   f r o z e n   t o   t h e   r i v e r  bed,  due t o  
i n t e r m i t t e n t   t h a w i n g  or ,  more impor tan t l y ,  a ground- 
water  source  (Hal 1 and Roswell  1980,  Sloan e t  a1 . 
1976).  Spring  breakup  results i n   i c e   d r i v e s   t h a t  
jam up and d i r e c t   t h e   r i v e r   l a t e r a l l y   t o  an  unoccu- 
p i e d   p a r t  o f  t h e   f l u v i a l   p l a i n .  Thus i c i n g s   p l a y  
an   impor tan t   ro le   i n   con t ro l i ng   downcu t t i ng  and 
l a t e r a l   m i g r a t i o n   o f   t h e   a c t i v e   c h a n n e l  system. 

Val ley   FLod i f i ca t ion  

Act ive  bars  are a c o m b i n a t i o n   o f   l o n g i t u d i n a l   b a r  

The Sag r i v e r   i s   s t i l l   a c t i v e l y   d o w n c u t t i n g  ad- 
j a c e n t   t o   t h e   F r a n k l i n   G l u f f s   e r o s i o n a l  remnant 
(F igure 2 )  , b u t   o t h e r   p o r t i o n s  o f  t he  Sag channel 
system  together  with  the  channel  systems o f  ad jac-  
e n t   r i v e r s ,  have  been  abandoned  and  mass-viasting 
and eol ian  processes  are  modi fy ing  the  o lder   sur-  
face.  Figure 3, a geomorphjc map us ing  U-2 imagery 
as a base, de l i nea tes  some o f  the   land forms  tha t  
resul t   f rom  these  modi fy ing  processes.  

The Sag ac t i ve   ba r  and  channel  systen i s  sko\rl: 
as (Fa), Other   por t ions  of t h e  Sag channel  system 
a r e   i n a c t i v e  ( F i  ) o r  have  been r e c e n t l y  abandoned 
(Fb). The inac t ive   channe l  segments e x h i b i t   f r e s h ,  
unvegetated  bar and  bedform  morphology  but  were  not 
s u b j e c t   t o   f l o w   d u r i n g   t h e   l a t e s t   m e l t w a t e r  seasons.. 
The abandoned channel  system i s   a t   t h e  same eleva- 
t i o n   o r   s l i g h t l y   h i g h e r   t h a n   t h e   a c t i v e   b a r s  and 
channels  but  i s   p a r t i a l l y   v e g e t a t e d  and modi f ied  by 
cryogeni c processes. 

He1 i c t  bar and  channel  systems e x i s t  as te r races  
e levated 19-30 m above t h e   a c t i v e   r i v e r ,  Immedi- 
a t e l y   a d j a c e n t   t o   t h e   t e r r a c e   s c a r p   i s  an e o l i a n  
levee (El) composed of s i l t  and f i n e  sand de r i ved  
from t h e   a c t i v e  and inac t i ve   ba rs  and  channels.  bar 
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FIGURE 2 LANDSAT band 5 image  o f   Eas tern   IUor th   S lope,   A laska.   Eros iona l   remnants   iden t i f ied   a re :  ( I K )  
I t k i l l i k - K u p a r u k ,  (NH) l l h i t e   H i l l s ,  ( S A )  Sagwon, (FB) F r a n k l i n   B l u f f s .   O t h e r   f e a t u r e s   a r e  (T) t e r r a c e s ,  
( E )   e t c h e d   t e r r a i n ,  ( F )  f o o t h i l l s ,  (I!) moraines. The  dashed l i n e  on   the  ( I K )  r e m a n t   d e l i n e a t e s  a h i g h -  
e r   s u r f a c e   t o   t h e   w e s t  fro111 a l o w e r   s u r f a c e   t o   t h e   e a s t .   D a s h - d o t   l i n e   i n d i c a t e s   t h e   l i n e a m e n t   o f  A l -  
b e r t  1978 ,   Uo t ted   l i nes   de l i nea te   rock -un i t   boundar ies   o f   Be ikman   (1980) ;   (1 )   Upper   Te r t i a ry   mar ine  
racks,  ( 2 )  Lower T e r t i a r y   c o n t i n e n t a l   r o c k s ,   a n d  (3)  Cretaceous  rocks,  Box enc loses map a r e a   o f   F i g u r e  
3. Scene  E-1217-21235-5 01, February 25,  1973. 

and  channel  topoc;raphy i s   s t i l l   i d e n t i f i a b l e   i n  
p l a c e s   ( E r ) ,   b u t  tiIuch of t h i s   t e r r a i n   c o n t a i n s  a 
l ake /pond   p la in   (Ep )   o f   w ind -a l iGned   l akes   deve lop -  
ed i n   t h e   a c t i v e   l a y e r  of  the   con t inuous   permaf ros t .  
The e o l i a n   l e v e e  has l o n g i t u d i n a l  dunes o r i e n t e d   i n  
an e a s t - w e s t   d i r e c t i o n ,   p a r a 1   l e 1  t o  the  dominant  
winds. The  dunes a r e  20-30 m l o n g  and  1-4 m h i g h .  
S i n i l a r  dunes a l s o   a r e   p r e s e n t   o n  parts o f  the ab- 
andoned  bar  and  channel  system. I n  some l o c a t i o n s ,  

t h e  dunes  have  been  eroded i n t o   s t r e a m l i n e d ,  yar- 
dano-1 i ke 1 andforms. 

of t h e   F r a n k l i n   D l u f f s   r e m n a n t ,   a r e   l o w - r e l i e f ,  
g e n t l y - s l o p i n g   p l a i n s  now b e i n g   m o d i f i e d   b y   s o l i -  
f l u c t i o n   ( C s l ) ,   Y o u n s e r ,   m o d e r a t e - r e l i e f   s l o p e s  
have  been  fo rmed  ma in ly   by   so l i f luc t ion   p rocesses  
(Csm). The  slopes o f  o l d e r   r e m n a n t s   w i t h   g r e a t e r  
r e l i e f   a r e   d o m i n a t e d   b y   m a s s - w a s t i n g   p r o c e s s e s   r a n g  

Still o lde r   su r faces ,   such   as   t he   upper   su r face  



FIGURE 3 Geomorphic map o f   F r a n k l i n   B l u f f s   a r e a ,  
Sag drainage  system.  Area i s  shown i n  F igure 2 .  
F r a n k l i n   B l u f f s   e r o s i o n a l   r e m n a n t   i s  shown b y l i g h t -  
shaded pat tern.   Explanat ion:   F luv ia l   Channels :  
(Fa)   ac t i ve   (b lack) ,  ( F i )  inact ive,   (Fb)  abandoned; 
Eol ian/Cryogenic :   (E l )   eo l ian  levee,  ( E r )  r e l i c t  
ter race,   (Ep)   lake/pond  p la in ;   Col luv ia l /Cryogenic :  
S o l i f l u c t i o n   S l o p e s :   ( C s l )   l o w   r e l i e f ,  (Csm) moder- 
a t e   r e l i e f .  Thaw lakes and  streams shown by  dashed 
l i n e s ,   p i p e l i n e   h a u l   r o a d   b y   s o l i d   s t r a i g h t   l i n e  
segments. L o c a t i o n   o f  a1 l uv ia l   f ans   (F igu re  4) 
shown by  arrow. 

i n g   f r o m   s o l i f l u c t i o n   t o   d e b r i s   f l o w   t h a t   a r e   f e d  
by y-ound- ice  mel t ing and c o l l a p s e ,   r e s u l t i n g   i n t h e  
development of   thermoci rques,   debr is   lobes,  and a1 - 
l u v i a l   f a n s .   S m a l l   a l l u v i a l   f a n s   a r e   p a r t i c u l a r l y  
we l l -d i sp layed  on t h e   f l a n k s   o f   t h e   F r a n k l i n   B l u f f s  
erosional   remnant,   where  d istal   fan  aprons  are en- 
croaching on t h e   i n a c t i v e   f l u v i a l   p l a i n  o f  t h e  Sag 
(F igure 4) .  

1dARTIAi.I FLUVIAL TERRAIH 

I n t r o d u c t i o n  

The gemorphic  processes  operating i n   t h e  Saga- 
vani rk tok  River   dra inage  system combine t o  produce 
a s u i t e   o f   m o r p h o l o g i c   f e a t u r e s   c h a r a c t e r i s t i c  of 
those seen, o r   i n f e r r e d ,   i n   V i k i n g   O r b i t e r  images 
o f  liars o f  areas  conta in ing  smal ler   out f low  chan-  
ne l s  and deposi t ional   bas ins.  The  Ladon  Val l es   a rea  
o f   t h e   l i a r g a r i t i f e r   S i n u s   Q u a d r a n g l e  (ilC-19) (U.S. 
G . S .  1575) i s  a sood  example (F igu re  5 ) .  The f o r -  
mation o f  these  channels and basins  predates  the 
development o f  most o f   the   ma jor   ou t f low  channe ls  
and may have  occurred a t  a t ime  when the  Idart ian 
c l   i n a t e  was "wet te r "   (Car r  1%30), and thus more a k i n  

FIGURE 4 Small a l l u v i a l   f a n s   a t   t h e   s o u t h w e s t   c o r -  
ner  o f  the  Frank1 i n   B l u f f s   e r o s i o n a l  remnant. The 
fans  are  growing  by  debr is- f low  deposi t ion  onto  an 
i n a c t i v e   f l o o d p l a i n  segment o f   t h e  Sag River .  Fie - 
l i e f   o f   t h e   B l u f f s   i s   a b o u t  160 m, d is tance  f rom 
f a n  apex t o   t o e  i s  about 300 m. 

t o   p resen t   o r   P le i s tocene   cond i t i ons  on the   Nor th  
Slope. The s i m i l a r i t y  o f   t he   two   su i tes   o f  morph- 
o log i c   f ea tu res   sugges ts   t ha t   s im i l a r   p rocesses ,   i n  
t ype  and  magnitude t o  Quaternary  processes  that  
have  shaped the  Eastern  iJorth  Slope, may have oper- 
a t e d   i n   t h e   F i a r t i a n   f l u v i a l   t e r r a i n .  

" Ladon  Val les  Dra inage System 

The Ladon Val les  dra inage system, centered on 
24"S, 29.5"\4, c o n s i s t s   o f   ( 1 )  an  ar ray o f  small 
outf low  channels  separated by erosional  remnants , 
( 2 )  a l a t e   s o u r c e   a r e a   o f   c h a o t i c   t e r r a i n   a d j a c e n  
t o  and n o r t h e a s t   o f   t h e   c r a t e r  Holden,  and (3 )  a 

t 

probab le   depos i t iona l   bas in   to   the   nor theas t   (F ig -  
u r e  5 ) .  The  presumed d e p o s i t i o n a l   p l a i n  i s  i n s i d e  
an   o lder ,   h igh ly   degraded,   mu l t i r inged  bas in ,   the  
boundaries of   which  were mapped by  Saunders  (1979), 
discussed  by  Schultz and GI icken  (1979) and named 
t h e  Ladon Basin  by  Schul tz   e t   a l ,   (1962) .  

The outflow  channels  and  remnants, when viewed 
on s te reo  images  (611A13, 32, 65QA15, 16,  18) show 
seve ra l   l eve l s  of channels  and  terraces  (Figure 5 )  , 
indicat ingr  a complex d e g r a d a t i o n a l   h i s t o r y   w i t h  
presumed m u l t i p l e   f l o w   e v e n t s .  The ho r i zon ta l   sca le  
o f   f e a t u r e s   i n  Ladon V a l l e s   i s  comparable t o  chan- 
n e l  and  remnant  features on LAi:DSAT imagery o f   t h e  
Saga,vanirktok  drainage  system. The n a t u r e   o f   t h e  
r e g o l i t h  on bedrock i n   t h e  Ladon area i s   n o t  known 
f o r   c e r t a i n ,   b u t  because i t  i s  i n   t h e   o l d e r   c r a t e r -  
ed p l a i n s   p r o v i n c e  o f  i lars  (Saunders  147S),  there 
cou1.d be a deep b lanke t  of c r a t e r   e j e c t a   t h a t ,  when 
combined w i t h  presumed permafrost and  ground  ice, 
i s   n o t   u n l i k e   t h e   s e m i c o n s o l i d a t e d   T e r t i a r y   r o c k s  
of the  l ior th   S lope.  

pas t   we t te r   c l ima te ,  combined w i t h   t h e   c o n f i n e d  
a q u i f e r   r e l e a s e  mechanism of   Carr   (1   579) ,   could 
have r e s u l t e d   i n   m u l t i p l e   f l o w s   o r i g i n a t i n g   i n   t h e  
area   nor theas t   o f   Ho lden  c ra te r   f rom  water   s to red  
i n  presumed p e r m a f r o s t   p r i o r   t o   t h e   f o r m a t i o n   o f  
c h a o t i c   t e r r a i n ,   T h i s   i s  a s i t u a t i o n   a n a l o g o u s   t o  
the   re lease  o f  water  from  the  Brooks Range d u r i n g  
deg lac ia t i ons .  The d e p o s i t i o n a l   b a s i n   t o   t h e   n o r t h  
of t h e  Ladon out f low  channels   funct ioned as a sed i -  

La te r - re lease  mechanisms a r e   a l s o  unknown, b u t  a 



FIGURE 5 Ladon Valles and adjacent  area.  Drainage flowed from late  source  area o f  chaotic  terrain  near 
c ra t e r  Holden ( H )  t o  a depositional  basin  inside an ancient  multiringed  impact  basin Numbers indicate 
re la t ive  e levat ion and age of channel floors and terraces (1  1 s  highest o r  o ldes t ) .  (611A30, 650A16, 19) 

nlent sink much like  the  Sagavanirktok,  Colville, t i o n  (190-220 m per  pixel ) and do not show f ine  de- 
and  other  delta  plains and the  Beaufort Sea have t a i l s  of secondary  modification t o  valley  wallssuch 
done on the iiorth  Slope. as  mass-wasting and debris  flow  although  chaotic 

l lodification  to Channels and Valleys  morainal disintegration topography  (Figure 2 )  o f  
t e r ra in   (F igure   5 ) ,  on a scale  consistent w i t h  the 

the North Slope, can be mapped. Thus  high-resolu- 
The Ladon Valles images a re  medium-scale resolu-  tion images (30-50 m per  pixel) of I'iartian  channels 
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FIGURE 6 Debr i s   f an   i n   t he   no r the rn   channe l  o f  
Kasei V a l l i s  (27.2'N, 67%) with  source  area on t h e  
canyon  wall  , and  perhaps  from  the  graben  on  the 
upper  plateau.  Note  scale  (665A24). 

on  a scale  comparable t o  U-2 images  on t h e   A r c t i c  
S l o p e   a r e   u s e d   t o   i l l u s t r a t e   v a l l e y   m o d i f i c a t i o n .  

F igu re  6 shows an a l l u v i a l  fan  that   appears  to  
have  formed  by  debris-flow  processes i n   t h e   n o r t h -  
ern  channel   o f   Kasei   Val l is  (27.2"11, 67°K).  The 
fan  extends  about 5 km o u t   o n t o   t h e   f l o o r   o f   t h e  
channel  from  a  source on t h e  Val l e y   w a l l ,  

The wal l   he ight   o f   the  Kasei   channel  i s  much 
grea ter   than even those  o f   the  Brooks Range Val- 
l e y s ,   b u t   f a n   s i z e   i s   n o t   i n c o n s i s t e n t   w i t h   t h e  
l a r g e r   d e b r i s  fans o f  t h e  Sag drainage  basin. 

ACKR0WLEL)GWEtITS 

The p r o j e c t  was supported  by  the NASA Planetary  
Geology  Program  under  grant iJSG-7414. Access t o  
s t u d y   s i t e s  by Arco  and  Sohio o i l  companies  and  by 
the   A lyeska  P ipe l ine   Serv ice  Company i s   g r a t e f u l l y  
acknowledged.  This  work  has  benefited  greatly 
f rom  d iscuss ions   w i th  members o f   t he   l i a rs  Channel 
L o r k i n s  Group, p a r t i c u l a r l y  V .  Gaker, B. L u c c h i t t a ,  
H. tiasursky, D. ihmmedal, P. Pat ton and L. P i e r i .  
L. Dunne a s s i s t e d   i n   t h e   f i e l d ;  P.  Ladd  and J .  
G r a n t   a s s i s t e d   i n   t h e   l a b o r a t o r y ;  S. Ponte  typed 
the  manuscr ipt .  
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PALEOTEMPERATURE  ESTIMATES OF THE ALASKAN ARCTIC COASTAL PLAIN DURING THE LAST 
125,000 YEARS 
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I n s t i t u t e  of Arct ic  and Alpine  Research  and 
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Beach,  nearshore, and shallow-marine  deposits of the Gubik Formation  in  the 
western  portion of the  Alaskan  Arctic  Coastal  Plain  have  been  subdivided  by 
s t ra t igraphy,   sedimentology,  and amino acid  geochronology  into  transgressive/ 
regressive  sequences  represent ing  s ix   high  s tands of sea  level  of Pliocene and 
Pleistocene  age,  Combined with  paleoclimatic  proxy  data and assumptions 
concerning  permafrost  conditions, amino ac id   r e su l t s  on mollusks from t h e   l a s t  
in te rg lac ia l   h igh   sea   s tand ,   the  Walakpa member ( w  125 ka B.P.), provide a means 
of quantifying  paleotemperatures  in  permafrost  throughout  Wisconsin  time and 
places  limits on the  possible  magnitude  of  temperature  change  throughout  this 
period. The resu l t s   ind ica te   tha t   g lac ia l -age  mean permafrost  temperatures on t h e  
coastal   p la in   averaged -18'C or lower and were more than 8'C colder  than  ,today. 
This i m p l i e s  t h a t  mean annual  air  temperatures  probably  averaged  between -19°C and 
-24'C and a r c t i c  summers were probably  cooler  than  at  present. Areas  such  as 
Ellesmere  Island, N.W.T., or the Dry Valleys o f  Antarct ica  may se rve   a s   pa r t i a l  
modern ana logs   for   the   g lac ia l   c l imates  o f  the  North  Slope. 

INTRODUCTION 

The Arctic  Coastal   Plain and adjacent  
cont inenta l   she lves  of northern  Alaska  (Figure 1) 
are  mantled by a thin  veneer o f  unconsolidated 
sediments known as the Gubik Formation  (Black 
1964). In addi t ion  t o  e x t e n s i v e   f l w i a l ,   e o l i a n  
and  thaw lake   cons t i tuent   fac ies ,   beach ,  
nearshore, and shallow-marine  sediments  that were 
deposi ted  as  a r e s u l t  o f  eus t a t i c   s ea   l eve l  
changes  during  Pliocene and Pleistocene  time 
compose a s ign i f i can t   pa r t  of t h i s  complex 
s t ra t igraphic   sequence.   This   paper   deals  
specif ical ly   with  marine  sediments   of   the   las t  
interglacial   h igh  sea  s tand (125 ka B.P.), now 
recognized  as  the Walakpa member o f  the  Gubik 
Formation  (Brigham 1983). Fran  the  extent of 
i so leuc ine   ep imer iza t ion   in   foss i l  Mya t runca ta  
and & 
used to  cons t ra in  a s e r i e s  of possible  
paleoremperature  models  for  the  North  Slope  during 
t h e   l a s t  125,000 years   that   a t tempt   to  accomodate 
a l l  of the  present ly  known paleocl imat ic  proxy 
d a t a .  

arenaria   in   these  sediments   the  data   are  

METHODS 

Amino acid  geochronology is a technique  that  
r e l a t e s   t he   ex t en t  of diagenetic  changes of 
indigenous  proteins  in  the  carbonate  matrix  of 
fossil   mollusks  to  variables  of  temperature 
( thermal   his tory  s ince  deposi t ion)  and time ( s i n c e  
death of the  organism). Most amino ac ids  may 
occur in one  of two opt ica l ly-ac t ive  forms, o r  
enantiomers, which a re   mir ror  images  of  each 
o t h e r .  Those forms t ha t   ro t a t e   po la r i zed   l i gh t   t o  

I 1" 

FIGURE 1 Arctic  Coastal   Plain  of  northern  Alaska,  
showing the   loca t ion  of s tudy  area between P t .  
Barrow and Cape Beaufort. 

t he   r i gh t   a r e  D-amino ac ids   (dext roro ta tory)  and 
t o   t h e   l e f t   a r e  L-amino ac ids   ( l evoro ta to ry ) .  
Const i tuent  amino acids  that   comprise  the  protein 
within  the  carbonate  matrix of l iv ing   mol lusks   a re  
exc lus ive ly  of the  L-stereoisomer  configuration. 
After  death  of  the  organism  the L-amino ac ids  
reversibly  interconvert   to   the  D-configurat ion 
u n t i l  an e q u i l i b r i m   m i x t u r e  is reached.  Thus, 
f o s s i l   s h e l l s  of  increasing age contain a g r e a t e r  
porportion  of D-amino acids .  In th i s   s tudy ,   the  
epimerizat ion of L-isoleucine t o  D-al loisoleucine 
(hereaf te r   a I le / I le )   in   the   Tota l   (Free   p lus  
peptide-bound)  acid  hydrolysate was measured in  
fossi l   mollusks  to   determine  the  re la t ive  are  of 
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marine  deposits exposed on the  Arctic  Coastal  
P la in ,  and to make Late   Pleis tocene 
paleotemperature  estimates.  

cont ro l l ing   fac tor   govern ing   pro te in   d iagenes is .  
In  general ,  a 4 ' ~  temperature r ise  w i l l  
approximately  double  the  epimerization  rate of 
L-isoleucine. However, f o r   r e l a t i v e l y  young 
samples  (e.g., 125 ka B.P.) at  temperatures  lower 
than  about -1O"C, t h e   r a t e  of epimerizat ion is  so 
slow that   the   change  in   the  absolute   value of the 
a I l e / I l e   r a t i o ,   c r e a t e d  by f l u c t u a t i o n s   i n  
temperature of a few degrees ,  is very  small and 
of ten  less than  the  resolving power  of the  
technique.  Hence,  the method cannot  detect 
temperature  differences  of < f 2'C i n   t h i s  
time/  temperature  range. 

Because r a t e s  of amino acid  diagenesis   vary 
between d i f fe ren t   genera , -ana lyses   were   res t r ic$ed  
t o  Hia te l la   a rc t ica   (Ljnne) ,  Mya a r e n a r i a   ( L i m e ) ,  
and Mya t r u n m i n n e )  . When p o s s i b l e ,   a t   l e a s t  
th ree   ind iv idua ls  of each  genus were analyzed from 
each   depos i t iona l   fac ies   in   o rder   to   de tec t  mixed 
populations of a I l e / I l e   r a t i o s   i n d i c a t i v e  of 
reworked f o s s i l s .  Samples  were  prepared  for 
analysis   according  to  Miller (1982 p. 52). 
Analyses were completed  using an ion-exchange 
liquid-chromatographic amino acid  analyzer 
u t i l i z i n g  0-Phthaladehyde  fluorescence  detection. 

Temperature is the most c r i t i . ca1   ra te -  

STRATIGRAPHY OF THE WALAKPA MEMBER 

The absolute  age and extent  of amino ac id  
d iagenes is  of fossi l   mollusks from the Walakpa 
member (Table 1) are  o f  c r i t i c a l  importance  to  the 
d iscuss ion  of Late  Quaternary  paleotemperatures. 
This member, which represents  one of t he   l a s t  
t ransgress ions  on the  western  Coastal  Plain,  forms 
a prominent  shoreline of gravel  beach  deposits up 
t o  10-12 m a.s.1.   that   are  continuously  exposed 
above older   t ransgressive  marine  uni ts   for   a lmost  
2.5 h on the  southside of Walakpa Bay. 
Corre la t ive   g rave l  and sand f a c i e s  on the  north 
s i d e  of the bay grade  northward  into  lagoonal 
sediments  containing Macoma b a l t h i c a .  Near 
Barrow, the Walakpa member i s  composed of a 
barr ier   bar   system  that  i s  exposed in   t he   b lu f f s  
below  the  vil lage and t r aceab le   i n   coas t a l   b lu f f s  
f o r  3 km southwest  unti l  it pinches  out  over  the 
Karmuk member. Beach sediments  of  the Walakpa 
member a l s o   p a r t i t i o n  Wainwright I n l e t  from t h e  
Chukchi Sea. Due to   t he  low thermal   his tory o f  
the   re$ion  (current  mean annual a i r   t empera tu re   a t  
Barrrow,  -12.8'C), i so leuc ine   ep imer iza t ion   ra t ios  
i n   s h e l l s  frm the Walakpa member are   only 
s l i g h t l y  above  those  in modern s h e l l s  (modern 
sample = 0.011 f ,002). A radiocarbon  analysis on 
d r i f t  wood from the Walakpa member near Walakpa 
Bay yielded an age  of greater  than  36,000  years 
B.P. (Beta-1766) and a d d i t i o n a l   i n f i n i t e   d a t e s  on 
woody m a t e r i a l s   f r m   t h i s   u n i t   a t  Barrow have  been 
reported by Sellman and Brown (1973,  >39,900  years 
B.P.,  1-3628) and Coulter  et   al .   (1960, >38,000 
years  B.P., W-380). A f i n i t e   d a t e  on marine 
she l l s   co l l ec t ed   nea r  Barrow (31,200 f 810/900 
years B.P., DIC-2569) i s  considered  to be a 
minimum est imate .   Correlat ive  beach  deposi ts  of 
the  barrier  bar  system  extending from Barrow t o  

Table 1 Extent of Isoleucine  Epimerization  in  the 
Walakpa member of  the Gubik Formation,  Western 
Arctic  Coastal   plain,   Alaska . 
MEMBER H i a t e l l a  Mya 

Total  C.V.% Total  C.V.% 

'Values  represent peak height  measurements , mean 
f 16; F f Free, T = Total smino ac id   f rac t ion  

'C.V.% = c o e f f i c i e n t  of v a r i a t i o n  = standard 
gdeviation/mean X 100% 
I-n) = not d e t e c t a b l e ,  dashed lines i n d i c a t e  no d a t a  

e a s t  of Teshekpuk Lake have  been i d e n t i f i e d  by 
Car te r   (Car te r  and Robinson  1981) and radiocarbon 
dated  to  >51,000 years B.P.(USGS-676). The 
Walakpa member is considered  correlat ive  with  the 
Pelukian  t ransgression of Hopkipfi (1967) and t o  
da te  from t h e   l a s t  open-ocean 6 0 mlnimum (5e) 
125,000 years B.P. (Shackleton and  Opdyke 1973). 

PALEOTEMPERATURE  ESTIMATES 

Equations which express   the   re la t ionship  
between  the  extent  of  epimerization,  absolute 
time, and diagenetic  temperature  are  reviewed by 
Schroeder and  Bada (1976) and may be expressed as:  

In [ 1 + D/L ] = (1 t KT) K~ t + c (1  1 

where D/L = a I l e / X l e   r a t i o  of the  sample; K' = 
inverse  of the  equilibrium  constant  (0.77);  kl: 
forward  rate  constant of isoleucine  epimerieat lon;  
t = time  since  death of the  organism; and C = 
analy t ica1 ,cons tan t   tha t   represents   the   va lue  of 
t he   l e f t   s ide  of  the  equation  at   death of the 
organism and accounts  for  laboratory  induced 
epimerization  during  preparation ( C  = 0.0195 i n  
samples  discussed  here). 

The r e l a t i o n s h i p  between  kl and temperature 
i s  described by the  Arrhenius  equation 

1 - K' D/L 

(% 1 
kl = Ae 

where A = constant  for  each  species;  Ea - energy 
o f  a c t i v a t i o n ;  R = gas  constant  (1.987); and T p 

absolute  temperature (OK). Radiocarbon  dated 
control  samples and pyro lys i s   da ta   fur ther   def in ;  
t he   r e l a t ionsh ip  between the   i so leuc ine  
ep imer i za t ion   r a t e   cons t an t   (k l )  and temperature 
(T) for  Mya t r u n c a t a   ( M i l l e r   e t   a l .  1983. The 
r e l a t i o n x p  between  kland T for  Mya t runca ta  is 
expressed  as : 

log kl 16.33 - 6131 / T (3)  

and the  energy o a c t i v a t i o n  i s  ca lcu la ted   to   be  
28.06  kea1 mole-'. By replacing  equation ( 3 )  for 
kl   in  ( 1 )  and solving  for T, the  equation  can be 
wr i t ten   wi th  T, t ,  and D/L as the   on ly   var iab les .  
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T =  6131 
# m .  

I + D/L 
" 

16.33 - l o g  1 In  [ 1 - .77 D/L - 0.0195 

1.77t  1 
For a sample  with a complex  thermal   his tory,  T can 
be c o n s i d e r e d   t h e   e f f e c t i v e   d i a g e n e t i c   t e m p e r a t u r e  
(EDT) t h a t  is the  temperature   associated  with  an 
e f f e c t i v e   r a t e   c o n s t a n t   e s t i m a t e d  by i n t e g r a t i o n  
through a p robab le   t empera tu re   h i s to ry   fo r  a 
sample.  Because of t h e   e x p o n e n t i a l   r e l a t i o n s h i p  
between  the rate cons t an t  (kl) and t empera tu re  (T) 
t h i s   t h e r m a l   i n t e g r a t i o n  i s  more s e n s i t i v e   t o  
p e r i o d s   o f   h i g h   t e m p e r a t u r e s   t h a t   a c c e l e r a t e   t h e  
r e a c t i o n s  more t h a n   t h e   d e c e l e r a t i o n   e f f e c t e d   b y  
an   equ iva len t   t empera tu re   dec rease .  

The e f f e c t s  of a v a r i a b l e   t h e r m a l   h i s t o r y  on 
t h e  EDT can  be  important on both  an  annual  cycle 
and l o n g - t e r m   c l i m a t i c   s h i f t s .  The a r i t h m e t i c  
mean annual  temperature  of  the  ground w i l l  d e v i a t e  
from t h e   e f f e c t i v e   d i a g e n e t i c   t e m p e r a t u r e   i n  
p r o p o r t i o n   t o   t h e   a m p l i t u d e  of  temperature  about 
t he  mean.  Although  the mean annual a i r  
t empera tu re  at  Barrow is c u r r e n t l y  -12 .8"C,  f o r  
example ,   in tegra t ing   the   month ly   t empera ture   cyc le  
o v e r   t h e   y e a r   c a l c u l a t e s   i n t o  an EDT of -3.6'C, 
r e f l e c t i n g   t h e   i n f l u e n c e   o f  warm summer 
t empera tu res .   In   pe rmaf ros t ,   t he   va lue   o f   t he  EDT 
is inf luenced   by   the   ampl i tude   o f   the   annual  
temperature  wave a t  a given  depth and approximates  
the  mean annual  ground  temperature  at   the  depth of  
zero   ampl i tude .   F igure  2a shows t h e   d e c r e a s e   i n  
t h e  EDT a t  d i s c r e t e   i n t e r v a l s   c a l c u l a t e d  from t h e  
c u r r e n t  mean month ly   t empera tures   measured   a t  
depth  in  permafrost   near  Barrow  (Lachenbruch e t  
a1 . 1962) .  Near the   g round  sur face ,   the  EDT of 
the   permafros t  is qu i t e   h igh  -3.O"C a t  -60 cm) 
r e f l e c t i n g   t h e  warm summer temperatures  and l a r g e  
ampli tude of the  annual   temperature  wave.  With 
depth ,   however ,   the   ampl i tude  of the   annual  
temperature  wave i s  i n c r e a s i n g l y   a t t e n u a t e d   t o  a 
po in t  where the  EDT in   t he   pe rmaf ros t  (EDT -9.3'C 
a t  -18.5 m) is s i m i l a r   t o   t h e  mean annual  
ground-surface  temperature  (* -10,O'C). 

We c a n   e v a l u a t e   t h e   e f f e c t  of the   annual  
t empera tu re  wave and hence,   the  EDT, on t h e   r a t e s  
of   i so leuc ine   ep imer iza t ion   under   the   p resent  
c l i m a t e  and d u r i n g   c o l d e r   g l a c i a l   c l i m a t e s .  The 
e f f e c t  of t he   p re sen t   c l ima te   (u s ing   t he  EDTs a t  
dep th   i n   F igu re   2a )  on rates o f   ep imer i za t ion  i s  
i l l u s t r a t e d   f o r  a hypo the t i ca l   ca se   i n   F igu re  2b 
i n  which   the   p resent  climate is ma in ta ined   fo r  
100,000  years.   Using  equation ( 4 )  and s o l v i n g   f o r  
D / L  in   success ive ly   deeper   samples ,  it can  be 
shown tha t   be low a depth of approximately -3 m 
( d a s h e d   l i n e   i n   F i g u r e  2 b ) ,  t h e   v a r i a t i o n   i n   t h e  
a I l e / I l e  r a t i o s   c r e a t e d  by changes   i n   t he  EDT w i t h  
dep th  is 11.5%; t h i s  is e q u i v a l e n t   t o   t h e  
p r e c i s i o n   ( e x p r e s s e d   a s   c o e f f i c i e n t   o f   v a r i a t i o n )  
a t t a i n a b l e   i n   i s o l e u c i n e   e p i m e r i z a t i o n   ( c o m p a r e  
with  Table I ) .  For  comparison, a s e r i e s   o f  
Holocene  samples  subjected  to  the  modern  climate 
f o r  8,000 yea r s  would t h e o r e t i c a l l y   y i e l d  a depth 
r e l a t e d   v a r i a t i o n   i n   a I l e / I l e   r a t i o s   o f   o n l y  2 . 5 %  
(F igure   2b) .  From t h i s   e x e r c i s e ,  we conclude   tha t  
(1) o v e r   r e l a t i v e l y   s h o r t  time i n t e r v a l s   s u b t l e  
changes a t  the  EDT's below  about -6'C e f f e c t   o n l y  
minor   va r i a t ions   i n   t he   obse rved  a I l e / I l e  r a t i o s ,  
( 2 )  consequen t ly ,   pa l eo tempera tu re   e s t ima tes   fo r  

FIGURE 2 E f f e c t i v e   d i a g e n e t i c   t e m p e r a t u r e s  (EDT) 
and a I l e / l l e   r a t i o s  i n  pe rmaf ros t .   ( a>   Ca lcu la t ed  
EDT versus   depth   in   permafros t   under   the   p resent  
c l i m a t e .  ( b )  E f f e c t s  of t he  modern EDT p r o f i l e  on 
t h e   a I l e / I l e   r a t i o   i n   s a m p l e s  8.0 ka  and  100 ka 
yea r s  B.P. The v a r i a t i o n   i n   r a t i o s   o b s e r v e d   b e l o w  
-3 m (dashed   l i ne )  i s  less t h a n   a n a l y t i c a l  
v a r i a t i o n   i n   t h e  amino acid  method.  For IO0 ka ,  
t h e  mean a I l e / I l e  below -3 m = 0.026 f .003, C . V .  
= 11.5%;   for  8 ka ,   t he  mean is 0.12 4 .0003, C.V. 

= 2.5%. 

low-temperature s i tes  a r e  only p r e c i s e   t o   w i t h i n  
-2'to -3'C, ( 3 )  t ha t   s amples   co l l ec t ed   fo r  amino 
ac id   s tud ie s   i n   pe rmaf ros t   a r eas   shou ld  come from 
a depth of a t   l e a s t   2 . 5  m t o  min imize   t he   e f f ec to f  
the  annual  temperature  wave, and  most i m p o r t a n t l y  
( 4 )  t h e s e   d a t a ,   i n   t u r n ,  allow u s   t o   c o n c l u d e   t h a t  
t he  mean permafrost   temperature  at depth i s  a good 
f i r s t   app rox ima t ion   fo r   t he   l ong- t e rm EDT 
experienced by b u r i e d   s h e l l s   d u r i n g   e a c h   c l i m a t i c  
reg ime  over   the   l as t  125,000 y r s .  In t h i s   s t u d y ,  
t he  EDT expressed   in   equa t ion  ( 4 ) ,  r e p r e s e n t s   t h e  
i n t e g r a t i o n   o f   t h e   t h e r m a l   h i s t o r y  o f  the  upper 
few tens   o f   meters  of permafros t   over   an   en t i re  
time p e r i o d   ( t ) ,  and p l a c e s   c o n s t r a i n t s  on t h e  
magnitude  of  ground  and a i r  temperature  changes 
tha t   can   have   occur red .  

PALEOTEMPERATURE  RECONSTRUCTIONS 

Pa leoc l ima t i c   p roxy   da t a  and  geomorphic 
ev idence   demonst ra te   tha t   Alaska   has   exper ienced  a 
number of b r o a d   c l i m a t i c   o s c i l l a t i o n s   d u r i n g   t h e  
last  125,000 yea r s ,   i nc lud ing  warm and moist  
i n t e r g l a c i a l s  similar to   today ,   co ld  and d ry  
g l a c i a l s ,  and i n t e r m e d i a t e   i n t e r s t a d i a l   c o n d i t i o n s  
(Hopkins et  a1 . [1982]   for   rev iews) .  Most of  the 
p a l e o c l i m a t i c   r e c o n s t r u c t i o n s   f o r   t h i s  time period 
a r e   q u a l i t a t i v e   i n   a p p r o a c h  due to   t he   l ack   o f  a 
means t o  q u a n t i f y   d i r e c t l y   t e m p e r a t u r e  and 
p r e c i p i t a t i o n   p a r a m e t e r s .  Based upon amino a c i d  
paleothernometry,  we presen t   he re  a series o f  
pa leo tempera tu re   r econs t ruc t ions   fo r   t he   A laskan  
A r c t i c   C o a s t a l   P l a i n   d u r i n g   t h e  last 125,000  years  
tha t   a t tempt   to   accomodate  a l l  of a v a i l a b l e  
pa leoc l imat ic   p roxy   da ta  from t he   r eg ion  and t o  
q u a n t i f y  and d e f i n e  limits for   the  magni tude  of  
temperature   change  during  this   t ime  per iod.  

Pa leo tempera tu re  estimates der ived  f rom 
equa t ion  ( 4 )  a r e  most a c c u r a t e  when t h e   a b s o l u t e  



age of a sample is known. Hence, the most 
important  assumption  in  this  reconstruction i s  
tha t   t he  Walkpa member & 125,000  years  old;  the 
r a t iona le   fo r  i ts  age o u t l i n e d   e a r l i e r .  Younger 
age  estimates  can be t e s t e d  by solving  equation 
( 4 )  for  EDT'S using  younger assumed ages  with  the 
observed   a I le / I le   ra t ios .  Age es t imates   for   the  
Walakpa member a t  80 ka and 35 ka B.P. predict  
in tegra ted   d iagenet ic   t empera tures   in   the  
permafrost  of -10.9'C  and -6.8"C r e s p e c t i v e l y ,  
va lues   s imi l a r   t o  or s i g n i f i c a n t l y  warmer than 
modern values .  In l i g h t  of pa leoc l imat ic   da ta  
tha t   sugges ts   the   g lac ia l   per iods   in   nor thern  
Alaska where colder  and dr ie r   than  modern 
i n t e r g l a c i a l   c o n d i t i o n s ,  we be l i eve   t ha t  such 
e s t ima tes   a r e   un rea l i s t i c  and tha t  an age  of 
125,000 is probably most reasonable  for  the 
Walakpa member. 

i n t e r g l a c i a l   d e p o s i t s  (Walakpa member, t = 125,000 
years B.P.) requi re  an e f f ec t ive   d i agene t i c  
temperature  for  the  entire  t ime  period of 

-13.8"C. Using  the  paleoclimatic  record a6 a 
guide   for   in te rg lac ia l   per iods  of "known" 
temperature,  models  can be developed  that   derive 
appropriate  EDT's for   per iods  lacking proxy d a t a ,  
e spec ia l ly   fu l l -g l ac i a l   ep i sodes .  The models 
employ a computer  program t h a t   a l l o c a t e s   r a t e  

A I l e / I l e   r a t i o s   i n  & t runca ta  from l a s t  

c o n s t a n t s   f o r   i n t e r v a l s  of specif ied  c l imate ,   thus  
i n t e g r a t i n g  an e f fec t ive   d iagenet ic   t empera ture  
over   each  interval ,  and converts   the  computed r a t e  
constant  back i n t o  a temperature  (from  equation 3 )  
f o r  an i n t e r v a l  of unknown cl imate .  The equation 
used for these   recons t ruc t ions  is modified from 
M i l l e r   e t   a l .  (1983) and w r i t t e n  as: 

n 
k, = < k a t a  - ( k , t ,  + k,t, f ... k n t ,  ) ( 5  

i = l  t, - (tl + t, + .. .tn) 
(see Figure 3 

where, k, = ra te   constant   for  a spec i f ic   t ime 
i n t e r v a l  of unknown temperature; ka * r a t e  
cons tan t   for   the   en t i re  assumed 125,000  year 
period; k, , k 2 , ,  .kn = r a t e   cons t an t   fo r  
i n t e r v a l s  of known temperature; ea = length of 
ent i re   t ime  per iod = assumed 125,000  years; t l  , 
t2 ... tn  = length of each   c l imat ic   in te rva l .  
The e f fec t ive   d iagenet ic   t empera ture   for   the  
unknown i n t e r v a l  is calculated  using  the 
ca lcu la ted  kx in   place of kl in equat ion 3.  

Paleoecological   data  from  numerous Alaskan 
sources   across   Beringia   suggest   that  ( 1 )  t h e   l a s t  
i n t e r g l a c i a l  was s l i g h t l y  warmer than  today, ( 2 )  
an e a r l y  Wisconsin g lac ia l   ep isode  (Happy) 
occurred  pr ior  to 65 ka ago, ( 3 )  during  the 
mid-Wisconsin (Bou te l l i e r   In t e rva l ,   abou t  65-30 ka 
B.P.) cl imate  was intermediate  between  colder,  
d r i e r   g l a c i a l s  and warmer, more mes ic   in te rg lac ia l  
condi t ions ,  ( 4 )  t h e   l a t e  Wisconsin g l ac i a l   s t ade  
(Duvanny Yar)  occurred  between 30 and 14 ka ago, 
and ( 5 )  during  the  la te   Pleis tocene/ear ly   Holocene 
(Bi rch   In te rva l ,  14-8.5 ka years B.P.) summer 
temperatures ,  were somewhat warmer than  the 
remainder of the Holocene  (Hopkins  1982). 

are   necessary  concerning  the  condi t ions  in  
permafrost,  as  they may have  effected  propagation 
in  the  annual  temperature wave. The most 

To model these  c l imat ic   intervals ,   assumptions 

83 

0- 

For 
1 through n 

Climatic 
ka  

Intervals 

FIGURE 3 Schematic   diagram  i l lustrat ing  the 
parameters  used  in  equation 5 for   evaluat ing  past  
t empera ture   h i s tor ies .  The EDT for   the unknown 
i n t e r v a l  x is predicted  using k, in   p lace  of kl 
in  equation 3 .  See t ex t   fo r   t he   de f in i t i on  of 
terms shown here.  Any number of known and unknom 
i n t e r v a l s  can be included,  but  the  calculated 
unknown DTS'S w i l l  be the  average of a l l   t h e  
unknown time i n t e r v a l s .  

impor tan t   fac tors   in f luenc ing   the   e f fec t ive  
) diagenetic  temperatures  in  permafrost  are (1 )  the  

thermal  conductivity of the  sediment  (which  has 
probably  been  continuously  frozen  since  the 
mid-Pleistocene),  (2)  the  depth and i n s u l a t i n g  
value of snow cover ,  and ( 3 )  the  amplitude  of  the 
annual  surface  temperature wave. The lack of 
winter  snow cover  during  dry  periods  probably 
allowed  greater  winter ground cool ing.  Given the 
more con t inen ta l   s i t ua t ion  of t he   coas t a l   p l a in ,  
summer temperatures  might be thought  to have  been 
warmer,  but t h i s  may not be t rue.   Sparse 
vege ta t ion  and the  high  albedo of e o l i a n  sand 
would have inhibi ted  the  penetrat ion of summer 
r a d i a t i o n .  The d r y  s o i l s  however, may have had a 
lower  heat  capacity and warmed more qu ick ly   a t  
given  temperatures. It is c l e a r   t h a t  thaw  lakes 
d i d  not  develop  during  the  Dwanny Yar g l a c i a l  
period (30 ka to 14  ka B.P.). Because summer 
temperatures  probably  did  rise  above O'C i n   t h e  
summer months,  the  lack  of  these  features must 
i nd ica t e   t ha t   t he  upper few meters of permafrost 
were  severely  dessicated.  

paleocl imat ic  models represent ing  mean 
permafrost   temperatures  at   depth (or EDT's) for  
known i n t e r v a l s  and ca lcu la ted   for   g lac ia l  
in te rva ls   a re   depic ted   g raphica l ly   in   F igure  4 .  
In each  case,  equation ( 5 )  i s  used t o   p r e d i c t   t h e  
temperature of the unknown (dashed)   in te rva l .   In  
a l l   cases ,   the   temperatures   ass igned  to   the 
in t e rva l s   a r e   cons t r a ined  by the   f ac t   t ha t  an 
i n t e g r a t i o n  of a l l   i n t e r v a l s  must y ie ld  an average 
EDT of -13.8-C for   the   l as t  125 ka, as ca lcu la ted  
e a r l i e r .  
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FIGURE 4 Schematic   diagram  i l lustrat ing  f ive 
possible  temperature models ca lcu la ted  from 
equat ion 5 .  Sol id   l i nes   r ep resen t   i n t e rva l s  of 
"known" climate,   while  dashed  l ines  represent 
Kemperatures  calculated for i n t e r v a l s  of "unknown" 
cl imate .  A l l  temperaKures  indicated  represent 
EDT"C at  depth  in  permafrost .  

Case 1 is a simple model which p a r t i t i o n s   t h e  
l a s t  125 ka years   into  only 6 broad  climatic 
i n t e r v a l s .  The modern permafrost  Kemperature  of 
-1O'C is used to   r ep resen t   t he   l a s t  8.5 ka years 
while a temperature  of -9'C  was chosen for the  
b i rch  zone  (8.5-14ka years )   represent ing  a slighK 
warming of  cl imate,  accompanied by infer red  
t h i c k e r ,  more i n s u l a t i n g  snowcover. The 
Bou te l l i e r   i n t e rva l  (30-65 ka years B.P.) is  
depicted  as  a period  of  intermediate  cl imate,  and 
assigned a temperature  lower  than  at  present 
yet  above f u l l   g l a c i a l   c o n d i t i o n s .   F i n a l l y ,   t h e  
l a s t  in te rg lac ia l   ep isode  i s  assigned a 
above f u l l   g l a c i a l   c o n d i t i o n s .   F i n a l l y ,   t h e   l a s t  
in te rg lac ia l   ep isode  is  assigned a temperature 
s l i g h t l y  warmer than  today as indicated by the 

e x t r a l i m i t a l   d i s t r i b u t i o n  of fossi l   marine 
mollusks  in   deposi ts  o f  t h i s  age across   the  
northern  coast .  The c a l c u l a t i o n  for case 1 
suggests   that   g lacial-age  permafrost   temperatures  

( for   the  Duvanny Yar  and  Happy ( i n t e r v a l s )  
averaged  roughly -18"C, o r  8'C colder  than  today. 
Because  the  difference  between mean annual  ground 
temperature and  mean annual air   temperature  can 
d i f f e r  by as much as 1-6"C, depending on 
snow-cover  (Gold and Lachenbruch 19731,  t h i s  
permafrost  temperature  suggests  past mean annual 
a i r  temperatures  between -19 and -24°C. Because 
winter  snowcover is interpreted  to  have been t h i n  
during  the  glacial   t imes,   the  predicted  permafrost  
temperarure and  mean annual  air   temperatures were 
probably  s imilar .  

I n t e r p r e t a t i o n s  of global  paleoclimates 
suggest  that   the  period between 80 and 120 ka 
years B.P. was marked by o s c i l l a t i n g ,  though  not 
extreme,  climatic  conditions  (Shackleton and 
Opdyke 1973);  hence  case 1 is probably 
oversimplif ied.  In  case 2, we have  attempted  to 
accomodate  these  f luctuations  in  cl imate  with a 
more complex model by assigning  intermediabe warm 
and co ld   va lues   for   the   osc i l la t ions  of 6 0 
stages 5a-d.  This model e f fec t ive ly   p rovides  
a d d i t i o n a l  warmth to  equation 5 and r e s u l t s  in a 
predicted  glacial   permafrost   temperature   ( for   the 
Duvanny Yar  and  Happy g l a c i a l   i n t e r v a l s )  of 
-21'C. This  value is colder  than  in  case  1,  and 
approaches some of the  coldest   values measured 
recent ly  i n  permafrost from the Dry Valleys of 
Antarct ica  where the   cur ren t  mean annual 
airtemperature  ranges  between -18'C and -25'C 
(Decker and Bucher 1 9 8 2 ) .  The s e n s i t i v i t y  of 
equation 5 to   s l ight   increases   in   temperature  i s  
i l l u s t r a t ed   i n   ca se  3,  which i s  ident ica l   to   case  
2 except  the EDT for t h e   l a s t   i n t e r g l a c i a l  
i n t e r v a l   ( l a s t i n g  5,000 years)  i s  increased by 
1°C. This   case   resu l t s   in  a predicted  temperature 
decrease  during  the Happy  and  Duvanny Yar periods 
(du ra t ion   t o t a l ing  31 ka years) of almost 3'C, 
reducing  permafrosfB  temperatures  to -23.8'C. An 
attempt  to model 6 0 stages 5a and 5c with modern 
temperature  values,   generated more warmth than 
could be compensated by any temperature  depression 
dur ing   g lac ia l   per iods .  

In case 4 ,  we have  attempted  to  predict  an 
average   in t f i ra ted   t empera ture   for   the   en t i re  t i m e  
period o f  6 0 stages 5a-d (80 ka-120 ka B . P . )  
assuming glacial   permafrost   temperatures  similar 
t o  modern values  measured a t  Alert, N.W.T. 
(-16.1'C a t  -15 t o  -18 m. This recons t ruc t ion  
predic t s  an average  temperature  of -14.6'C for  
t h i s   p e r i o d ,  or almost  as  cold  as  glacial  
temperaKures in   t ha t  model. F ina l ly ,   in  Cfge 5 
we've used the  temperature  predicted  for 6 0 5a-d 
in   case  4 ,  and assigned  glacial   temperatures  of 
-18"C, lower than  case  4, t o  predict   temperatures 
fo r   t he   Bou te l l i e r   i n t e rva l  of -15°C. This case 
a l s o   i l l u s t r a t e s   t h e   s e n s i t i v i t y  of the  equat ions 
and a s soc ia t ed   r a t e   cons t an t s .  

CONCLUSIONS 

The temperature   reconstruct ions  out l ined above 
are  intended,  as  models,   to be re f ined  and tuned 
as   addi t ional   paleocl imat ic   proxy da ta  and 
information  concerning  permafrost  temperatures 
under var iab le   c l imates  become ava i lab le .  The 
most important  concept  that   arises from t h i s  
exerc ise  i s  tha t   the   c l imte  of the North  Slope 
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d u r i n g   t h e   g l a c i a l   e p i s o d e s  was a t  l e a s t  8 ' C  
colder   than   today .  Very l i t t l e  warmth can be 
i n t r o d u c e d   i n t o   t h e   c a l c u l a t i o n s  and s t i l l  
accomoda te   t he   ava i l ab le   da t a .  Any a d d i t i o n a l  
warmth (for   example,  a warmer birch  zone)  imposed 
on t h e   i l l u s t r a t e d   m o d e l s  must  be  compensated  by 
more i n t e n s e  or more  numerous co ld   pe r ioda  
C o n d i t i o n s   d u r i n g   t h e   l a t t e r   p o r t i o n   o f  6 0 s t a g e  
5(a-d) were d e f i n i t e l y   c o o l e r   t h a n  at p r e s e n t .  
F i n a l l y ,  we be l i eve   t ha t   mode l s  for g l a c i a l  
t empera tu res   fo r   t he  Duvanny Yar and Happy 
i n t e r v a l s   l o w e r   t h a n  -25" t o  -28°C become 
unreasonable .  

From these  models we c o n c l u d e   t h a t   g l a c i a l  
permafros t   t empera tures  on the  North  Slope 
probably  averaged  lower  than  about -18'C implying 
g l a c i a l  mean a n n u a l   a i r   t e m p e r a t u r e s   i n   t h e   r a n g e  
o f  -19" t o  -24°C.  Moreover, it i s  d o u b t f u l   t h a t  
summer t empera tu res  were as w a r m  as   today .  

The c o n d i t i o n s   d e p i c t e d   h e r e  for the  Wisconsin 
g l a c i a l   p e r i o d s   a r e   r e m i n i s c e n t   o f   t h e   h a r s h   p o l a r  
d e s e r t   c l i m a t e s  of no r the rn  Ellesmere I s l a n d ,  
N.W.T., no r theas t   Green land ,   o r   t he  Dry Va l l eys  of 
An ta rc t i ca .   Poss ib ly   t hese   a r eas   cou ld   s e rve  as 
u s e f u l  modern a n a l o g s   f o r   r e c o n s t r u c t i n g   t h e  
g l a c i a l  age  environment of the   A laskan   Arc t i c  
C o a s t a l   P l a i n .  

g 
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HYDROLOGY OF THE NAHANNI, A HIGHLY KABSTED CARBONATE  TERRAIN 
WITH  DISCONTINUOUS  PERMAFROST 

George A. Brook 

Department  of  Geography,  Universiry of Georgia,  Athens,  Georgia  30602  USA 

Groundwater  recharge  rates  are  usually low where  permafrost  is  present,  However, 
in  carbonate  regions  where a karst  drainage  system  predates  permafrost  develop- 
ment,  groundwater  recharge  and  circulation  may be vigorous.  This i s  the  case  in 
the  Nahanni  north  karst of northwestern  Canada.  Not  only is the  volume o f  ground- 
water  flow i n  this  permafrost  region  considerable--102x106  m3 of water  flows 
annually to each o f  two  springs  which  drain  the  area--but  hydrologic  activity  is 
spectacular.  Between  July 19 and 31, 1972, an extreme  summer  storm  deposited 
224 mm of  rain on the  area.  First,  Second,  and  Third  poljes  flooded;  maximum 
water  depths  were 8.5, 25, and 8 m, respectively;  and  Third  Polje  overflowed. 
The  level  of  Raven  Lake  (0.25-0.50 km long)  rose 49 m at  an  average  2.9  mlday. 
Field  observations  and  evidence  from  LANDSAT  images  have  provided a hydrologic 
record for the  karst  €or  the  years  1972-1978.  These  data  indicate  that  imme- 
diately  prior  to  spring  snowmelt  depressions  are  dry,  and  that  when  snow  and  ice 
melts  in  May,  several  depressions  may  flood  temporarily  because  their  drainage 
routes  are  blocked by ice.  The  major  surface  and  groundwater  activity in 
Nahanni  is  not  induced by snowmelt  but  results  from  unusually  high  rainfall  in 
the  months  of  June-August. 

INTRODUCTION 

The  presence of permafrost  usually  retards 
infiltration  into  and  percolation  through  soil 
to  recharge  groundwater flow  systems  because  the 
hydraulic  conductivity of soil  is  often  several 
orders  of  magnitude  lower  when  frozen.  Therefore, 
under  permafrost  conditions,  infiltration  through 
joints in exposed  bedrock  accounts for a major 
proportion of groundwater  recharge. 

limestones  and  dolomites  in  areas of both  con- 
tinuous  and  discontinuous  permafrost.  Bird 
(1966) ,  for  example,  reports  that  limestone i s  
the  most  common  sedimentary  rock  in  arctic  Canada 
south of P rry  Channel,  where  it  covers  about 
300,000 km I or  more  than  12% of the  land  surface. 
Because  limestones  are  soluble,  any  water  pene- 
trating  joints  will  rapidly  increase  the  secondary 
permeability of the  rock,  encouraging  development 
of  a  subsurface  drainage  system.  However,  it 
appears  that i n  some karst  regions  an  efficient 
karst  drainage  system  may  have  developed  before 
the  onset of the  present  conditions of permafrozen 
ground. In these  areas,  groundwater  recharge  and 
circulation i s  more  vigorous  than  in  other  high- 
latitude  regions of carbonate  bedrock  (Brook  and 
Ford 1980,  van  Everdingen 1981). This  is the case 
in  the  Nahanni  karst of northern  Canada,  discovered 
in  August 1971 (Figure 1). 

Large  areas  of  northern  Canada  are  underlain  by 

? 

THE NAHANNI KARST 

In the  Nahanni  karst  the  predominant  landforms 
are  vertical-walled  solution  dolines,  and  rernark- 
able  networks of solution  streets,  plarea,  resi- 
dual  limestone  towers,  and  poljes  that  are  succes- 
sive  stages  in  the  evolurion of labyrinth  karst 
(Brook  and  Ford  1978).  The  most  spectacular 

Figure 1 Topography  and  permafrost i n  the 
District o f  Mackenzie,  N.W.T.,  Canada,  and  the 
location  of  the  Nahanni  karst.  Permafrost 
boundaries  are  after  Brown (1978). 

labyrinths  are  located  on a  narrow  structural  col 
(the  "north  karst"),  which  connects  the  upwarped 
domes o f  Nahanni  and  Ram  plateaus  (Figure 2 ) .  
With  depths  exceeding 200 m these  are among the 
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most  accentuated  solutional  labyrinths know. In 
addition,  a  number o f  closed  fluvial  canyon  net- 
works up to 1,000 m deep  dissect  the  eastern  flank 
of the  south  Nahanni  Plateau  and  the  southwest 
flank  of  the  Ram  Plateau.  All of these  canyon 
systems  are  blocked  by  glacial  deposits,  and  today 
their  drainage  is  through  underground  caves in 
limestone  and/or  dolomite. 

Figure 2 The  closed  depressions  and  springs  of 
the  Nahanni  north  karst. 

Karst in Nahanni  is  found  at  elevations  of 
840-1,400 m a.s.1.;  the  entire  region  falls  within 
the zone  of  discontinuous  permafrost.  Calculated 
mean  annual  temperature  is - 4 . 5 ' ~ ;  precipitation, 
566 mm/yr.  Vegetation  below 1,200 m is  northern 
boreal  forest  with  tundra  at  higher  elevations. 
SolutionaL  landforms  are  developed  in  limestones 
of the  Middle  Devonian  Nahanni  Formation  and in 
argillaceous  limestones  and  calcareous  shales  of 
the  underlying  Headless  Formation.  Together  these 
are  150-200 m thick.  Beneath  them  are  fine-grained 
dolomites  up  to 815 m thick,  which  transmit 
groundwater.  Shales of the  Fort  Simpson  Formation 
overlie  Nahanni  limestones  in  some  areas and 
support  surface  streams  at  spring  snowmelt  or 
after  rainfall. In many  cases,  water  collecting 
on shales  drains  on  to  limestones,  where  it  sinks 
underground. 

Using the  Turc (1954) equation,  effective  pre- 
cipitation  in  Nahanni  is  estimated  at 394 mm; 
evapotranspiration,  172  mm.  Effective  precipita- 
tion  migrates  underground  as  both  diffuse  and  con- 
duit  recharge.  Only  two  major  springs  appear  to 
discharge  water  from  the  karst  terrain.  White 

Spray in the  north  wall of First  Canyon,  South 
Nahanni  River,  emerges  from  dolomites,  and 
Bubbling  Spring, 30 km to  the north, emerges  close 
to  the  top o f  the  Nahanni  Formation  limestones 
(Figure 3). The  catchments  of  Bubbling  Spring  and 
White.Spray have  been  delimited on the  basis of 
dye  traces,  and  on  geological  and  topographical 
evidence.  Each is about 260 km2. The  northern 
boundary  of  Canal  Creek  drainage  is  the  approxi- 
mate  divide  between  the two recharge  areas.  Canal 
Canyon  cuts  through  the  crest of  the  Nahanni 
Plateau  structural  dome.  To  the  north  and  south, 
groundwaters  are  believed to follow  the  stratal 
dip  (Figure 3 ) .  Runoff  into  Canal  Canyon,  the 
mouth of which is blocked  by a glacial  end  moraine, 
sinks  at  the  base of the  south  wall.  Water  drains 
into  dolomites  at  823 m elevation  and  is  thought 
to remain  in  cave  systems  until  it  reaches  White 
Spray  at 274  m a.s.1. 
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Figure 3 Topographic  and  geologic  section  through 
the  Nahanni  karst  Erom  Bubbling  Spring  to  White 
Spray. 

With  394 mm effective  precipitation,  approxi- 
mately  102x106  m3 of water  must  drain to each 
spring  annually  at an average  discharge of 
3.2 m3/s.  Because  both  springs  were  discharging 
25.0 m3/s in  summer 1973, discharge  must  vary 
seasonally.  Assuming  that  flow  averages 5.0  m3/s 
during  the 6 months  from  April to September,  mean 
discharge  during  the  rest of the  year  must  be 
1 . 5  m3/s. White  Spray is known to flow in winter, 
and  its  discharge  has  been  estimated  at 1.0 m3/s, 
confirming  that  when  there  is  no  recharge  to  the 
aquifer,  discharge  is  much  less  than  during  the 
spring  and  summer  months. 

EVIDENCE  OF  PERMAFROST 

The  Nahanni  karst  falls  close to  the  boundary 
between  widespread  and  patchy  discontinuous  perma- 
frost  (Figure 1). There  are  various  indications 
of permafrost  conditions  in  the  Nahanni.  For 
example, short, relict  cave  conduits  exposed  in 
Eluvial  canyons  and  in  streer  walls  are  often 
sealed  by  ice  or  permafrozen  silt at, or  close  to, 
the  limit  of  sunlight  penetration, In addition, 
many of the  large  relict  caves  display a distinct 
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c l i m a t i c   z o n a t i o n  in t h e  summer months,   which  gives 
some i n d i c a t i o n  of t e m p e r a t u r e   v a r i a t i o n s   w i t h  
d e p t h   i n   t h e   c a r b o n a t e   b e d r o c k .  The en t rance   zone  
of G r o t t e  Valerie, h i g h   i n   t h e   n o r t h  wall of F i r s t  
Canyon,  South  Nahanni  River, is  c h a r a c t e r i z e d  by 
temperatures  of Oo-2'C. Water c a n   p e n e t r a t e   t h e  
rock  above  the  cave,   and small s p e l e o t h e m s   a r e  
be ing   depos i ted .   Fur ther   f rom  the   en t rance  i s  a 
second   zone   where   rock   t empera tu res   a r e   c lo se   t o  
O'C. This  zone i s  c h a r a c t e r i z e d  by a l a y e r  of  
warmer a i r   n e a r   t h e   c e i l i n g ,   w h i c h   o v e r l i e s   c o l d e r  
a i r   a t  t h e  f l o o r .  The  boundary  between  the warm 
a n d   c o l d   a i r   a d v a n c e s   i n t o  th ,e  cave as t h e  summer 
p rogres ses .  The warm a i r  n e a r   t h e   c e i l i n g   a l l o w s  
water to p e n e t r a t e   t h e   o v e r l y i n g   r o c k ,   b u t   o n c e  i t  
r e a c h e s   t h e   l a y e r   o f   c o l d  a i r  it f r eezes ,   fo rming  
i c e   s h e e t s   a n d   i c e   s t a l a g m i t e s  on the   cave   € loo r .  
The t h i r d   c l i m a t i c   z o n e  i s  f o u n d   d e e p e r   i n   t h e  
cave   where   passages   descend  be low  the   l eve l   o f   the  
cave   en t r ance   and   t empera tu res   a r e   t hough t   t o  
remain   cons tan t  a l l  yea r .  A i r  t e m p e r a t u r e s   i n   t h i s  
zone a r e  -3'C. Passages   a re   d ry   and   dus ty   because  
no wa te r   can   pene t r a t e   t he   roo f  of the  cave  (Ford 
and   Brook  1976) .   Ig loo   and   Ice   Cur ta in   caves   in  
t h e   w a l l s  of  Death Canyon d i s p l a y  a b a s i c a l l y  
s i m i l a r   c l i m a t i c   z o n a t i o n   t o   G r o t t e  Valerie. The 
c o l d e s t   t e m p e r a t u r e s   i n   I c e   C u r t a i n  Cave were 
-1.5'C, and i n  I g l o o  Cave -4.O'C when measurements 
were made i n  J u l y  1973. 

some o €  which  contain  ponds up t o  17 m deep,  also 
sugges t   permafrozen   condi t ions  a t  depth.  Ponds 
i n   t h e s e   d e p r e s s i o n s   d o   n o t   r e f l e c t   t h e   u p p e r   l e v e l  
of a body of  groundwater ,   fo r  pond l eve l s   be tween  
c l o s e l y   s p a c e d   i n d i v i d u a l s  may d i f f e r   b y   a s  much 
as 33 m. The ponds a re   thought   to   be   perched   above  
s u b s u r f a c e   i c e   b o d i e s   b l o c k i n g   t h e   d o l i n e   d r a i n a g e  
r o u t e s .  I n  l a te  June,  1973  Surprise  and  Hidden 
do l ines   ( l a t e r   found   t o   be   connec - t ed  by a s h o r t  
cave)  on Cenote  Col  (Figure 2 )  contained  ponds 
17-20 m deep .   In   ea r ly   Augus t   t hese   do l ines  
empt ied   abrupt ly   p resumably   because   the   i ce  seal 
had   mel ted .   Perched   Bas in ,   another   do l ine  on 
Ceno te   Co l ,   d ra ined   i n   mid - Ju ly   1972   a f t e r  3 . 5  cm 
of r a l n  had  caused  mel t ing o f  t h e   s u b s u r f a c e   i c e  
b a r r i e r .  

The numerous ve r t i ca l -wa l l ed   do l ines   i n   Nahann i ,  

HYDROLOGY OF THE NORTH KAUST PROM FIELD 
AND REMOTELY  SENSED DATA 

Not on ly  i s  the  volume  of   groundwater   f low  in  
the  Nahanni  Karst region  considerable ,   amounting 
t o  70% of t h e   a n n u a l   p r e c i p i t a t i o n ,   b u t   h y d r o l o g i c  
a c t i v i t y  is s p e c t a c u l a r .   T h i s  is  p a r t i c u l a r l y  so  
i n   t h e   n o r t h  karst, wh ich   ex tends   fo r  7 km s o u t h  of 
Bubbling  Spring. The area i n c l u d e s  Fixst, Second, 
and   Thi rd   po l jes ,   Ravi rs t   Uvala ,  Raven  Canyon,  and 
North Col Canyon (F igu re  2 ) .  These  depressions 
are 1 . 4 ,  0 . 7 ,  1 . 4 ,  0.3, 0 .5 ,  and 1 . 0  km long,  
r e s p e c t i v e l y .  Between J u l y  19 and 31, 1972,   an 
extreme summer s to rm  depos i t ed  224 mm of r a i n  on 
t h e  area. F i r s t ,  Second,  and  Third  poljes  f looded; 
maximum water depths   were 8 . 5 ,  25,  and 8 m, respec-  
t i ve ly ;   and   Th i rd   Po l j e   ove r f lowed .  The level .  of 
Raven  Lake  (which va r i e s   f rom 0.25 t o  0.50 km 
l o n g ) ,   o c c u p y i n g   t h e   f l o o r   o f  Raven  Canyon, a deep 
k a r s t  s t reet ,  r o s e  49 m a t  an average  2 .9  m/day 
(F igu re   4 ) .  

F igu re  4 H e a v i l y   f l o o d e d   n o r t h   k a r s t   d e p r e s s i o n s  
r evea led  on an  August  22,  1972, LANDSAT image. 
A l l  t h r e e   p o l j e s ,   R a v i r s t   U v a l a ,  Raven  Canyon, 
and  North Col  Canyon were  f looded on t h i s   d a t e .  
T h i r d   P o l j e  was over f lowing ,   and   there  was con- 
s iderable   ou t f low  f rom  Bubbl ing   Spr ing .  S e e  
F igu re  2 for   comparison.  

Fie1.d data on the   hydro logy  of t he   Nahann i   no r th  
k a r s t   c o l l e c t e d  in the, summers of 1971-1974 were 
supplemenced   us ing   da ta   in  LANDSAT 1972-1978 
m u l t i s p e c t r a l   s c a n n e r  (MSS) and  return-beam  Vi.dicon 
(REV) images of the   reg ion .   Near - inf ra red  band-6 
(700-800 nm) and  band-7  (800-1,100 nm) images 
were  used t o  mon i to r   t he   p re sence   o r   absence   o f  
f l oodwa te r s  i n  n o r t h   k a r s t   d e p r e s s i o n s .  The low 
s p e c t r a l   r e f l e c t a n c e  of w a t e r   t o   i n f r a r e d   r a d i a t i o n  
makes water   bodies   easy  to i d e n t i f y ,   a s   t h e s e  
appear   b lack   (F igure  4). 

Field  observat ions  and  evidence  f rom LANUSAT 
images  have  provided a reasonably   de ta i led   hydro-  
l o g i c   r e c o r d   f o r   t h e   n o r t h   k a r s t   f o r   t h e   y e a r s  
1972-1978  (Table 1). T h e s e   d a t a   i n d i c a t e   t h a t  
immedia t e ly   p r io r   t o   sp r ing  snowmelr ( s u r f a c e  water 
bod ies  become f r e e  of i c e  in May), k a r s t   d e p r e s -  
s i o n s   a r e   d r y ,  On Apri l   23,   1977,   for   example,  
Raven  Lake (70  m d e e p   i n   J u l y   1 9 7 2 )  was a f r o z e n  
pond 8 m i n   l e n g t h .   T h i s   s u g g e s t s   t h a t   s u r f a c e  
f l o w   i n t o   d e p r e s s i o n s  i s  a r r e s t e d   a s   r h e   w i n t e r  
f r e e z e  sets i n   ( s u r f a c e   w a t e r   b o d i e s   f r e e z e   o v e r  
in October)   and  that   any  water   remaining in 
depress ions   in   October   d ra ins   underground  before  
t h e   f o l l o w i n g   s p r i n g .  

LANDSAT images  have a l so  r e v e a l e d   t h a t  when 
snow and ice melts i n  May, s e v e r a l   d e p r e s s i o n s ,  
i nc lud ing   F i r s t   and   Th i rd   po l j e s   and  Raven Canyon, 
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may f l o o d   b e c a u s e   t h e i r   d r a i n a g e   r o u t e s  are blocked 
by i c e .  A May 27,  1975,  image  shows t h a t   l a k e s   i n  
t h e   n o r t h   k a r s t   w e r e   a l r e a d y   f r e e   o f   i c e  by t h i s  

TAELE 1 Hydrologic   Condi t ions   in   the   Nahanni  
P o l j e s  Based  on F i e l d ,  LANDSAT, and  Aerial   Phoro- 
graph  Data 
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P o l j e   a n d i n B r a c h i o p u d   B a s i n ,   F i r s t   P o l j e ,  
even   under   very   d ry   condi t ions  

da te   and   tha t   ponds  250, 100,  and  100 m long 
e x i s t e d   a t   t h e   e a s t e r n   e n d  of T h i r d   P o l j e ,   i n  
Ravirst   Uvala,   and i n  Raven  Canyon, r e s p e c t i v e l y .  
A May 12,  1976,  image  shows  that many l a k e s  were 
st i l l  f rozen   over   and  much of t h e   n o r t h   k a r s t  was 
mantled  by snow a r   t h i s  time, ponds 500 m long,  
150 x 300 m, and 150 m long  were  present  a t  t h e  
eas t e rn   end  of T h i r d   P o l j e ,  a t  the   southern   end  of 
F i r s t   P o l j e ,  and i n  Raven  Canyon, r e s p e c t i v e l y .  

I n  t h e  7 years   f rom  1972  to  1978,  F i r s t   P o l j e  

is known t o  have   f l ooded   i n   t he   pe r iod   June   t o  
September  once i n   e v e r y  2-3 years,  and  Second  and 
Third p o l j e s  f looded   every   year .  It is  appa ren t  
t h a t   i n   m o s t   y e a r s ,   n o r t h   k a r s t   d e p r e s s i o n s   a r e  
f i r s t   i n u n d a t e d  i n  June   o r   Ju ly   and  less f r e q u e n t l y  
i n  August.  Flood waters i n   F i r s t   P o l j e   d r a i n  
r a p i d l y ,  so t h i s   d e p r e s s i o n  i s  r a r e l y   f l o o d e d   i n  
t h e  month  of  September.  Second  and  Third  poljes 
d r a i n  more  slowly;  once  f looded,  they  almost  always 
remain  f looded  through  August   and  into  September .  

I n  many a r c t i c  a n d   s u b a r c t i c   t e r r a i n s ,   s p r i n g  
snowmelt is  the   major   hydro logic   event  of t h e   y e a r .  
Th i s  i s  t h e   c a s e ,   € o r   i n s t a n c e ,   i n  a k a r s t  area t o  
the   nor thwes t  of Smith Arm,  Great Bear Lake,  Canada. 
The n o r t h e r n   p a r t  of t h i s   a r e a   l i e s   w i t h i n   t h e   z o n e  
of continuous  permafrost .   van  Everdingen  (1981) 
r e p o r t s   t h a t   i n  a g iven   yea r   t he  maximum f lood  
l e v e l   i n  a l a r g e   d e p r e s s i o n   i n   t h i s   k a r s t  i s  mainly 
a func t ion   o f   t he  amount of snow remaining on t h e  
ground a t   t h e  start of  snowmelt,  and o f  t h e   r a t e  a t  
which  mel t ing  proceeds.   The  durat ion  of   f looding 
i s  a f u n c t i o n  of t h e  maximum l e v e l   r e a c h e d   d u r i n g  
snowmelt  and t h e  amount  and d i s t r i b u t i o n  of r a i n -  
f a l l   d u r i n g   t h e  summer months. 

H y d r o l o g i c   d a t a   f o r   t h e   N a h a n n i   i n d i c a t e   t h a t  
t he   ma jo r   su r f ace   and   g roundwate r   ac t iv i ty  i s  no t  
induced   by   snowmel t   bu t   resu l t s   f rom  heavy  ra infa l l  
i n   t h e  months  June-August  (Table 1). Unusually 
h i g h   m o n t h l y   r a i n f a l l   c a u s e d   f l o o d i n g   i n   J u n e   1 9 7 3 ,  
August  1949,  and  August  1974, when r a i n f a l l  a t  F o r t  
Simpson was 307%,  171%,  and 2322 of  normal,   respec- 
t i v e l y ;   i n  May 1977, when r a i n f a l l   a t  Lir t le  Docror 
Lake was 245% of normal; i n  Ju ly   1972,  when 267 mm 
of r a i n f a l l  was measured i n   t h e   N a h a n n i   k a r s t ;   a n d  
i n  August  1975 when r a i n f a l l   a t   F o r t  Simpson  and 
L i t t l e   D o c t o r   L a k e  was 190%  and 168% of normal,  
r e s p e c t i v e l y .   I n   y e a r s   w i t h  no unusual ly   h igh  
mon th ly   p rec ip i t a t ion ,   dep res s ions   appea r  t o  remain 
d r y   o r   s u f f e r   m i n o r   f l o o d i n g .  

F lood ing   o f   t he   dep res s ions   i n   t he   Nahann i   ka r s t  
is be l i eved   t o   occu r   because  of random perching 
of water above  and  below  ground  where  drainage 
c o n d u i t s   a r e   h e a v i l y   a l l u v i a t e d   o r   w h e r e   f l o w  is 
o b s t r u c t e d  by s u b s u r f a c e   i c e   b o d i e s .  

DTSCUSSION 

The f low of s u r f a c e   w a t e r   i n t o   p o n o r s   i n   k a r s t  
d e p r e s s i o n s   i n   t h e   N a h a n n i   k a r s t  i s  c l e a r l y   a n  
e f f e c t i v e  means of recharg ing   groundwater   in   an  
a rea   o f   d i scont inuous   permafros t .  However, t h e  
recharge   sys tem may nut   have  developed  under   the 
e n v i r o n m e n t a l   c o n d i t i o n s   t h a t   e x i s t   i n   t h i s   r e g i o n  
today.  

Foss i l   caves   in   Nahanni   conta in   spe leo them 
depos i t s   tha t   have   been   uran ium-ser ies   da ted   to  
>350,000 y e a r s  B.P. (Harmon e t   a l .   1 9 7 7 ) .   T h e s e  
caves  must ,   therefore ,   have  been  largely  abandoned 
by the   d ra inage   water   tha t   p roduced  rhem as much 
as 400,000  years  ago.  Furthermore,  many speleothem 
d e p o s i t s  are loca ted   i n   d ry   cave   pas sages   where  
p re sen t   t empera tu res   a r e   be low  f r eez ing .   Fo r   t he  
spel .eothems  to   have  been  deposi ted,  mean annual  
temperatures   in   Nahanni   must   have  been much h ighe r  
than   today ,  The c a v e   e v i d e n c e   i n d i c a t e s   t h a t   t h e r e  
were a t  least four   per iods   dur ing   which   spe leo them 
growth was enhanced by c l i m a t i c   c o n d i t i o n s .   T h e s e  
p e r i o d s   a t  90-150, 185-235, 275-320, and 3 5 0  ka 
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were  almost  certainly  interglacial  phases  (Brook 
1976;  Harmon et  al.  1977). It  is  extremely  likely 
that  the  present  karst  drainage  system of  Nahanni 
was  developed  during  one  or  more of these  warm 
phases. 

the  earth's  interior  normally  results i n  a  tempera- 
ture  increase of  approximately  l°C  per  30-60 m 
increase  in  depth.  The  mean  annual  temperature  in 
Nahanni  is - 4 . S ° C ,  suggesting  that  the  base o f  
permafrost  could  lie  berween  270  and 135 m--the 
lower of the  two  figures  being  the  most  likely, 
based on cave  temperature  evidence.  This  suggests 
that  the  karst  conduits  which  funnel  water  to 
Bubbling  Spring  and  White  Spray  are  largely  located 
within  the  subpermafrost  zone  where  rock  tempera- 
tures  may be one or more degrees  above  freezing. 

A  second  important  process  which  helps  to  keep 
the  karst  groundwater  system  operative  is  the 
warming of the  surface  rocks  by  recharge  waters. 
In summer  1973  the  temperatures of water  at  White 
Spray  and  Bubbling  Spring  were 4.8' and 4.6'C, 
respectively.  These  groundwater  temperatures are 
believed  to  reflect a mixing  in  the  karst  aquifer 
of snowmelt  waters  (at,  or  close  to, O°C) , with 
water  derived  from  summer  rainfall.  The  average 
temperature  of  surface  waters i n  the  Nahanni  in 
the  summers of 1972  and  1973  was 9.5'C. As  snow- 
fall  accounts  for  40% of  annual  precipitation, 
groundwater  temperatures  somewhat  below 6OC might 
be  expected.  Temperatures  of 4.5'C indicate  that 
groundwarers  lose  heat  to  the  bedrock,  thus  helping 
to  keep  the  karst  drainage  system  open. 

According  to  Lachenbruch  (1968),  heat  flow  from 
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OBSERVATIONS ON ICE-CORED MOUNDS AT SUKAKPAK MOUNTAIN, 
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Several   hundred mounds occur on the   lower   s lope  of Sukakpak  Mountain. The mean 
mound he igh t  is approximately 1 m and  most a r e   e l l i p t i c a l  or c i r c u l a r   i n   p l a n .  
Clear,   massive  ice  can  be  found  within,   below, and a d j a c e n t   t o  some mounds. With- 
in and ad jacen t   t o   one  mound, f ree   water   under  low p res su re  was observed i n  la te  
winter. Frozen  sediments were found  below the  water   lens .   Trees   with  smooth 
trunk curva tu re  on top  of t h e  mounds Suggest  long  period of s t a b i l i t y .  Most 
mounds are found in   ac t ive   d ra inage   channe l s   t ha t   deve lop   t h i ck   su r f ace  icings 
each  winter.  As a t e n t a t i v e   h y p o t h e s i s ,  we sugges t   t ha t   t he  mounds form by 
closed-system  freezing at  sites wi th   h ighe r   mo i s tu re   con ten t s   t han   t he i r  
surroundings.  The causes  and  frequency of occurrence and annual  magnitude o f  t h i s  
upheaving are under   inves t iga t ion .  

P a l s a s  and ice-cored mounds have  been  observed 
i n  many permafrost   regions of the  world (Washburn 
1983). Only a few  have  been  reported  in Alaska, 
such   as   those   descr ibed  by Phw6 (1975) in t h e  
McLaren River   va l ley  and by Nelson  and  Outcalt 
(1982) on t h e  eastern Arc t i c   S lope ,   bu t   t he   dea r th  
of reported Alaskan occurrences of pa l sa s  may only 
r e f l e c t  a l a c k  of o p p o r t u n i t i e s   t o  make a p p r o p r i a t e  
ground  observations. Most pa lsas   repor ted  i n  t h e  
i n t e r n a t i o n a l   l i t e r a t u r e  are i n   r e g i o n s   w i t h   t e r r a i n  
and  environmental   condi t ions  comparable   to   central  
Alaska, including  discont inuous  permafrost ,  
abundance of wet t e r r a i n   i n  bogs  and on s lopes ,  and 
s l i g h t l y   n e g a t i v e  mean annual a i r  temperatures.  

t i ngu i shed  from  pingos  with  the term palsa   apply ing  
t o  mounds i n  which the   top  of t h e   i c e   c o r e  lies a t  
the  base of t h e   a c t i v e   l a y e r .  Most published 
r epor t s   sugges t   t ha t   s eg rega t ion  ice, of ten  observed 
as t h i n   l e n t i c u l a r   i c e   i n c l u s i o n s ,  is r e s p o n s i b l e  
for   pa lsa   format ion   ( for   example ,  Ahman 1977, 
Friedman et a l .  1971). Palsas have  also  been 
reported  that   have  massive ice (> 50 cm) i n   t h e i r  
c e n t e r s  (Brown 1973, S o l l i d  and Sorbel  1974).  Van 
Everdingen (1982) r epor t ed  on seasonal  frost 
b l i s t e r s ,  which form when o u t l e t s  of springs a r e  
blocked by f r e e z i n g  o f  t h e   a c t i v e   l a y e r  and 
formation of s u r f a c e   i c i n g s .   P r o g r e s s i v e   f r e e z i n g  
of in jec ted   water  i n  t h e   a c t i v e   l a y e r   c a u s e s   t h e  
o v e r l y i n g   s u r f a c e   i c e  and f r o z e n   s o i l   t o  dome. 
These mounds u s u a l l y   c o l l a p s e   i n  summer a6 the  
su r face   i c ings   me l t  and t h e  ground  thaws. The 
Sukakpak mounds have some of t h e   c h a r a c t e r i s t i c s  of 
bo th   pa lsas  and f r o s t   b l i s t e r s .  

68 

Mackay (1978)   suggested  that   palsas  may be d i s -  

66 

SETTING 

The s tudy  s i te  i s  a t   approximate ly   mi le  205 on FIGURE 1 Location map f o r   t h e  Sukakpak  Mountain 
the  Dal ton Highway (67'37'N, 149'42'W), some 300 km s t u d y   s i t e .  
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n o r t h  of Fa i rbanks   (F igure  I). The mounds occur  on 
the mid- and  lower  west-facing  s lopes of Sukakpak 
Mountain a t  a mean e l e v a t i o n  of 400 m; t hey  were 
noted earlier by Hamilton (1979)  and Brown and Berg 
(1980). The trans-Alaska  pipeline  and  the  Middle 
Fork Koyukuk River form  the  western  boundary of t h e  
s i t e  (F igu re  2b). The s i re  lies w i t h i n   t h e  
northernmost  zone of d i scont inuous   permafros t   (Kre ig  
and  Reger 1982). Open-system  pingos are found  in  
t h e   s o u t h   c e n t r a l   B r o o k s  Range (Hamilton  and  Obi 
1982). 

Sukakpak  Mountain is composed of marble  and 
d o l o m i t e   o v e r l y i n g   g r a p h i t i c  and ca lca reous   qua r t z  
s c h i s t  and i n t r u d e d   m e t a b a s i t e   d i k e s   ( D i l l o n  1982). 
Coarse  rubble   forma  large talus aprons a t  t h e   b r e a k  
i n   s l o p e   b e t w e e n  the exposed  bedrock  and the more 
g e n t l e   l o w e r   c o l l u v i a l   s l o p e s  (2' t o  6'). The lower 
s l o p e s  are composed  of wa te r - sa tu ra t ed ,  medium t o  
c o a r s e   g r a v e l  and c a l c a r e o u s  sand and si l t .  Bore- 
h o l e s   i n d i c a t e   t h a t   t h e   d e p t h   t o   b e d r o c k   r a n g e s  
between 5 and 15 m near   the  road.  

be -7"C, wi th  a t o t a l  of 1275 thawing  degree-days 
( C )  and 3800 freezing  degree-days ( C ) .  Annual  pre- 
c i p i t a t i o n   a v e r a g e s  400 m (Haugen 1982 and unpub- 
l i s h e d   d a t a ) .  Ground t empera tu re  near the road is  
approximately -0.5'C at  a depth of 12 m (Brown  and 
Berg l9S0, and authors '   unpubl ished  data) .   The 
ac t ive  layer   can   exceed  3 m; thaw zones 3 t o  5 m 
t h i c k  are found  benea th   the   f rozen  active l a y e r .  

Although  the mounds occur   throughout  much of 
t h e  si te,  a l a r g e  number are c o n f i n e d   t o   s u r f a c e  
d r a i n a g e   l i n e s   o r   c h a n n e l s   i n  two areas above   the  
road  (Figure  2b,  A and B) and  below the road 
(C). These wetter areas g e n e r a l l y  lack  t h e   b l a c k  
spruce   (P icea   mar iana)  tree cover  of t he   su r round ing  
areas, and are i n s t e a d  composed of ca l ca reous   f ens  
t h a t   s u p p o r t  a rich f l o r a   d i s t i n c t  from  those on t h e  
mounds and the  adjacent   spruce-covered  upper  
s lopes .   Spruce  of wide ly   vary ing   ages  and s i z e s  are 
found on most  mounds, a l though  some have  only a 
cover  of medium-height b i r c h  and  willow  shrubs. 

The spruce  growing  on  the mounds d i s p l a y  
degrees  of t i l t i n g  and  bending a t  v a r i o u s   h e i g h t s  
along t h e i r   t r u n k s .  On some, the   J - shaped   curva ture  
begins  a t  the  base of Khe t runk   (F igure   2e) ,   whi le  
o t h e r s  are curved at  the   top .   Presumably   these   d i f -  
f e r e n c e s   r e f l e c t   d i f f e r e n t   p e r i o d s  of upheaval  and 
readjustment  of growth.  The l a r g e r  trees may be 
more than  100 yea r s   o ld ,   wh ich   imp l i e s   cons ide rab le  
s t a b i l i t y   € o r   t h e  mounds. Some mounds, p a r t i c u l a r l y  
near  the road  on the ups lope   s ide ,  have rup tu red  and 
are i n  v a r i o u s   s t a g e s  of c o l l a p s e   ( F i g u r e   2 f ) .  Such 
r u p t u r e s  are probably  due t o  renewed  growth  induced 
by t h e  wetter c o n d i t i o n s   a s s o c i a t e d   w i t h  impeded 
drainage  near   the  road.  

The mean annual  a i r  temperature  is es t ima ted  t o  

MORPHOLOGY ANU STRATIGRAPHY 

Based on a sample of 102 mounds, h e i g h t s  of t h e  
mounds range  from 0.35 m t o  2 . 3  m, wi th  a mean of 
0.95 rn and a s t a n d a r d   d e v i a t i o n  of 0.4 m (F igu re  
3) .  Axial ( w i d t h / l e n g t h )   r a t i o s   i n d i c a t e   t h a t  most 
of t h e  mounds approximate   the  classic e l l i p t i c a l   t o  
c i r c u l a r  domed shape   (F igure  3). Widths range from 
1.8 t o  1 5 . 1  m, and lengths   f rom 2.6  t o  40.2 rn. 
Median  width and l e n g t h  are 4.6 and 7.4 m, respec-  
t i ve ly .   E longa ted  mounds are typ ica l ly   found  
o r i e n t e d   p a r a l l e l  t o  the s l o p e  in the d r a i n a g e  
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FIGURE 3 F r e q u e n c y   d i s t r i b u t i o n s  of h e i g h t s   ( u p p e r )  
and r a t i o  of a x i a l   l e n g t h s   ( l o w e r )  of 102 measured 
mounds. 
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FIGURE 4 S t r a t i g r a p h y  of t h r e e  mounds and- a d j a c e n t  
areas based  on  April  1982 augering  and  cor ing.  
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TABLE 1 Grain s i z e   a n a l y s i s  f o r  mounds in a r e a s  
A and C. 

Organic  Gravel Sand S i l t  and 
Sample ( X )  (%I  ( X )  c l a y  ( X )  

1 1.0 0.0 57.7 
2 

4 2 . 3  
11.0 0.1 46.8 53.1 

3 6.0 0.5 35.7 63.9 
s 1.0 16.1 47.1 36.8  

channels  on the  upper   s lope and oriented  perpendicu- 
lar t o   t h e   s l o p e  below t h e  road. 

were  augered  and  cored. Two of , t he  mounds, s i t u a t e d  
about 30 m from the  road,  were approximately 1 m 
high. The t h i r d  mound, about 60 m upslope  f rom  the 
road, was 2.5 m high  and  represented one of the  
l a r g e s t  mounds found on t h i s  site. A l l  t h r e e  mounds 
were  surrounded by 30 cm of sur face   i c ing   benea th  
the  snow pack. Figure 4 shows t h e   i d e a l i z e d   s t r a t i -  
graphy of these  mounds. 

One of t h e  two sma l l e r  mounds ("11, had a 
50-cm t h i c k   i c e   c o r e   u n d e r l a i n  by 50 cm of water  
under  pressure. Water r o s e   t o   w i t h i n  50 cm o f  t h e  
s u r f a c e  i n  the  hole .  A ho le   co red   ad jacen t   t o   t h i s  
mound through 30 cm of sur face   i c ing   encountered  
a r t e s i a n  water, which rose  15 cm above  the  ice- 
covered  ground  surface.  Massive  ground ice was 
encountered  above  the  subsurface water l aye r .  
Although some thawed sediments  were  encountered 
beneath  the  water ,   the   deeper   underlying  sedlments  
were  frozen. A second  hole 6 m upslope  revealed  1.5 
m of f rozen  peat ,   sand,   and  gravel   over  20 cm of 
buried clear i c e   t h a t   c o n t a i n e d   v e r t i c a l l y   o r i e n t e d ,  
c lean   p lan t   roo ts .   There  was no water   o r  thawed 
zone. 

i c e   a t  a depth  c lose  to   the  surrounding  ground  sur-  
f a c e .   D r i l l i n g   a d j a c e n t   t o   t h i s  mound ind ica t ed  no 
bu r i ed   i ce   o r  thawed  ground. The t h i r d  mound ("3) 
was completely  f rozen and was composed  of r e l a t i v e l y  
dry   o rganic   mater ia l ,   sand ,  s i l t ,  and f i n e   c a l c a r e -  
ous  gravel.   Massive  ice,  more than 2 m th i ck ,  was 
encountered below  ground l e v e l   i n   t h e  mound. This  
i c e  changed i n   c h a r a c t e r  downward from  dense to  
bubbly  and  porous  ice  near  the  bottom of the   ho le .  
The lower limit of t h e   i c e  was not determined. The 
s u r f a c e  of t h i s  mound cons i s t ed  of l a r g e   i r r e g u l a r  
blocks of broken  sod and s o i l  and appeared  to  have 
undergone  forceful  growth  or  subsequent  degra- 
dat ion.  A ho le   ad j acen t   t o   t he  mound yielded a 
thawed s l u r r y  of f ine   b lack   sand   tha t   ex tended  t o  a 
depth of a t   l e a s t  3 m. There was 1.6 m of f rozen  
ground  over  this thawed  zone. 

be r  and t h e   g r a i n   s i z e  was determined  (Table 1). 

I n  Apr i l  1982, t h r e e  mounds and ad jacen t  areas 

A second mound (H-2) contained 20 cm of c l e a r  

S e v e r a l   a d d i t i o n a l  mounds were sampled i n  Octo- 

SLOPE HYDROLOGY 

During la te  sp r ing ,  summer, and e a r l y   f a l l ,  
s u r f a c e  water flows down the   s lopes   a long   fen-  
covered  drainage  l ines   or   channels .  Some ponded 
a r e a s   a l s o   e x i s t  well up to   t he   base  of t h e  moun- 
ta in .   These  waters   are   presumably  der ived  f rom 

,surface  runoff   provided by me l t ing  snow and  ground- 
water   emerging  f rom  the  porous  ta lus   s lopes  and 
f rac tured   bedrock .   S loan  e t  a l .  (1976) r epor t ed  
that i c ings   occu r red  a t  t h e   b a s e  of Sukakpak 
Mountain  before   the  road was b u i l t .  

bu t  water con t inues   t o   f l ow in a l l  drainage  channels  
even as a i r   t empera tu res   d rop   t o  -10 and  even 
-2O'C. As t he   ac t ive   l aye r   r e f r eezes ,   wa te r  was 
observed  seeping from the   base of some mounds. Low 
negat ive  temperatures ,   overf lows,  and f r e e z i n g  are 
observed  mainly  in  the  evening. The drainage 
channels  become progress ive ly   covered   wi th   sur face  
i c ings ;   t h i s   p rocess   con t inues   i n to   t he   w in te r  and 
spring.  Water was also  observed  f lowing  beneath  the 
road i n  October,   apparently  between  the  gravel 
subbase and the   bur ied   pea t   l ayer .  The a rea  
surrounding  the mounds i n   l o c a l i t y  C was a l s o  
covered by a sha l low  ic ing .  R e  c u l v e r t s ,  which a r e  
steamed  open i n  t h e  spring, had a l r eady   f rozen  
c losed  i n  mid-October. 

surround most mounds under a snow cover of 70 cm o r  
more. A t  t h a t  time, free  water   observed a t  the   base  
of t he  snow pack was a p p a r e n t l y  s t i l l  flowing  from 
unfrozen  zones  or   f rom  contract ion  cracks,  which 
c r i s s - c ros s   t he   s lope .  

during  October  ranged  from 970 t o  1400 microsie-  
mens. Melted i c e  from t h e  newly  formed i c i n g s  
ranged  from 150 t o  460 microsiemens.  Water  obtained 
f rom  under   the   i ce   l ayer   in  M-1 (Figure 4 )  i n  A p r i l  
1982  had a value of 870 microsiemens. The c a t i o n  
composition of that   sample i n  mg/L was Ca = 174, Mg 
= 72, and Na = 2.7. The over ly ing  ground i c e ,  as 
expected, is very   pure   wi th   va lues  of Ca = 0.0022, 
Mg = 0.0022, and a r e l a t i v e l y   h i g h   v a l u e  of Na = 
0.0078 mg/L. Krothe  (1981)  analyzed  spring  water 
from a l o c a t i o n   j u s t   n o r t h  of Snowden Creek i n  the  
D i e t r i c h  River va l l ey .  The  chemical  composition was 
ve ry   s imi l a r  t o  M-l wi th  a conductance of 1399 
microsiemens (Ca = 198, Mg = 88,  Na = 3; sample 
S70) .   This   s imi la r i ty  in c a t i o n   c o n c e n t r a t i o n s  
sugges ts   tha t   the  water f eed ing   t he  mounds may be o f  
deep  or igin.  

Dur ing   ear ly  €a l l  a t h i n  snow cover  develops,  

By ea r ly   sp r ing ,   i c ings   exceed ing  30 c m  

The spec i f i c   conduc tance  o f  t he   su r f ace   wa te r  

DISCUSSION 

Most hypotheses on the   format ion  of palsas   and 
ice-cored mounds are q u i t e  vague. An exp lana t ion  
r e p r e s e n t a t i v e  of much of t h e   e a r l l e r   l i t e r a t u r e  was 
given by Brown ( 1 9 6 8 ) ,  who sugges ted   tha t   pa lsas  
form where  shallow (< 1 m) pools of water f r e e z e   t o  
t h e  bottom  and  underlying  water-saturated  peat is  
domed  up at  "random" l o c a t i o n s  by " i n t e n s i v e   f r o s t  
a c t i o n  and i c e  lens growth."  Most  published  reports 
s u g g e s t   t h a t   i c e   s e g r e g a t i o n  i s  r e spons ib l e  f o r  
palsa   formation,   possibly  because many palsas 
d i s p l a y  numerous, t h i n   l e n t i c u l a r  ice Inc lus ions  
t h a t  may be i n t e r p r e t e d   a s  annual growth  increments. 

A recent  experiment  performed by Seppgla ( 1 9 8 2 )  
i n  F i n l a n d   c l e a r l y  showed the  importance of t h i n  
snow c o v e r   f o r   p a l s a   i n i t i a t i o n .   A f t e r   k e e p i n g  a 5- 
m2 a r e a   f r e e  of snow over a w in te r ,  a f rozen   l aye r  
pers i s ted   th roughout   the   fo l lowing  summer. A f t e r  
two yea r s ,  a 0.35-m h igh   pa l sa  had grown, which 
SeppiilS a t t r i b u t e d   t o   i n c r e a s e d   f r o s t   p e n e t r a t i o n  
depth and segregat ion-ice  formation.  From SeppPlP's 
d e s c r i p t i o n ,  i t  seems l i k e l y   t h a t   s o i l  water is 



95 

drawn  from unfrozen s o i l  towar d the   f r eez ing   r eg ion ,  
adding  an  annual  increment of s e g r e g a t i o n   i c e   t o   t h e  
base of the newly  formed permafrost .  This pa l sa  
c l ea r ly   ga ined   he igh t   i n   annua l   i nc remen t s ,   suppor t -  
i ng   t he   i n tu i t i ve   r emarks  of many e a r l i e r   i n v e s t i g a -  
to rs .   This   type  of pa l sa  may be t h e  most common i n  
c l a s s i c  peat-bog p a l s a   s i t e s .  

P a l s a s   o r  mounds with  massive ice cores ,   such  
a s   t h e  Sukakpak mounds, have  also  been  reported.  
The poss ib i l i t y   s eem  no t   t o   have   been   w ide ly  con- 
s ide red   t ha t   such   f ea tu re s   r ep resen t   s ing le -yea r  
growth   wi th   subsequent   s tab i l i ty .  Under  such a 
hypo thes i s ,   t he  mode of o r i g i n  of both  types  might 
be similar, excep t   t ha t   t he  la t ter  would not  neces- 
s a r i l y  be c h a r a c t e r i z e d  by repeated  growth  episodes. 

mounds at  Rear Rock, N.W.T., t h e  Sukakpak mounds 
a p p e a r   t o  be quas i - s t ab le   pe renn ia l   f ea tu re s ,  
a l though a few ruptured  and  col lapsed ones were 
observed on the   ups lope   s ide  of the  road. On t h e  
s tab le   forms ,  some t r ees   have  a smooth J shape   tha t  
b e g i n s   a t   t h e   b a s e  of t he   t runk ,   sugges t ing  a s i n g l e  
u p l i f t   e v e n t  and subsequen t   s t ab i l i t y   (Sh rode r  
1980). The Sukakpak mounds are much sma l l e r   t han  
t h o s e   a t  Rear  Rock,  which  have axial  dimensions 
ranging  from 20 t o  65 m and h e i g h t s   t h a t   o f t e n  
exceed  several   meters ,  The s m a l l   s i z e  of t he  
Sukakpak mounds s u g g e s t s   t h a t  a l imi ted   water   supply  
is a v a i l a b l e   t o   i n d i v i d u a l  mounds. 

A c losed-sys tem  f reez ing   s i tua t ion   can  be 
e n v i s i o n e d   i n   f i n e - g r a i n e d   s o i l s  when backfreezing 
o f  t h e   a c t i v e   l a y e r  i s  r e t a rded  i n  a supe r - sa tu ra t ed  
pocket of sol1  above  an  impervious  substrate  - in 
this   case  ice-bonded  permafrost .   Heaving  occur6  in  

Unlike  van  Everdingen 's   (1982)   seasonal   f rost  

response   to   format ion  of s eg rega t ion  ice near the  
base  of t h e   a c t i v e   l a y e r  and at  t h e  bottom of the 
descending  freezing  plane.   These  lenses are f e d  
f rom  the   sa tura ted   sed iments   wi th in   the   conf ined  
unfrozen  pocket.  Such a growth h i s t o r y  would be 
confirmed by observing a des i cca t ed   l aye r  of mineral  
s o i l   s e p a r a t i n g  two l a y e r s  of near ly   pure  ice. 

In t h e   c a s e  of c o a r s e r   s o i l s ,   b a c k f r e e z i n g  of 
t h e   a c t i v e   l a y e r  would aga in  be slowed a t   t h e   s i t e  
of pools   o r   supersa tura ted   sed iments .   Pore   water  
would be expe l l ed   f rom  the   f r eez ing   p l anes ,   r e su l t -  
i n g   i n  an  enclosed  reservoir   under   increasing 
pressure.   Complete  freezing of t h e   r e s e r v o i r  would 
r e s u l t  in a mass ive   i ce   co re ;   i n  some f e a t u r e s ,  
rup tu re  o f  t he   ove r ly ing   f rozen  soil would r e l e a s e  
st i l l-unfrozen  water.   Examples of both   these  
phenomena have  been  observed a t  Sukakpak  Mountain. 

I f   the   water-bear ing  pocket  is completely 
f r o z e n   i n  a s i n g l e   w i n t e r ,  no f u r t h e r   v e r t i c a l  
growth is  experienced,   and  the mound  may be  pre- 
served  over  a long  per iod of time. Conversely,  if 
some water within  the  pocket  remains  unfrozen, 
ver t ica l   g rowth   can  be r e i n i t i a t e d   i n   s u b s e q u e n t  
years.  This 1s p a r t i c u l a r l y   l i k e l y   t o   o c c u r   i f   t h e  
unfrozen  pocket is reconnected  with  surrounding 
thawed  zones in summer. This  c o u l d   a l s o   r e s u l t  i n  
the  voids  or  "vaulted  chambers"  sometimes  found in 
summer beneath  the  massive ice co res  of some f r o s t  
mounds, i nc lud ing  a few  observed at  Sukakpak 
Mountain. 

CONCLUSIONS 

Desp i t e   t he   l ack  of de t a i l ed   subsu r face   and  
p rocess   da t a ,   ce r t a in   t en t a t ive   conc lus ions   can  be 
drawn. 

1. The a p p a r e n t   s t a b i l i t y  of many of t h e  
mounds a t  Sukakpak is evidenced by smoothly  J-shaped 
t rees ,   which  may i n d i c a t e  a s ingle   upheaval  event 
followed by a long  per iod of s t a b i l i t y .   O t h e r  
mounds a t  t h e  s i te  may experience  mult iple-year  
growth. 

heavi ly   dependent  on l o c a l   v a r i a t i o n s  in s o i l  
mo i s tu re .   Subsu r face   i ce - r i ch   s t r a t a   a r e   p re sen t  
both wl th in  and a d j a c e n t   t o   t h e  mounds themselves;  
t h e  mounds probably grow only  where  especial ly  
water-r ich  sediments   are   t rapped  between  the  season-  
a l   f r e e z i n g   l a y e r  and  ice-bonded  permafrost. 
L imi ted   p re thaw  dr i l l ing  has demonstrated  the 
presence of unfrozen  water  under  pressure  within  one 
mound; i n  concert   with  the  frozen  sediments  found 
beneath t h i s  f e a t u r e ,   t h i s   f a c t  i s  i n d i c a t i v e  of 
closed-system  freezing. 

3. The mound6 a r e   c o n c e n t r a t e d   i n t o   s e p a r a t e  
f i e lds   occupy ing  two unconnected  drainage  areas on 
the  lower  reaches of Sukakpak  Mountain.  This, of 
cour se ,   r e f l ec t s   t he   we t t e r   cond i t ions   found  at  
these  sites. The chemical  composition of t h e   i c e  
c o r e s   i n   t h e  mounds is d i f f e r e n t   f r o m   t h e   s u r f a c e  
water   that   forms  ic ings a t  t h e s e  sites. Ice w i t h f n  
t h e  mounds may be derived  from  groundwater,  or  the 
s t rong   mine ra l i za t ion   cou ld  reflect a concen t r a t ion  
of impuri t ies   that   accompanies   f reezing.  The 
presence of s u r f a c e   i c i n g s  may a l s o  be r e s p o n s i b l e  
f o r   d e e p e r   f r o s t   p e n e t r a t i o n   t h a n  i n  surrounding 
a r e a s   t h a t  are free of i ce   cove r ,   s ince   i c ings   have  
a much h igher   thermal   conduct iv i ty   than   does  low- 
d e n s i t y  snow cover  (van  Everdingen  1982).  However, 
l a t e n t - h e a t   e f f e c t s  In t he   wa te r - r i ch   subs t r a t e  may 
o f f se t   such   e f f ec t s .  

i c s   s i m i l a r   t o   c l a s s i c   p e a t  bog pa lsas ,   such   as  
t h e i r   p e r e n n i a l   c h a r a c t e r ,   s i z e ,  and e x t e r n a l  mor- 
phology. However, some are assoc ia ted   wi th   mass ive  
i ce ,   occu r  in d i f f e r e n t   t o p o g r a p h i c   p o s i t i o n ,  and 
a p p a r e n t l y   r e s u l t  from closed-system  freezing.  

2. Mound i n i t i a t i o n   a t   t h i s   s i t e   a p p e a r s   t o  be 

4 .  The Sukakpak mounds have some c h a r a c t e r i s t -  
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p a r t  of t he   pe rmaf ros t   eng inee r ing   des ign   fo r   t he   A laska  Highway Gas P i p e l i n e   P r o j e c t .  
The main purposes of the test f a c i l i t y  were (I) t o   s t u d y   c o n s t r u c t i o n  methods f o r   t h e  
i n s t a l l a t i o n  of l a r g e   d i a m e t e r   p i p e l i n e s   i n   p e r m a f r o s t ,  ( 2 )  t o   o b s e r v e   t h e   e f f e c t i v e -  
n e s s  o f  mit iga t ive   des igns   in   min imiz ing  thaw s e t t l e m e n t  of the  pipe  and  r ight-of-way 
s u r f a c e ,  ( 3 )  to   s tudy   the   behavior  of c u t s   i n  ice r i c h  h i l l s ,  and ( 4 )  t o   p r o v i d e   d a t a  
on the  thermal   behavior   of   design modes for comparison wi th  thermal model p r e d i c t i o n s ,  
This   paper   d i scusses   the   observa t ions  of the   pipel ine  design  performance  and the corn- 
p a r i s o n  of that   performance with i n i t i a l   p r e d i c t i o n s .  

INTRODUCTION 

As a p a r t  o f  the  Alaska Highway G a s  P i p e l i n e  
P r o j e c t ,   F o o t h i l l s   P i p e   t i n e s  (Yukon)  Ltd.  con- 
s t u c t e d   t h e  Quill Creek Test F a c i l i t y .  The test 
s i t e  is l o c a t e d  i n  t he  Yukon t e r r i t o r y  of  Canada 
on the   a l ignment  of the  proposed  gas  pipeline  ap- 
proximately 165 km sou theas t  o f  the  Alaska border 
(Figure 1). The test f a c i l i t y  encompassed va r ious  
programs  to   s tudy   cons t ruc t ion   techniques   and  
their e f f e c t s  on permafros t   t e r ra in   and  also t o  
test some p ipe l ine   des ign   concep t s   fo r   ope ra t ing  
warm gas p ipe l ines   ac ross   pe rmaf ros t   t e r r a in .  

the buoyancy c o n t r o l  area where select g r a n u l a r  
f i l l  was t e s t e d  for Its adequacy as a p i p e l i n e  
buoyancy cont ro l   t echnique   and   a l so   excavat ion  
procedures  could be tested i n   p e r m a f r o s t   t e r r a i n ,  
( 4 )  the pe rmaf ros t   mi t iga t ive   des ign   cons t ruc t ion  
area where  problems  associated  with  construction 
and  maintenance of a reasonable   l ength  of p i p e l i n e  
wi th   spec ia l   des igns   could  be eva lua ted ,  ( 5 )  the 
mi t iga t ive   des ign   ope ra t iona l  area where s h o r t e r  
test s e c t i o n s  are h e a t e d   t o   o p e r a t i o n a l  
temperatures   and  their   performance  monitored,   and 
f i n a l l y ,  ( 6 )  t h e   s i t e  power g e n e r a t i o n ,   c o n t r o l  
a n d   d a t a   g a t h e r i n g   f a c i l i t i e s  area. 

831 Km 

FIGURE I Quill Creek test site. 

O v e r a l l ,   t h e  test s i te  is approximately 5 km i n  
length   and   inc ludes  a number of s e p a r a t e  areas 
where s p e c i f i c  test programs were performed. The 
site l ayou t  as shown on Figure  2 i nc ludes  (1) t h e  
s i d e h i l l   g r a d i n g  area where various  methods of 
p r o t e c t i n g   a n d   s t a b i l i z i n g   c u t s   i n  ice r i c h  h i l l s  
are s t u d i e d ,  (2) t h e   d i s p o s a l  area where the ice 
r i c h   s p o i l   f r o m  the s i d e h i l l   c u t s  was s t o r e d ,  ( 3 )  
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This  paper will deal s p e c i f i c a l l y  with 
obse rva t ions  of the   opera t ing   des ign  area and the 
s i d e h i l l   c u t  area. 

The soil i n   t h e   o p e r a t i n g   d e s i g n  area is 
typ ica l ly   an   in te rbedded   sequence  of p e a t ,  silt ,  
and c l ay   ove r l ay ing  a t h a w  a t a b l e   g r a v e l  o r  
g r a v e l l y  till a t  a depth of about 5 m. Visual ice 
c o n t e n t   i n  the t o p  5 m is 30-50%. The s o i l   i n   t h e  
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s i d e h i l l   c u t   a r e a   c o n s i s t s  of a sur face   b lanket  of 
organics   o f  20-50% ice c o n t e n t ,   v a r y i n g   i n   t h i c k -  
n e s s  from 1 t o  3 m. Benea th   th i s  is a clayey t i l l  
l a y e r   w i t h  a h igh   percentage  of g r a v e l   s i z e s   t o  
depths  of 4-7 m below  ground  surface. This 
material i s  ve ry   r i ch   i n   i ce ,   hav ing   f rom 30 t o  
60% v i s i b l e   e x c e s s  ice. The mean ground  tempera- 
ture a c r o s s  the s i te  is - 1.5%. The f r e e z e  
index  is 290OOC days  and  the thaw index is 
130OOC days. 

PIPELINE DESIGNS I N  PERMAFROST 

F o o t h i l l s   P i p e   L i n e s  is p r o p o s i n g   t o   u s e   e i t h e r  
a c h i l l e d  or  w a r m  gas   opera t ing  mode (gas 
temperature  below or above OOC,  r e s p e c t i v e l y )  
depending on t h e   r e l a t i v e   o c c u r e n c e  of f rozen  and 
thawed t e r r a i n  i n  the  discont inuous  permafrost  
reg ion   th rough  which   the   p ipe l ine   a l ignment  
passes .  If the presence of permafrost  is 
r e l a t i v e l y   i n f r e q u e n t ,  as occurs   a long  the 
southernmost   th ree   quar te rs  of t he   a l ignmen t   i n  
t h e  Yukon, t h e   p i p e l i n e  w i l l  ope ra t e  warm. 
Regions of uns tab le   permafros t  are st i l l  
encountered,  however,  and  pipeline  design  measures 
are r e q u i r e d   t o   m i t i g a t e   p o t e n t i a l  thaw s e t t l e m e n t  
of the p ipe l ine   foundat ion  soi ls .  To s tudy   the  
behavior  of such a mi t iga t ive   des ign  i s  one of the 
purposes   of   the   Quil l   Creek Test F a c i l i t y .  

The b a s i s  o f  t he  thaw se t t lement   des ign  is t o  
minimize  thawing of the permafrost  soils and  thus 
ma in ta in  their s t r eng th   and   suppor t   capab i l i t y .  
Geothermal   ana lys i s   ind ica ted  that no reasonable  
amount of p ipe l ine   i n su la t ion   cou ld   p reven t  
s i g n i f i c a n t  thaw of s o i l   s u p p o r t i n g  a bu r i ed  
p ipe l ine   and   t he re fo re  the c h o i c e   f o r   t h i s  test is 
an  abovegrade  design.   Geothermal   analysis  
i n d i c a t e d  that a g r a v e l  pad of an  adequate  
th i ckness   and   w id th   can   cause   t he   pe rmaf roa t   t ab l e  
t o  rise up i n t o   t h e   g r a n u l a r  material, thus  
s t ab i l i z ing   t he   subgrade .  The amount of g r a v e l ,  
however,  can  be  excessive  depending on permafrost  
temperatures  and  ambient  temperature  conditions.  
The des ign   problem,   therefore ,  was t o   d e v e l o p  a 
des ign   wh ich   u t i l i zed  a reasonable  amount of 
g r a n u l a r  material and s t i l l  provided  adequate  
foundat ion   suppor t   for  the p ipe l ine .  

The g r a v e l  pad   used   In   th i s  test is nominally 
1 m t h i c k   w i t h  100 mm (or 50 mm) of p o l y s t t y r e n e  
insu la t ion   board .  The p l a s t i c  foam i n s u l a t i o n   c a n  
s i g n i f i c a n t l y   r e d u c e   t h e   q u a n t i t y  of gravel   neces-  
s a r y   t o  meet the  above  thermal  performance  (Berg 
1980). The i n s u l a t i o n  was l a i d  on a graded  gravel  
pad approximately 300 m thick  and  covered  with 
about  600 mm o f  gravel .  The p i p e l i n e  was then 
l a i d  on t h i s   g r a v e l  pad  and  covered t o  p r o t e c t   t h e  
p ipe   f rom  envi ronmenta l   and   o ther   ex te rna l ly  
caused damage and  from low ambient  temperature  and 
t o   r e s t r a i n  the p i p e l i n e  from movements due t o  
pressure  and  temperature   loads.  Two methods of 
cover ing   the   p ipe  are used a t  the  test si te,  one a 
g r a v e l  berm covering  the  pipe  and the o t h e r  a 
segmented  concrete  type  of  cover.   Three  test  
e e c t i o n s  are covered  with the g rave l  berm. The 
t e s t   s e c t i o n s   d i f f e r   i n  the amount of p i p e l i n e  

i n s u l a t i o n   a p p l i e d .  One s e c t i o n  has no insu la -  
t i on ,   ano the r   s ec t ion   has  100 m of ure thane   insu-  
l a t i o n  and t h e   o t h e r   s e c t i o n  has 200 mm of 
u r e t h a n e   i n s u l a t i o n .  Two a d d i t i o n a l  test s e c t i o n s  
are covered wi th  the  segmented  concrete  design. 
These  have  no  pipe  insulation as such but t h e   p i p e  
l ies on a "saddle" of u r e t h a n e   i n s u l a t i o n  and t h e  
i n s i d e  of the   concre te   weights  i s  a l s o   i n s u l a t e d  
pr ior   to   placement   over   the  pipe.   This  la t ter  
method of i n s u l a t i n g  the p i p e l i n e  was s t u d i e d  as 
an   a l t e rna t ive   t o   con t inuous ly   i n su la t ed   p ipe .  
The l ayou t  of  t h e s e   f i v e  test s e c t i o n s  i s  
i l l u s t r a t e d   i n   F i g u r e  3. 
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I 

00 E- 'U 
FIGURE 3 Layout of aboveground test s e c t i o n s .  

The design  var ia t ions  constructed  and  monitored 
i n  this s e c t i o n  of t h e  test s i te  are used  to  pro- 
v i d e   v e r i f i c a t i o n  of t h e  thermal modeling of t he  
designs as well as experimental   observat ion of t h e  
design  performance. The p ipe   s ec t ions  are main- 
t a i n e d  a t  a cons tan t   t empera ture  of 15% by a n  
air heat ing   sys tem.   Ver i f ica t ion  of the thermal  
modeling i s  the   purpose  of the  varying  amounts of 
i n s u l a t i o n  on the test s e c t i o n s .  The d i f f e r e n c e s  
in thaw  below t h e   t e s t   s e c t i o n s  will a l s o   p r o v i d e  
an   oppor tun i ty   t o   obse rve   t he   r e l a t ionsh ip   be tween  
depth o f  thaw  and  amount of s e t t l e m e n t  and  compare 
it w i t h   p r e d i c t e d  t h a w  s t r a i n s .  

Construct ion of t hese  test s e c t i o n s  was 
performed  during two d i f f e r e n t   s e a s o n s  of t h e  
year.  The t h r e e   g r a v e l  b e r m  designs were con- 
s t ruc t ed   du r ing   t he   w in te r  (Feb.-Mar.), whi le  the 
concrete   covered test s e c t i o n s  were cons t ruc t ed  
during the late  summer (Sept . ) .   This   a f fords   the  
o p p o r t u n i t y   t o   v e r i f y  the thermal model w i th  a 
d i f f e r e n t  set of i n i t i a l   c o n d i t i o n s  as well as t o  
observe   the  t h a w  se t t lement   behavior   dur ing  
cons t ruc t ion   and   ope ra t ion  of g rave l   pads   bu i l t  on 
d i f f e r e n t   s o i l   t h e r m a l  states. 
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Figures  4 ,  5, and 6 i l l u s t r a t e  the thermal 
h i s t o r y  of the  designs  through  one  year  of 
ope ra t ion .  The t h e r m a l   s t a t e  of t h e   s o i l  is 
determined  from a matrix of t he rmis to r s   l oca t ed  
be low  and   wi th in   the   g rave l  pad. The g rave l  
embankment des ign   wi thout   insu la t ion   a round  the  
p ipe   (F igure  4 )  shows a growth of the thaw bulb 
d i r ec t ly   unde r   t he   p ipe .  The presence of the  warm 
p ipe   p reven t s   t he   s easona l   f r eez ing  of t he  material 
i n  and  under   the  gravel  pad. Our thermal 
c a l c u l a t i o n s   i n d i c a t e   t h a t   t h e  thaw bulb will 
c o n t i n u e   t o  grow wi th  time. The g r a v e l  embankment 
des igns  with e i t h e r  100 mm or 200 mm t h i c k  
in su la t ion   a round   t he   p ipe  behaved  almost 
i d e n t i c a l l y .   F i g u r e  5 shows  complete  thawing of 
the   g rave l   and   s l igh t   thawing  of the p e a t   s u r f a c e  
l a y e r  below the  edge of t h e  embankment during the 
summer months,   but  complete  freezeback  during  the 
w i n t e r ,   f o r   t h e s e   i n s u l a t e d   p i p e   s e c t i o n s .  The 
i n s u l a t i o n   a r o u n d   t h e   p i p e l i n e   e f f e c t i v e l y   n e g a t e s  
the thermal   in f luence  of t h e  w a r m  p ipe l ine ,   and  the 
t h e r m a l   e f f e c t  is similar t o  an i n s u l a t e d   g r a v e l  
pad. The concrete   covered  design  (Figure 6 )  was 
c o n s t r u c t e d   i n   t h e  la te  summer over a thawed a c t i v e  
l a y e r .  The c o n e t r u c t i o n   a c t i v i t y   a n d  warm g r a v e l  
placement  deepened the thaw  under the gravel   pad,  
Be fo re   cons t ruc t ion  the a c t i v e   l a y e r  was 
approximately 112 m t h i c k   a n d   t h i s  was i n c r e a s e d   t o  
approximately 2 m due t o  the cons t ruc t ion .  In  t h e  
f i r s t   y e a r  of ope ra t ion  the thaw depth has remained 
r e l a t ive ly   cons t an t   w i th   s easona l   co ld   ambien t  
tempera tures   no t   comple te ly   f reez ing  back the 
a c t i v e   l a y e r .  

February  May 

December September 

FIGURE 4 Thermal  History.  Uninsulated  pipe i n  
I n s u l a t e d  embankment. 

February  May 

December September 

FIGURE 5 Thermal Hi s to ry  - I n s u l a t e d   p i p e   i n  
i n s u l a t e d  embankment. 

FIGURE 6 Thermal History.   Concrete   covered  pipe 
on i n s u l a t e d   g r a v e l  pad. 

Computed p r e d i c t i o n s  of the thermal  behavior of 
the var ious  designs  have  been  in  good agreement 
wi th  the  measured  resul ts .  A comparison of these 
p r e d i c t e d  and  measured  values is i l l u s t r a t e d  on 
F i g u r e  7 and 8. These   f igures  show a comparison 
of the c a l c u l a t e d  O°C i so the rm  wi th   l ne rpo la -  
t i o n s  of measured  thermistor  temperature  eadings.  
The thermal c a l c u l a t i o n s  are performed i t h  a 
f i n i t e   e l e m e n t  thermal program that o n s i d e r s  
s o i l / w a t e r   l a t e n t   h e a t   e f f e c t s  and takes n to  
account changing  meteorological   condi t ions Hwang 
1976). Thermal  parameters  used i n   t h e s e  
i m u l a t i o m  are g i v e n   i n  Table 1. 
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FIGURE 7 Comparison of  measured  and computed 
l o c a t i o n s  o f  Oo isotherm - un insu la t ed   p ipe   i n  
grave l  embankment. 

- 
O J  

FIGURE 8 Comparison of measured  and computed lo- 
c a t i o n s  of Oo isotherm - i n s u l a t e d  (200 mm) 
pipe i n  grave l  embankment. 

Soil Profile 

Depth 
(m) 

0.00-0.30 
0.30-1.10 
1.10-1.30 
1.30-1.50 
1.50.2.35 
2.35.2.60 
2.60-2.80 
2.80-3.15 
3.15-3.50 
3.50-4.15 
4.15-4.75 
4.75- 

Gravel 
jtyrofoarr 
Urethane 

r 
Pt 
ML 
VA 
Pt 
ML 
Pt 

ML 
Pt 
ML 
Pt 

ML 
GC 

Moisture Content 
Frozen 

% 

240 
45 
65 

115 
150 
120 
220 
400 
200 
400 
135 
20 
4 
0 
0 

Thawed 
% 

240 
20 
27 

115 
59 

120 
103 
400 
91 

400 
92 
20 
4 
0 
0 

Bulk 
Density 
Mg m 3  

1.20 
1.56 
1.20 
1.45 
1.25 
1.20 
1.24 
1.20 
1.25 
1.20 
1.50 
2.20 
1.95 
0.04 
0.064 

Dry Density 
Frozen 

Mg m 3  Mg m 3  
thawed 

0.353 0.353 
1.076 1.537 
0.727 1.039 
0.674 
0.500 

0.674 

0.912  0.638 
0.240 0.240 
0.833 0.417 
0.240 0.240 
0.775 0.388 
0.545 0.545 
1.000 

I .a33 1.833 
1.875 

0.084 0.064 
0.040 0.040 
1.875 

Excess 
Ice 
YO 

0 
30 
30 
0 

50 
0 

50 
0 

50 
0 

30 
0 
0 
0 
0 

r 
Frozen 

w m l  o c - 1  - 
1.50 
1.90 
1.80 
1.32 
1.55 
1.35 
1.55 
1.55 
1.55 
1.55 
1.57 
4.70 
1.32 
0.03 
0.024 

Thermal Conductivity 

wm.1 'c-1 

0.55 
1.27 
0.70 
0.51 
0.84 
0.50 
0.71 
0.56 
0.74 
0.56 
0.84 
2.62 
1.75 
0.03 
0.024 

Frozen 
(J kg1 'C' 

2.01 
1.22 
1.35 
2.00 
1.56 
2.00 
1.67 
2.03 
1.65 
2.03 
1.53 
0.93 
0.76 
1.13 
0.92 

- 
Speclflc Heat 

Thawed 
kJ kgioC' - 

3.52 
1.31 
1.47 
3.14 
2.02 
3.16 
2.49 
3.74 
2.38 
3.74 
2.39 
1.31 
0.87 
1.13 
0.92 

T Latent 
Heat 

MJ rn-3 

283.98 
140.66 
136.47 
259.81 
241 -34 
219.22 
278.32 
321.79 
271.17 
321.79 
275.88 
122.88 
25.14 
0.00 
0.00 

- 

TABLE 1 Soil s t r a t i g r a p h y  and  thermal  properties,  Quill Creek test site. 

The pipe se t t lement   h i s tory   for  the f i r s t  18 This i s  not   to  say that the  desiRn  var ia t ions will 
months of -  test s i t e  operation- is shown on Figure 
9. The two v a r i a t i o n s  of the   g rave l  embankment 
design  ( insulated  pipe  and  uninsulated  pipe)  have 
bo th   s e t t l ed  similar amounts  with the uninsulated 
p i p e   s e t t l i n g   s l i g h t l y  more. The presence of the 
warm (15OC)  p i p e l i n e  has ye t   t o   exh ib i t  a 
s i g n i f i c a n t   i n f l u e n c e  on t h e   s e t t l i n g  or the  
e f f e c t i v e n e s s  of the  concept as a thaw se t t lement  
mit igat ive  design.  4 longer embankment s e c t i o n  i n  
the  construction  procedures area of the test f a c i -  
l i t y   h a s   s e t t l e d  a similar amount.  That test sec- 
t i o n  has the  same design  cross   sect ion as the 
hea ted   insu la ted   p ipe   sec t ions   bu t   th i s   longer  
p i p e l i n e  was not  heated. The majori ty  of the set- 
tlement of the embankment design  to-date  can 
t h e r e f o r e  be a t t r i b u t e d   t o   c o n s o l i d a t i o n  of the 
sur face  material under  the embankment fol lowing 
the  small amounts of thawing  occuring  seasonally 
under  the embankment due t o  ambient  temperatures. 

no t   per form  d i f fe ren t ly   in   the   f i tu re .  The 
observat ion is that the uninsulated  pipe  causes 
thaw  bulb  growth which is sustained  through the 
winter .   Increases   in  thaw depth would l i k e l y  
cause   an   acce le ra t ion  o f  pipe   se t t lement   re la t ive  
to   the  insulated  pipe  design.  

The concrete  covered test sect ions  exhibi ted 
s ign i f i can t ly   l e se   s e t t l emen t   t o   da t e   t han   t he  
grave l  embankment. This is  a t t r i b u t e d  mre t o  the 
season o f  construct ion  than  differences in pipe 
covering.  Consolidation of the underlying 
material occurs more rap id ly   dur ing   cons t ruc t ion  
when the material is thawed and  reaches a measure 
o f  s t a b i l i t y  more q u i c k l y   a f t e r  the test sire is 
put  into  operation. 
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FIGURE 9 Pipe  sett lement.  

SLOPE STABILIZATION 

The northernmost area of t he   Qu i l l  Creek Test 
F a c i l i t y  is dedicated to  the   eva lua t ion  of cu t  
s lope   s tab i l iza t ion   techniques   for  ice r i c h  
permafrost. A s ide   cu t   f ac ing   no r theas t  was made 
i n  a h i l l  for   approximately 400 m with  the  cut  
height  varying up t o  8 m. As descr ibed 
p rev ious ly ,   t he   so i l  on t h i s   h i l l  has a 20-602 
v i s i b l e  ice content. 

This test a rea  is div ided   in to  six test s e c t i o n  
where d i f f e r e n t   s t a b i l i z a t i o n  methods are used. 
The f i r s t   s e c t i o n   c o n s i s t s  of a v e r t i c a l   c u t   f a c e  
approximately 2 m high. The nor th   ha l f  of t h e  
s e c t i o n  was l e f t   unpro tec t ed  and  the  south half 
has a wire mesh pegged to  the  organic  cover  above 
the top  o f  the cut .   S igni f icant   s loughing  in the 
area of the   s lope   f ace  was observed. The organic  
cover on top of the   cu t   face  became undercut 
during  the summer and f e l l  onto  the  s lope  a long 
t h e   e n t i r e   s e c t i o n .  No appreciable  mvement oc- 
curred  during the winter  and l i t t l e  a d d i t i o n a l  
sloughing  or movement occurred  during  the 
subsequent summer. The second test s e c t i o n  
c o n s i s t s  of a 1:1 cut   s lope  varying from  approxi- 
mately 2 t o  4 m in   he ight .  The nor th   ha l f  is 
protec ted  by wire mesh pegged to   the   o rganic  
cover  above  the  cut and the   south   ha l f  is 
unprotected. The organic  cover  developed a small 
undercut near the  top of the c u t   f a c e   a n d   f e l l  
on to   the   s lope   in  late summer of t h e   f i r s t   y e a r .  
No s i g n i f i c a n t  change  occured  during  the  winter. 
The next summer showed greatly  reduced  thawing 
a n d   e f f e c t i v e   s t a b i l i z a t i o n  of the slope  face.  
The t h i r d  test s e c t i o n   c o n s i s t s  of a 2:l s lope  
approximately 8 m high  covered by a gravel  blan- 
ket  nominally 2 m thick.  There i s  no v i s i b l e  
change  to t h i s  test Section,  although  approxi- 
mately 20 cm o f  se t t lement  has been  measured. 
The f o u r t h  test s e c t i o n   c o n s i s t s  of a 2:l c u t  
slope  approximately 8 m high  covered by an 
organic   blanket   re inforced by a j u t e  

ne t t ing .  The organic  material is nominally 1.5 m 
thick,   There is no v is ib le   change  t o  t h i s  test 
sec t ion ,   a l t hough   s e t t l emen t   i n   t he   o rde r  of  10 cm 
has  been  measured in  the   c leared  area on top of 
t he   s lope  aild 15 cm on the  peat  covered  slope 
area. The f i f t h  test sec t ion   cons i s t s  of a 1/2:1 
cut  slope  approximately 4 m high  protected by a 
grave l   bu t t r e s s   w i th  an outside  s lope  of  2:l. The 
general   shape of the   but t ress   remains unchanged 
but  sett lements  ranging up t o  30 c m  have  occurred 
a t  the  top of t he   bu t t r e s s  where the grave l   abuts  
the cut  face.  The sixth test s e c t i o n   c o n s i s t s  of 
an unprotected  ver t ical   cut   approximately 6 m 
high.  Significant  changes  have  occurred a l l  a long 
th i s  sect ion.  The organic  mat atop  the  cut   face 
was s igni f icant ly   undercut   dur ing  the first 
summer, and this   overhang  col lapsed  onto  the cut 
face  during  September. No changes  occurred  during 
the winter  months , and  minimal  changes were re- 
corded  to  the  slope  profile  during  the  second 
summer, however, the  organic  mat was torn  off  In 
some places  along  the  slope.  The changing  cross- 
s e c t i o n   p r o f i l e  of t h i s  test s e c t i o n  is  i l l u s t r a -  
t e d   i n   F i g u r e  10. 
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FIGURE 10 S i x  mter c u t   p r o f i l e   a t   Q u i l l  Creek 
test site. 

SUMMARY 

Two years  of opera t ion  of t he   Qu i l l  Creek Test 
F a c i l i t y  has provided  valuable data and observa- 
t ions  regarding  the  construction  and  operation of 
p ipe l ines   in   permafros t .  The opera t ing  test sec- 
t i o n s  have  confirmed  the  pipeline  design  concepts 
for   permafrost  and  have  confirmed the a p p l i c a t i o n  
o f  computer thermal modeling in permafrost  design 
work. The obse rva t ion   o f   t he   s ideh i l l   cu t s   i n  ice 
r i c h  materlal have  confirmed that   adequate  
s t a b i l i z a t i o n   c a n  be achieved. 
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THE GEOLOGY OF MARS 

Michael H. Carr 

U.S. Geological  Survey,  Menlo Park, California 94025 USA 

Mars  has  had  a  long  and  varied  geologic  history.  Large  sparsely  cratered 
volcanoes  and  vast  lava  plains  attest  to  sustained  volcanism.  An  extensive 
system of fractures  appears  caused  by  a  bulge  of  continental  dimensions in 
the  Tharsis  region.  Well-integrated  valley  networks  imply  slow  erosion  by 
running  water,  while  large  channels  appear  formed  by  catastrophic  floods. 
Collapsed  ground,  moraine-like  ridges,  and  pitted  terrains  suggest  the 
effects  of  ice,  landslides  and  rock  glaciers  indicate  large-scale  mass 
wasting,  and  dunes  and  yardangs  are  evidence  of  wind  action.  Despite  the 
similarity  in  the  range  of  processes  that  have  affected  Mars  and  Earth, 
differences  between  the  two  planets  remain  large.  Under  present  climatic 
conditions  liquid  water  is  unstable  everywhere on the  surface  and  ice is 
unstable  at  latitudes  below 40'. A  permafrost  zone is 1 km thick  at  the 
equator  and 4 to 5 km thick  at  the  poles.  Climate  changes  caused  by  per- 
turbations  in  the  orbital  and  rotational  motions  are  small  although  they 
may  cause  alternating  cycles o f  erosion  and  deposition  at  high  latitudes. 
Climatic  variations  during  the  current  epoch  appear  representative of cli- 
mates  throughout  most of Mars'  history.  Branching  valley  networks in old 
terrain  suggest  different  conditions  over 3.5 billion  years  ago.  Persis- 
tence of climatic  conditions  that  hinder  flow of water  has  prevented  cycling 
of surface  materials  by  erosion,  sedimentation,  burial,  and  metamorphism. 

INTRODUCTION 

The  last  two  decades  have  witnessed  an  explo- 
sive  growth  in  our  knowledge  of  the  Solar  System. 
Spacecraft  have  made  observations  on  all  the  plan- 
ets  as  far  out as  Saturn,  returning  an  enormous 
amount  of  data.  Mars is of  special  interest  to 
the  geologist  since  most  of  the  geologic  processes 
that  operate on Earth  have  occurred  there  also, 
although  under  quite  different  environmental  con- 
ditions.  We  also know more  about  Mars  than  any 
planetary  body  other  than  the  Earth  and  the Moon. 
Most  of  its  surface  was  photographed  by  the  Viking 
orbiters  at  a  resolution  of 200 m  and  large  frac- 
tions  at  much  better  resolutions,  ranging  down  to 
8 m. Ground  temperatures,  atmospheric  tempera- 
tures  and  the  water  content  of  the  atmosphere  were 
monitored  planet-wide  for  over  two  martian  years. 
In addition,  the  Viking  landers  analyzed  materials 
at  the  surface  and  recorded  meteorological  condi- 
tions  at  two  locations  for  several  years.  This 
paper  examines  current  climatic  conditions,  then 
contrasts  them  with  those  that  might  be  inferred 
with  the  geologic  record  in  order  to  determine  the 
extent  to  which  present  conditions  are  representa- 
tive of those  that  have  occurred in the  past. 
Emphasis  is on processes  at  the  surface  that  in- 
volve  water  or  affect  its  stability.  The  intent 
is to  provide  a  context  within  which  the  potential 
€or development  of  permafrost  features on Mars  can 
be  assessed. For comprehensive  summaries of  
martian  geology,  see  Carr (1981) and  Mutch  et  al. 
(1976). 

PHYSIOGRAPHY AND TOPOGRAPHY 

Mars,  the  fourth  planet  from  the  sun,  has  a 
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diameter of 6788 km, intermediate  between  that of 
the  Earth  (12,756  km)  and  the  Moon (3 ,476  km). 
The  planet is markedly  asymmetrical.  Most of the 
southern  hemisphere  is  heavily  cratered  like  the 
lunar  highlands,  whereas  much o f  the  northern 
hemisphere is only  sparsely  cratered.  The  heavily 
cratered  terrain  stands 1 to 3 km above  the  refer- 
ence  elevation  datum. As on the  Moon,  several 
large  impact  basins  are  present,  the  largest  being 
Hellas (1,800 km in  diameter)  and  Argyre (800 km 
in diameter).  Between  many  of  the  large  craters 
are  what  appear  to  be  volcanic  plains.  Both  the 
craters  and  the  intervening  plains  are  dissected 
by  branching  valley  networks  that  superficially 
resemble  terrestrial  river  valleys  and  suggest 
slow  erosion  by  running  water. In contrast,  much 
of the  northern  hemisphere is covered  by  plains  at 
elevation  mostly 1 km below  the  reference  level. 
The  plains  have  far  fewer  superposed  craters  than 
the  southern  highlands,  and  almost  no  branching 
valleys.  Most  of  the  plains  at  low  latitudes  are 
clearly  volcanic,  having  flows  visible  on  their 
surface,  but in many  places,  especially  at  high 
latitudes,  the  plains  have  been  considerably  modi- 
fied  by  the  action of wind  to  produce  yardangs  and 
dunes, by  water  to  carve  valleys  and  possibly  by 
ice  to  form  collapse  pits,  patterned  ground  and 
moraine-like  features. 

by  anomalously  high  elevations  in  the  Tharsis 
region,  where  a  broad  dome, 5,000 to 6,000 km 
across  and 10 km high, is centered  at 115"W on the 
the  equator.  Arrayed  around  the  bulge  and  affec- 
ting  about  a  third  of  the  surface  area  of  the 
planet  are  numerous  radial  fractures. At the 
summit  and  on  the  northwest  flank of the  bulge  are 
several  huge  volcanoes.  Olympus  Mons, on the 
northwest  edge,  is  over 600 km across and 27 km 

The  general  north-south  asymmetry  is  broken 
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high,  and  Alba  Patera  just  to  the  north  of  Tharsis 
is 1,600 km across  but  only  a  few  kilometers  high. 
A  smaller  bulge 2,500 km across  and 5 km high, 
centered in Elysium  at 25'N, 21O"W, also  has 
superimposed  volcanoes. 

interconnected  canyons.  They  extend  from  close  to 
the  summit of the  Tharsis  dome,  eastward  for  al- 
most 4,000 km.  Most  of  the  canyons  are  over 3 km 
deep  and  over 100 km across. In the  central  sec- 
tion,  three  parallel  canyons  merge  to  form  a 
depression  over 7 km deep  and 600 km wide.  The 
canyons  are  mostly  flat  floored  with  steep  gullied 
walls.  Many  contain  thick,  partly  eroded,  layered 
sequences of sediments. 

The  canyons  merge  eastward  with  "chaotic 
terrain," in which  the  ground  has  seemingly  col- 
lapsed  over  thousands  of  square  kilometers  to  form 
a  jumbled  array  of  blocks  at  a  lower  elevation 
than  the  surroundings.  Several  large  channels 
emerge  from  the  chaotic  terrain  east  of  the  can- 
yons  and  extend  northward  down  the  regional  slope 
for  over 2,000 km, causing  extensive  erosion  of 
the  volcanic  plains  of  Chryse  Planitia.  Other 
channels  start  north  of  the  canyons  and  they  also 
converge on, and  ultimately  die  out in,  Chryse 
Planitia.  The  channels  are  enormous by  terres- 
trial  standards.  Many  are  several  tens  of kilo- 
meters  wide;  Kasei  Vallis,  the  largest,  has  eroded 
a broad  swath  of  terrain  in  places  over 200 km 
across.  All  start  full-size  and  have  few  if  any 
tributaries.  These  channels  have  been  widely 
attributed  to  floods o f  enormous  magnitude  al- 
though  erosion  by  wind  and  ice  have  also  been 
suggested. 

The  physiography  of  the  poles i s  distinc- 
tively  different  from  the  rest  of  the  planet. 
Extending  outward  from  both  poles for a  little 
over 10" in  latitude  are  layered  deposits.  The 
layers  range in thickness  from  several tens of 
meters  down  to  the  limiting  resolution  of  the 
available  photographs.  Incised  into  the  deposit 
are  numerous  valleys  and low escarpments  that  curl 
outward  from  the  pole in a  counterclockwise 
(eastward)  direction in the  north  and in a  predom- 
inantly  clockwise  (westward)  direction in the 
south.  Preferential  removal  of  frost  from  the 
sunward  facing  slopes  of  these  valleys  gives  the 
poles  a  characteristic  swirl  texture in summer. 
The  polar  layering  and  the  incised  valleys  are  of 
considerable  interest  because  they  may  result  from 
periodic  climate  change. 

To the  east  of  Tharsis  is  a  vast  system  of 

CURRENT SURFACE CONDITIONS 

Mars  currently  has  a  thin  atmosphere  composed 
mostly o f  carbon  dioxide.  The  composition at the 
surface  is 95.3 % CO , 2.7 % N2, 1.6 % Ar,  and 
only  small  amounts of other  constituents  (Owen  et 
al.,  1977). The  average  pressure  is  around 8 
mbars,  but  ranges  widely  because  of  the  large 
surface  relief. At the  summit  of  Olympus  Mons  the 
pressure  is  only 0 . 3  mbars;  in  the  deeper  parts  of 
the  canyons  the  pressure  is  around 15 mbars. 
Surface  pressure  also  varies  with  season,  since 
about  one-third  of  the  atmosphere  condenses  out  to 
form the  winter Cog caps.  Pressure  at  the  Viking 
1 landing  site, €or  example, ranged  from 6.9 mbars 

in late  southern  winter  to 9 mbars  in  southern 
summer. 

heat  capacity. It cools  and  heats  rapidly  and  has 
less effect on ground  temperatures  than on Earth. 
Ground  temperatures  have  a  large  diurnal  range. 
Those  in  southern  summer  range  from  around 200°K 
just  before  dawn  to 280-290'K at  midday.  Peak 
northern summer temperatures are 2 30' lower. 
Assuming  a  heat  Elow  of 35 erg  cm  sec  (Toksoz 
and  Bsui, 1978), mean  annual  temperatures  are  such 
that  the 273'C isotherm  is  at  a  depth of 1 km at 
the  equator  and 4-5 km at  the  poles  (Rossbacher 
and  Judson, 198l), so that  the  planet  everywhere 
has  a  thick  permafrost  zone.  The  temperature 
profile  within  the  atmosphere is sensitive  to  the 
amount of dust  it  contains.  When  the  atmosphere 
is  clear,  heating  is  largely  from  the  ground  be- 
low,  and  diurnal  temperature  fluctuations  are 
restricted  to  a  thin  near  surface  layer.  However, 
when  dusty,  absorption  and  emission of radiation 
by  the  atmosphere  is  enhanced  and  temperature 
fluctuations  occur  throughout  the  vertical  profile 
(Pollack  et  al., 1979). One  result  is  increased 
tidal  winds,  which  blow  from  the  cold  nightside to 
the  warm  sunlit  side o f  the  planet. 

A meteorological  phenomenon  of  considerable 
geologic  interest is the  annual  recurrence  of  near 
global  dust  storms.  During  spring  and  summer  in 
the  southern  hemisphere,  local  dust  storms  are 
common,  particularly  around  the  edge of the  re- 
treating  seasonal  cap  and  in  areas  with  high 
slopes. In most  years  storm  activity  grows  to 
engulf  almost  the  entire  planet,  obscuring  the 
surface  from  view.  After  the  storms  cease  the 
dust  slowly  settles  out  and  the  atmospheric 
opacity  returns  to  its  pre-storm  level  in 3-4 
months. A number o f  theories  have  been  proposed 
to  explain  the  storms.  The  most  plausible is that 
a  feedback  mechanism  develops  between  the  dust 
storm  and  tidal  winds  (Leovy  and  Zuruk, 1979). 
The  local  dust  storms  raise  dust  that  increases 
the  contrast  between  the  day  and  night  atmospheric 
temperatures.  This  in  turn  increases  the  tidal 
winds  that  raise  more  dust,  thereby  causing  a 
runaway  effect.  The  storms  subside  when  the  at- 
mosphere  is so opaque  that  the  near  surface  tem- 
perature  fluctuations  and  hence  the  winds  are so 
reduced  that  dust  can no longer  be  raised.  The 
storms  now  occur  only  during  southern  summer.  At 
this  time  diurnal  temperature  variations  are  en- 
hanced  because  Mars  is  close to perihelion. 

The  atmosphere  contains  only  minute  amounts 
of  water. For most of the  year  the  distribution 
is  fairly  even  with  latitude  and  the  atmosphere 
typically  contains  5-10  precipitable  micrometers 
(Farmer  and  Doms,  1979).  However,  the  atmosphere 
is  always  close  to  saturation  for  night  tempera- 
tures so it  holds  almost  all  it  can.  The  only 
major  deviation  from  the  generally  uniform  latitu- 
dinal  distribution  is  during  northern  summer. At 
this  time  the  atmosphere  at  high  northern  lati- 
tudes  may  contain  up  to LOO precipitable  micro- 
meters,  a  result of loss  of  water  from  a  residual 
northern  water-ice  cap  and  a  constant  illumination 
that  enhances  the  carrying  capacity  of  the 
atmosphere. 

that  liquid  water  and  ice  are  unstable  almost 

Because  the  atmosphere is thin  it  has  a  low 
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Pressure  and  temperature  conditions  are  such 
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everywhere on the  surface.  Liquid  water  will 
rapidly  freeze  or  evaporate,  depending on local 
conditions.  Ice  is  stable  at  the  surface  all  year 
round  within 10' of  the  poles  and  for  parts  of  the 
year  down  to  latitudes as low  as 30". It is never 
stable  at  lower  latitudes.  At  latitudes  greater 
than 30°, ground  ice  is  stable all year  round  at 
depths  of 1 m  to 1 km, depending on the  specific 
latitude  (Figure 1); at  latitudes  less  than 30' 
ground  ice is unstable  with  respect  to  the  present 
atmosphere  at  all  depths  (Farmer  and  Doms, 1979). 
If ice  were  introduced  into  the  ground  in  these 
equatorial  latutudes  it  would  slowly  sublime,  the 
rate  being  controlled  by  the  ability  of  the  water 
vapor  to  diffuse  to  the  surface.  Despite  this 
disequilibrium,  Smoluchowski (1968) suggested  that 
ground  ice  could  survive in the  equatorial  regions 
for  billions  of  years  if  effectively  isolated  from 
the  atmosphere,  such  as  by  a  thick,  impermeable, 
fine-grained  regolith. 

The  surface  conditions  just  outlined  could 
alter  as  a  result  of  changes in the  orbital  and 
rotational  motions.  Mars  currently  has an orbital 
eccentricity  of  0.093,  as  compared  with 0.017 for 
the  earth.  The  rotation  axis is inclined 25" to 
the  pole o f  the  orbit  plane  with  the  southern 
hemisphere  tilted  toward  the  sun  near  perihelion, 
thereby  causing  southern  summers  to  be  shorter  and 
hotter  than  those  in  the  north.  However,  preces- 
sion  of  the  rotation  axis  and  the  orbit  plane 
causes  climatic  conditions  to  alternate  between 
the  two  hemispheres on a 51,000 year  cycle 
(Leighton  and  Murray, 1966). In 25,000 years  it 
will  be  the  northern  hemisphere  that  has  short, 
hot  summers  that  trigger  global  dust  storms. 

Eccentricity  and  obliquity  also  undergo  peri- 
odic  changes.  The  eccentricity  oscillates  between 
0.01  and 0 4 with  characteristic  periods  of 95,000 
and  2 x 10 years  (Murray  et  al.,  1973).  Clearly, 
when  the  eccentricity is at  a  minimum,  climatic 
differences  between  the  two  hemispheres  are 
suppressed;  when  eccentricity is at  its  maximum, 
climatic  differences  are  accentuated.  Currently, 
with  an  eccentricity  of 0.093, Mars is in the 
middle  of  its  eccentricity  range.  The  obliquity 
(the  angle  between  the  equatorial  plane  and  the 
orbit  plane)  varies  between 11 and 38' with  har- 
acteristic  periods o f  1.2 x LO5 and 1.2 x 10 
years  (Ward, 1973). As obliquity  increases  polar 
temperatures  rise  and  equatorial  temperatures 
fall.  Because  large  amounts  of  volatiles  are 
stored  at  high  latitudes  either  as  ice  or  adsorbed 
in  the  regolith,  obliquity  variations  can  signifi- 
cantly  affect  the  volatile  inventory  of  the  atmos- 
phere.  Mars  is  at  present  also  in  the  middle  of 
its  obliquity  cycle. 

These  perturbations  can  affect  climatic  and 
geologic  processes in a  variety of ways.  Cur- 
rently,  the  north  pole  may  be  a  region o f  dust 
deposition  since  its  seasonal  cap  forms  when  the 
atmosphere is dusty  from  the  southern  eummer  dust 
storms. In contrast,  when  the  southern  cap forms 
the  atmosphere  is  clear.  Thus  the  northern  cap  is 
dirty  and  dissipates  under  a  clear  atmosphere, 
whereas  the  southern  cap i s  clean  and  dissipates 
under  a  dusty  atmosphere  (Kieffer  et  al.,  1976; 
Pollack  et  al.,  1979).  One  consequence i s  that 
the  northern  seasonal C02 cap  dissipates  complete- 
ly in summer  to  leave  a  remnant  water-ice  cap 
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(Farmer  et  al.,  1976),  whereas  the  C02  cap  in  the 
south  does  not  completely  dissipate. 

Accumulation  of  dust  scavenged  from  the  at- 
mosphere  by  formation of the  seasonal  cap  may  be 
the  cause'of  the  polar  layered  deposits  (Pollack 
et  al., 1979). Deposition  is  now  taking  place  in 
the  north  but  the  site  of  deposition  will  alter- 
nate  with  the  precessional  cycle, so the  layering 
may be  due in part  to  precession.  The  coupling  of 
depositional  rates  with  astronomical  perturbations 
are  likely,  however,  to  be  complicated  and  depend 
in part  on  the  threshold  conditions  for  initiating 
dust  storms  (Cutts  et  al.,  1982).  At  present  such 
conditions  are  achieved  only  during  southern  sum- 
mer. If eccentricity  decreases,  the  triggering 
thresholds  may  not  be  achieved in either  hemi- 
sphere  and  little  deposition  would  occur  at  the 
poles.  Furthermore,  retention  of  the  dust stom 
debris  may  depend on the  stability  of  water-ice, 
which  probably  acts  as  a  cement.  Under  conditions 
of  high  obliquity  ice  will  be  unstable  during 
summer,  thereby  allowing  the  dust  to  dissipate. 
Thus,  while  changes  in  the  stability  of  water  and 
in  the  rate of dust  deposition  induced  by  pertur- 
bations  of  the  planet's  motions  are  likely  causes 
of  the  polar  layered  deposits,  precise  correlation 
of  the  layers  with  specific  periodic  changes is 
not  possible. 

Astronomical  perturbations  may  also  affect 
the  atmospheric  pressure.  Carbon  dioxide  resides 
in  three  major  sinks:  the  atmosphere,  the  polar 
Caps,  and  the  regolith.  Several  lines  of  evidence 
indicate  that  the  present  atmosphere  represents 
only  a  fraction  of  that  outgassed  from  the  planet 
(McElroy  et  al.,  1977;  Pollack  and  Black, 1979). 
Particularly  significant is the  lack oE fractiona- 
tion  of  oxygen  isotopes in he  atmosphere  despite 
substantial  enrichment  in "PI and  several  mechan- 
isms  for  exospheric 8s of  oxygen,  which  should 
cause  enrichment  in "0 , The  simplest  explanation 
is  that  substantial  amounts  of C02 and H20 exist 
in the  ground  close  to  the  surface  where  they  can 
exchange  with  the  atmosphere  and so dilute  any 
fractionation  effects.  The  regolith  has  a  sub- 
stantial  storage  capacity  for CO , most  being 
adsorbed on mineral  grains  (Fanale  and  Cannon, 
1974,  1979;  Fanale et  al.,  1982).  Increase  in 
regolith  temperatures  will  rend to drive off the 
gas  and so increase  atmospheric  pressures; a de- 
crease in regolith  temperature  will  have  the 
reverse  effect.  The  penetration  depth o f  the 
annual  and  diurnal  temperature  changes  is  small so 
that  they  have  little  effect  on  atmospheric  pres- 
sure.  However,  temperature  changes  caused  by 
perturbations of the  orbital  and  3otatiogal 
motions,  which  have  periods  of 10 to 10 years, 
penetrate  to  depths  of  a  kilometer  and  could  sig- 
nificantly  affect  the  atmosphere.  Of  special 
importance  are  obliquity  changes  that  cause  large 
variations  in  temperatures  at  high  latitudes. 
According  to  the  modeling of Fanale  et  al.  (1982), 
during  periods  of  low  obliquity  the  atmospheric 
pressure  may  fall  as  low  as 0.1 mbar  mainly as a 
result  of  growth  of  a  large  permanent C02 cap;  at 
high  obliquities  the  pressure  may  rise  to 15 
mbars.  This  range  is  small  despite  substantial 
exchange  between  regolith  and  atmosphere  because 
of buffering by the  polar  cap. 
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The  current  epoch is thus  characterized  by  a 
permafrost  zone 1 km thick  at  the  equator  and 
thickening  to 4-5 km at  the  poles,  instability  of 
liquid  water  planet-wide,  instability  of  ground- 
ice  at  low  latitudes,  deposition  of  layered 
deposits  at  the  poles,  intermittent  recurrence  of 
global  dust  storms,  and low atmospheric  pressures 
that  vary  by  about  a  factor  of  100. In the  next 
section  we  will  consider  the  extent  to  which  these 
conditions  are  typical  of  the  planet's  geologic 
history. 

CHANNELS AND VALLEYS 

Lingenfelter  et  al.  (1968)  showed  that  water 
could  flow  for  considerable  distances  even on the 
Moon if  discharge  rates  were  high  enough.  Esti- 
mates  of  the  discharge  rates  of  the  postulated 
floods  hat  cub ty large  martian  channels  range 
from 10 to 10  m sec-' (Masursky  et  al.,  1977; 
Carr, 1979). Loss by evaporation  and  freezing 
under  any  possible  Mars  climatic  conditions  would 
be  negligible  in  comparison  with  these  discharges. 
The  flood  features  are  thus  poor  indicators  of 
past  climates  and  could  form  under  present  condi- 
tions. The branching  valley  networks  are  however 
quite  different.  They  lack  bedforms  common  in  the 
large  channels,  have  a  regular  hierarchy  of  tribu- 
taries,  and  start  small  and  increase  in  size  down- 
stream.  The  networks  are  thus  not  channels  like 
the  flood  features  but  more  akin  to  terrestrial 
river  valleys.  Their  presence  suggests  that 
streams  of  modest  discharge  have  at  times  flowed 
across  the  surface. 

densely  cratered  terrain,  which  dates  from  over 
3.5 billion  years  ago  (Carr  and Clow, 1981). In 
contrast,  the  large  flood  features  are  found on 
surfaces  of  a  wide  range  of  ages.  The  simplest 
explanation  for  the  restriction of valley  networks 
to  old  terrains  is  that  conditions  required  for 
valley  formation  existed  only  very  early  in  the 
planet's  history.  Alternative  explanations  are 
that  the  old  terrain i s  more  erodible  or  that 
water  is  more  available  (by  seepage) in the  old 
older  terrains  as  compared to the  younger. The 
drainage  pattern of the  valleys  is  very  open.  The 
old  terrain  is  partly  dissected  everywhere,  but 
wide  undissected  interfluves  occur  between 
branches  in  any  one  network  and  the  drainage 
basins  themselves  are  widely  spaced.  Most  drain- 
age  basins  are  also  $mall,  the  distance  from  the 
end of the  most  distal  tributary to the  mouth  of 
the  main  valley  being  generally  less  than 300 
km.  These  characteristics  suggest an immature 
drainage  system  in  which  erosion  has  not  been 
sufficiently  sustained  to  achieve  efficient  cover- 
age  of  the  entire  landscape  or  for  single  drainage 
basins to dominate  large  areas  at  the  expense  of 
neighboring  networks.  Many  characteristics  of  the 
networks  a180  suggest  that  groundwater  sapping  is 
a  prominent  process in their  development  (Pieri, 
1980). 

works  is  that  early  in  its  history  Mars  had  a 
thicker  atmosphere  than  at  present,  and as a 
consequence,  higher  surfaces  temperatures.  The 
conditions  were  such  as  to  occasionally  permit 
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Over 99 % of  the  valley  networks  occur  in  the 

A  plausible  explanation  of  the  valley  net- 

flow  of  water  at  small  discharges. At this  time 
impact  rates  were  high  and  competed  with  erosion 
by  wind  and  water  in  reshaping  of  the  landscape. 
Around 3.8  billion  years  ago  the  impact  rates 
declined,  the  landscape  stabilized  and  many of the 
valleys  we  now  see  were  formed.  Nowever,  the  rate 
of  valley  formation  appears  to  have  declined 
rapidly  thereafter  for  valleys  are  rarely  found on 
younger  terrain  and  mature  drainage  systems  did 
not  develop  even on the  oldest  terrain.  Carbon 
dioxide may have  been  lost  irreversibly  from  the 
atmosphere by formation  of  carbonates  and  other 
minerals.  Conditions  then  approached  those  that 
presently  prevail  with  a  thick  permafrost  over  all 
of  the  planet's  surface.  The  large  floods  that 
occurred  subsequently  were  possibly  the  result of 
break-out of water  confined  under  high  pressures 
beneath  the  thick  permafrost  (Carr, 1979).  Alter- 
natively,  the  floods  were  caused  by  geothermal 
melting  of  ice  (Masursky  et  al.,  19771,  lique- 
faction  of  near  surface  materials  (Nummedal  and 
Prior, 1981) or geothermally  induced  decomposition 
of  hydrated  minerals  (Clark, 1978). 

Several  other  surface  features  support  the 
sequence of events  just  outlined.  An  ancient 
cratered  terrain,  remarkably  little  affected  by 
eolian  erosion,  has  survived  from  over 3.5 billion 
years ago; the  floors of many  large  craters  are 
almost  indistinguishable  from  those of lunar 
craters  being  almost  saturated  with  small (< 1 km 
in diameter)  craters;  fine  primary  depositional 
features  are  preserved on impact  ejecta  and  vol- 
canic  flows  that  are  billions of years  old. 
Erosion  rates  have  thus  been  low  throughout  most 
of  the  planet's  history.  Arvidson  et  al.  (1979) 
estimated  from  the  preservation  craters  in  Chryse 
Planitia  that  ero  ion  rates  can  have  been no more 
than lo-' m year-' over  the  last 3.5 billion 
years.  For  comparison,  Menard  (1961)  estimated 
that  rosion  rates in North  America  are 3 x lo-' m 
year-?.  While  not  conclusive,  such  low  erosion 
rates  suggest  that  the  martian  atmosphere  has  been 
thin,  and  hence  the  surface  temperatures  low, 
throughout  most  of  Mars'  history. 

Indirect  evidence  also  suggests  that  the 
stability of ice  on  the  surface  has  not  changed 
greatly  throughout  Mars'  history.  If  true,  then 
climatic  conditions  since  termination  of  the  very 
early  era  of  active  valley  formation  have  been 
fairly  stable  and  subject  only  to  the  relatively 
mild  changes  caused  by  the  perturbations  in  the 
orbital  and  rotational  motions.  We  have  seen  that 
at  latitudes  less  than 30-40' ice is  currently 
unstable  with  respect to  the  atmosphere  for  the 
entire  year,  whereas  at  higher  latitudes  ice is 
stable  for  parts of the  year. The 30-40" latitude 
band  is  also  one  of  transition in erosional  style. 
In the  low  latitudes  primary  volcanic  and  Impact 
features  are  well  preserved. At high  latitudes 
such  features  are  poorly  preserved;  moat  of  the 
landscape  is  modified  as  if  blankets of debris  had 
been  repeatedly  deposited  and  removed  (Soderblom 
et  al.,  1973).  Parallel  moraine-like  features 
suggest  that  rates  of  removal of the  debris  blan- 
kets changed  cyclically,  possibly  indicating  again 
the  effects  of  variations  in  the  orbital  and  rota- 
tional  motions  (Carr, 1980). The transition in 
erosional  style along the  stability  boundary  of 
ice  is  unlikely  to  be  coincidental.  Freezing  and 
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sublimation  of  ice  may  have  played  a  significant 
role  in  the  stabilization  and  destabilization of 
the  debris  blankete. 

similarly  related  to  the  ice  stability  boundary. 
In these  terrains  most  high  standing  massifs  are 
surrounded by extensive  debris  aprons,  which sug- 
gests  that  rates  of mass wasting  are  unusually 
high.  The  terrain is also  characterized by large, 
flat-floored,  steep-walled  valleys in which  debris 
flows  from  opposing  walls  converge  on  the  valley 
center.  Debris  flows  appear  to  be  particularly 
mobile in these  areas,  resulting  in  enhanced  ero- 
sion  along  steep  scarps  and  widening  of  river 
valleys  into  broad  flat-floored  features.  Squyres 
(1979)  showed  that  the  fretted  terrain  occurs 
mainly  in  two  Latitude  belts 25' wide  centered on 
40"N  and 45's. He  noted  that  these  are  regions 
where  the  maximum  amount  of  water-ice is expecred 
to  be  precipitated  out  of  the  atmosphere  in  win- 
ter.  The  amounts  are  small (< lmm); nevertheless, 
he  suggested  that  mas8  wasting is enhanced in 
these  regions  because  ice  mixes  with  talus  debris. 
The  flat-floored  valleys  appear  to  have a wide 
range  of  ages.  If  current  stability  relations of 
ice  are  responsible  for  their  formation  then  their 
scarcity  outside  the  two  belts  identified  indi- 
cates  that  the  stability  conditions  of  ice  have 
not  changed  dramatically  during  much of the 
planet's  history,  a  conclusion  which  is  also  con- 
sistent  with  the  contrast in erosional  styles 
between  high  and low latitude.  By  implication, 
surface  pressures  and  temperatures  are  unlikely  to 
have  been  significantly  greater  than  at  present 
for  extended  periods  after  the  early  period  when 
the  valley  networks  formed,  and  liquid  water is 
unlikely  to  have  played  a  major  role  in  the  subse- 
quent  evolution of the  surface. 

The location  of  the  "fretted  terrain"  appears 

GLOBAL  IMPLICATIONS 

A major  cause of the  differences  between  Mars 
and  Earth is Kheir  contrasting  tectonics.  The 
Mars  surface is fixed  and  all  those  features,  such 
as  linear  mountain  chains,  ocean  deeps,  trans- 
current  fault  zones,  and  spreading  centers  that 
characterize  plate  junctions  are  absent.  Crustal 
stability  also  results in preservation  of  an 
ancient  geologic  record in almost  all  areas of the 
planet.  The  Earth's  surface  is  thus  a  complicated 
system  in  which  material  is  being  recycled  both 
through  the  mantle  by  subduction  and  ocean  floor 
spreading,  and  within  the  lithosphere  and  hydro- 
sphere by weathering,  metamorphism,  erosion  and 
deposition. A second  major  cause  of  differences 
between  the  Earth  and  Mars  are  the  climatic  condi- 
tions  which  on  Mars  hinder  flow  of  water  across 
the  surface. On earth,  water  plays  an  essential 
role  in  two  major  processes:  weathering,  the 
chemical  breakdown  of  rock  forming  minerals  into 
assemblages  more in equilibrium  with  conditions  at 
the  surface,  and  gradation,  the  steady  reduction 
of  surface  relief  by  erosion  and  transport  of 
materials  from  high  to low areas.  Both  processes 
are  complemented by opposing  processes  such  as 
metamorphism  and  tectonic  activity. 

different.  Although  the  planet  has  been  volcani- 
The  dynamics  of  the  martian  crust  are  totally 

cally  and  tectonically  active  throughout  much  of 
its  history,  the  lithosphere  appears  not  to  have 
been  recycled  through  the  underlying  lithosphere. 
Huge  volcanoes  have  formed, as well  as  vast  frac- 
ture  systems,  but  the  activity  is  not  concentrated 
in linear  zones  as on earth,  but  rather  affects 
areas of broad  regional  extent.  Furthermore, 
although  water  has  probably  flowed  across  the 
surface  at  times in the  past,  erosion  has  been 
trivial.  Where  channels  are  present,  they  mostly 
wind  between  the  craters  or down the  crater  rims; 
rarely  has  erosion  been  sufficiently  sustained  to 
wear  away  the  craters  themselves.  Erosion  of 
young  features  such as the  large  volcanoes  is 
imperceptible. 

implies  that  weathering  products  are  not  recycled. 
Chemical  analyses  of  the  surface  materials  indi- 
cate  that  weathered  products,  such  as  clays,  are 
present.  How  they  formed  is  not known, but  liquid 
water  may  be  abundant  below  the  permafrost.  Such 
water,  being  highly  charged  with CO is likely  to 
be  an  efficient  weathering  agent.  &ever,  with- 
out  erosion  most of the  weathered  products  must 
remain  where  they  form so are  not  actively  re- 
cycled  as on Earth.  Thus  recycling  of  surface 
materials  and  their  interaction  with  the  hydro- 
sphere  and  atmosphere  are  hindered  by  climatic 
conditions  that  prevent  flow  of  water.  The  result 
is that  despite  sustained  internal  activity,  the 
planet's  surface  is  relatively  stable  and  features 
with  considerable  relief  and  a  wide  range  of  ages 
are  almost  perfectly  preserved. 

The  Lack  of  significant  sediment  transport 
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Latitude 

FIGURE 1. Stability  relation o f  ice  near  the  martian  surface as a  function o f  latitude.  In  the 
equatorial  regions  that  are  shaded on the  diagram  ice  is  always  unstable  with  respect  to  the  atmosphere 
under  present  climatic  conditions. In the  polar  regions  that  are  shaded  ice  is  always  stable. In the 
unshaded  areas  ice is stable  for  parts  of  the  year. L, is  the  aerocentric  longitude of the  Sun  and is a 
measure  of  the time of  year  (adapted  from  Farmer  and  Doms, 1 9 7 9 ) .  



FOSSIL  SAND  WEDGES  ON  THE ALASKAN ARCTIC  COASTAL  PLAIN AND THEIR 
PALEOENVIRONMENTAL  SIGNIFICANCE 
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Fossil  sand  wedges  occur  over  a  broad  area of the  Arctic  Coastal Plain of Alaska 
upwind  of  a  large  field  of  stabilized  linear  dunes.  The  sand  wedges  are as much 
as 3 m  wide  and 7 m deep  and  form  polygonal  systems.  They  developed  when  wind- 
driven  sand  moving  across  the  coastal  plain  toward  the  dunes  dropped  into  open 
thermal-contraction  cracks.  Radiocarbon  dating  of  organic  remains  from  deposits 
overlying  the  sand  wedges and from  eolian  sand in the  dune field, together  with 
the  age  of  the  deposits  in  which  the  sand  wedges  developed,  show  that  the  sand 
wedges  and  dunes  are  Wisconsinan.  Growth of the  sand  wedges  could  have  occurred 
continuously or episodically  throughout  the  time  the  dunes  were  active,  bur  prob- 
ably  was  most  rapid  during  the  coldest  periods,  and  particularly  during  late  Wis- 
consinan  time. Th'e sand  wedges  and  associated  dunes  record  desert  conditions 
over  a  significant  parr  of  the  Arctic  Coastal  Plain  during  middle  and  late  Wiscon- 
sinan  time  and  perhaps  throughout  the  Wisconsinan  Stage. 

INTRODUCTION 

Sand  wedges  are  wedge-shaped  bodies  of  sand 
oriented  with  their  apexes  pointed  downward,  that 
underlie  the  borders of unvegetated,  nonsorred 
polygons  in  the  drier  parts of Victoria Land, 
Antarctica  (Pdwb 1959, Black  and  Berg 1963, Berg 
and  Black 1966) and in some  parts of the  Sverdrup 
Islands  of  arctic  Canada  (Hodgson 1982). They 
form in  a  manner  analogous t o  ice  wedges,  which 
commonly  underlie  the  borders of nonsorted 
polygons  in  tundra-covered  arctic  areas  and in 
the  more  humid  parts  of  Victoria  Land.  Both  sand 
and  ice  wedges  grow as  a  result  of  repeated  forma- 
tion  and  filling  of  thermal-contraction  cracks 
in pennafrost;  ice  wedges form when the  cracks 
fill  with  snow,  hoar frost, or  meltwater  (Leffing- 
well  1915,  tachenbruch 1962),  whereas  sand  wedges 
form  when  the  cracks  fill  with  sand  that  trickles 
down  from  the  surface (Pb?wA 1959, Black  and  Berg 
1963,  Berg  and  Black 1966). 

FIGURE 1 Location  of  Arctic  Coastal  Plain.  Rec- 
tangle  outlines  area  discussed in report. 
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Fossil  features  similar  to  modern  sand  wed- 
ges  have  been  reported in Pleistocene  deposits  at 
several  localities  in  North  America  (Berg  1969, 
Foscolos  et  al. 1977, Mears 1981),  and northern 
Europe  and  Asia  (Jahn  1975),  and  in  Precambrian 
deposits in Africa  (Deynoux 1982). Recently,  fos- 
sil  sand  wedges  have  been  identified in Pleisto- 
cene  deposits  over a broad  area of the  Arctic  Coa- 
stal  Plain of Alaska  (Figures I and 2). The Alas- 
kan sand  wedges  and  associated  stabilized  eolian 
dunes  suggest  a dry, barren,  and  windswept  envir- 
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Y 

1 
FIGURE  2  Distribution  of  sand  wedges  and  dunes 
and  location  of  sites  mentioned  in  text  and in 
Table 1. 



onment  that  is in sharp  contrast  to  the  modern 
tundra-covered,  lake-dotted  surface  beneath  which 
ice  wedges  are  forming. 

DISTRIBUTION AND DESCRIPTION 

The  fossil  sand  wedges  in  northern  Alaska 
occur i n  sandy  Pleistocene  marine  and  alluvial 
deposits  north  and  east of a  large  area of stabil- 
ized  eolian  dunes  (Figure 2 ) .  The eastward  limit 
of  the  sand  wedges is undetermined,  but  they  have 
been  observed  in  the  Prudhoe  Bay  area  about 40 km 
east  of  Figure  2 ( S .  E .  Rawlinson,  personal  com- 
munication,  1982)  and  on  the  north  side of Barter 
Island  about 180 km  east  of  Prudhoe  Bay (D. M. 
Hopkins,  personal  communication, 1983). 

and  7  m  deep  (Figure 3 ) ,  and  the  distance  between 
the  largest  wedges  ranges up to 15 m. Small  sec- 
ondary  sand  wedges  are  locally  present  between 
larger  wedges,  and  some  large  sand  wedges  are 
cross-cut  by  smaller  wedges.  Wherever  exposures 
are  sufficiently  extensive,  the  wedges  can  be  seen 
to form polygonal  systems.  Bedding in the  host 
material is invariably  upturned  at  wedge  edges. 

The  wedges  possess  a  distinctive  foliated 
fabric  (Figure 4) of  near-vertical  to  vertical 
laminae  in  wedge  centers  grading  outward  to  incli- 
nations  that  parallel  the  wedge  edges. In many 
places  the  laminae  are  mutually  cross-cutting. 
Wedge  apophyses  penetrate  the  host  material,  and 
pieces  of  the  host  material  have  been  incorporated 
into  the  wedges  and  are  cut  by  laminae  that  most 
likely  represent  individual  thermal-contraction 
cracks  (Figure 4 ) .  The  maximum  width  of  indivi- 
dual  laminae  is  about 5 mm and  most  are  about 1 or 
2 mm wide.  The  fabric  of  these  sand  wedges is 
thus  similar  to  that  described  for  modern  Antarc- 
tic  sand  wedges  (Berg  and  Black 1966) and  for  the 
fabrics  of  ice  wedges  (Black  1974)  and  serves  to 
distinguish  them  from  ice  wedge casts (Black 
1976). 

Microfossils  or  plant  fragments  have  nor  been 
found  in  sand  of  the  wedges  although  they  are  com- 
mon  in  the  host  materials  and  in  deposits  overly- 
ing  the  wedges.  The  wedge  sand is not  cemented  by 
ice, and  deformed  laminae  that  could  be  attributed 

Individual  sand  wedges  range  up  to 3 m  wide 

FIGURE 3 Large  sand  wedges (A and B) at  site 1. 
Man  is  about 1.7 m  tall. 

FIGURE 4 Sand  wedge  fabric (A) and  host  materials 
(B) at  site 1. Pieces  of  the  host  material (C) 
occur within the  sand  wedge  and  are  cut  by  laminae 
of  the  sand  wedge. 

to  slumping  due  to  melting o f  snow  or  ice  have 
not  been  observed. 

ally  distinct  from  the  host  materials.  This  tex- 
tural  difference  is  illustrated for  site 1 (Figure 
2 )  by  size  analyses  for  five  samples of the  host 
material  and  samples from five  individual  wedges 
(Figure 5 ) .  The  wedge  sand is fine to  very  fine 
sand with  mean  grain  sizes  ranging  from 2.74 to 
3.09  phi.  The  host  material,  which  at  this  site 
i s  predominantly  fluvial sand, is distinctly  coar- 
ser  than  the  wedge  sand  and  has  mean  grain  sizes 
that  range  from 1.48 to 2-41 phi. 

erials  that  range  from  gravelly  fluvial  sand  to 
silty  marine  sand,  the  texture  of  the  wedge  sand 
is remarkably  uniform  over  the  broad  area  of  their 
occurrence.  Mean  grain  sizes  for  samples  from 11 
wedges  at  sites 1 through 4 (Figure 2) range  from 
2.60  to  3.10  phi  (Figure 6). Significantly,  the 
textural  analyses for the  sand  wedges  are  essen- 
tially  encompassed  by  the  field of cumulative  cur- 
ves  for 20 samples  of  sand  from  the  dune  field 
(Galloway 1982). Wedge  sand  is  thus  texturally 
distinct  from  the  host  materials  but  similar  to 
sand  composing  the  dunes. 

Sand  composing  the  wedges  is  always  textur- 

Although  the  sand  wedges  have  formed in mat- 

LIMITING  AGES 

Radiocarbon  dating  of  remains  of  herbaceous 
plants  at  sites 1 and 2 (Figure 2 )  provides  mini- 
mum  limiting  ages for  cessation of  sand  wedge  dev- 
elopment. At site 1, involutions o f  peat  that in- 
trude  sand  wedges  and  thus  postdate  wedge forma- 
tion  are 9,300 2 90 and 9,600 ? 100 years  old 
(Table 1). At  site 2, two  samples  of  herbaceous 
plants  collected i n  growth  position  just  above 
the  base  of  silty  sand  that  overlies  sand  wedges 
are 9,689 2 110 and  10,200 f 110 years  old.  Sand 
wedges  have  not  been  observed  within  Holocene  de- 
posits  and  are  always  overlain  by  Holocene  thaw 
lake  or,  eolian  deposits.  Furthermore,  some  sand 
wedges  are  cut  by  large  Holocene  ice  wedges and 
by  Holocene  ice  wedge  casts.  The  sand  wedges  are 
evidently  pre-Holocene. 
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FTGURE 5  Grain-size  analyses  for  five  sand  wed- 
ges and five  samples  of  the  host  sand  at  site 1. 
Stippled  pattern  indicates  the  field  occupied  by 
cumulative  curves  for  the  sand  wedge  samples,  and 
thP diagonal  lines  indicate  the  field  occupied by 
cumulative  curves for samples  of  the  host  sand. 
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FIGURE 6 Grain-size  analyses  for 11 sand  wedges 
at  sites 1 through 4 and 20 samples of eolian  sand 
from  the  dune  field.  Stippled  pattern  indicates 
the  field  occupied  by  cumulative  curves  for  the 
sand  wedge  samples,  and  the  horizontal  lines  indi- 
cate  the  field  occupied  by  cumulative  curves  for 
the  dune  sand  samples. 

Stratigraphic  relations  at  site 2 suggest  a 
maximum  limiting  age  for  the  sand  wedges  there. At 
this  site,  the  sand  wedges  are  developed I n  fos- 
siliferous  marine  beach  deposits  composed  of  peb- 
bly  sand. .Marine  ostracodes  in the  beach  deposits 
include  Cythere  lutea O.F. Muller,  1785  and s- 
cythere  borealis  of  Hazel, 1967 which  occur  today 
in temperate  to  subpolar  waters  of  the  North  At- 
lantic  but  not in the  Beaufort  Sea (E. L .  Brou- 
wers,  written  communication, 1980). The  mollusk 
fauna  includes  Natlca  janthostoma  which  today  is 
limited to waters  adjoining  Japan,  Kamchatka,  and 
the  Commander  Islands (D. M. Hopkins,  written  com- 
munication, 1980). Spruce (=) driftwood i s  
locally  common  in  the  beach  deposits.  These  facts 
indicate  more  open  water  and  warmer  climatic  con- 
ditions  than  presently  prevail,  and  the  deposits 
are interpreted  to  represent an interglacial  mar- 
ine  transgression.  These  are  the  youngest  inter- 
glacial  beach  deposits on the  Arctic  Coastal 
Plain,  and  although  they  are  more  than  51,000 
years  old  (Carter  and  Robinson 1981), they  are 
young  enough  that  amino  acid  ratios  (Alle/Ile) 
determined on valves of Hiatella  arctica  collected 
from  these  deposits  are  barely  distinguishable 
from  those  determined on modern  specimens of 9- 
tella  arctica (J. K. Brigham,  written couununica- 
tion, 1983). This  transgression is therefore  cor- 
related  with  the  Pelukian  (last  interglacial) 
transgression  of  Hopkins'  (1967)  Alaskan  sequence. 
If  this i s  correct,  then  the  sand  wedges  at  sire 2 
developed  entirely  during  the  Wisconsinan  Stage. 

Maximum  limiting  ages  for  sand  wedges  at 
other  sites  cannot  be  determined  with  current 
data.  However,  their  relation t o  the  dune  field 
suggests  that all the  sand  wedges  reported  here 
are  Wisconsinan,  although  multiple  episodes  of 
formation  during  Wisconsinan  time  cannot be  ruled 
out. 

" 

RELATION TO DUNES 

Bedding  attitudes  in  eolian  sand  and  the 
orientation  of  dune  ridges  indicate  that  the  domi- 
nant  winds  during  formation o f  the  dune  field 
were  easterly  to  northeasterly  (Figure 2), simi- 
lar  to  the  modern  prevailing  winds  (Carter 1981). 
The sand  wedges  thus  formed  upwind  of  the  dunes. 
This  fact,  together  with  the  similarity  in  grain 
size between  the  wedge  fillings  and  the  dune 
sand,  suggest  that  the  loose  sand  that  entered 
the  thermal-contraction  cracks  to  form  the  sand 
wedges  was  derived  from  wind-driven  sand  moving 
across  the  coastal  plain  toward  the  dunes. 

dunes  as  much as 20 km long, 1 km wide,  and 30 m 
high  that  are  overlain  by  a  sheet o f  eolian  sand 
a few meters  thick  (Carter 1981). Small  parabo- 
lic  and  longitudinal  dunes a meter  or so thick 
and  up  to  1 km long  (Black  1951)  Eormed  in  the 
sand  sheet  sometime  after It was stabilized  by 
Boil  development.  Radiocarbon  dates of Salix 
(willow) in growth  position  within  the  eolian 
sand  sheet  range  from 9,640 150 to  11,400 2 
160 years B.P .  (Carter  198l),  and  a  paleosol  dat- 
dating  from  11,000 to 12,000  years B.P. is  local- 
ly  present  at  its  base  (Table 1). Because  the 
sand  wedges  are  overlain  and  intruded  by  deposits 

The  dune  field  consists  of  large,  linear 



TABLE 
dunes. 

1 Radiocarbon dares relat ing t o  the time of sand wedge development and the   ac t iv i ty  of l inear 

La t i t ude  N & Age  and 
Slte  Longitude W Material  Occurrence  Laboratory Number Signi f icance 
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2 
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10 

11 
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11 
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70' 04.35' 
151' 22.9' 

II 

70' 34.72' 
152' 31.38' 

'I 

70' 26.7' 
153' 28.9' 

70' 23.3' 
153" 12.2' 

70' 25.7' 
152' 34.23' 

69' 49.37' 
154' 24.85' 

70' 27.5' 
153' 53.1' 

70' 18.4' 
153" 26.4' 

69" 48.8' 
152' 37.35' 

69' 49.37l 
154' 24.51 I 

70" 08.1' 
154" 28.6' 

69" 48.8' 
152" 37.35' 

69' 48.62 
154" 12.5 
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I' 

Herbaceous 
p l  ants 

II 

Peat 

Wood 

Peat 

'I 

Herbaceous 
p l  ants 

I' 

II 

II 

I1 

11 

wood 

Invo lu t i on   i n t rud ing  
sand wedge 

'I 

Growth p o s i t i o n   i n  
sand over ly ing  sand 
wedge 

'I 

Paleosol  separating 
eo l ian  sand sheet 
f rom  l inear  dunes 

Rooted i n  paleosol 
separating eo1 i an 
sand sheet from 
1 i near dunes 

I n  ice-wedge cast 
developed i n  l i n e a r  
dunes 

Paleosol  separating 
eo l ian  sand sheet 
f rom  l inear  dunes 

Growth p o s i t i o n   i n  
dune sand 

Growth p o s i t i o n   i n  
interdlrnal pond or  
1 ake 

Growth p o s i t i o n   i n  
dune sand 

Growth pos 
i nterdunal 
1 ake 

Detr 
a l l 1  
l i  

i t i o n   i n  
pond or  

I' 

* i t a 1  wood i n  
lv i um beneath 

near dunes 

9,330 5 90 
(Beta-5384) 

9,600 + 100 
(Beta-5383) 

9,680 + 110 
(USGS-T377) 

10,200 + 90 
(USGST378) 

11,230 + 170 
(I-lO,B14) 

11,430 + 170 
(1-1 1,575) 

11,700 + 180 
(1-12,n7) 

12,070 + 100 
(USGS-823) 

13,140 + 60 
(USGS-TI 54)  

13,610 + 130 
(USGS-524) 

16,490 + 130 
(USGS-T376) 

18,600 + 210 
(USGS-324) 

25,200 + 180 
(USGS-TO29) 

35,900 + 1,200 
(USGS-325) 

49,400 + 3,000 
" 2,200 

(USGS-826) 

Minimum l i m i t i n g  age o f  
cessation o f  sand wedge 
development 

II 

II 

1' 

Minimum l i m i t i n g  age 
fo r   cessa t ion   o f  
a c t i v i t y  o f  l i nea r  
dunes 

II 

Dates a c t i v i t y   o f  
1 i near dunes 

II 

II 

'I 

I' 

II 

If not  redeposited, i 
most l i k e l y  minimum 

S 

l i m i t i n g   a i e   f o r  
a1 1 uv i  um beneath 1 i near 
dunes 
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the  same  age as the  sand  sheet,  they  are  older 
than  the  sand  sheet.  Furthermore,  the  period  from 
11,000  to  12,000  years B.P. was  a  time  of  dune 
stabilization,  soil  development,  and  ice  wedge 
growth;  conditions  which  are  generally  unfavorable 
for  the  growth o f  sand  wedges.  Therefore,  the 
most  probable  time  of  development  of  the  sand  wed- 
ges  was  while  tho  large  linear  dunes  were  active. 

Organic  remains  are  extremely  scarce  within 
sand  of  the  linear  dunes,  but  radiocarbon  dating 
of the few herbaceous  plants  that  have  been  found 
shows  that  the  dunes  were  active  during  middle  and 
late  Wisconsinan  time  and  perhaps  earlier  (Table 
1). Deposits of an interdunal  lake  at  site 11 
that  are  underlain  by  eolian  sand  contain  herba- 
ceous  plants  that  yield  a  radiocarbon  age o f  
35,900 % 1,200 years B . P .  Wood  collected  from  al- 
luvial  deposits  that  underlie  the  linear  dunes  at 
site  13  has  been  radiocarbon  dated as about 49,400 
years old, but this  may  be  merely  a  ainimum  limit- 
ing  age  for  the  alluvial  deposits.  Formation  of 
the  dunes  thus  either  began  between 36,000 and 
50,000 years B . P .  or  perhaps  beyhond  the  range  of 
radiocarbon  dating.  However,  deposits  such as 
peat  beds  that  would  indicate  relatively  warm, 
mesic  intervals  are  absent  within  the  dune  sand, 
suggesting  that  the  linear  dunes  formed  entirely 
since  the  last  interglacial  episode,  and  are Uis- 
consinan. 

TINE REQUIRED FOR GROWTH 

Rates o f  sand  and  ice  wedge  growth  have  been 
measured in Antarctica  (Black 1973, 1982)  and  rates 
of  ice  wedge  growth  have  been  measured in Alaska 
(Black  1974). The  measurements  from  Antarctica 
seem  most  appropriate  for  use  here  because  they 
include  sand  wedges. The  measurements  were  made 
during  two  intervals  that  cover  a  total  of  about 
20 years  and  they  indicate  that  growth  rates  are 
highly  variable  and are affected  by  short-term 
variations in climate  and  ground  conditions  (Black 
1982). During  the  first  interval,  net  growth 
rates  averaged  0.79 mm per  year,  and  during  the 
second  interval  average  net  growth  was  only 0.04 
mm per  year.  Black  proposed  that  the  reduction 
i n  growth  rates  was  due t o  climatic  warming. 

largest  of  the  northern  Alaskan  sand  wedges  could 
have grown in  only 3,800 years,  whereas  the  second 
growth  rate  would  require  about  75,000  years.  The 
first  growth  rate  corresponds  to  the  addition of a 
2-mm-wide  sand  lamina  every  other  year. On the 
basis  of  observations  that  the  probability  of 
cracking in  any  one  year is less  for  large  wedges 
than  for  small  ones  (Berg  and  Black 1966),  and  the 
assumption  that  the  rate of growth  of  sand  wedges 
should  slow  with  increasing  age  (Berg  and  Black, 
1966),  this  is  probably  a  reasonable  short-term 
upper  limit  for  the  growth  rate  of  the  Alaskan 
sand  wedges  during  the  coldest  periods  of  their 
development.  The  second  growth  rate  corresponds 
to  the  addition  of  a 2-m-wide sand  lamina  once 
every 50 years.  Such slow  growth  rates  are  un- 
likely  over  the  long  term  but, as in Antarctica, 
could  have  occurred in response  to  episodes  of 
climatic  warning  during  the  period  of  wedge  dev- 
elopment. The  system of sand  wedges on the  Arctic 

Assuming  the  most  rapid  growth  rate  above,  the 

Coastal Plain therefore  probably  took  more  than 
4,000 years  to  develop  and  may  have  grown  con- 
tinuously  or  episodically  throughout  the  period 
that  the  linear  dunes  were  active. 

PALEOENVIRONMENTAL SIGNIFICANCE 

Sand  wedges  indicate dry conditions in which 
locally  there  may  be  a  net  transfer of moisture 
from  permafrost  to  the  air  (Black  and  Berg  1963), 
and  thus  progressive  desiccation of the  ground. 
Furthermore,  they  document an absence of surface 
water  from  the  time  the  thermal-contraction 
cracks  form  in  middle  and  late  winter  until  they 
fill with  eolian  sand  (Foscolos  et  al. 1977); 
otherwise,  ice or composite  wedges  would  form. 
Therefore,  snow  cover  must  have  been  extremely 
patchy or absent  during  middle  and  late  winter or 
was  removed  prior  to  spring  thaw.  Modern  snow 
cover on the  coastal  plain is essentially  contin- 
uous  throughout  the  winter,  and  represents  about 
half of the  195-252 mm (water  equivalent)  that 
falls  (Benson 1982). The  other  half is removed 
by  the  wind  and  deposited in drifts,  with an un- 
known part of this  lost  by  sublimation  during 
transportation  (Benson 1982). The  area  contain- 
ing the  sand  wedges  could  have  been  kept  bare  of 
snow by intense  and  relatively  constant  winds, 
but  if  this  were  a  primary  factor,  then snow- 
drifts  should  have  formed  within  the  dune  field 
and  subsequently  would  have  been  buried by wind- 
blown  sand, as is common  in  cold  climate  dunes 
(Ahlbrandt  and  Andrew6 1978). However,  neither 
buried  snow  nor  deformational  structures  indica- 
tive  of  melted snow  or  ice have  been  observed in 
sand of the  linear  dunes.  Lighter  snowfall  than 
now  occurs  coupled  with  sublimation  induced  by 
desiccating  winds  seem  required to produce  the 
necessary  bare  ground. 

or  absent in the  area  containing  the  sand  wedges, 
because  significant  plant  cover  would  have  inhib- 
ited  the  movement of eolian  sand  and  prevented 
sand  wedge  development. The most  favorable  sites 
for plant  growth  would  have  been in the  relativ- 
ely  protected  troughs  above  the  wedges.  However, 
had  plants  grown  there,  one  would  expect  plant 
fragments t o  be  incorporated  with  eolian  sand 
in  the  wedges. The  absence of  plant  fragments 
in  the  sand  wedges  suggests  that  the  area  was 
completely  devoid  of  vegetation, as in Antarctica 
where  sand  wedges  are  forming  today.  Vegetation 
within  the  dunes  downwind of the  sand  wedges  was 
extremely  sparse  at  best  and  consisted of scat- 
tered  clumps of herbaceous  plants on the  dunes 
and  aquatic  bryophytes in interdunal  ponds. 
Scanty  snow  cover  may  have  been an important  fac- 
tor  limiting  plant  growth  both in the  dunes  and 
in  the  area  of  the  sand  wedges. 

thus  record dry,  barren, and  windswept  conditions 
across  a  significant  part o f  the  Arctic  Coastal 
Plain  during  middle  and  late  Wisconsinan  time  and 
perhaps  throughout  the  Wisconsinan  Stage.  Even 
so,  radiocarbon  dating o f  fossil  bones  indicates 
that  south  of  the  barren  belt  defined  by  the  sand 
wedges  and  dunes,  vegetation  was  sufficient  to 
support  large  herbivores  such  as mamoth, horse 

Vegetation  must  have  been  extremely  sparse 

The  sand  wedges  and  associated  linear  dunes 
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and  bison  (Carter 1982). None of the  dates  of 
these  mammals,  however,  is  less  than  28,000  years 
B.P. Furthermore,  few  organic  remains  have  been 
found in coastal  plain  deposits  between  14,500 and 
28,000  years  old  compared  to  older  and  younger  de- 
posits,  and  pollen  spectra of this  age  from  the 
northern  Yukon  indicate  sparse,  discontinuous  veg- 
etation in the  arctic  foothills  (Cwynar  and  Rit- 
chie 1980). Desert  conditions  evidently  expanded 
south of the  barren  belt  during  late  Wisconsinan 
time  coincident  with  the  expansion  of  glaciers in 
the  Brooks  Range  (Hamilton 1982). This  arid  Wis- 
consfnan  cold  phase  may  have  coincided  with  the 
period  of  most  rapid  growth  of  the  sand  wedges. 
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RUNOFF FROM A .SMALL SUBARCTIC  WATERSHED,  ALASKA 
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Prec ip i ta t ion- runoff   ra t ios  were measured on Glenn  Creek, a small, second- 
o rde r ,   suba rc t i c  stream located  near   Fairbanks,   Alaska,   in   the Yukon Tanana 
Upland physiographic  province.  Glenn  Creek  drains a watershed of 2.25 h2, 
of which 70% i s  underlain hy permafrost, A Parshall  flume was used t o  
measure  streamflow,  and a p a i r  o€ 1.22 m by 2 .44  m lys imeters  were used t o  
measure p r e c i p i t a t i o n  and runoff from the moss-covered  permafrost  slope. 
The da ta  from one summer season (1979) and one snowmelt season (1980) 
ind ica t e   t he   s lop ing   su r f aces  of the  watershed  have a very  fas t   response 
time, long  recession,  and subsurface  runoff  prior  to  complete  saturation of 
the   over ly ing   organic  material. Glenn Creek streamflow is comparable  to 
the  lysimeter  runoff  with  regard  to  response  t ime and runoff  recession, 
however the  watershed  precipi ta t ion-runoff   ra t io  is much lower. This IS 
a t t r ibu ted   t o   l onge r   t r ave l   d i s t ances   i n   t he   wa te r shed ,  which r e s u l t  i n  
g rea t e r   evapo t ransp i r a t ion   l o s ses ,  l i t t l e  cont r ibu t ion  from the non-perma- 
f r o s t   a r e a s ,  and   on ly   par t ia l  areas of the  watershed  contributing  to  the 
streamflow. 

Watershed s t u d i e s  i n  the  discontinuous perma- 
f r o s t  zone of the  North American t a i g a  have a re la -  
t i ve ly   sho r t   h i s to ry .  The f i r s t   d e t a i l e d   s t u d i e s  of 
hydrologic  processes  in  Gubarctic  Alaska were 
performed by  Dingman (1966a,b;  1971;  1973) i n  the 
Glenn  Creek  watershed  near  Fairhanks, Alaska. 
Fur ther   s tud ies  o f  permafrost-dominated  watersheds 
were i n i t i a t e d   i n  1969 with the establ ishment  o f  t h e  
Caribou-Poker Creeks Research  Watershed 48 !a north 
of Fairbanks, Alaska (Slaughter  1971). Analyses of 
streamflow  from  permafrost and nonpermafrost- 
dominated  watersheds o€ interior  Alaska  have shown 
that   the   presence of permafrost  and i ts  assoc ia ted  
s o i l  and vegetat ion  types  great ly   inf luences  runoff  
generat ion (Dingman 1971, Ford 1973, Slaughter  and 
Kane 1979, Kane et a l .  1981, Haugen et al .  1982). 
Examination of p r e c i p i t a t t o n  and  streamflow  data by 
Dingman (1971) f o r  Glenn  Creek  and  Ford (1973) and 
Baugea et  al .  (1982) for  Caribou Creek resu l ted  i n  
similar observat ions of ( 1 )  prolonged  streamflow 
recessions i n  permafrost basins, a t t r i b u t a b l e   t o  
delayed  f low  through  organic  soils  associated  with 
permafrost, ( 2 )  rapid  st teamflow  response  to  preci-  
p i t a t ion ,   w i th in  two hours on the  average, and ( 3 )  
streamflow  response  time  not  related  to  antecedent 
moisture  conditions.  Dingman (1971) had reported 
t h a t  the r a t i o  of runoff   to   p rec ip i ta t ion  was 
r e l a t e d  t o  antecedent  moisture  conditions.   This 
r e l a t i o n s h i p  was not  found i n  the  Caribou  Creek 
data,   hut may be due t o  a l a c k  of prec is ion  i n  the  
da ta  ( i .e .  use of mean da i ly   f lows)   ra ther   than   the  
absence of any  relationship  (Ford 1973, Haugen eK 
al .  1982). 

t i o n   c h a r a c t e r i s t i c s  of both  the  permafrost and non- 
permafros t   so i l s   typ ica l  of Alaska's t a i g a  (Kane e t  
al .  1978, Slaughter  and Kane 1979, Kane 1980). I n  
general ,  i t  was found t h a t   t h e  thermal and hydraul ic  
condi t ions   in   the   nonpermafros t   so i l s   resu l t  in 

Previous   s tud ies   have   addressed   the   in f i l t ra -  

i n f i l t r a t i o n  rates high  enough t o  accept a l l  
incident  moisture (snowmelt or p r e c i p i t a t i o n ) .  No 
sur face  or  near-surface  flows were observed  in   the 
f ie ld .   In   the  permafrost   areas ,   however ,   the   soi ls  
beneath  the  act ive  layer   (depth of seasonal  thaw) 
a r e   e s s e n t i a l l y  impermeable, due to   high  moisture  
con ten t s   i n   t he  f rozen  s o i l s .  The r e s u l t  is 
sa tura ted   condi t ions  i n  the   over ly ing   organic   so i l s  
and observat ions of l a r g e   q u a n t i t t e s  of water moving 
downslope  through  these Soils. Uingman (1971) had 
formed the same conclusions  following  observations 
of storm  runoff on Glenn Creek,  Santeford (1979) 
s tudied  the  moisture-retent ion  propert ies  of t h e  
permafrost-associated  organic so i l s  by measuring 
v e r t i c a l   p e r c o l a t i o n  I n  lysimeters .  He concluded 
that   the   water-holding  capaci ty  of the organic s o i l  
had t o  he exceeded  before  any  drainage  occurred. 

production on moss-covered slopes underlain by 
permafrost  through the use of l y s ime te r s   i n s t a l l ed  
on a s lope   i n   t he  Glenn  Creek  watershed.  Comparison 
of the  lysimeter   data   to   Glenn Creek streamflow 
indicates   that   the   overal l   watershed  response  to  
p r e c i p i t a t i o n  is lower  than  that of the  lysimeter .  

This  paper  addresses the processes of runoff 

WATERSHED DESCRIPTION 

The Glenn  Creek  watershed is located 14 h 
north of Fa i rbanks ,   Alaska ,   a t   l a t i tude  64'57'N, 
longi tude 147'35'W, at   the  southern  edge of the 
Yukon-Tanana Uplands  (Wahrhaftig 1965). The water- 
shed was se lec ted  by Dingman (1971) i n  1964 f o r  
detai led  hydrologic  studies based on its s i z e ,  
a c c e s s i b i l i t y ,   l a c k  of human dis turbance,  and 
apparent   representat iveness  of the  area. The 
o r ig ina l   s tudy  basin had  an  area of 1.8 h2 (Figure 
1). When hydrologic   s tudies  were reac t iva ted  on 
Glenn  Creek in  1978, the  streamflow  gauging s i te  wafi 
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r e l o c a t e d  downstream, i n c r e a s i n g   t h e   s t u d y   b a s i n  
a r e a   t o  2.25 !a2. The d ra inage   a r ea  is uniformly 
d is t r ibu ted   be tween  the   peak   e leva t ion  of 493 m a t  
t h e   e a s t e r n   p e r i m e t e r  and 250 m a t  the   bas in  
out le t .   S lope   tangents   (F igure  2) range  from 0 t o  
0 .6 ,  but 80% of the  basin  ranges  between 0.05 t o  
0.25, with  an  average  basin slope of 0.184. Glenn 
Creek I s  a second-order  stream fo r  88% of i ts  t o t a l  
length;  the  head waters extend up t o   n e a r l y  400 m a  
The channel   g rad ien t  is f a i r l y  uniform  throughout 
the   lower  1300 m of i t s  course,   averaging 0.049 
(Dingman 1971). A complete   descr ipt ion of the  
g e o l o g i c   s e t t i n g  of the  Glenn  Creek  watershed i s  
given by Dingman (1971). 

a s s o c i a t e d   w i t h   t h e   d i s t r i b u t i o n  of permafrost  
(Figure 1 ,  Table 1). Birch-aspen-white  spruce 
s t a n d s ,   p r i m a r i l y  on south- fac ing   s lopes ,   cover  30% 
of the   bas in .  This vege ta t ion   t ype   gene ra l ly  
occurs  on moderately  well-drained s i l t  loams  covered 
with up t o  15 cm of t h i n   o r g a n i c  s o i l .  Permafrost  
i s  not  normally  present.  The remainder of t he  

The d i s t r i b u t i o n  of vege ta t ion   t ypes  is c l o s e l y  

FIGURE I Vegetat ion map of Glenn  Creek  watershed 
showing l o c a t i o n  of flume and lys fme te r s  (map from 
Dingman [1973]). 

watershed (70%) c o n s i s t s  of b lack   spruce   s tands  on 
t he   no r th - f ac ing   s lopes  and v a l l e y   f l o o r s   u n d e r l a i n  
by permafros t .   These   a reas   genera l ly   cons is t  of 
poorly  drained  mineral  soi ls  o v e r l a i n  by a   t h i c k  
(30-65 cm) organlc  mat composed of th ree   p r imary  
sublayers ,   each 10-15 cm th i ck .  The l i v i n g   s u r f a c e  
l a y e r  i s  predominately sphagnum moss in t e r tw ined  
wi th   var ious   sur face   p lan ts   such  as b l u e b e r r i e s ,  
c r a n b e r r i e s ,   l a b r a d o r  tea, sedges,  and l ichens.  The 
middle   layer  is dense r   t han   t he   su r f ace   l aye r  and is 
composed p r imar i ly  of dead sphagnum moss. The 
bottom  layer is much denser  and is composed of pea t  
and  decomposing vegeta t ion   (Santeford  1979). The 
l o c a t i o n  of t he   pe rmaf ros t   t ab l e   occu r s   a t   dep ths  
f rom  the   o rgan ic   ma t /mine ra l   so i l   i n t e r f ace  
(Santeford 1979) to 1 m below the s u r f a c e  (Dingman 
1971). 

t e r i z e d  by l a r g e   d i u r n a l  and  annual  temperature 
v a r i a t i o n s ,  low a n n u a l   p r e c i p i t a t i o n ,  low c loud i -  
nes s ,  and low humidity. The Fairbanks  records show 
Janua ry   a s   t he   co ldes t  month with  a mean temperature  

The c l ima te  of t h e   a r e a  is cont inenta l ,   charac-  

1 .60 

Slope Tangent 

FIGURE 2 D i s t r i b u t i o n  of ground  slopes  in  Glenn 
Creek  watershed  showing  slope o f  l y s i m e t e r s   ( a f t e r  
Dingman [19711). 

TABLE 1 Area l   D i s t r ibu t ion  of Vegetation  Types and Permafrost  
i n  Glenn  Creek  Watershed  (after Dingman [19731). 

Pena-   Area,   Area,  
V e g e t a t i o n   t y p e   f r o s t  b2 X 

1. 
la .  
lb. 
2. 
3. 
3a. 
3b. 
4 .  
5. 
6. 

b l ack  spruce-moss 
black  spruce-birch-moss 
open-moss 
birch-white  spruce-duff  and moss 
birch-duff  and moss 
aspen-duff  and moss 
open-duff  and moss 
alder-bare  
willow-sedge-bare 
b l ack  spruce-willow=sedge-bare 

TOTAL 

0.855 
0.047 
0.029 
0.544 
0.171 
0.031 
0.005 
0.003 
0.021 
0.119 

1.815 

47.1 
2.5 
1.6 
30.0 

1.2 
0.3 
0.2 
1.1 
6.6 

100.0 

a. 4 



I I I I 

Glenn Creek discharge 1 
.. _____ ~~ ~ 

FIGURE 3 P r e c i p i t a t i o n   a t   l y s i m e t e r   ( t o p ) ,  moss- 
f i l l ed   l y s ime te r   runof f   (midd le ) ,  and  Glenn  Creek 
d i scha rge  fo r  summer 1979. The p r e c i p i t a t i o n  and 
l y s i m e t e r   p l o t s  are of accumulated  volumes f o r  
Ind iv idua l   even t s .  Runoff for  Glenn  Creek is shown 
as d i scha rge  computed o v e r   t h e   e n t i r e  2.25 h2 
watershed  area. A b r e a k   i n   t h e   c o n t i n u o u s   l i n e  
ind ica t e s   pe r iods  of missing  data  where  t iming  of 
runoff is unavai lab le ;   dashed   l ines  show t o t a l  
volumes over the i n d i c a t e d  time i n t e r v a l .  

TABLE 2 P r e c i p i t a t i o n ,   r u n o f f ,  and hydrologic   response to  t h e  Glenn  Creek  watershed,  1979, 
Precipitation M w - f  i l l e d  
at lysimeter lysimeter runoff  Glenn Creek 

Storm Total 
event Storm perlod (ma) Runoff period (mm) HP (mm) Runoff period 

Total 
(mm) HR 

Total MD 

I 28 ~~n~ 1500-29 J U W  0200 9.6 28 JUW 1600-29 J U " ~  0300 2.1  0.25  7.2 

2 29 June 0800-29 June 1300 14.0  29 June 080& 1 July 2000 6.6 0.47  7.1 28 June 1900-4 July 1600 0.5 0.02(0.03)3 

3a 4 July  1200- 1 July  2200 11.6 4 July 130s 5 July 1300 2.8' >0.19 <11.8 

3h 5 July  1300- 7 July  1200 53.9 5 July 130s 8 July 0300 31.6'  >0.59 <22.2 

X 8 July 0200- R July  1300 11.7 8 July 0300- 8 July 2200 6.7' >0.57 < 5.0 
36 I I  July  0000-11 July  0500 0.8 8 July 2200-15 July 1900 3 . b 4  

3  4 July 1200-11 July 0500 >801 4 July  1600-15 July 1900 14.8 0.55 2 3 6 . 2  4 J u l y  1600-17 July 0200' 8.8 O.ll(0.16) 

4 >15 July 1600-<18 July 1300 21.5 No data 15 .July 1900-20 July 0100 0.8 0.04(0.06) 

5 20 July 1500-22 July I800 37.8 No data  22 July 0100-26 July  09005 0.5 0.13(0.19) 

6 25 July  0200-26 July  2200 37.3 No data 25 July  0500-2 Aue 0800 2.5 0.07(0.10) 

7 17 Aug 1900-18 Atyl 0000 1.1 No runoff 0.0 0.0 21.1 No data 

R 20 A U ~ :  1900-20 AW 1900 2.5 20 hug 1900-21 0200 0.4.  0.16 2.1 No data 

9 21 Aug 1700-<1 Sept 0000 57.0 27 Aup 1800-<5 Sept 1500 34.5 0.61 22.5 NO data 

I Minimmn total--.nme missing data ' ParttaI runoff  volumcs hy storm event 

Period of long recessloo, which includes emall preclpltation event 3d 
Valuea i n  parentheses based 011 permafrost area o n l y  

End of period IR extrapolated receesion t i m  when runoff events overlap 
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of -24.4'C, and J u l y  as t h e  warmest month with a 
mean of 17.1'C. The a n n u a l   p r e c i p i t a t i o n  a t  Fa i r -  
banks  averages 285 m, half of which  occurs  during 
the  months of June,  July,   and August (U.S. Depart- 
ment of Commerce 1980). The  1979 summer (May- 
September)   p rec ip i ta t ion  at  F a i r b a n k  was s l i g h t l y  
below the mean summer p r e c i p i t a t i o n  of 175.5 m 
(Haugen e t  al. 1982). 

MEASUREMENTS 

Beginning i n  1978,  stream  flow has been 
measured a t  t h e   o u t l e t  of t h e   b a s i n  with a 22.9 cm 
Parsha l l   f lume and  F-l-type  water  level  recorder.  
I n  t h e  summer o f  1979, two lys imeters ,   each  1.22 m 
by 2.44 m, bounded on both  the  bottom  and  sides, 
were  monitored i n  the  permafrost  area with a s l o p e  
tangent  o f  0.22, s l i g h t l y   h i g h e r   t h a n  the average 
ground s lope  of the bas in   (F igures  I and 2).  The 
ly s ime te r s  were cons t ruc ted   in   September  1978, near 
t h e  end of t he  thaw season when t h e  thaw  zone was 
approximately a t  the  organic m a t / m i n e r a l   s o i l   i n t e r -  
face.  One ly s ime te r  was f i l l e d   w i t h  the i n - s i t u  
o r g a n i c   s o i l  (moss). The adjacenr   lys imeter  was 
l e f t  empty  and funct ioned as a p r e c i p i t a t i o n  gauge. 
A dra in   sys tem  ran   f rom  each   lys imeter   to   a  barrel 
equipped  with an F-1-type wa te r - l eve l   r eco rde r   t ha t  
measured  runoff  as a volume. 

a r e   p l o t t e d   i n   F i g u r e  3. The runoff  from  the  empty 
l y s i m e t e r   ( p r e c i p i t a t i o n )  and the moss- f i l l ed   lys i -  
me te r   a r e  shown as  accumulated  runoff  for  each 
event.  Runoff at  Glenn  Creek is shown as d i scha rge  
in m / d a y  computed o v e r   t h e   e n t i r e  2.25 km2 water- 
shed. The results  o f  se lec ted   moss- f i l l ed   lys imeter  
measurements ana the Glenn Creek da ta   a r e .  shown by 
event in Table 2. The hydrologic   response (HR) 

The a v a i l a b l e   d a t a   f o r   t h e  1979 summer season  
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FIGURE 4 P r e c i p i t a t i o n  and  runoff  from  moss-filled 
lysimeter  between  June 28 and J u l y  2, 1978 (p rec ip i -  
t a t i o n  and  runoff  read on same s c a l e ) .  

r a t i o  was computed a s   t h e   r a t i o  of t o t a l   r u n o f f  
volume t o   t o t a l   p r e c i p i t a t i o n .  The m o i s t u r e   d e f i c i t  
(MD) on the   moss- f i l l ed   lys imeter  was computed 
i n d i r e c t l y   a s   t h e   d i f f e r e n c e  between p r e c i p i t a t i o n  
received and runoff  measured. The runoff  volumes  of 
Glenn  Creek  €or  individual  storm  events  were 
sepa ra t ed  by p lo t t i ng   t he   r eces s ion   d i echa rges  VS. 

time on semi-logarithmic  paper  and  extending  the 
recess ion   curve  t o  an  assumed  base  flow by s t r a i g h t -  
l i n e  ex t r apo la t ion   ( i . e .   r eces s ions  were  assumed t o  
fol low a s imple  exponent ia l   decay [Dingman 19711). 
The beginning of a runoff  event was measured  from 
the   i n i t i a l   appa ren t   s t r eamf low  r e sponse ;   t ha t  is, 
t h e  time a t  which the   water   l eve l  f irs t  began t o  
rise.  The two la rges t   events   recorded  on the  lysim- 
e t e r s   a r e   r e p l o t t e d   i n   F i g u r e s  4 and 5 as t o t a l  
accumulation of runoff   over   the  t ime  per iods 
ind ica t ed .  

DISCUSSION OF LYSIMETER DATA 

The summer 1979 measurements  indicate that  t h e  
response time of the   moss- f i l l ed   lys imeter  was very 
f a s t ,   a s  shown i n   T a b l e  2 and Figures  4 and 5. 
Runoff  from the  moss-f i l led  lysimeter   began  within 
one hour of t h e  start of t h e   p r e c i p i t a t i o n   i n  all 
measured  events. It appears   tha t ,   based  on t iming 
of runoff   a lone ,   water   perco la tes   th rough the 
o rgan ic  mat and moves downslope well be fo re  the 
t o t a l   m o i s t u r e  def ic i t  of t h e  mat is s a t i s f i e d .  
This  is  also  confirmed by i n s p e c t i o n  o f  t h e  HR 
r a t i o s  and MD values  shown i n   T a b l e  2. In   s to rm 
even t s  1 and 2 (Figure 4 ) ,  9.6 mm of p r e c i p i t a t i o n  
produced 2.4 mm of r u n o f f ,   r e s u l t i n g   i n   a n  HR r a t i o  
of 0.25 and i n d i c a t i n g  7.2 nun of water was re t a ined  
t o   s a t i s f y   t h e   m o i s t u r e   d e f i c i t .  In a d d i t i o n ,  
l i t t l e   d r a i n a g e   o c c u r r e d   a f t e r  the p r e c i p i t a t i o n  
ended.  Event 2 occurred 6 h o u r s   l a t e r ,  and  had a n  
HR r a t i o  of 0.47 and  an MD of 7.4 mm. Since   the  
second   even t   r e su l t ed   i n   an   add i t iona l   mo i s tu re  
r e t e n t i o n  of 7.4 mm, it is a p p a r e n t   t h e   f i r s t   e v e n t  
d i d   n o t   f u l l y   s a t u r a t e   t h e  moss l aye r ,   a l t hough   t he  
h ighe r  HR r a t i o   d o e s   i n d i c a t e   t h a t   t h e   a n t e c e d e n t  
m o l s t u r e   c o n d i t i o n s   r e s u l t e d   i n  less r e t e n t i o n  of 
t h e   p e r c o l a t i n g   w a t e r .  

Events 3a through 3c (Table 2,  Figure 5 )  had 
g r e a t e r   i n t e n s i t i e s ,   l a r g e r   p r e c i p i t a t i o n  volumes, 
and occur red   i n   such   c lose   success ion  (14 h r s )   t h a t  
the   moss- f i l l ed   lys imeter   d id   no t   comple te ly   d ra in  
between  storms. The runoff  volumes of events   3a,  
3b,  and  3c  have  been  separated  based  solely on the  
t iming of p r e c l p i t a t i o n ,  as shown in   Table  2. 
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FIGURE 5 P r e c i p i t a t i o n  and  runoff  from  moss-filled 
ly s ime te r s  between J u l y  4 and Ju ly  16, 1979 (p rec i -  
p i t a t i o n  and  runoff  read on same s c a l e ) .  

Sepa ra t ion  of runoff  events  in this way n e g l e c t s   t h e  
long-term  drainage  that   d id   occur ,   but   fur ther  
s e p a r a t i o n  was imposs ib le   wi thout   us ing   subjec t ive  
techniques of hydrograph  separat ion.  As a r e s u l t ,  
the HR r a t i o s   a r e   s l i g h t l y   l o w e r  and MD va lues  
s l i g h t l y   h i g h e r   t h a n  would be  computed us ing   t he  
t o t a l   r u n o f f ,  and should be considered limits t o  
these   va lues .  

with a high  percentage of mois ture   re ta ined  by t h e  
moss, a response time of one  hour,  and  runoff 
appa ren t ly   occu r r ing   be fo re   comple t e   s a tu ra t ion  of 
t h e  moss layer .   Event  3b was a long i n t e n s e   r a i n -  
s t o r m   r e s u l t i n g   i n  more than 59% o f  t h e   p r e c i p i -  
t a t i on   runn ing   o f f  and  moisture  retention  approach- 
ing 22  mm. Exceedance  of  the  water-holding  capacity 
of the moss- f i l l ed   lys imeter  is  i n d i c a t e d ,   s i n c e   t h e  
r a t e  of runoff   equa ls   the  rate of p r e c i p i t a t i o n  on 
J u l y  6, as shown by the   nea r ly   equa l -   s lopes  of the 
runoff   accumulat ion  curve  and  the  precipi ta t ion 
accumulation  curve  (Figure 5). Event  3c,   occurring 
14 hours later, a l s o   r e s u l t e d   i n  a high HR r a t i o  
00.57) and a low W va lue  ((5 mu). Drainage o f  t h e  
moss- f i l l ed   lys imeter   cont inued  f o r  n e a r l y  6 days 
wi th   an   addi t iona l   runoff  of 3.6 mm. Event 3d added 
0.8 mm p r e c i p i t a t i o n   a b o u t  midway th rough   t h i s  
drainage  per iod,   but  l i t t l e  de tec t ab le   change   i n   t he  
runoff  accumulation  curve was observed  (Figure 5). 
Paramete r s   fo r   t he   ove ra l l   pe r iod ,   even t  3 i n   T a b l e  
2 ,  are shown as l imi t ing   va lues  due to   an   incomple te  
P r e c i p i t a t i o n   r e c o r d   a f t e r   J u l y  11. Since mote 
prec ip i ta t ion   occur red   than  was recorded,   the  HR 
r a t i o  of 0.55 is a maximtnn and the MD v a l w  of 36.2 
is a minimum f o r   t h e   t o t a l   p e r i o d  shown fo r   even t  3. 

S i n c e   t h e   m o i s t u r e   d e f i c i t  (MD) is computed a s  
the   d i f€e rence   be tween   p rec ip i t a t ion   i npu t  and 
dra inage   f rom  the   moss- f i l l ed   lys imeter ,   losses   to  
e v a p o t r a n s p i r a t i o n  would a l s o  be i n c l u d e d   i n   t h e  
mois ture   def ic i t   va lue .   Dur ing  long periods  of 
d ra inage  the m o i s t u r e   d e f i c i t  may, therefore ,   be  
overestimated.  Pan  evaporation at  the   Un ive r s i ty  of 
Alaska (14 h sou th )  was 22.1 m f o r  4-11 J u l y  1979 
(U.S. Department of Commerce 1979). The a c t u a l   r a t e  
o f  evaporat ion  f rom  the moss is unknown. 

Event 7 was o f  low volume, 1.1 mm, fol lowing a 
d ry   pe r iod   i n   excess  of 10 days,  and  produced no 
runoff  from the moss-fi l led  lysimeter.   Event 8 was 
a l s o  of low volume (2.5 nun) but  produced 0.4 m of 
runoff  €or  an HR r a t i o  of 0.16 and  an MD of 2.1 mm. 
Drainage   cont inued   for   near ly  7 hrs a f t e r   t h e  end of 
the   p rec ip i ta t ion   event .   For   Event  9, only   the  
beginning time and t h e   p r e c i p i t a t i o n  and runoff 
volumes  from  the  lysimeters were recorded. The HR 

Event 3a followed a p a t t e r n  similar t o  Event 1 
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r a t i o  of 0.61 was the h ighes t   recorded   for   the  
s ummer . 
1980  snowmelt  runoff  season, as has   been   p rev ioudy  
r epor t ed  by Kane et   a l .   (1981) .  The r e s u l t s   f r o m  
t h a t   s t u d y   i n d i c a t e d   t h a t  of a n   I n i t i a l  snowpack of 
69.9 mm, 21.1 mm were l o s t  t o   s u b l i m a t i o n  and 
evaporat ion,  24.9 m were measured as runoff  from 
t h e  moss, and 23.9 mm were r e t a i n e d  by t h e  moss. 
Snowmelt runoff of 5.9 mm had occurred on t h e  empty 
lys imeter   over  a 4-day p e r i o d   b e f o r e   r u n o f f   f i r s t  
appeared on the   moss- f i l l ed   lys imeter .  Assuming 
t h a t   t h e   r a t e  of snowmelt was equal  on both  lysim- 
eters, the d e l a y   i n   r u n o f f  from the   moss- f i l l ed  
ly s ime te r   can  b e  a t t r i b u t e d   t o   s e v e r a l   f a c t o r s .  A 
por t ion   o f  t h e  i n i t i a l  snowpack  meltwater  supplied 
h e a t   t o  the o rgan ic  mat, r a i s i n g   t h e   t e m p e r a t u r e  
t o   t h e   m e l t i n g   p o i n t ,  somwhat a n a l o g o u s   t o   s a t i s f y -  
ing the cold   conten t  of t h e  snowpack. No quan t i t a -  
t i v e   d a t a   a r e   a v a i l a b l e  fo r  the amount of hea t  
r equ i r ed  from the  mel twater .  The time de lay   can  
a l s o  be a t t r i b u t e d   t o   d e s s i c a t i o n  of the  o rgan ic  mat 
over   the  long, cold  winter.   Santeford  (1978,  1979) 
has r epor t ed  a r e d i s t r i b u t i o n  of moisture   f rom  the 
o rgan ic  mat t o  the ove r ly ing  snowpack  ranging  from 
19 t o  23 mn over the winter  season.  Examination of 
the   da ta   f rom Kane e t   a l .   ( 1981)   Ind ica t e s   t ha t   on ly  
a p o r t i o n  (5.9 mm) of the i n i t i a l  snowmelt was 
reabsorbed   before   perco la t ion   th rough  the  moss l a y e r  
r e su l t ed   i n   measu rab le   runof f .  The noteworthy  point 
is that   runoff   f rom  the  moss-f i l led  lysimeter   began 
a f t e r   on ly   one - fou r th  of t h e   t o t a l   m o i s t u r e   d e f i c l t  
of the o rgan ic  mat had  been s a t i s f i e d .  

areas, reported by Santeford  (1979),  a similar 
i n s t a l l a t i o n  was used,  but  the  lysimeters  were 
in s t a l l ed   w i thou t   any   s lope .   San te fo rd ' s   da t a  show 
a delayed  response i n  runoff  from  the  moss-fi l led 
ly s ime te r .  A model was proposed  based on the  
assumption that no d ra inage  would o c c u r   u n t i l   t h e  
water -hold ing   capac i ty  of t h e  moss had  been s a t i s -  
f i e d ,   a t  which p o i n t   a l l  incoming  prec ip i ta t ion  
would percola te   th rough the moss. The da ta   r epor t ed  
here do  not  support  such a model f o r   t h e   s l o p i n g  
p o r t i o n s  of the  watershed.  I n  f a c t ,   t h e   d a t a  
i n d i c a t e   t h a t  the o rgan ic  mat has a h igh   unsa tura ted  
hydrau l i c   conduc t iv i ty ,  which r e s u l t s  In r ap id  
p e r c o l a t i o n  of p rec ip i t a t ion   even  when a l a r g e  
m o i s t u r e   d e f i c i t   e x i s t s .  The concept of a t h re sho ld  
water-holding  capaci ty   does  not  seem to   apply .  The 
da ta   sugges t s   t ha t   t he   mo i s tu re   r e t en t ion  o f  t h e  
moss i s  a func t ion  of p r e c i p i t a t i o n   i n t e n s i t y  and 
du ra t ion ,   hu t  the l imi ted  da ta  set p ro l l i h i t s  any 
q u a n t i t a t i v e  analys is .  

Comparison with Glenn  Creek 

The same lys ime te r s  were moni tored   dur ing   the  

I n  p rev ious   l y s ime te r   s tud ie s  on permafrost  

The HR r a t i o s   f o r   G l e n n   C r e e k   a r e   a l s o  shown i n  
Table  2 f o r   t h e   a v a i l a b l e   r e c o r d .   T h e s e   v a l u e s   f a l l  
on t h e  low s i d e  of the   range   repor ted  by Dingman 
(1971)   for   Glenn  Creek  for   the summers of 1964-1967 
and Haugen et al .   (1982)   for   Caribou and  Poker 
Creeks f o r   t h e  summer of 1977-1979. The f a s t  
response   t imes   agree   wi th   observa t ions  made i n  
p rev ious   s tud ie s  (Dingman 1971, Haugen e t  al. 1982). 

The apparent   discrepancy of t h e  HR r a t i o s  
between  the  lysimeter   data  and the  watershed data 
can  be a t t r i b u t e d   i n   p a r t   t o   t h e   s h o r t   t r a v e l  
d i s t a n c e s   i n   t h e   l y s i m e t e r  compared t o   t r a v e l  

d i s t a n c e s  i n  the  watershed.  The low HR r a t i o s   f o r  
the watershed  can  a lso be p a r t i a l l y   e x p l a i n e d  by the 
f i n d i n g s  of Kane e t  al. (1978,  1981)  and S laugh te r  
and Kane (1979)   tha t   nonpermafros t   a reas   cont r ibu te  
v i r t u a l l y  no- near-surface  runoff  during  the  snowmelt  
o r  summer seasons  because the rate of i n f i l t r a t i o n  
exceeds  the rate of moisture   input .   Luthin  and 
Guymon (1974)   ind ica ted   tha t  the p o t e n t i a l  evapo- 
t r a n s p i r a t i o n  from the   b i r ch -aspen   fo re s t s  of 
i n t e r i o r  Alaska (nonpermafrost   areas)  exceeds  the 
normal summer r a i n f a l l  and t h a t   c o n t r i b u t i o n   t o  
basef low  f rom  these  areas   should be n e g l i g i b l e .  In 
t h e   c a s e  of Glenn Creek, where 30% o f  the   watershed 
i s  nonpermafros t ,   the   runoff -cont r ibu t ing   a rea   can  
be  reduced f rom 2.25 h2 t o  1.6 h2, which raises 
t h e  computed HR r a t i o s   s l i g h t l y   ( T a b l e  2). The 
bounded moss-f i l led  lysimeter ,   which  a l lows no 
subsur face   in f low,  may be cons ide red   r ep resen ta t ive  
o f  t h e   d r i e s t   p a r t s  of the   watershed;   tha t  is, those  
p a r t s  of t he   wa te r shed   t ha t  are f u l l y   d r a i n e d .  
Assuming  uniform  precipitation (Dingman 1971)  and 
evapot ranspi ra t ion   th roughout   the   watershed ,  the 
ly s ime te r   shou ld ,   t he re fo re ,  be r e p r e s e n t a t i v e  of 
t h e  areas with t h e   h i g h e s t   m o i s t u r e   d e f i c i t  and the 
lowes t   hydro logic   response   ra t io .  The measurements 
a t  Glenn Creek show t h a t  the overal l   watershed 
hydrologic   response is  much lower   t han   t ha t   i n   t he  
moss-f i l led  lysimeter .   This   lends  support  t o  t he  
sugges t ions  by Dingman (1971)  and Kane et al .   (1981)  
t h a t   o n l y   p o r t i o n s  of the   wa te r shed   a r ea   con t r ibu te  
to   over land   f low  ( sha l low  Subsurface   f low  in   the  
o rgan ic  mat) and t h a t   t h e   p a r t i a l -  and va r i ab le -  
source-area  concepts o€ st reamflow  generat ion are 
a p p l i c a b l e   t o   i n t e r i o r  Alaska. 

SUMMARY AND CONCLUSIONS 

An a n a l y s i s  o f  da ta  on lysimeter  runoff  from 
pe rmaf ros t - a s soc ia t ed   o rgan ic   so i l s   i nd ica t e s   t ha t  
response rime is s h o r t ,   d r a i n a g e  of s a t u r a t e d   s o i l s  
is prolonged,  and  runoff  from  slopes  occurs  before 
t h e   t o t a l   m o i s t u r e   d e f i c i t  of t h e   s o i l  is satis- 
f ied.   Al though  the  s lope of t he   l y s lme te r s  was near  
the average  s lope of the bas in  and they  were 
i so la ted   f rom  subsur face   in f low,   the   hydro logic  
response  to   s torm  events  was  much h igher   than   tha t  
computed from the   t o t a l   wa te r shed   o r  from t h e  perma- 
f r o s t   a r e a s   o n l y .  The i n d i c a t i o n  is that l a r g e  
po r t ions  of the  watershed,   including  permafrost  
a r e a s ,  do not cont r ibu te   to   s t reamflow.  

moi s tu re -de f i c i t  soils and t h a t   p a r t i a l   w a t e r s h e d  
a reas   con t r ibu te   t o   s t r eamf low are c r i t i c a l  i n  
watershed   model ing .   Clear ly ,   fur ther   s tud ies   a re  
requi red   to   unders tand   the   re la t ionship   be tween  the  
f low of water through  organic  soils and  the  moisture  
content  of the s o i l .   L y s i m e t e r   s t u d i e s  combined 
wi th   obse rva t ions  o f  where i n   t h e   s o i l   p r o f i l e  down- 
s l o p e  movement of water takes   p lace  may provide some 
i n s i g h t   t o   t h e   p r o c e s s e s  of s t reamflow  genera t ion   in  
permafrost  areas. 

The impl i ca t ions   t ha t   runof f  is produced  from 
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FROST HEAVE OF SALINE SOILS 

E. J. Chamberlain 

U . S .  Army Cold  Regions  Research  and  Engineering  Laboratory 
Hanover, New Hampshire  03755 USA 

Theories  of ice s e g r e g a t i o n  and f r o s t   h e a v e   p r o c e s s e s   i n   s a l € n e   s o i l s   a r e  
b r i e f l y  examined  and  modified t o   e x p l a i n   o b s e r v a t i o n s  made on c l a y  and  sand 
so i l s   f rozen   unde r   l abo ra to ry   cond i t ions .   Seawa te r  was observed t o  r educe   t he  
r a t e  of f r o s t   h e a v e  by more than 50% f o r   b o t h   s o i l   t y p e s  and t o   d r a m a t i c a l l y  
r e d u c e   t h e   s i z e  of ice l enses .  The e f f e c t   o f   s e a w a t e r  i s  to   cause   t he   fo rma t ion  
of a thick a c t i v e   f r e e z i n g  zone with many ice lens   growth sites, each  with i t s  
own b r ine   concen t r a t ion .  Unbonded br ine- r ich   so i l   zones   be tween ice l e n s e s  are 
i d e n t i f i e d  as poten t ia l   zones  o€ low s h e a r   s t r e n g t h .  

An understanding  of   the  f rost-heave  and ice- 
segrega t ion   behavior  of s o i l s  Khat c o n t a i n   s a l i n e  
pore water is important   to   the  development   of   off-  
shore  petroleum  resources   in   the  Beaufort   Sea.  
U n d e r s t a n d i n g   t h e   f r e e z i n g   b e h a v i o r   o f   s a l i n e  Soil6 
i s  a l so   impor tan t  to t h e  a r t i f ic ia l  ground  f reezing 
indus t ry .   Unfor tuna te ly ,  l i t t l e  i s  known o f   i c e  
segrega t ion   processes  in s a l i n e   s o i l s   t h a t  would 
a l l o w   d e s i g n   f o r   f r o s t   h e a v e  and fo r   changes   i n  
phys i ca l  and  mechanical  properties.  

the  Berggren  equation t o  p r e d i c r   f r o s t   p e n e t r a t i o n  
i n   s a l i n e   s o i l s  where l i t t l e  o r  no f r o s t   h e a v e  
occurs .   This  is  iupor tan t   for   de te rmining   where  
p o t e n t i a l   f a i l u r e   p l a n e s  may o c c u r   i n  a r t i f ic ia l  
i s l a n d s .  I f  s i g n i f i c a n t  amounts  of ice s e g r e g a t i o n  
and  frost   heave  occur,   however,   this  method may 
ove rp red ic t  the depth of f r eez ing .  I n  a d d i t i o n ,  
t h e   p o t e n t i a l   f a i l u r e   p l a n e  may no t  be forced  below 
the   r eg ion  of f r e e z i n g  as commonly assumed. 
P a r t i a l l y   f r o z e n   b r i n e - r i c h   z o n e s   w i t h i n  frozen 
l a y e r s  may occur  and  they muSK a lso   be   cons idered   as  
p o t e n t i a l   f a i l u r e   z o n e s .  A good example o f  t h i s  
type of problem was recent ly   observed  a t  a ground 
f r e e z i n g  s i te  (Maishart, personal  communication) 
where, a f t e r   e x c a v a t i o n ,  a b r i n e - r i c h   c l a y   l a y e r  was 
observed   to   s lough  back   to   the   f reez ing   p ipes .  
In spec t ion  of the  s i te  showed that t h e   s o i l   b e t w e e n  
i c e   l e n s e s   h a d  l i t t l e  ice bonding  and  thus  provided 
l i t t l e  s t r eng th   fo r   suppor t ing  the excavat ion.  

I n s p e c t i o n  of borehole  logs obtained by Oster- 
kamp and  Harrison (1979) on Reindeer   I s land  i n  t h e  
Beaufort   Sea  reveals  tha t  the   occur rence  o f  ice and 
ice   bonding i s  sporad ic  and unpredic tab le ,   even  
though  temperatures were below the f r e e z i n g   p o i n t  o f  
seawater ,  

l a b o r a t o r y   f r e e z i n g  tests on two s o i l   t y p e s  
s a t u r a t e d   w i t h  seawater. me f reez ing   behavior  i s  
compared wi th  f r e e z i n g  tests on the same s o i l   t y p e s  
s a t u r a t e d   w i t h   d i s t i l l e d  water. F i n a l l y ,   a n  ex- 
p l ana t ion   fo r   t he   un ique   f r eez ing   behav io r   o f   s a l ine  
s o i l s  is o f fe red .  

Mahar e t   a l ,  (1982)  reported a modif ied form of 

This   paper   p resents   the  results of a series of 

FREEZING PROCESSES IN SALINE SOILS 

The f r e e z i n g  of s o i l s   t h a t   c o n t a i n   s a l i n e   p o r e  
w a t e r   s o l u t i o n s  is  a complex p rocess ,   due   t o   t he  

s o l u b l e  salts i n  the  pore water f l u i d ,  The e f f e c t s  
of salts on f reez ing   behavior   ex tend  well beyond 
s imply   l ower ing   t he   f r eez ing   po in t .   Sa l t s   a r e  
exc luded   f rom  growing   ice   c rys ta l s   and  are concen- 
t r a t e d   i n   t h e   a d j a c e n t   p o r e   f l u i d s ,  so t h a t   i c e  
segrega t ion   tempera tures  are lowered  and  additional 
s i tes € o r  ice n u c l e a t i o n  form a t  o r   n e a r  the 
o r i g i n a l  ice segrega t ion   tempera ture .  

Hallet (1978)   suggested  that  ice t e n t a c l e s  
reach out  from a morphologica l ly   compl ica ted   in te r -  
face.  Domains of so lu t e - r i ch   so lu t ions   can  become 
i so la ted   f rom  the   unf rozen   pore-water   so lu t ions   and  
e v e n t u a l l y  become trapped i n  solidly  ice-bonded 
material. He s u g g e s t e d   t h a t   s i g n i f i c a n t   s o l u t e  
p a r t i t i o n i n g  w i l l  accompany f r o s t   p e n e t r a t i o n  i n  
frozen  ground,  with  lower  bulk  concentrations 
o c c u r r i n g  i n  ice-bonded  layers ,   and  increased con- 
c e n t r a t i o n s  of salt o c c u r r i n g   i n   u n f r o z e n   s o i l s  
beneath a growing i c e   l e n s .  He f u r t h e r   s t a t e d   t h a t  
cons t i t u t iona l   supe rcoo l ing  in s o i l s  w i l l  l e a d   t o  a 
s i t u a t i o n   w h e r e  ice w i l l  nuc lea te   and  grow i n  a zone 
ahead  of  and s e p a r a t e  from the f r e e z i n g   f r o n t .  

Sheeran and Yong (1975) suggested t h a t   i c e  
growth i n   p o r e s   t h a t   c o n t a i n  salt s o l u t i o n s   r e q u i r e s  
progressively  reduced  temperatures   because the in- 
creased sal t  concen t r a t ion   due   t o   b r ine   exc lus ion  
lowers  the f reez ing   tempera ture   o f  the remaining 
ad jacent   pore  water. Only p a r t i a l   f r e e z i n g   o c c u r s  
a t  the   f r eez ing   f ron t ,   Subs t an t i a l   phase   change  may 
occur up t o  a meter behind the f r o s t   f r o n t   a s  
cool ing   cont inues ,   depending  on the   magni tude   o f   the  
thermal   g rad ien t .  

Mahar e t  al. (1982)  concluded  that the f r e e z i n g  
f ron t   p rog res s ing   t h rough   s a l ine   s a tu ra t ed  s o i l  is  
c h a r a c t e r i z e d  by a t r a n s i t i o n  zone of p a r t i a l l y  
f rozen   so i l   g rad ing   f rom  i so l a t ed  ice c r y s t a l s   t o  
ice-bonded  soil .   Continued ice  growth  requires  
progressively  reduced  temperatures.   Because of t h e  
i r r e g u l a r   s h a p e  of s o i l   g r a i n   b o u n d a r i e s   a n d   t h e  
complex h e a t   t r a n s f e r   p a t t e r n   i n  a pore  space,  
i s o l a t e d   b r i n e   p o c k e t s   d e v e l o p   t h a t  may no t   f r eeze .  

what ana logous   t o  the f rozen   f r inge   concep t s  of 
Miller (1978)  and  Konrad  and  Morgenstern  (1981). 
l'he hydraul ic   conduct iv i ty   o f  the f r o z e n   f r i n g e  
c o n t r o l s   t h e   a v a i l a b i l i t y  of water t o  growing ice 
l enses .  In the c a s e   o f   s a l i n e   s o i l s ,  however, t h e  
f rozen   f r inge   can  be ve ry   t h i ck ,  and ice 
accumulat ion  probably  occurs   throughout   the  zone.  

The s i t u a t i o n   i n   f r e e z i n g   s a l i n e   s o i l s  is some- 
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TABLE 1 P r o p e r t i e s  of the test m a t e r i a l s .  

L i q u i d   P l a s t i c   U n i f i e d  
Pe rcen t   f i ne r   t han   Un i fo rmi ty  limit limit s o i l  

Mate r i a l  2 ,O mm 0.42 mm 0.074 mm 0.02 mm 0.005 mm 0.001 mm c o e f f i c i e n t  % % class 

Morin  c lay 100  100 99 84 52 26 16 30 21 CL 

Dartmouth 

- 

sand  96 68 40 18 6 1 29 25 25 SM 

TABLE 2 Specimen p r o p e r t i e s .  

Compaction p r o p e r t i e s   S a t u r a t e d  
Water Dry water 

c o n t e n t   d e n s i t y  Void con ten t  
M a t e r i a l  % e l m 3  r a t i o  4:- 
Morin c l a y  9 1.51 0.84 30 
Da r tmou t h 

s and 10 1.72 0.56 21 

EXPERIMENTAL STUDIES 

Two f ros t - suscep t ib l e   so i l s ,   Dar tmou th   s and   and  
Morin c l a y ,  were se l ec t ed   fo r   t h i s   s tudy ,   Dar tmou th  
sand is a wel l -graded   granular   mater ia l   conta in ing  
numerous f i n e s ,  The Morin c l a y  material is c la s -  
s i f i e d  as a c lay   o f  low p l a s t i c i t y .  The p r o p e r t i e s  
of  each o f  t hese  materials are g i v e n   i n   T a b l e  1 .  

Replicate   specimens of bo th  of t h e s e  materials 
were p r e p a r e d   u s i n g   d i s t i l l e d  water and seawater 
s o l u t i o n s ,  The samples were compacted in l a y e r s   i n  
150-mwdiameter   mul t i r ing   P lex ig las   cy l inders ,  150 
mm high ,   l ined   wi th   rubber  membranes. The specimen 
p r o p e r t i e s  are shown i n  Table 2. After  compaction, 
t h e  test specimens were s a t u r a t e d   w i t h   t h e  ap- 
p r o p r i a t e  water so lu t ion   under  vacuum. 

Cal ibrated  thermocouples  were i n s e r t e d  a t  251nm 
i n t e r v a l s   t h r o u g h   t h e   s i d e s  of t h e   r i n g s   t o   m o n i t o r  
t h e   p r o g r e s s  of f r eez ing .  The a p p r o p r i a t e   d i s t i l l e d  
water or seawater s o l u t i o n  was made f r e e l y   a v a i l a b l e  
through a porous  stone a t  the base  of  the  sample. 
Coo l ing   p l a t e s   connec ted   t o   r e f r ige ra t ed   c i r cu la t ing  
b a t h s  were placed a t  t h e   t o p  and  bottom  of  each 
sample,   and  the  ent i re   assembly was placed in an in- 
s u l a t e d  box i n  a co ld  room wi th  a 0°C ambient temp- 
e r a t u r e .  A small surcharge  of 24 kPa was placed on 
top  of  each  sample.  

cons tan t ly   decreas ing   boundary   t empera tures ;  (11) 
fixed  boundary  temperatures;  and (111) r a p i d l y  de- 
creasing  boundary  temperatures .  

During  Stage I, a tempera ture   g rad ien t  of ap- 
proximately 0.025"Cimm was propagated downward 
through the test specimens at a f r o s t   p e n e t r a t i o n  
ra te  o f  approximately 1.5 mmihr u n t i l   t h e   z o n e  of 
f r e e z i n g  was wi th in   the   middle  50 mm of the tes t  
specimen. k r i n g   S t a g e  11, the  boundary  tempera- 
t u r e s  were he ld   f ixed ,   impos ing   the  same temperature  
g r a d i e n t   f o r  a t  least 100  hr .   Final ly ,  i n  Stage 
111, the  samples were f r o z e n   r a p i d l y   t o  the bottom. 
The purpose of t h i s   f r e e z i n g   p r o c e d u r e  was  t o  e s t a b  
l i s h   f r o s t  heave   and   br ine   exc lus ion   charac te r i s t ics  
under a cone tan t  rate o f  f r o s t   p e n e t r a t i o n ,   t h e n   t o  

Freezing was accomplished i n   t h r e e   s t a g e s :  ( I)  

force   the   g rowth  o f  ice l e n s e s  and the   exc lus ion  o f  
sa l t s ,  a n d   f i n a l l y   t o   t r a p  the exc luded   b r ine   fo r  
f u r t h e r   a n a l y s i s .  

PRESENTATION AND DISCUSSION OF RESULTS 

Four   f r eez ing  tests were  conducted on each  of 
t h e   c l a y  and  sand materials, two e a c h   f o r   t h e  dis- 
t i l l e d  water and seawater   so lu t ions .   Typica l   re -  
s u l t s   f o r   e a c h  of t h e  so i l s  and pore water s o l u t i o n s  
a r e   i l l u s t r a t e d  i n  Figures  1 through 4. I n d i v i d u a l  
test r e s u l t s  are discussed  below.  

Morin  Clay 

The  Morin c lay   samples   sa tura ted  w i t h  d i s t i l l e d  
water  heaved  rapidly a t  n e a r l y  12.5 mm/day during 
Stage I (F igu re  1). The frost-heave rate dur ing  
Stage TI of f reez ing   gradual ly   s lowed  to   approxi -  
mately 2 m i d a y .  Many mal l  ice lenses   developed 
during  Stage I (F igure  I ) ,  and a v e r y   l a r g e   i c e  
l e n s ,   n e a r l y  50 mm th ick ,   deve loped   dur ing   S tage  
11. The growth of t h e  ice lens  during  Stage 11 was 
s h u t  o f f  by t h e   d e p l e t i o n  of the water c o n t e n t  in 
t he   un f rozen  zone below t o   t h e   p l a s t i c  limit we. 

The   f ros t -heave   ra te  f o r  t h e  Morin c l a y  
sa tu ra t ed   w i th   s eawa te r  was 60% lower   t han   t ha t   fo r  
t h e   d i s t i l l e d  water (F igu re  2 ) .  During  Stage I of 
f reez ing ,   the   heave  rate f o r  the seawater was ap- 
proximately 4.5 mm/day; i t  fell below I mm/day 
during  Stage 11. No l a r g e  ice l e n s e s  were observed 
t o  fo rm  du r ing   e i the r  of these s t ages .  Water 
coritents were l i m i t e d   t o  50% i n   t h e   i c e - l e n s e d  zone 
(VS.   near ly  400% f o r  the d i s t i l l e d  water case) ,   and 
t o  35% in t h e  zone f rozen   rap id ly   dur ing   S tage  111. 
S a l i n i t i e s  were c o n s i d e r a b l y   p a r t i t i o n e d  by t h e  
f r eez ing   p rocess ,   be ing   r educed   t o  as l i t t l e  as 
two-thirds  of t h e   o r i g i n a l   v a l u e  ( 3 4 . 6 % )  in t h e   i c e  
lensed  zone  and  increased by n e a r l y  25% i n   t h e  zone 
b e n e a t h   t h e   a c t i v e  ice lens  growth. It should  be 
n o t e d   t h a t   t h e   s a l i n i t i e s  were de te rmined   fo r  
15-mm-thick slices a n d   r e p r e s e n t   b u l k   s a l i n i t i e s  of 
t h e   s o i l ,   i c e ,  and unfrozen water sys tem.   Sa l in i ty  
p a r t i t i o n i n g   w i t h i n  smaller elements  of each s l ice  
was not  determined. 

Dartmouth  Sand 

The Dartmouth  sand  froze  with a 50-mm zone  of 
f i n e -   t o  medium-size i c e   l e n s e s   ( F i g u r e  3 ) ,  most  of 
which  formed  during  Stage I of f r e e z i n g ,  The f i x e d  
boundary  conditions  of  Stage I1 could  not   induce the 
growth of l a r g e  ice l enses .  The f ros t -heave   r a t e  
du r ing  SKage I was approximately 8 mmjday, bu t  i t  
f e l l  t o  n e a r l y  2 mmiday during  Stage 11. 
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Water contents  in t h e   v i s i b l e  ice region were 
a6 much as 60%, whereas i n  the zone rap id ly   f rozen  
during  Stage III they  were  reduced t o  less than the 
o r i g i n a l   s a t u r a t e d  water content  of 21%. 

Addition o f  t h e  seawater s o l u t i o n   t o  the 
Dartmouth  sand  markedly  reduced the  frost-heave rate 
and  changed  the ice s e g r e g a t i o n   c h a r a c t e r i s t i c s  as 
it did with t h e  Morin clay. The heave rate during 
Stage I was less than 3.5 mm/day and it  fell. to less 
than 0.5 mm/day during  Stage I (Figure  4 ) .  L i t t l e  
v i s i b l e   i c e  was evident .  The maximum water content  

was 30%, which i n d i c a t e s   t h a t  some ice segregat ion 
o c c u r r e d   ( t h e   i n i t i a l   s a t u r a t i o n  water content  wa6 
21%). The water c o n t e n t   i n  the rap id ly   f rozen  zone 
formed  during  Stage 111 was on ly   s l i gh t ly  above the 
t n i t i a l  Water conten t ,   which   ind ica tes   tha t  l i t t l e  "" . 

ice segregation  occurred there. 

t o  approximately 85% of the o r i g i n a l   s a l i n i t y  (So 
= 35.7%) I n  the  upper   port ions  f rozen  during  Stage I 
and the   ea r ly   pa r t  of Stage 11, and increases  t o  
120% of So i n  the region  frozen  during  Stage 111. 

The s a l i n i t y   p r o f i l e   ( F i g u r e  4 )  I s  p a r t i t i o n e d  
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Time thrsf 

CONCEPTUAL CHARACTERIZATION OF THE  EFFECTS OF SALTS 
ON FROST HEAVE 

A few e x p l a n a t i o n s   f o r  the e f f e c t s  of salts on 
f r o s t   h e a v e   i n   s o i l  materials were br ie f ly   rev iewed 
earlier i n  th i s   paper .  A ref inement  o f  t h e s e  ex- 
p l a n a t i o n s  i s  sugges t ed   t o   accoun t   fo r   t he   r educed  
ice s e g r e g a t i o n   p o t e n t i a l  of s a l i n e   s o i l s  and t o  
e x p l a i n  the apparent   s imultaneous  formation  of  
s e v e r a l   i c e   l e n s e s   w i t n e s s e d  by Mahar et  al .  (1982) 
and shown i n  t h e   r e c e n t   f r e e z i n g  tests. 

As Hallet (1978) sugges t ed ,   t he   so lu t e  con- 
c e n t r a t i o n   i n   s a l i n e   s o i l s  is p a r t i t i o n e d  by 
f r eez ing ,   w i th   so lu t e s   be ing   r e j ec t ed   t o   t he   su r f ace  
of  the growing ice l e n s .  A schematic  diagram of t h e  
f r eez ing   p rocess  i s  shown i n   F i g u r e  5 .  Ice f i r s t  
n u c l e a t e s  when t h e   t e m p e r a t u r e   o f   t h e   s a l i n e   p o r e  
water T, f a l l s  below the i n i t i a l   e q u i l i b r i u m  
f reez ing   tempera ture  ‘IOes (Figure  5a) .  As T, 

FIGURE & Freez ing  test r e s u l t s   f o r  ~ ~ r t m ~ ~ t h  sand prepared w i t h  s e ~ w ~ t ~ r .  I n i t i a l  

is lowered  with time, t h e  ice  lens  grows,  excluding 
salt i n t o   t h e   u n f r o z e n  zone  below while t r app ing  
some b r i n e   w i t h i n   t h e   i c e .  

(F igure   5b)  when Tw f a l l s  below t h e   e q u i l i b r i u m  
f reez ing   tempera ture   benea th   the   b r ine   concent ra -  
tion. Ice w i l l  con t inue   t o  grow at  the f i r s t  s i t e  
a t   p rogress ive ly   reduced   tempera tures ,   concent ra t ing  
salts i n   t h e   u n f r o z e n   s o i l   l a y e r   b e t w e e n  the two i c e  
g r o w t h   s i t e s   u n t i l   t h e   h y d r a u l i c   c o n d u c t i v i t y  of  
t h i s   l a y e r  i s  i n s u f f i c i e n t   t o  meet t h e  demand. As 
Tw cont inues   to   be   lowered ,  a second  brine  concen- 
t r a t i o n  forms and a t h i r d   i c e   g r o w t h  s i te  develops 
below i t  (Figure  5c) .   Cont inuat ion of t h i s  p rocess  
w i l l  result in   the   g rowth   of  many ice l e n s e s  concur- 
r e n t l y .  Growth of the  uppermost   act ive ice l e n s  
w i l l  s t o p  when water i s  no l o n g e r   a v a i l a b l e .  

The average   equi l ibr ium  f reez ing   tempera ture  
for a l l  the   equ iva len t   mo i s tu re   w i th in   t he   f rozen  

A second ice l ens   format ion  s i te  develops 
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a. 

C. d. 

FIGURE 5 Schematic  diagram of ice   segrega t ion   process  in s a l i n e   s o i l s .  
(a)  A t  time ze ro   ( t o ) ,   t he   po re  water tempera ture   p rof i le  is Tw and a 
t h i n   s o i l   l a y e r  has frozen;  (b )  a t  time ti ,  a n   i c e   l e n s  is growing  and a 
f reez ing   po in t   depress ion   bu lb   has  formed  beneath i t  due   to   the   exc lus ion  
o f   s a l t s .  The segregat ion  f reezing  temperature  a t  t h e  first ice l e n s  
growth s i t e  decreases   because  of   the  br ine  concentrat ion,   and a second 
ice nuclea t ion  s i t e  forms; (c)  a t  time t 2 ,  a t h i r d  ice nuclea t ion  s i te  
has  formed  below the   f reez ing   po in t   depress ion   bu lb  formed by the  second 
ice lens ;   (d)  the process  continues a t  time tg ,  with many ice lens  growth 
sites. Ice l e n s  growth a t   t h e   o r i g i n a l   n u c l e a t i o n  s i t e  is shu t   o f f  by re- 
duced  hydraulic  conductivity.  

zone i s  h i g h e r   t h a n   t h e   i n i t i a l   c o n d i t i o n  ‘IOes 
because of the   ne t   exc lus ion  of br ine.  The equi l ib-  
rim freezing  temperature   within  the  soi l   e lements  
i s  lower  than Pes because  of  brine  concentra- 
t i o n s  in the   unfrozen water. 

th i s   p rocess   because  the many small i c e   l e n s e s  and 
entrapped  Soi l   layers   lower   the  hydraul ic  conduc- 
t i v i t y   w i t h i n   t h e   a c t i v e   f r e e z i n g  zone. Further- 
more, the   increas ing   concent ra t ion  of salts near  
each ice lens  growth s i t e  requires   progressively 
lower  temperatures  to  continue  growth,  whereas 
progressively lower temperatures  reduce the 
hydraul ic   conduct ivi ty .  The flow of water t o  the 
uppermost  growing ice l e n s  i s  thus   shut   o f f   before  
the   l ens   can   deve lop   s ign i f icant   th ickness .  

The growth of l a r g e  ice lenses  is r e s t r i c t e d  by 

FURTHER DISCUSSION  OF RESULTS 

The wa te r   con ten t   p ro f i l e s   i n   F igu res  1 through 
4 give  some evidence of the  reduced  hydraulic con- 
d u c t i v i t y  of t he   f r eez ing   zone   i n   s a l ine   so i l s .  For 
Morin c lay   p repared   wi th   d i s t i l l ed   water   (F igure  11, 
t h e  water c o n t e n t   i n   t h e   s o i l  below t h e  zone of high 
ice segregation  has  been  reduced  to  the  plastic 
limit water content,  which is  t h e   p r a c t i c a l  limit t o  
which a s o i l  can  be  desiccated by the   f r eez ing  
process  (Chamberlain 1981). For the   case  of t h e  
s a l i n e  $lorin c lay  (Figure 2 ) ,  the  water c o n t e n t   i n  

t h e   s o i l   b e n e a t h   t h e   a c t i v e  ice segregation  zone 
ac tua l ly   i nc reased   ove r   t he   i n i t i a l   s a tu ra t ed  (w,) 
value  during  the  passing of the f reez ing   f ront .  
This i n d i c a t e s   t h a t   t h e r e  i s  a tendency  to   desiccate  
the   so i l   e lements   wi th in   the   h igh   suc t ion  zone of 
f reez ing  in s a l i n e   c l a y   s o i l s  and to  reduce the 
hydraul ic   conduct iv i ty   there ,   whereas   in   the   c lay  
soil prepared   wi th   d i s t i l l ed   water   the   h ighly   des ic -  
ca ted  zone l ies  below t h e   a c t i v e   f r e e z i n g   f r o n t .  

IMPLICATIONS 

Under na tura l   f reez ing   condi t ions   wi th   very  
small temperature  changes  with  depth,  such as wi th in  
i s l a n d s  i n  the Beaufort  Sea,  thick  zones of a c t i v e  
freezing  can  occur   with  a l ternat ing  zones of ice- 
bonded and sal t -enr iched unbonded s o i l s .  

From an  engineering  design  point of view,  the 
reduced  f rost-heave  suscept ibi l i ty  of s a l i n e   s o i l s  
i s  a pos i t i ve   f ac to r .  However, i f   t h e   d e s i g n  o f  a n  
a r t i f i c i a l   i s l a n d  i s  predicated on t h e  development 
o f  t h e  ice-bonded s t r e n g t h  of the  f i l l  material, 
unfrozen  zones with br ine  concentrat ions may cause 
weak zones t o  form  above the   f r eez ing   f ron t .  

Under a r t i f i c i a l   f r e e z i n g   c o n d i t i o n s  f o r  con- 
struction  purposes,  unfrozen  zones  of  brine-enriched 
soil can   a l so   occur ,   par t icu lar ly  in c l a y   s o i l s .  
These  unfrozen  zones  can  cause  failure of a freeze- 
wall, even i f  they are only a few millimeters th ick .  
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CONCLUSIONS 

The frost-heave  susceptibil i ty  of  sand  and  clay 
s o i l s  is s igni f icant ly   reduced  by sa l ine   pore  
water. Salts also  dramatical ly   reduce the ice l e n s  
s i z e  and decrease  the  segregat ion  water   content .  

and ice   segregat ion  can be  explained in terms of a 
t h i ck   ac t ive   f r eez ing  zone with many ice   l ens   g rowth  
sites, each  with its own brine  concentrat ion.  The 
th ick   ac t ive   f reez ing   zone   reduces   the   hydraul ic  
conduct ivi ty ,  and  thus  the  rate of f ros t   heave .  

The brine  concentrations  can  cause  zones  of 
unboaded soil  to  occur  within  an  ice-bonded 
material. These zones of br ine  concentrat ion  can 
cause  planes of low shear   s t rength   to   occur  in 
f r o z e n   s t r u c t u r e s .   T h e s e   p o t e n t i a l   f a i l u r e   p l a n e s  
must be  considered by e n g i n e e r s   d e s i g n i n g   a r t i f i c i a l  
i s l a n d s   t o  resist ice f o r c e s  or ground-freezing 
p ro jec t s   t o   s t ab i l i ze   excava t ion  sites. 

The e f f e c t  o f  s a l i n e  seawater on frost   heave 
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HOLOCENE TEMPERATURES I N  THE UPPER MACKENZIE VALLEY DETERMINED BY 
OXYGEN ISOTOPE ANALYSIS OF PEAT CELLULOSE 

Stephen C. Chatwin 

Agriculture Canada, Tanzania-Canada Wheat Project,  
P . O .  Box 6160, Arusha, Tanzania. 

Oxygen i so tope   ra t ios   in  nonexchangeable plant   cel lulose  extracted from samples 
of Sphagnum are  posit ively  correlated  with  the Mean Annual Temperature a t   t h e i r  
respective growth s i t e s .  Furthermore,  the  isotope  ratio of aquat ic   plant  
cellulose is independent of the   plant   species .  These r e su l t s  were used t o   e x t r a c t  
a paleotemperature  record,  spanning  the  last 10,300 years from an Upper Mackenzie 
Valley  peat  core.  Temperature does not  appear  to have  been an impediment t o  perma- 
frost   aggradat ion  in   this   area  for   the  per iod of record. A comparatively  cool 
climate between 10,000 and 7 , 0 0 0  years B.P.  was followed by a warming trend between 
6,000 and 5,000  years B . P .  Cooling  followed,  reaching m i n i m u m  Holocene temperatures 
approximately 3,500 years B.P. Preliminary  results  suggest  this  temperature was 
3O-4O cooler  than  present day Mean Annual Temperatures.  Steady warming since 
that  date  has  resulted  in  widespread  permafrost  degradation.  Present day temperatures 
a re   the  warmest t ha t  have occurred  during  the Holocene fox  the  area. 

INTRODUCTION 

Paleoclimatic  information is v i t a l  i n  
deciphering  the  history o f  permafrost  aggradation 
and degradation  in  Sub-Arctic  peat  lands.  Recent 
studies  suggest  paleotemperature  data may be 
inferred from isotope  analysis of plant   cel lulose.  
The natural  deuterium  and heavy oxygen contained 
i n  p lan t   ce l lu lose   re f lec ts   the   i so topic   ra t io  
of the  water  incorporated by the  plant  during 
synthesis of cellulose  (Epstein e t   a 1  1976, 
Thompson and Gray 1977) e Furthermore,  variation 
i n  t he  r a t io s  of heavy to   l igh t   i so topes  i n  
meteoric  water i s  largely  a  response  to temperat- 
changes a t   t h e   s i t e  of precipitation,  decreasing 
with mean annual  temperature  (Dansgaard  1964). 
I t  follows  that  the  isotopic  variations i n  p lan t  
cellulose may reflect   the  temperature  of 
p rec ip i t a t ion   a t   t he  growth s i t e .  

(Epstein and Yapp 1976) and l80/l6O r a t io s  (Gray 
and Thompson 1976) have  subsequently been 
demonstrated for   t ree   r ings  grown i n  d i f fe ren t  
climates. The technique was fur ther   appl ied  to  
buried wood samples i n  an e f f o r t   t o  examine l a t e  
Wisconsin climates (Yapp and Epstein  1977). 

This  paper examines the  isotopic   re la t ionship 
between climate and pea t  forming p lan ts  and then 
uses the  technique,  through  analysis of a  palsa 
core, to  estimate  paleotemperatures i n  the Upper 
Mackenzie Valley  over  the  past  10,000  years. 

The climatic  significance of D/H r a t io s  

METHODS OF ANALYSIS 

Oxygen isotope  analysis was conducted on 15 
samples taken from a 3 . 5  m core of frozen  peat that 
was collected from a palsa complex near  Ft. 
Simpson, N.W.T. ( l a t i t ude  61°28'N, longitude 
l2Oo55'E). The upper 1 . 5  m of the  core was 
s l igh t ly  decomposed, t h e  lower 1 . 3  m was moderately 
decomposed, and t h e  bottom 0 . 2  m was well 
decomposed. Seven isotopic  analyses were 
conducted on t h e  aquat ic   plant   species   present ly  

127 

growing a t  the  palsa   s i te .   Addi t ional  Sphagnum 
samples from various North and South American 
l o c a l i t i e s  were supplied by D. V i t t ,  University of 
Alberta, and were also  subjected  to   isotopic  
analysis. 

using a modification  of a method described by 
Theander (1954) .  The method yields  a  greyish- 
white to  l ight  grey  substance.  An X-ray 
d i f f rac t ion   pa t te rn  of the  substance  reveals 
strong peaks i n   t h e  range charac te r i s t ic  of alpha- 
cellulose.  Following extraction,  approximately 
25 mg of vacuum dried sample is weighed into  a  
nickel  boat,  placed  under vacuum, then combusted 
i n  a   react ion  vessel   a t  ll5OoC for  1 hour  (see 
Thompson and Grey 1977). The reaction  produces  a 
mixture  of CO, CO2, and H2 gases. The H2 gas 
diffuses  through  the  walls of the  reaction  vessels, 
forcing  the  reaction  to  completion.  After 
combustion, the  gases axe trapped i n  a s i l i c a  ge l  
maintained at   l iquid  nitrogen  temperature.  The CO 
f rac t ion  is converted t o  C02 and C by sparking 
between platinum  electrodes. The C02 fractions 
are combined and the   y ie lds  measured manometrical- 
ly .  The yields  averaged  9045% of the   theore t ica l  
predict ions,   indicat ing  t race amounts of 
contaminant. All peat samples were run as 
rep l ica tes ;  . ' if replicate  results  did  not  agree,   a 
t h i r d  sample w a s  run. The precision of the 
repl icate   analysis  was better  than f 0.4%.  
Isotope measurements were made  on a 90° sector,  
25 cm double co l lec t ing   i so tope   ra t io  mass 
spectrometer. A l l  isotope measurements axe 
expressed as a  value ?/oo) with  respect t o  
Standard Mean Ocean Water (SMOW) 

Radiocarbon  determinations were made  by the 
isotope  laboratory of Waterloo  University. The 
samples  received  standard  treatment,  including 
washing with  dis t i l led  water ,  removal of organic 
acids  with NaOH, and  removal of  carbonates  with 
HC1. The ages are corrected and given as years 

Cellulose was extracted from the  plant  samples 

B.P. 
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RESULTS 

Effec t   o f   Di f fe ren t   P lan t   Spec ies  

P e a t  i s  u s u a l l y  composed o f  a v a r i e t y   o f   p l a n t  
species. To compare t h e  oxygen  isotope  ra t ios  
of   individual   peat   forming  species ,   cel lulose  f rom 
samples  of a l l  the  major  aquatic  species  growing 
a t  the p a l s a  s i te  was analyzed. The r e s u l t s  
(Table 1) show t h a t   w i t h i n   t h e  limits of analy- 
t i c a l  error, a l l  t h e  species have  very similar 
oxygen  isotope  values.  This is a very  convenient 
r e s u l t ,  as it means c e l l u l o s e  from  bulk  peat 
samples  can  be  analysed  irrespective of spec ies  
composition. 

TABLE 1 Isotopic  Composition o f  Modern Pea t  
Forming P l a n t s  

P lan t   Spec ies  180 fo. 2O/OO 
SMOW 

Sphagnum fuscum 
Sphagnum recurvum 
Drepanocladus 
Carex   aqua t i l i s  
Carex  (various"spp. 
Duckweed 
Mixture 

- 

18.65% 
18.51% 
18.37%, 
18 * 40% 
18.47%. 
l8.39%, 
18.48% 

Analysis  of  the  Palsa  Core 

Resul t s  from r e p l i c a t e   a n a l y s i s  of 15 samples 
from var ious   depths   a long   the   f rozen  peat core 
are l i s t e d   i n   T a b l e  2.  The i s o t o p i c   r e s u l t s  are 
p lo t t ed   w i th   r e spec t   t o   dep th ,   t oge the r   w i th  a 
rad iocarbon  age-depth   p rof i le   and   an   i l lus t ra t ion  
o f   t h e   p e a t   s t r a t i g r a p h y   ( F i g u r e  1) . 
TABLE 2 Pea t  Oxygen Isotope  Resul ts  

I 

18 Standard 
Sample  Depth (m) Repl ica tes  OsMow devia t ion  

E 3-1 .05 
E 3-2 . 2 0  
E 3-3 .5 l  
E 3-4 .77 
E 3-5 1 .oo 
E 3-6 1.25 
E 3-7 1.42 
E 3-8 1.63 
E 3-9 1 . 8 2  
E 3-10 2 . 1 2  
E 3-11 2 .30  
E 3-12 2.50 
E 3-13 2.75 
E 3-14 3.15 
E 3-15 3.45 

3 
2 
2 
2 
2 
2 
2 
2 
3 
2 
3 
2 
4 
2 
3 

16.80 
17.02 
16.58 
16.17 
16.66 
16.44 
16.05 
15.38 
15 . 8 5  
16.36 
16.04 
16.45 
15.55 
15 70 
15.50 

.40  

.14 

.39 

.10 

. 3 3  

. 3 2  

.19 
- 40 
.15 
.35 
. 2 0  
- 31 
.27 
.15 
.41 

The f o r e s t   p e a t  i s  a mixture  of a m  
E e n l a n d i c a   l e a v e s ,  Picea mariana  needles, 

Vaccinium  spp.  and  Cladonia spp. F o r e s t   p e a t  is 
present ly   forming   subaer ia l ly  on the   f rozen  palsa 
sur faces .  No i s o t o p i c  measurements were made of  
t he   uppe r   fo re s t   pea t   l aye r .  The Sphagnum l a y e r  
i s  very homogenous with  only  occasional  twigs  of 
Ledurn. Present   day Sphagnum bogs are only  found 
i n  " t h a w  bogs" ent i re ly   sur rounded by the p a l s a  
complex. Brown moss and  sedge peat are t y p i c a l l y  
found i n   t h e   u n f r o z e n   f e n s   a n d   s t r i n g   f e n s  
surrounding  the  palses .   Aquat ic   peat   includes 
well decomposed a q u a t i c  mosses, duckweed and  algae 
as is found i n  open  shallow  ponds  within  both  the 

- 

p a l s a  complex  and the   f ens .  

KAT c-n WT m - m  m u  m- (-Ea) Ir""""! * 

FIGURE 1 Change i n  oxygen i s o t o p e   r a t i o s  of p e a t  
cel lulose  with  depth  of   sample  in   the  palsa .   Five 
C-14 measurements  provide  time-depth  control. 
P e a t   s t r a t i g r a p h i c  names a r e   e x p l a i n e d   i n   t h e   t e x C  

In   cons t ruc t ing   t he   age -dep th   p ro f i l e ,   r a t e s   o f  
peat  accumulation  were  assumed  linear  between 
dated  samples.  Peat  accumulation  began  10,380 
years  B . P . ,  terminating  approximately 400 years  
B.P. Resul t s  from a n a l y s i s  of t h e   a a u a t i c   p l a n t s  
growing a t  t h e   p a l s a   s i t e  were used t o   e x t r a p o l a t e  
the   i so tope   curve   to   the   p resent   day .  

The oxygen isotope  curve is charac te r ized  by 
r e l a t i v e l y  l i t t l e  var ia t ion   th roughout   the   p rof i le .  
I so top ic   va lues  were  approximately 3 O/oo lower 
between 10,000 and  7,000  years B.P. This was 
followed  by a warming trend  culminating  between 
6,000 and 5,000 years  B.P. Minimum i so top ic   va lues  
are  recorded  between  approximately 4 , 0 0 0  and 3,000 
years  B . P .  In te res t ing ly ,   th i s   cor responds   wi th  
a change in   pea t   type   tha t   sugges ts   t emporary  
f r e e z i n g   o f   t h e  bog. A gradua l   i nc rease   i n   t he  
oxygen i s o t o p e   r a t i o s  has occurred  in   the  upper  
1.5 m of   the   core ,   sugges t ing   s teady   c l imat ic  
warming. Plants  growing a t   t h e   p a l s a  s i te  have 
h ighe r   i so tope   r a t io s   t han  any  of t h e   p e a t  samples. 
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Calfbra t ion  of the   I so tope  Curve 

Before  paleo-temperature   interpretat ions can be  
made of   the  oxygen isotope  Eluctuat ions i n  t h e  
p e a t  column, a temperature c o e f f i c i e n t ,   l i n k i n g  
temperature  change t o  isotope  change,  must  be 
found f o r   p e a t   c e l l u l o s e .  A t e m p e r a k r e  
coe f f i c i en t   o f  1.3O/oo 180/oC f o r  Edmonton spruce 
(Gray  and Thompson 1976) was found  by  comparing 
i s o t o p i c   r e s u l t s  from i n d i v i d u a l  tree r ings   w i th  
modern temperature   records.   Unfortunately,   peat  
canno t   be   ca l ib ra t ed   i n   t he  same way, as it is 
impossible t o  separate yearly  accumulations.  

is to  p l o t   t h e  180/160 r a t i o  of p l a n t s  from 
var ious   loca t ions   versus   the  mean annual 
tempera ture   a t   those  sites. 

A method  of  deriving a tempera ture   coef f ic ien t  

Yukon; and  Coppermine, N.W.T.) are reasonably 
def ined  by t h e   l i n e a r   r e l a t i o n s h i p  

&loo = 0.5T + 19.90 (1) 

The va lues   fo r   sub t rop ica l   and   t rop ica l   Loca l i t i e s  
(Houston,  Texas; Campinos, B r a z i l )  f a l l  s i g n i f i -  
c a n t l y  below th i s   l i ne ,   wh i l e   va lues  from a 
P a c i f i c  maritime area (Queen Char l e t t e   I s l ands ,  
B.C.) f a l l  above t h e   l i n e .  

DISCUSSION 

The r e s u l t s  summarized in   F igu re  2 e s t a b l i s h  
t h a t  oxygen i s o t o p e   r a t i o s  for p e a t   c e l l u l o s e  
increase  as Mean Annual  Temperatures  increase. 
That is, the   t empera tu re   coe f f i c i en t  i s  p o s i t i v e .  
The regress ion   equat ion  (1) cannot  be  used t o  
direct ly   infer   paleo-temperatures ,   however .  While 
Mean Annual  Temperature i s  the  prime  determinant 
o f   t h e   i s o t o p i c   r a t i o s  of p r e c i p i t a t i o n  a t  a 
p a r t i c u l a r  site, o the r   f ac to r s   such  as thermal 
h i s t o r y   o f   t h e  a i r  mass (Dansgaard  1964)  the 

evapora t ion   and   evapot ranspi ra t ion   ra tes   (Eps te in  
e t  a1 1976) w i l l  l o c a l l y  a l ter  the   gene ra l  
t empera ture   coef f ic ien t .   This  becomes ev ident  
with a comparison of Gray and  Thompson‘s (1976) 
si te  spec i f i c   t empera tu re   coe f f i c i en t   o f  
1.3°/oo/oC f o r  Edmonton tree r i n g s  and t h e  
r e g r e s s i o n   l i n e   o f  O.So/oo/oC connecting  the 

I fU”ORw1* s e a s o n a l i t y  of t he   annua l   p rec ip i t a t ion ,  and t h e  

ICAURNU,WUIL various sites (Figure 2) + 

The p a r a l l e l   r e g r e s s i o n   l i n e s   f o r  tree r i n g s  
1” and Sphagnum sugges t   t ha t   t he i r   t empera tu re  

c o e f f i c i e n t s  may a l s o  be similar. I f  1.3°/oO/oc 
is a roughly   va l id   coef f ic ien t   for   pea t   forming  
p l a n t s ,   t h e n  a minimum Holocene  temperature Of 

VUKOII a 8 TRE RNPS d‘OW5T+Zl.?U approximately 3-4OC co lde r   t han   p re sen t  day is - mt J ‘%=o.sT + ~eso i n d i c a t e d  by the paleo-isotope  curve  (Figure 1) 
/ /  f o r   t h e  Ft. Simwson area.   Considerably more work 

-!$’ -1; -5 0 $ IO 15 20 29 3b 
MEAN MNUAL TEYPmATWE PC1 

FIGURE 2 The oxygen  i so tope   ra t io  o f  Sphagnum 
and tree r ings   a s   func t ions   o f   t he  mean annual 
temperature  of  their   growth sites. 

Sphagnum samples  from a wide v a r i e t y   o f  
climatic zones  were  analysed;   the  resul ts  are 
p l o t t e d   a g a i n s t  Mean Annual  Temperature  (average 
of las t  5 y e a r s )   i n   F i g u r e  2.  For some l o c a t i o n s ,  
3hagnum samples were a v a i l a b l e  from more than  one 
bog; the  range of r e s u l t s  a t  these   loca t ions  i s  
p l o t t e d  as a bar .  On t h e  same graph,  oxygen 
i so tope   va lues  of modern tree r i n g   c e l l u l o s e  from 
var ious  sites are p l o t t e d  ( P .  Thompson, unpublish- 
e d   r e s u l t s ) .  This d a t a  set  inc ludes   the   p rev ious ly  
mentioned Edmonton spruce  analyzed  hy Gray and 
Thompson (1976) .  The i so top ic   va lues  from  north- 
e rn   cont inenta l   Nor th  America (Edmonton, Alberta:  
North Bay, Ontar io;   Fort  Simpson, N.W.T.; O l d  Crow, 

in  controlled  environment  growth  chambers i s  
r equ i r ed   be fo re   r e l i ab le   t empera tu re   coe f f i c i en t s  
can  be  established. 

Any l a r g e  change i n  the   humidi ty  or evapo- 
t r a n s p i r a t i o n  rate a t  t h e  Ft. Simpson bog during 
t h e  Holocene w i l l  also a f f ec t   t he   pa l eo - i so tope  
curve. In  peat lands  the  humidi ty  is always  high, 
however,   and  calculated  changes  in  evapotrans- 
p i r a t ion   ove r  a 30-40c temperature  range are a l s o  
very small. These   e f fec ts   therefore   should   no t  
markedly  change  the  shape  of  the  curve  (Figure 1) 
I f  enrichment due to   i nc reased   evapo t ransp i r a t ion  
r a t e s  has occurred,  the e f f e c t  w i l l  be  t o  over- 
estimate Mean Annual  Temperature. 

Climate  changes  during  the  Holocene may have 
inc luded   changes   in   the   seasonal i ty   o f   the   annual  
p r e c i p i t a t i o n .  Such  changes w i l l  a l t e r  t h e  6 
v a l u e s   i n   p e a t   c e l l u l o s e ,  which may OK may not  be 
r e l a t e d  t o  t h e  Mean Annual  Temperature. 

There is a l s o  a p o s s i b i l i t y   t h a t  oxygen 
exchange  occurred  between  the C=O bonds i n  t h e  
p e a t   c e l l u l o s e  and p e r c o l a t i n g  bog waters   o r   wi th  
bacter ia   during  decomposi t ion.  If such  exchange 
d i d   o c c u c ,   t h e   r e s u l t  would be  t o  homogenize t h e  
i so tope   va lues  i n  the  peat.   Experimental   evidence 
(Gray  and Thompson 1976,  Epstein e t  a1 1976. 
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Chatwin  1981)  suggests  that  such  exchange is very 
unl ikely,  as t h e  C=O molecular bond is covalent  
and  very  strong.  Furthermore, Yapp and g p s t e i n  
(1977) found no evidence for  isotope  exchange 
having   occur red   in  wood that was b u r i e d   i n  w e t  
so i l s   for   11 ,800   years .  

Holocene  temperature  trends  indicated by t h e  
oxygen isotope  curve are somewhat at  var iance   wi th  
some pa leoc l ima t i c   s tud ie s   comple t ed   i n   t he  
Mackenzie Delta area, approximately 1,500 km t o  
the north.  Here, t h e r e  is reasonably  strong 
evidence for mean summer temperatures  having  been 
higher   than  present   day  (Ri tchie   and Hare 1971, 
Mackay 1978).  Others (Delome e t  a1 1977)  have 
suggested  very warm c o n d i t i o n s   i n   t h e   e a r l y  
Holocene. This study i n d i c a t e s   c l i m a t i c  warming 
beginning i n  t h e   e a r l y  Holocene, up t o  5,500 years  
B.P. ; however, t h e   p r e d i c t e d  mean annual temper- 
atures are less t han   p re sen t  day va lues .   Pa r t   o f  
t h i s   d i sc repancy  may b e  due t o   p r e v i o u s   i n v e s t i -  
gators  having  examined  changes  in mean summer 
temperatures. whereas this study is concerned w i t h  
mean annual  temperatures. 

Ano the r   poss ib i l i t y   fo r   t h i s   d i sc repancy  is 
t h a t   i n   t h e   e a r l y  Holocene g l a c i a l  meltwaters may 
st i l l  be c o n t r i b u t i n g   t o   t h e   h y d r o l o g y  of t h e  
pea t land .   This   reservoi r  of l i g h t  6 value water 
would r e s u l t   i n   p e a t   i s o t o p e  ratios lower than 
expected  from  the mean annual  temperature. 

CONCLUDING STATEMENTS 

Oxygen isotope a n a l y s i s  of p e a t   c e l l u l o s e  may 
be  a powerfu l   too l   in   dec ipher ing  the h i s t o r y  of 
permafrost aggradation  and  degradation.  Analysis 
of a p a l s a  core from  Ft. Simpson in t h e  Upper 
Mackenzie  Valley  suggests  that   temperature  has 
not  been  an  impediment to   permafrost   formation 
during most of t h e  Holocene.  There i s  no  evidence 
for Mean Annual  Temperatures warmer than   p re sen t  
day  during  the  past  10,000 years ,   Other   factors .  
i n   p a r t i c u l a r   t h e   l o c a l   h y d r o l o g y  ox vegeta t ive  
cover, may be   r e spons ib l e   fo r   t he   l imi t ed   ev idence  
for  p e r m a f r o s t   i n   t h i s  area i n   t h e   e a x l y  Holocene. 
Maximum permafrost  development  probably  occurred 
approximately 3,500 years  B . P .  when  minimum 
Holocene  ternperatureswere  experienced i n   t h i s  
area.   Prel iminary  es t imates  are t h a t  Mean Annual 
Temperatures were approximately 3O-4oC co lder   than  
present   day.  The recent  widespread  degradation  of 
permafrost  is t h e   r e s u l t  of s teady climatic 
warming, i n   p a r t i c u l a r   o v e r   t h e   p a s t  400 years .  
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INFLUENCE OF PENETRATION RATE, SURCHARGE STRESS, 
AND GROUND WATER TABLE ON FROST HEAVE 

Chen Xiaobai, Wang Yaqing, and J iang  ping 

Lanzhou I n s t i t u t e  of Glaciology and Cryopedology, Academics S i n i c a  
People’s  Republic of China 

To pro tec t   s t ruc tures   in   permafros t  and seasonal   f ros t   reg ions  from damage, t h e  
authors   sKudied  the  factors   that   inf luence  the  f rost-heave  process  by conducting 
experiments on various  types of soi ls ,   such  as   loess ,   c layey loam, loam, sandy 
loam, and sand,  both in t h e  labora tory  and i n  s i t u .  The r e s u l t s  showed tha t   t he  
f ros t   pene t ra t ion   ra te ,   surcharge  5Kr@ss, and  groundwater table are important 
f a c t o r s ,   i n   a d d i t i o n   t o   s o i l   p a r t i c l e   s i z e .  Two c r i t i c a l   p e n e t r a t i o n  rates 
d iv ide   the   ex ten t  of The f ros t -heave   ra t io   in to   in tens ive ,  slow, and no changing 
s tages ,   and  indicate   whether   ice  will be segregated in Khe so i l .  Under surcharge 
stress, because  the  freezing  point of Khe s o i l  water is lowered and t h e   s p e c i f i c  
suc t ion  WaKer r a t i o   i n   t h e  s o i l  at Khe f reez ing   f ront   decreases ,  the heave   r a t io  
descends, as shown  by Equation 7. The inf luence of the ground water t a b l e  on 
f r o s t  heave of s o i l s  i s  obvious and must be considered  in   pract ice .  

P r o t e c t i n g   s t r u c t u r e s   f r o m   f r o s t   d a m a g e  
is o n e   o f   t h e   i m p o r t a n t   p r o b l e m s  in c o l d  
r e g i o n s ,   p r o m o t i n g   t h e   s t u d y  o f  t h e  f a c -  
t , o r s  i n f l u e n c i n g   f r o s t   h e a v e   p r o c e s s e s ,  
s u c h  a s  p a r t i c l e  s i z e ,  f r o s t   p c n e t r a t i o n  
r a t e ,   s u r c h a r g e  s t r e s s  a n d   g r o u n d w a t e r  
d e p t h ,  Many i n v e s t i g a t v r s  arc  e n g a g e d   i n  
t h e s e   s u b j e c t s  ( s e e  r e f e r e n c e s ) .  I n  t h i s  
p a p e r   a l l  o f  t h e   a b o v e   f a c t o r s ,   e x c e p t  
p a r t i c l e  s i z e ,  a r e  d i s c u s s e d .  

T E S T  C O N D I T I O N S  

T h e   e x p e r i m e n t s  were c o n d u c t e d   b o t h   i n  
L a b o r a t o r y   a n d   i n   s i t u ,   i n c l u d i n y   p e r m a -  
f r o s t   a n d   s e a s o n a l   f r o s t   r e g i o n s .  

I n  t h e  l a b o r a t o r y ,  t h e  s a m p l e s  were 
made o f  l o e s s   ( L a n z h o u ) ,  r e d  c l a y e y   l o a m  
( Q i n g z a n g   P l a t e a u ) ,   l o a m   ( Z h a n g y i )   l i s t e d  
i n   T a b l e  1, a n d   m e d i u m   ( f o r   b u i l d i n g )   s a n d .  
T h e   s a m p l e  c e l l  f o r  t h e   f r o s t   s u s c e p t i b i l -  
i t y  t e s t  i s  m a d e   o f   p l e x i g l a s s  w i t h  a 
h e i g h t   o f  13 .0  cm, a t o p   d i a m e t e r   o f   1 1 . 6  
cm a n d  a b o t t o m   d i a m e t e r   o f  11.0 cm. A 
p e r m e a b l e   p l a t e  was p u t   u n d e r   e a c h   s a m p l e  
f o r  wat,er s u p p l y   i n   o p e n   s y s t e m .   T h e  c e l l  
w a s   s u r r o u n d e d   w i t h  a p l a s t i c   f o a m   j , n s u -  
l a t o r   t o  e n s u r e  o n e - d i m e n s i o n a l  f r e e z i n g .  
U n d e r   s u r c h a r g e  s t r e s s ,  b e s i d e s   a b o v e  c o n -  
d i t i o n ,   t h e   s a m p l e s  were t e s t e d  i n  c o n -  
s o l i d a t i o n   a p p a r a t u s   u s i n g  a p l e x i g l a s s  
c e l l  w i t h  d h e i g h t   o f  8 . 9  cm,a t o p   d i a m e -  
t e r  o f  8 . 5  cm a n d  a b o t t o m   d i a m e t e r   o f  8 . 3  

T A B L E  1 P h y s i c a l   P r o p e r t i c s  o f  t h e  S o i l  S a m p l e s  

P e r c e n t   b y   w e i g h t  f o r  t h e  f o l -  
l o w i n g   p a r t i c l e  s i z e s  ( m m )  No S o i l   T y p e   L o c a t i o n  

L i q u i d  P l a s t i c  
limit limit 

~. ~ ~~ 

0 . 5 -  0 . 2 5 -  0 .10 -  0 . 0 5 -  0 .01-  0 , 0 0 5 -  o .002  
~~ 

0 . 2 5  0.10 0.05  0 . 0 1   0 . 0 0 5  0 . 0 0 2  % % 

” -, 

1 L o e s s   L a n z h o u  1 5 . 8 3   2 3 . 9 4   2 5 . 4 5  1 4 . 5 0  6 . 0 8  14.20 2 3 . 0  1 5 . 5  

R e d   C l a y e y   Q i n g z d n g  
l o a m   P l a t e a u  13.11 1 0 . 7 0   2 1 . 1 4  11.15 15.15 2 8 . 5 5   2 5 . 1   1 6 . 0  

_I 

3 Loam Z h a n g y i  2.7  1 7  38 17.3 2 9 .  7 3 3 . 6   2 3 . 0  
1-”- 

4 S a n d y  l o a m  Z h a n g y i   3 4  30 2 1  4 11 2 7 . 0   1 9 . 5  

5 F i n e   s a n d   Z h a n g y i   3 7 . 3  5 9 . 4  2 . 8   2 3 . 7   1 7 . 0  

13 I 



13 2 

- 
v) 1 2 3 4 e 
LL 

0 1 2 3 4 5 6 
Frost penetration  rate Vr ( m m l h r )  

Figure 1. Fros t  heave r a t i o  vs frost penet ra t ion  rate. 
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Figure 2.  The relationship between frost heave r a t i o  and f r o s t  
pene t ra t ion  rate. 

cm. A p l e x i g l a s s   t u b e   w i t h  a d i a m e t e r   o f  
.L1 cm a n d  a h e i g h t   o f  1 2 0  cm was u s e d  t o  
m e a s u r e   t h e   r e d i s t r i b u t i o n   o f   m o i s t u r e  
a l o n g   d e p t h   u n d e r   v a r i o u s  water t a b l e s  
d u r i n g   f r e e z i n g .  

T h e   f i e l d  work w a s   c o n d u c t e d   m a i n l y   i n  
t h e   Q i l i a n  Mts. ( a  p e r m a f r o s t   r e g i o n ) ,   a n d  
i n   t h e   Z h a n g y i   d i s t r i c t  ( a  s e a s o n a l   f r o s t  
r e g i o n )   w i t h   h u m u s   c l a y e y   l o a m ,   c l a y ,  
c l a y a y   l o a m , l o a m ,   s a n d y   l o a m   a n d   f i n e   s a n d  
e t c .  (some o f   w h i c h   a r e   l i s t e d   i n   T a b l e  1). 
T h e   p r o c e s s   o f   f r o s t   p e n e t r a t i o n ,   a i r   a n d  
g r o u n d   t e m p e r a t u r e ,   f r o s t   h e a v e   ( b y   l a y e r ) ,  
g r o u n d  water  t a b l e ,  and m o i s t u r e   c o n t e n t  
a l o n g   d e p t h ,  c t c  were o b s e r v e d .  

RESULTS AND ANALYSF‘S 

F r o s t   H e a v e - R a t l o  q a n d   F - r o s t   P e n e t r a t i o n  
l i a t e  V f  
” 

;-ne r e s u l t s  o f  o u r   e x p e r i m e n t a l  r e -  
s e a r c h   s h o w   t h a t   w h e t h e r  f o r  s a t u r a t e d  o r  
u n - s a t u r a t e d   s o i l ,   a n d   i n   l a b o r a t o r y  O r  
i n  s i . t u  i n c l u d i n g   p e r m a f r o s t   a n d   s e a s o n a l  
f r o s t   r e g i o n s ,   t h e r e  i s  a g o o d   r e l a t i o n -  
s h i p   b e t w e e n   t h e   f r o s t   h e a v e   r a t i o  rl a n d  
f r o s t   p e n e t r a t i o n  r a t e  V f  ( s e e  F i g .  1 ,  
w h e r e   c u r v e  I i s  f o r   s a t u r a t e d   l o e s s   i n   a n  
o p e n  s y s t e m ) .  T h e  f r o s t  h e a v e  r a t i o   d e c -  
r e a s e s  w i t h   t h e   i n c r e a s e   o f   t h e   p e n e t r a -  

t i o n  s a t e ,  w h i c h   c a n   b e  e x p r e s s e d  a s   f o l -  
l o w s ,  

q =  K / V f  ( 1  1 

w h e r e   K = c o r r s t .  F o r  u n s a t u r a t e d   s o i l   i n  
t h e   l d b o r a t o r y  or  i n   s i t u ,   b e c a u s e   o f  
w a t e r   m i g r a t i o n   w h e n   f r o s t  p e n e t r a t e s ,  
t h e  m o i s t u r e   c o n d i t i o n   a l o n g  t h e  
d e p t h  will v a r y   s l i g h t l y .  So e v e n   t h o u g h  
t h e   c u r v e   s h a p e s   a r e  s i m i l a r ,  t h e r c   a r e  
s t i l l  s o m e   d i f f e r e n c e s   f r o m   t h a t  o f  t h e  
s a t u r a t e d  c a s e  ( s e e   F i g .  1, c u r v e s  I t o  IV). 

I f   t h e   r e l a t i o n   b e t w e e n  q a n d  V f  i s  a s  
s h o w n   i n   F i g u r e  7 ,  we may d i v i d e   t h e   d e v e -  
l o p m e n t   o f   f r o s t   h e a v e   r a t i o   i n t o   t h r e e  
s t a g e s :  

I, when V f s  V f l ,  i.c. ( L / f i ) *  (1/&1), 

t h e n  q = r l o + A ‘ l  +c [ l / f i f  - 1/&1] ( 2 1 

11- when V f p V f 2 v f 1 , i . e .  (1/,JV+(.l/fi)> 

t h e n  n=rl’=rl0 + Aq [(l/&-l/Jvf2)/ 

( 1 / K 2 J ,  

(l/J-i&l/&) 3 3 ( 3 )  

I I l . w h c n  V +   V f 2 ,  i . e .  ( l / m f ) z ( l / w z ) ,  
t h e n  = ‘lo ( 4 )  

F o r   L a n z h o u  l o e s s  a n d   r e d   c l a y e y   l o a m ,  
t h e   r e l a t i o n   b e t w c e r i   t h e i r   f r o s t   h e a v e  r a t e  
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Figure 3.  Frost heave rate vs f r o s t  p e n e t r a t i o n  ra te .  

R a n d   p e n e t r a t i o n   r a t e  V f  i s  shown i n  
F i g u r e  3 .  C o m p a r i n y   F i g u r e  3 w i t h   F i g u r e  
2 ,  we see t h a t :   F i r s t l y ,   w h e n  V f < V f l ,  R 
c o n s l . s t s  o f  two  p a r t s ,   o n e  i s  p r o d u c e d   b y  
f r e e z i n g  o f  p o r e   w a t e r ,   a n o t h e r  i s  p r o d -  
u c e d   b y  i c e  s e g r e g a t i o n .   . I t  r i s e s  r a p i d l y  
w i t h   t h c   i n c r e a s e   o f  V f .  S e c o n d l y ,   w h e n  
V f 2 & V f 3 V f 1 ,  R a l s o  i n c l u d e s   a b o v e  two 
p a r t s ,   b u t  i t  d c c r e a s e s   w i t h   t h e   i n c r e a s e  
o f  V f .  T h i r d l y ,   w h e n  V T > V f z ,  R is o n l y  
p r o d u c e d   b y   f r c e 7 i n g  o f  p o r e  w a t c r  i n   s i t u  
a n d  i s  p r o p o r t i o n a l .  t o  V f ,  T h u s ,   t h e r e  i s  
n o   w a t c r   m i g r a t i o n   i n   t h i s   s e c t i o n .  

F r o s t   H e a v e   R a t i o  q a n d   E f f e c t i v e   , S u r c h a r g e  
S L r e s s  P 

I t  i s  k n o w n   t h a t   a c c o r d i n g  t o  t h e   t h c r -  
m o d y n a m i c   e q u i l i b r i u m   p r i n c i p l c   t h e  f r e e -  
z i n g   p o i n t   o f   s o i l  water  will b e   d e p r e s s e d  
w h e n   e x t e r n a l   p r e s s u r e  I' a n d  water p o t e n -  
t i a l  P w   a r e   r a i s e d ,   w h i c h  .is e x p r e s s e d   b y  

A T  = T o  (Vw P w - V i  A P i ) / L  ( 5 )  

w h e r e   A T = t h e   f r e e z i n g   p o i n t   d e p r e s s i o n , O C  
T o = f r e e z i n g  p o i n t  o f  p u r e   w a t c r , o K  
V w = s p e c i P i c  v o l u m e  o f  w a t e r  

V i = s p e c i f i c  v o l u m e  of  i c e  
A P i = i . c e  s t r e s s  

L - . l a t e n t   h e a t  o f  f u s i o n  f o r  w a t e r  
I n   a n   o p e n   s y s t e m ,  APw=O a n d   A P i   e q u a l s  
t h e   e f f e c t i v e   s u r c h a r g e  s t r e s s  P .   R a s e d  
o n  L h e  a b o v e   e q u a t i o n ,   t h e   r e l a t i o n s h i p  
b e t w e e n  A T  a n d  P f o r  s a t u r a t e d  l o e s s  was 
m e a s u r e d   a n d   c a n   b c   e x p r e s s c d   a p p r o x i m a t e 1 1  
b y  a l i n e a r   e q u a t i o n ,  

AT"  0.07P ( 6 )  
I n   a d d i t i o n ,   w h e n  t h e  e f f e c t i v e   s u r c h a r g e  
s t r e s s  r i s e s ,  t h e   d e n s i t y  o f  s o i l  w i l l  i n -  
c r e a s e  a n d   t h e   p e r m e a b i l i t y  w i . 1 1  d e c r e a s e .  
As a r e s u l t ,   t h e   s p e c i f i c   v o l u m e t r i c  suc- 
t i o n  o r  w a t e r  E W  d u r i n g   f r e c r i " n g   d e c r e a s e s  
( r i g u r e  4 ) .  T o r  s a t u r a t e d  l o e s s  E w  c a n   b e  
e x p r e s s e d  a s  f o l l o w s ,  

C W  -5wo e x p   ( - a p )  ( 7 )  

w h e r e  Ewo j s  s p e c i f i c   v o l u m e t r i c   s u c t i o n  
water w h e n  P = O ,  a - c o n s t .  
B e c a u s e  o f  m e n t i o n e d   a b o v e ,   t h e   h i g h e r   t h e  
s u r c h a r g e  s t r e s s  i n  s o i l ,  t h e   l o w e r   t h e  
w a t e r   m i g r a t i o n  r a t e  t o  t h e  f r o s t  f r o n t  
w i l l  b e .  As a r e s u l t ,   t h e   h e a v e   w i l l .  
be lower. When t h e  s u r c h a r g e  s t r e s s  

r e a c h e s   t h e   s h u t - o r f   p r e s s u r e   P o ,   t h e r e  
will b e  no water f l o w  t o  t h e  f r o s t  f r o n t ,  
a n d   t h u s  no f r o s t   h e a v e   w i l l .   b e   m e a s u r e d .  
When t h e  s t r e s s  P i s  g r e a t e r   t h a n   P o ,   t h e  
p o r e  water a t   t h e   f r o n t  will b e   e x p e l l e d  
d u r i n g   f r e e z i n g .  A s  s h o w n   i n   F i g u r e  5 ,  
t h e  s h u t ; - o f f   p r e s s u r e  f o r  s a t u r a t e d   l o e s s  
f r o z e n   i n   a n   o p e n   s y s t e m  i s  a b o u t  4 . 6  
k g / c m 2   ( f o r  V f w  1 m m / h r ) .  

T h e  s e m i - e x p o n c n t i a l   r e l a t i o n   b e t w e e n  
t h e  f r o s t  h e a v e  r a t i o  n o r  h e a v e  r a t e  R a n d  
t h e   p e n e t r a t i o n   r a t e  V f  i s  shown i n  F i g u r e  6. 
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Figure 6 .  Frost  heave ratio and rate vs surcharge. 1). AF = after   freez ing .  BFm- before freezing. 

I t  i s  o b v i o u s   t h a t   t h e   r e l a t i o n s h i p   f o r  
n o t   o n l y  J. s a t u r d t e d  l o e s s  in t h e   l a b -  
o r a t o r y   b u t  a L s o  f o r  d c J a y e y   l o a m   i n  s i t u  
c a n   b e   d e s c r i b e d  ds f o l l o w s ,  

rl = n o c x p   ( - b P  1 ( 8 )  

R I- R o  e x p  ( - D P )  ( 9 )  

A b o v e   e q u a t i o n s   s h o w  t h a t  t h e   f r o s t   h e a v e  
o f  a f o u n d a t i o n   s o i l  may h e   c o n t r o l l e d   b y  
s u r c h a r g e .   C o n v c r s e l y ,   t h e   n o r m a l   f r o s t  
h e a v i n g   f o r c e   a c t i n g   o n   f o u n d a t i o n   c a n  
a l s o   b e   c a l c u l a t e d  i f  t h e   g i v e n   F r o s t  
h e a v e  i s  known.  

F r o s t  H e a v c   a n ?   G r o u n d  Water T a b l e  H w  

I n   a d d i t i o n  t o  t h e  water  c o n t e n t   o f  
s o i l ,   t h e   g r o u n d w a t e r   t a b l e  i s  an I m p o r -  
t a n t   f a c t o r   f o r  e v a l u a t i n g  t h e  r c l a t i v e  
f r o s t   s u s c e p t i b i l i t y   o f   s o i l   i n  o p e n  
s y s t e m .   S o m e   o b s e r v a t i o n s   o b t a i n e d   a t  
7 h a n g y i   S t a t i o n   o n   t h e   e f f e c t   o f   g r o u n d  
w a t e r   L a b l e   a r e   p r e s e n t e d  i n  F i q u r e  7 .  I t  
i s  shown t h a t   t h e   h e a v e   r a t i o  f o r  a c l a y e y  
s o i l   i n c r e a s c s   r a p i d l y  a s  t h e   g r o u n d w a t e r  
t a b l e  r i ses .  W i t h  a r a t h e r   d c e p   w a t e r  
t a b l e ,   b e c a u s e   t h c   c a p i l l a r y  r i s e  i n  
c l a y e y   l o a m  i s  h i g h e r   t h a n   t h a t  o f  s a n d y  

l o a m ,  i t s  h e a v e   r a t i o  i s  l a r g e r .   H o w e v e r ,  
when t h e  water t a b l e  is r a t h e r   s h a l l . o w ,  
t h e   h e a v e   r a t i o   o f   s a n d y   l o a m  w i l l  b e  
l a r g e r   b e c a u s e  o f  i t s  h i g h e r   p e r m e a b i l i t y .  
% h u   Q i a n q   ( 1 9 6 1 . )   d e r i v c d   t h e   F o l l o w i n g  
l i n e a r   e q u a t i o n   f o r   e v a l u a t i n g   t h e  f r o s t  
h e a v e   r a t i o  o f  a s i l t y  l o a m   w i t h   v a r y i n g  
g r o u n d w a t e r   t a b l e  H w  aL a t c s t  c a n a l   i n  
t h e   Z h a n g y i   d i s t r i c t   a s   f o l l o w s ,  

rl = 64.4-29.6 H w  ( 10  ) 
The r e d i s t r i b u t i o n  o f  m o i s t u r e   w i t h  

d e p t h   u n d e r   v a r i o u s   w a t e r   t a b l e s   d u r i n g  
f r e c L i n g  was o b t a i n e d   i n  t h e  l a b o r a t o r y  
a n d   i n   s i t u .   F i g u r e  8 g i v e s   t w o   e x a m p l e s  
f o r   c l a y e y   l o a m   ( s e e   T a b l e  1, N o . 3 )  t e s t e d  
i n   t h e   l a b o r a t o r y .  I t  i s  shown t h a t   t h e r e  
is a n   i n t e n s i v e   w a t e r   m j y r a t j o n   z o n a  
b e n e a t h   t h e   f r o s t   f r o n t   w i t h  a r a n g e   o f  
a b o u t  30 cm. B e f o r c   f r e e r i n g ,   t h e   s o i l  
w a t e r   s u c t i o n  a t  t h e   s a m e   d e p t h   f o r   d i f -  
f c r e n t  water t a b l e   d e p t h s  i s  q u i t e   d i f -  
f e r e n t .   H o w e v e r ,   a f t e r   f r e e z i n g ,   t h e i r  
s u c t i o n   f o r c e s   n e a r   t h e   f r o s t   f r o n t   a r e  
n e a r 1 . y   t h e   s a m e .  As a r e s u l t ,  t h e  s u c t i o n  
g r a d i e n t   f o r  a s h a l l o w  water  t a b l , e  i s  much 
g r e a t e r   t h a n   f o r  a d e e p e r   w a t e r   t a b l e .  
T h i s   r e s u l t s   i n   m o r e  water m i g r a t i o n   t o  
t h e   f r o s t   f r o n t   a n d   g r e a t , e r  i c e  s e g r e q a -  
t i o n  f o r  t h e   s h a l I o w  water t a b l e   c o n d i t i o n .  
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I n   a d d i t i o n ,   f o r   t h e   d e e p e r  watcr t a b l e ,  
b e c a u s e   t h e  water c a n   n o C   b e   s u f f i c i e n t l y  
s u p p l i . e d   t o   t h e   f r e e z i n g   f r o n t ,   t h e   m o i s -  
t u r e   c o n t e n t  a t  t h e   b a s e  o f  t h e   f r o z e n  
p o r t i o n  i s  a 1 , m o s t   a l w a y s  l e s s  t h a n   b e f o r c  
f r e e z i n g  ( s e e  F i g u r e  8 ) .  

CONCLUSIONS 

1. Two c r i . t i c a 1  f r o s t   p c n e t r a t i o n  r a t e s  
d i v i d e   t h e   d e v e l o p m e n t   o f   t h e   f r o s t   h e a v e  
r a t i o   i n t o   i n t e n s i v e ,   s l o w ,   a n d   u n - c h a n g i n g  
s t a g e s ,   a n d   d e t e r m i n e   w h e t h e r  i c e  s e g r e g a -  
t i o n   o c c u r s .  
2 .  U n d e r   s u r c h a r g e  s t r e s s ,  t h e  f r e c ? i . n g  
p o i n t  is d e p r c s s e d   a n d   s p e c i f i c   v o l u m e t r i c  
s u c t i o n  water  d u r i n g   f r e e z i n q   d e c r e a s c s .  
As a r e s u l t ,   t h e   f r o s t   h e a v e   r a t i o   d e c -  
r e a s e s  e x p o n e n t i a l l y  w i t h  a n  i n c r e a s e  o f  
t h e   s u r c h a r g e  s t ress .  
3 .  H e f o r e   P r e e z i n g ,   t h e   s o i l ,   w a t c r   t e n s i o n  
a t  a g i . v e n   d c p t h  i s  much l a r g e r   f o r  a 
s h a l l o w  water  t a b l e   t h a n   f o r  a d e e p e r  water 
t a b l e .   H o w e v e r ,   a f t e r   f r e e z i n g ,   t h e  m0i.s- 
t u r e  t e n s i o n s   n e a r   t h e   f r o s t   f r o n t   a r e  
a l m o s t   t h e  same, t h u s  c a u s i n g   m u c h  more  
wa tc r  m i g r a t e   t o   t h c   P r e e z i n g   f r o n t   u n d e r  
s h a l l o w  water  t a b l e   c o n d i t i o n .  
4 .   T h e r e f o r e ,   b e s i d e s   t h e   p a r t i c l e  s i . z e ,  
t h e   c f f e c t  o f  f r o s t  p c n e t r a t i o n   ' r a t e ,   s u r -  
c h a r y e  s t r e s s ,  a n d   g r o u n d w a t e r   [ : a b l e  
s h o u l d   b e   c o n s i d e r c d   f o r   e v a l u a t i n g  t h e  
f r o s t   s u s c e p t i b i l i t y  O F  s o i l   d u r i n g   f r e e -  
z i n q .  
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VERTICAL AND HORIZONTAL ZONATION OF HIGH-ALTITUDE PERMAFROST 
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Alpine  permafrost   cannot   be  c lass i f ied  into  cont inuous,   d iscont inuous,  ana i s l a n d  
types ,   s ince  no a lp ine   permafros t  is ac tua l ly   cont inuous .   Accord ing   to  i t s  
s t a b i l i t y ,   i n d i c a t e d  by i t s  thicbess  and t h e  mean annual  ground  temperature, the 
permafrost  on the  Qinghai-Xizang  Plateau  should be d i v i d e d   i n t o   t h r e e  zones: 
upper zone ( ex t r emly   s t ab le ) ,   m idd le  zone ( s t a b l e ,   s u b s t a b l e ,  and t r a n s i t i o n a l ) ,  
and the  lower  zone  (unstable   and  extremely  unstable) .  The d i s t r i b u t i o n  of a l p i n e  
permafrost  shows l a t i t u d i n a l   v a r i a t i o n .  The lower limit rises northwards t o  i t s  
extreme value at l a t i t u d e  25'22'N, t h e n   d e s c e n d s   a s   t h e   l a t i t u d e   c o n t i n u e s   t o  
i nc rease .  Data show t h a t   t h e   e l e v a t i o n  of the permafrost  lower limit is r e l a t e d  
t o   t h e  a r i d i t y  of the a rea .  A region with h i g h e r   p r e c i p i t a t i o n   u s u a l l y  has more 
cloud  cover,  which reflects both  outgoing and  incoming  radiation.  North of about 
40"N, the   incoming  radiat ion is l e s s   t han   t he   ou tgo ing  60 t h a t   t h e  main e f f e c t  of 
the  c loud  cover  is t o  heat t h e   a i r ,   r a i s i n g  the a lp ine   pe rmaf ros t ' s   l ower  limit; 
sou th  of 40°N, however, the  incoming  radiat ion is grea te r   t han  the outgoing, So 
t h e  main e f f e c t  of the  c loud  cover  is  t o   c o o l   t h e   a i r ,   l o w e r i n g  the pe rmaf ros t ' s  
lower limi t . 

T h e   p e r m a f r o s t   a b o v e  a c e r t a i n   e l e v a -  
t i o n  t o  t h e   s o u t h   o f   t h e   p e r m a f r o s t   s o u t h -  
ern b o u n d a r y  i s  c a l l e d   h i g h - a l . t i t u d e   p e r -  
m a f r o s t ,  b u t   L h e   p e r m a f r o s t  Lo t h e   n o r t h  
o f   p e r m a f r o s t   s o u t h e r n   b o u n d a r y  i s  c a l l e d  
h i g h - l a t i t u d e   p e r m a f r o s t .   T h e r e   a r e   m a n y  
m o u n t a i n s   a n d   p l a t e a u s   i n   C h i n a .  T h e  a r e a  
of  h i g h - a l t i t u d e   p e r m a r r o s t   i n   C h i n a  i s  u p  
t o  1 , 7 3 2 , 0 0 0  kmz w h i c h   o c c u p i e s  8 0 . 6 %  of  
t h e  t o L a l   p e r m a f r o s t  d r e a  o f   C h i n a ,   a n d  
7 4 . 5 %  o f   t h e   t o t a l   p e r m a f r o s t   a r e a  o f  
N o r t h e r n   H e m i s p h c r e .  

S u m m a r i 7 i n g   t h e   r e c e n t   d a t a   o f   h i g h -  
a l t i t u d e   p e r m a f r o s t   d i , s t r i b u t i o n   r e p o r t e d  
f rom t h e   w h o l e   w o r l d   w i t h   s p e c i a l  r c f c r -  
e n c c  t o  t h e   d a t a  o f  C h i n a ,  i t  h a s   b e e n  
f o u n d   t h a t   t h e r e  i s  a n   o b v i o u s   t h r e e -  
d i m e n s i o n a l   z o n a L i o n   i n   p e r m a f r o s t   d i s t r i  - 
b u t i o n ,  i . e .  v e r t . , i r a l   z o n a t i o n ,   a r i d i t y  o r  
l o n g i t u d e   z o n a t i o n ,   a n d   l a t i t u d e   7 o n a t i o n .  

V E R T I C A L  Z O N A T I O N  

H i g h - a l t i t u d e   a n d   h i g h - l a t i , t u d e   p e r m a -  
f r o s t  a r e  q u i t e   d i f f e r e n t :  i r l  d i s t r i b l l t i o n -  
a 1  p a t t e r n .   T h o r o  i s  a n   o b v i . o u s   v e r t i c a l  
z o n a t i o n  i,n t h e   d i s t r i b u t i , o n   o f   h i g h -  
a l t i t u d e   p e r m a f r o s t ,  t h e r e r o r e  t h e   p r o j c c -  
t i o n  o f  s o - c a l l e d   " c o n t l n u o u s   p e r m a f r o s t "  
o n   p l a n e  i,s u s u a l l y   n o t   c o n t i n u o u s   b u t  
i s o l . a t e d .   T h u s ,   a c c o r d i - n g   t o   t h e   p r o j e c -  
t i o n s   o n   p l a n e ,   t h e r e  a r e  i s l a n d s  of  " c o n -  
t i n u o u s   p e r m a f r o s t , "   " d i s c o n t i n u o u s   p e r m a -  
f r o s t , "  a n d   i s o l a t c d   p e r m a f r o s t   ( F i g u r e  1.). 
T h e  q r o u n d   t e m p c r a t u r e s   a n d   t h i c k n e s s e s  o f  
t h e s e   p e r m a f r o s t   i s l a n d s  a r e  q u i t e   d i f -  
f e r e n t .   U n d c r   t h e s e   c i r c u m s t a n c e s ,   t h e  
d i v i s i o n  o f  p e r m a f r o s t   i n t o   z o n e s   b y   u s i n g  
c o n t i n u o u s   c o e f f i c i e n t   a n d   t h e   n a m e s   s u c h  
a s  c o n t i n u o u s ,   d i s c o n t i n u o u s ,   a n d  I s o l a t e d  

a r e  n o t   c o n v e n i e n t   t o   h i g h - a l t i t u d e   p e r m a -  
f r o s t .  On t h e   o t h e r   h a n d ,   t h e   h i g h -  
a l t i t u d e   a n d   t h e   h i g h - I a l i t u d e   p e r m a f r o s t  
h a v e   c o m m o n   c h a r a c t e r i . s t i c s   i n   o r i g i n .  
T h e y   a l l  a r c  t h e   p r o d u c t s  of h e a t   a n d   m a s s  
e x c h a n g e   b c t w e e n   t h e   e a r t h ' s '   c r u s t   a n d  
t h e   a t m o s p h e r e ,   a n d   e x i s t   i n  a  one w i t h  a 
l ower  l e v e l  o f  e n e r g y .   B a s e d   o n   t h e s e  
f e a t u r e s ,   a n d   w i t h   s p e c i a l   r e f e r e n c e  t o  
t h c  d a t a   o f   Q i n g h a i - X i z a n g   P l a t e a u ,  a 
s c h e m e   f o r   c l a s s i f y i n g   h i g h - a l t i t u d e   p e r -  
m a f r o s t   i n t o  7or1es h a s   b e e n   s u g g e s t e d   b y  
u s i n g   m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e  a s  
t h e   m a i n   i n d e x   a s   s h o w n   i n   T a b l c  1. 

i o u s   c l i m a t i c   r e g i o n s  a r e  d i - f f e r e n t .   I n  
c o n t i n e n t a l   r e g i o n s   w h e r e   t h e   m e a n   a n n u a l .  
a i r  t e m p c r a t u r e   n e d r   s n o w   l i n e  is a b o u t  
- 1 2 O C  ( D a x u e   S h a n ,   Q i l i a n   S h a n ) ,   t h e r e   a r e  
t h r e e   z o n e s .   I n   s u b c o n t i n e n t a l   r e g i . o r 1 s  
w h e r e  t h e  m e a n   a n n u a l   a i r   t e m p e r a t u r e   n e a r  
s n o w   l i n e  i s  a b o u t  - 8 . 5 O C  ( L e n g l o n g   L i n g ,  
Q i l i a r l  S h a n  ) ,  t h e r e   a r e  two  ones, a n d   i n  
t h e  marit ime r e g i o n s ,   t h e   m e a n   a n n u a l   a i r  
t e m p e r a t u r e   n e a r   t h e   s n o w   l i n e  i s  a b o u t  
- 4 O C  ( G u x i a n g ,   T i b e t ) ,  a s  a r e s u l t   t h e r e  
i s  o n l y   o n e   z o n e   ( F i g u r e  2 ) .  On t h e  o t h e r  
h a n d ,   w h e r e   t h e   b a s e   z o n e  i s  t h e   u p p e r  
z o n e  w e  h a v e   o n l y   o n e   z o n e ;   w h e r e  t h e  b a s e  
z o n c  i s  t h e   m i d d l e   L o n e  we h a v e   t w o   z o n e s ;  
a n d   w h e r e   t h e   b a s e  Is t h e  l o w e r  z o n e ,  we 
s h a l l   h a v e   t h r e e   z o n e s .   T h e r e f o r e ,   v a r -  
i o u s   c o m b l n a t i o n s  o f  e l e v a t i o n ,   l a t i t u d e ,  
a n d   d i s t a n c e  f r o m  o c e a n   r e n d e r   d i f f e r e n t  
p c r m a f r o s t   v e r t i c a l   s p e c t r a ,  s o  t h a t   t h e  
r e y i . o n a 1   d i . s t r i b u t i , o n  of  h i , y h - a l t i t u d e  
p e r m a f r o s t   c o u l d   b e   b e t t e r   d e s c r i b e d   t h a n  
b e f o r e   b y   u s i n g   t h c   c o n c e p t  of  p e r m a f r o s t  
v e r t i c a l   s p e c t r a .  

T h e   v e r t i c a l   p e r m a f r o s t   s p e c t r a   i n   v a r -  
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T A B L E  1 C l a s s i f i c a t i o n   o f   P e r m a f r o s t  o f  Q i n g h a i - X i z a n g   P l a t e a u .  

Mean a n n u a l  T h i c k n e s s  R e l a t i o n s h i p  b e t w e e n  Mean a n n u a l   a i r  
g r o u n d  O f  e l e v a t i o n  o f  z o n e  t e m p e r a t u r e   a t  

t e m p g r a t u r e  p e r m a f r o s t  b o u n d a r y  ( Y )  a n d  l o w e r  limit 
Name o f  t h e  z o n e s  

( C )  ( m  1 l a t I t u d e  ( x )  ( O C  1 
" 

Upper   Ex t r eme ly  
z o n e   s t a b l e  -5 .0  k-170 

- ." "- Y -111.1. - 1 . 7 2 ~  
5-  - 6 .  s 

S t a b l e  - 3 . 0  " 5 . 0  110  -170  
- Y4=108. 6 - 1 . 7 2 ~  -6.5 

S u b s t a b l e  -1.5 "3.0 6 0  -110  
z o n e  Y - 1 0 6 . 2 - 1 . 7 2 ~  - 3- -5 .0  

T r a n s i t i o n   - 0 . 5  "1.5 30 - 60 
Y2=1O4.2-1.72x  -4.0 

U n s t a b l e  + O .  5 " 0 . 5  0 - 30 
Y - 1 0 1 - 1 . 7 2 ~  Lower 1 - -  

z o n e  

- 2 . 0  "3.0 

F x t r c m e l y  
u n s t a b l e  

-. - ". 

T A B L E  2 A l t i t u d e   o f   L o w e r  L i m i t  o f  H i g h - A l t i t u d e   P e r m a f r o s t  i n  the N o r t h e r n   H c m i s p h c r e .  
I I~ 

Lower 
A r e a   L o c a l i t y   L a t i L u d e  Limit H e f e r e n c e s  

( m )  
" "- 

H i m a l a y a  
G u l u  
S i d a o l i a n g  
M a l n t e n a n c e   S q u a d   1 2 5  

C h i n a  M a i n t e n a n c e   S q u a d   1 2 1  
X i d a t a n  
Q i l i a n   S h a n  
T ian   Shan  
A l t a y   S h a n  

28'10' 
3Oo4O1 
3 l o O 8 '  
71'41 I 

32'00' 
3 5040 
3H020 '  
43O00' 
46°00 '  

5200 
4800 
4720 
4640 
4610 
4 2  50 
3500 
2 700 
2200 

Lhou Youwu and  Guo D o n g x i n   ( 1 9 6 2 )  
Cheng  Guodonq  and Wang S h a o l i n g   ( 1 9 8 2 )  
Wang 3 2 a c h e n g  e t  a l .   ( 1 9 7 9 )  
Wang 3 i a c h e n g  e t  a l .   ( 1 9 7 9 )  
Warrg 3 i a c h e n g  e t  a l .   ( 1 9 7 9 )  
Wang 3 i a c h e n g  e t  d l .  ( 1 9 7 9 )  
Guo P e n g f o i  ( 1 9 8 0 )  
Q i u  GuoqinrJ e t  a l .  ( 1 9 7 5 )  
Tong  BoLiang  and L i  S h u d e   ( 1 9 8 1 )  

K h u m b u  H i m a l a y a  27'55' rC950 F u j i i  a n d   H i q u c h i  ( 1 9 7 6 )  
M u k u t  H i m a l a y a  213O45' 4YSO F u j i i  a n d   H i g u c h i  ( 1 9 7 6 )  

" 

T i e n  Shan 42'00' 2700  Gorbunov ( 1 7 7 6 )  
USSR P a m l r   P l a t c a u  3 8 0 0 0 1  3700  Gorbunov ( 1 9 7 8 )  

D z h u n g a r s k i y   A l a t a u  45OOo1 2500 G o r b u n o v  ( 1 9 7 8 )  

Rerner O b e r l a n d  46'30 ' 2 3 5 0   B a r s c h   ( 1 9 7 6 )  

F l u e l a p a s s  46045  I 2 3 0 0   H a e b c r 1 . i   ( 1 9 7 5 )  
A l p s   W a l l i s / G r a u b u n d e n  46' 30 I 2 5 5 0   B a r s c h   ( 1 9 7 8 )  

~- 
M e x i c o   C i t l a t e p e t l   1 9 0 0 0  ' 4 6 0 0   L o r e r t r o   ( 1 9 6 9 )  

" 

Tesuque P e a k  35O47' 3720 Ratzsr ( 1 9 6 5 )  
Niwot   H idgc  40°00 '   3500  I v e s  a n d  F a h e y   ( 1 9 7 1 )  

A m e r j c a   P l a t e a u  M t .  50°16 '   2224  H a r r i s   a n d  Brown ( 1 9 7 8 )  
G a r i b a l d i   P a r t  49O5131 1 8 3 0   M a t h e w s   ( 1 9 5 5 )  
N c a r   C a s s i a r  59O18 ' 1370 Brown ( 1 9 6 9 )  
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F I G U R E  1 S k c l : c h   m d p   s h o w i n g   v a r i n u s  
p c r m a f r o s t  i sl ar lds 
1. c o n t i n u o u s   p e r m a f r o s t , ;  2 .  d i s c o n t i n u o u s  
p e r m a f r o s t ;  3 .  i s o l a t e d   p e r m a f r o s t ;  
4 .  b o u n d a r y   o f   2 o n e s ;   a n d  5. s e a s o n a l  
f r o z e n   g r o u n d .  

L A T I T U D I N A L   Z O N A T I O N  

T h e   c h a n g e s  o f  t i m b e r l i n e ,   s n o w l i n e ,  
b o u n d a r y  of  m o u n t a i n   c o l d   d e s c r t   s o i l ,   a n d  
p e r m a f r o s t  lower limit w j L h   l a t i t u d e  a r c  
q u i t e   s i m i l a r   ( H i u  Wenqudn 1980 ;  C h c n g  
G u o d o n g   a n d  Warly S h a o l i n y   1 9 8 2 ;   3 i a n g  
Z h o n g x i n  1 9 8 2  ). By f i t t i n g   t h e  G a u s s  
c u r v e  t o  t h c   d a t a   o f   h i g h - a l t i t u d e  
p e r m a f r o s t   l o w e r  l imit  i.n N o r t h e r n  H l m i -  
spherc  ( T a b l e  2 ) ,  t h e   e m p i r i c a l  correld- 
t i o n   b e t w e e n  lower limit o f   h i g h - a l t i t u d e  
p c r m a f r o s t   ( H )   a n d   l a t i t u d e  (4) h a s  b e e n  
o b t a i n e d  a s  f o l l o w s :  

tt:3650 e x p [ - 0 . 0 0 ~  ( 4 - 2 5 .  j 7 ) 2 ] + 1 4 2 H  ( 1 )  

T e n t a t i v e   a p p l i c a t i o n   q i v p s   s a t i s f a c -  

D i f f e r e n t  f rom t h o s e   l i n e a r   m a t h e m a -  
t . o r y   r n s u l  t s  ( F i g u r e  3 ) .  

t i c a l   m o d e l s   o b l ' d i n e d   b e f o r e .   t h i s   f u n c -  
t i o n   h a s   a n   e x t - , r e m e  val.ue a n d  a p o i n t  o f  
i n f l e c t i o n .  As i n d i c a t e d  b y  jt, s t a r t i n y  
f rom t h c  e q u a t . n r ,  t h e   p e r m , ~ f r o s k  lower 
l imi t  r i s c s  w i t h   i n c r e a s i n q   l a t i t u d e ,   a n d  
r e a c h e s  i t s  e x t r c m c   v a l u e  o f  5078 m a t  t h e  
l a t i t u d e  of  2 5 " 2 2 ' N .  T h e n  i t  d e s c c r l d s  
w i t h   i n c r e a s i n g   l a t i t u d e .  A t  t he  i . r r i t i a 1  
s t a g e ,   t h e   d c s c e n d i n q   s l o p e  i s  s t e e p e r ,  
a n d   r e a c h e s  i t s  maximum a t   l a t i t . u d c  38"N. 
t h e n   b e c o m e s   y e n t . l c   w i t h   i n c r e a s i n g   l a t i -  
t u d e .   T h e s e   f c a t u r c s  of  t h e  f u n c t i o n   a r e  
c l o s e l y   r e ' l a t e d  t o  L h e   f e a t u r e s  o f  m e a n  
1 a t i t u d i . n a l   d i s t r i b u t i o n  o f  e a r t h ' s   r a d i a -  
t i o n   b u d g e t .   S t a r t i n q  f rom t h e   e q u a t o r ,  
t h e   i n c o m i n g   r a d i a t i o n  a l s o  i r r t e n s i f  i e s  
w i t h   l n c r c a s i n g   l a t i t , u d c ,  d n d  r e a c h e s  i t s  
maximum d t  a b o u t  25'N o r  l a t i t u d e ,   t h e n  
r e d u c e s   w i t h   i n c r e a s i n g   l a t i t u d e .   T h c  
d i r f e r e n c e   b e t w e c n   i r r c o m i n q   a n d   o u t g o i n g  

A B C 

F I G U R E  2 V e r t i c a l   s p e c t r a  o f  p e r m a f r o s t   i n  
v a r l o u s   c l i m a t i c   r e g i o n s  
1. q l a c i e r ;  2 .  u p p e r   z o n e ;  3 .  m i d d l e  7 0 1 1 U ;  
4.  lower l o n e ;  5 .  m e a n   a n n u a l   g r o u n d  
t e m p e r a t u r e .  
A. c o n t i t l c n t a l  c l i m a t i c  r e g i o n ;  El. s u b - c o n t i n e n t a l  c l  i m a 1 , i c   r e q i o n ;  
C .  m a r i t i m e  c l i m a t i c   r e g i o n .  

X fitting curve 

o Western  China 

1 I I I I I 
20 30 40 50 ti0 
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F I G U R E  3 C o m p a r i s o n  o f  p e r m a f r o s t  l o w e r  
l o w e r  l i m i t .  i n   N o r t h e r n  H e m i s p h e r e  b e t w e e n  
o b s e r v e d   a n d  c a l  c u . l . a t e d  v a l u e .  

r a d i a t i o n   a l s o   r e a c h c s  i t s  maximum a t  
a b o u t  2 5 o N  ( C r i t c h f i c 1 . d  1 9 7 4 )  ( F i q u r e  4 ) .  

p e r m a f r o s t   m e a s u r e d   o n   Q i n g h a i - X j L a r l q  
P l a t e a u   h a s   b e e n   d i v i d e d   i n l , o  f o u r  q r o u p s  
w i t h   r e f e r e n c e  t o  t h e  p r a c t i c d l .   c o n d i t i o n s  
o n   t h e   p l . a t e a u .   T h e r l   t h e s e   f c ~ u r  g r o u p s  o f  
v a l u e  h a v e   b e e n   c o r r c l a t e d   w i t h   e l e v a t i o n  
a n d   I . d t i t u d e ,   w h i . c h   g i v e s  a f a i r l y  g o o d  
r e s u l t   ( F i g r l r e  5 ) .  A p p l y i n g  t h e  I i r lear 

T h e   m e a n   a n n u a l   g r o u n d   t e m p e r a t l l r e   o f  



2 . 5  

2 

1 . 5  

1 

0.5i 0 90 80 70 60 50 40 30 20 10 0 

latitude (degree) 

F I G U R E :  4 Mean l a t i t u d i n a l   d i s t r i b u t i o n  o f  
e a r t h ' s   r a d i a t i o n   b u d g e t .   ( a f t e r   H o u y h t o n )  

e q u a t i o n s  of  Y 1  t o  Y g  i n   F i y u r e  5 ,  wc can 
r o u q h l y   d i v i d e   t h e   h i g h - a l t i t u d e   p e r m a -  
f r o s t   i n t o   z o n e s  b y   u s i n g   e l e v a t i o n   a n d  
l a t i t u d e  (Tdb1.e 1 ) .  M a k i n q  a c o m p a r i s o n  
b e t w e e n   t h c   p r a c t i c a l   p e r m a f r o s t   z , o n e s   o n  
Q i n g h a i - X i z a n g   P l a t e a u  and t e n t a t i v e 1 . y  
d i v i d e d   z o n e s  by u s i n g   r i v e   e q u a t i o n s   o f  
Y ,  t o  Y , t h e  r c s u l t s  a r e   s a t i s f a c t o r y  
( C h e n g   Z u o d o n q   a n d  Wanq S h a o l i r r q  1 9 8 2 ) .  

A R I D I T Y  Z O N A T I O N  

F o r m e r   r e s e a r c h   w o r k s   h a v e   d e t e r m i n e d  
t h a t   t h e   p e r m a f r o s t   l o w e r  limit d e s c e n d s  
w i t h   i n c r e a s i n q   a r i d i t y  ( H a e h e r l i  1 9 7 8 ;  
H a r r i s   a n d  Brown  1978;  Q i u  G u o q i n g  e t  a l . ,  
1 9 8 3 ) .   B u t   t h e   w o r k s   o n   Q i n g h a i - X i z a n g  
P l a t e a u   h a v e   a r r i v e d   a t  a c o n t r a r y   c o n c l u -  
s i o n :   t h e   p e r m a f r o s t   l o w e r  limit d e s c e n d s  
w i t h  i n c r e a s l n g   p r e c i p l t a t i o n .  A s  a n  e x -  
a m p l e ,   t h e   f o l l o w i n g   b i n a r y   r e g r e s s i o n  
e q u a t i o n   h a s   b c e n   o b t a i n e d   f o r   Q i l i a n   S h a n  
M o u n t a i n s .  

H=7789  + 5 - 1 7 1 . 3 ~ 1 - 8 . 3 ~  (2) 

w h e r e :  H i s  t h e   e l e v a t i o n  o f  p e r m a f r o s t  
l o w e r  limit ( m ) ;  
X i s  t h e   l a t i t u d e   ( d e g r e e ) ;  
w i s  t h e   a n g l e   o f   p r e c i p i t a t i o n   c o n -  
t i n e n t a l i t y   ( d e g r e e ) ,  

c t g ( i l z d n n u a l   p r e c i p i t a t i o n  (mm)XlO,- 
e l e v a t i o n   ( m )  

-a  

w - a r c c t q a  

latitude (degree) 
IQ11 a 2  1 . 1 3  I 3 4  

F I G U K E  5 Mean a n n u a l   g r o u n d   t e m p e r a t u r e  
o f   p e r m a f r o s t  o n  Q i n q h a i - X i z a n g   P l a t e a u  
v s .  c l e v a t i n n   a n d   l a t i t u d e  
m e a n   a n n u a l   y r o u n d   t o m p e r a t u r e :  
1. + 0 . 5 - - 0 . 5 :  2. -O.5--1.5;  
3 .  -1.5--"-3.0;  4. -3.0-"5.0. 

T h e   c o r r e l a t i o n   c o e f f i c i e n t   o f   e q u a t i o n  
2 i s  R y 0 . 9 5 ,   a n d   r e s i d u a l   s t a n d a r d   e r r o r  
s=53.7 ( m ) .  T h e  rcsnl  t s  o f  c h e c k i n g   c o m -  
p u t a b l o n s  arc: i n   T a b l e  3 ,  i t s  a c c u r a c y  is 
e n o u g h   f o r  use .  

E q u a t i o n  2 a l s o   i n d i c a t e s   t h a t  t h e  p e r -  
m a f r o s t   l o w e r  l imit  d c s c e n d s   w i t h   i n c r e a s -  
i n g   p r e c i p i t a t i o n ,   w h i c h  i s  c o n t r a r y  t o  
t h e   f o r m e r   c o n c l u s i o n .  To t h i s  c o n t r a s t ,  
we t r y   t o   e x p l a i n  a s  follows. 

B a s e d   o n   t h e   s t a t i s t i c a l   a n a l y s i s   o f  
m e t e o r o l o g i c a l   d a t a   i n   W e s t e r n   C h i n a ,   t h e  
c o r r e l a t i o n   b e t w c e n   m e a n   a n n u a l   a i r  tem- 
p e r a t u r e   ( T )   a n d   c l e v a t i n n  ( X I ) ,  l a t i t u d e  
( X 2 ) ,  a s  wel l  a s   p r e c i p i t a t i o n  (X31 h a s  
b e e n   o b t a i n e d .  

T = b o + b  1. X 1 1 ,b2X2+b3X3 ( 3 )  

w h e r e :  b - c o e f f i c i e n t  

T h c   v a l u e s   o f   c o e f f i c l e n t  b i n   d i f f e r  - 
e n t   l a t i t u d e   s e c t i o n s   a n d   c o r r e s p o n d i n g  
c o r r e l a t i o n   c o e f f i c i e n t s  R a n d   r e s i d u a l  
s t a n d a r d   e r r o r s  5 a r e   l i s t e d  i n  T a b l e  4. 

f i c i e n t   b 3   r e l a t e d  t o  p r e c i p i t a t i o n   a r e  
p o s i t i v e   t o   t h e   n o r t h   f r o m  4 0 ° N ,   b u t  
n e g a t i v e   t o   t h e   s o u t h   f r o m  40'N. I t  m e a n s  
t h a t  t o  t h e   n o r t h   f r o m  40°N t h e  i n c r e a s e  
o f   p r e c i p i t a t i o n   m a k e s   t h e   m e a n   a n n u a l  a i r  
t e m p e r a t u r e  r i s e ,  b u t   q u i t e   t h e   c o n t r a r y  
t o  t h c  s o u t h   f r o m  40°N. T h e   r e a s o n  f o r  
t h i s   p h e n o m e n o n  I s  a s   f o l l o w s .   T h e   r e y i o n  
w i t h  m o r e  p r e c i p i t a t i o n   r ~ s u a l l y   h a s   m o r e  
c l o u d   c o v e r   w h i c h   c a n   r e f l e c L   b o t h   i n c o m -  

T a b l e  4 s h o w s   t h a t   t h e   v a l u e s   o f   c o c f -  



14 0 

TABLt.  3 A C o m p a r i s o n  o f  P e r m a f r o s t  Lower L i m i t  b e t w e e n   V a l u e s   M e a s u r e d   a n d   C a l c u l a t e d  
w i t h   E q u a t i o n   2 .  

~. 

A n g l e  o f  C l e v a t i o r l  o f  p e r m a -  
L a t i t u d e ,   p r e c i - p i t a t i o n  f r o s t  lowcr  limit, D i f f e r e n c a  

( d e g r e e )  w (m d . s . 1 .  ) ( m  ) 
L o c a t i o n  X c o n t i n e n t d l i   t y  H 

( d e g r e e )  M e a s u r e d   C a l c u l a t e d  

R a i h u a r h a n g   o f   L e n g l o n g   L i n g  37O43 '  3 4 . 9   3 4 5 0  3 5 0 4  + 5 4  

B a i s h e k o u   o f   L c n g l o n g   L i n g  37O58 '  3 4 . 9   3 5 0 0  3473   -2  7 

Garant) o f   L a j i s h a n  3h01 4 1  41. R 3 7 0 0  3742  + 4? 

X i a n g p i   S h a n  P a s s  o f  Q i n g h a i  
N a n s h a n  40.  H 3 6 7 8  3 6 8 0  t 2  

D a n g   j i n   S h a n k o u  7 7 . 6   3 6 5 0   3 6 6 0  + I  0 

D a t o u y a n g   c o a l   m i n e   i n  
D a q a i d a m   S h a n  3 7 O 4 7 '   7 4 . 4   3 8 5 0   3 8 6  I t l l  

H c s h u i   c o a l   m i n e  o f  D a t o n g  S h a n  37 '40 '   34 .0  3 4 8 0  3507 + 2  2 

Y i j i d  S h e e p f o l d  o r  Z o u l a n g  
N a n s h a n  39 '14 '  54.0 3 s 7 0   3 4 7 9  - 41 

H e k a   N a n s h a n  35O49 4 1 . 2   3 8 2 0  3 7 6 8   - 3 3  

N o r t h e r n   s l o p e   o f  L l a  S h a n  35O40'  4 1 . 2  3 8 5 0  3 8 0 5   - 4 5  

TABLE 4 V a l u e s  o f  Coefficient b I n  I l i f fe rer l t  L a t i t u d e   S e c t i o n s  

bo bl h2 b 3  H s 

3 4 4 O  

3 47O 

3 40' 

40'- 32" 

3 R O -  3 2 O  

36'- 32O 

34'- 32' 

20 5 8 . 4 1  - 0 . 4 2  - 6 3 . 1 3  3.25 0 . 8 2  

38 6 6 - 7 0  - 0 . 3 8  - 7 1 . 4 6  1.. 4 1  0 . 9 1  

5 4   6 5 . 8 8  - 0 . 5 7  - 7 0 . 4 4  1 . 2 0  0 . 9 2  

55   59 .60  - 0 . 5 7  - 6 2  9 0 2  - 3 . 8 4  0 .98  

3 9   6 7 -  37 - 0 . 5 8  - 7 3 . 8 7  - 4 . 1 5  0 . 9 9  

1 7  70.04 - 0 . 5 9  - 8 4 . 7 5  - 4 , 2 7  0 . 9 7  

11 8 2 . 8 8  -0 .615  - 9 4 . 2  3 - 5 . 3 6  0 . 9 6  

1 . 5 3  

1 . 5 5  

1 . 5 2  

1 . 0 3  

0 . 8 1  

0 . 8 0  

0 . 8 8  

i n g   r a d i a t i o n  t o  c o o l .   t h e   a i r   a n d   o ~ l q o i n g  
r a d i a t i . o n  t o  h e a L   t h e  a i r .  As s h o w n   i n  
F i g u r e  4 ,  t o  t h e   n 0 r t . h   f r o m   a b o u t  4O0N, 
t h e   i n c o m i n g   r a d i a t i o n  i s  I.css t h a n   t h e  
o u t g o i n g ,  s o  t h a h   t h e   m a i n  e f f e c t  or t h e  
c l o u d   c o v e r  i s  t ,o h e a t   t h e  a i r ,  t h e r o f o r c  
t h c   m e a n   a n n u a l  a i r  L e m p e r a t u r c  r i s e s  w i t h  
i n c r e a s i n g   c 1 . o u d   c o v e r  or  p r e c i p i t a t i o r l ,  
c o r r e s p o n d i n g l y   t h e   p e r m a f r o s t  l ower  l imit  
r i s e s .  B u t   s o u t h  o f  40°N, L h e   i , r l c o m i r l g  
r a d i a t i o n  is g r e a t e r   t h a n   t h e   o u t g o i n g  
one, so t h a t  t h e  m a i n  e f f c c t   o f   c l o u d  
c o v e r  i s  t o  c o o l  t h e   a i r ,   t h e r e b y   t h e   m e a n  
a n n u a l  a i . r  t e m p e r a t u r e   d e s c e n d s   w i t h   i . n -  
c r e a s i n g   c l o u d  c o v c r ,  c o r r e s p o n d i n g l y   t h e  
p e r m a f r o s t  lower  l imi,t  d e s c c n d s .  

s i t u a t e d   s o u t h  o f  4O0N, t h c   p e r m d f r o s t  
B e c a u s e   t h e   Q i n g h a i - X i z d n g   P l a t e a u  i s  

l o w e r  limit r i s e s  w i t h   i n c r e a s i n q   a r i d i t y .  
R u t  thc, m a j o r i t y  o f  o t h e r   h i g h - a l t i t u d e  
p e r m a f r o s t ,  a r e  s l t u a l e d  1.0 t h e   n o r t h  o f  
40°N, t h e r e f o r o   i n   t h e s c  r e g i o n s  t h e   p e r -  
m a f r o s t  l ower  limit d e s c c n d s   w i t h   i . n c r e a s -  
i n g   a r i d i t y .  

As m o n t i o n e d   a b o v e ,   t h e   p e r m a f r o s t  
lower  limit d o c s  n o t   s i m p l y   m o n o t o n o u s t . y  
r i s e  f r o m   c o n t , i n e n t : a l  t o  m a r j   t i m e   r e g i o n s ,  
b u t   c h a n g e s  a s  s h o w n   i n   F i g u r e  6 .  S o u t h  
o f  4OoN, b o t h  t h e  s n o w   l i n e   a n d   p e r m a f r o s t  
l owcr  l i m i t   d e s c e r i d  f r o m  c o n t i n o n t a l  t o  
s t l b c o n t i . r l e n t a l .   c l i m a t e ,   b u t   t h e   d e s c e n d i n g  
m a g n i t u d e   o f   t h e  lower  limit i s  l e s s  t h a n  
L h d t  o r  t h e   s n o w   l i n e ;   L h e   s n o w   l i n e  con -  
t i n u o u s l y   d e s c e n d s   f r o m   s u b c o r ~ t i n e r ~ t a l .  t o  
m d r i t i - m e  c l i m a t e ,  b u t   L h e  l owcr  l i m i t  
t u r n s  t o  r i s e  w i t h   t h e   i n c r e a s i n g   e f f e c t  
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FIGURE 6 C h a n g e   o f   p e r m a f r o s t   l o w e r  limit 
w i t h   a r i d i t y  
a .   t o  t h c   s o u t h   o f  40°N; 
b. t o   t h e   n o r t h   o f  40°N. 
1. s n o w   l i n e ;  2 .  p e r m a f r o s t   l o w e r  limit, 

o f   s n o w   c o v e r .   N o r t h   o f   4 0 ° N ,   t h e   l o w e r  
limit r i s e s  f r o m   c o n t i n e n t a l   t o   s u b c o n t i -  
n e n t a l   c l i m a t e ,   w h i c h  i s  a g a i n s t   t h e  
c h a n g i n g   t r e n d   o f   s n o w   l i n e ;   a n d   t h e  r i s -  
i n g   m a g n i t u d e   o f   l o w e r  limit i n c r e a s e s  
w i t h   t h e   i n c r e a s i n g   e f f e c t  o f  s n o w   c o v e r  
f r o m   s u b c o n t i n e n t a l  t o  mari t ime c l i m a t e .  
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p h y s i c o - g e o g r a p h i c a l .   z o n a t i o n :   A c t a  
G e o g r a p h i c a   S i n i c a ,  v .  3 5 ,  No. 4, 

Q i u   G u o q i n g ,   H u a n g   Y i z h i ,   a n d  L i  Z u o f u ,  

3 i a n g   Z h o n g x i n ,   1 9 8 2 ,  A d i s c u s s i o n   o n   t h e  

p. 2 8 8 - 2 9 8 .  

1 9 8 3 ,  Basic  c h a r a c t e r i s t i c s  o f  
p e r m a f r o s t   i n   T i a n   S h a n ,   C h i n a ,  & 
P r o c e e d i n g s  o f  S e c o n d   N a t i o n a l  
C o n f e r e n c e   o n   P e r m a f r o s t :   L a n z h o u ,  
G a n s u   P e o p l e ' s   P r e s s ,  p .  2 1 - 2 9 .  



DISTRIBUTlVE  REGULARITIES OF H I G H  I C E - C O N T E N T  I'ERMAFROST 
A L O N G  Q I N G H A I - X I Z A N G  H I G H W A Y  

Cheng   Guodor lg   and  Wang S h a o l i n g  

( L d n z h o u   I n s t i t u t e   o f   G l a c i o l o g y   a n d   C r y o p e d o l o g y ,   A c a d e m i a   S i n i c a )  

I n v e s t i g a t i o n s   a l o n g   t h e   Q i n g h a i - X i z a n g   H i g h w a y   s h o w   t h a t   i n   s i m i l a r   g e o -  
m o r p h o l o g i c   u n i b s ,   t h e   l o w e r  t h e  m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e ,   t h e   b e t -  
t e r  t h e  d e v e l o p m e n t  o f  h i g h   i c e - c o n t e n t   p e r m a f r o s t .   I n   t h e   s a m e   p e r m a f r o s t -  
t e m p e r a t u r e   z o n e ,  t h e  d e v e l o p m c n t   o f   h i g h   i c e - c o n t e n t   p e r m a f r o s t   h a s   s u c h  
a n  o r d c r  i n   d e g r e e :   t h e   m o s t   i n   l o w   m o u n t a i n   a n d   h i l l   r c g i o n s ,   s e c o n d   i n  
m i d d l e   a n d   h i g h   m o u n t a i n   r e g i o n s ,   a n d   t h e   l e a s t  i n  v a l l e y   a n d   p l a i n   r c g i o n s .  
I n   t h e   f i r s t   r e g i o n ,   t h e   d e v c l o p m e n t   o f   h i g h   i c e - c o n t e n t   p e r m a r r o s t  on  
n o r t h - f a c i . n g ,   g e n t l e   s l o p e s   a n d   l o w   p a r t s   o f   s l o p e s  i s  b e t t e r   t h a n  on s o u t h -  
f a c i n g ,   s t e e p   s l o p c s   a n d   m i d d l e   a n d   u p p e r   p a r t s   o f   s l o p e s ;   I n   t h e   v a l l e y  
a n d  p l a i n   r e g i o n s ,   c x c e p t   t h c   h i g h   p l a i n   w i t h   w i d e s p r e a d   l a c u s t r i n e   d e p o s -  
i t s ,  c o m m o n l y   t h e   h i g h   i c e - c o n t e n t   p e r m a f r o s t   d o e s   n o t   u s u a l l y   d e v e l o p  
well. a n d   o n l y   e x i s t s   i n  swampy s e c t i o n s   c o n s i s t i n g   o f   f i n e - g r a i n e d  s o i l  
a n d   t h e   b a c k s i d e   o f   h i g h  t e r r a c e s  t h a t   h a v e   a n   a d e q u a t e   c o n t e n t  o f  f i n a -  
g r a i n e d   s o i l   a n d   s u p p l y   o f   s u p r a p e r m a f r o s t   w a t e r .   I n   t h e   d e p r e s s i o n  
b e t w e e n   f e n s ,   t h e r e  i s  c o m m o n l y   h i g h   i c e - c o n t e n t   p e r m a f r o s t .  

I N T R O D U C T I O N  

H i g h   i c e - c o n t c n t   p e r m a f r o s t  i s  a g r o u p  
term i n c l u d i n g   r i c h - i c e   p e r m a f r o s t ,   s a t u -  
r a t c d - i c e   p e r m a f r o s t   a n d  i c e  l a y e r   c o n -  
t a i n i n g   s o i l s  (\Vu Z i w a n g  1 9 8 2 ) .  D i s c u s -  
s i o n   i n   t h i s  a r t i c l e  i s  r e s t r i c t e d   t o  
d e p t h s   o f  0 t o  1 m u n d e r   L h e   p e r m a f r o s t  
t a b l e .  

T h c  i c e  c o n t e n t   o f   t h c   p e r m a f r o s t  
r e l a t e s  t o   t w o   g r o u p s  o f  f a c t o r s :   f i r s t ,  
g e o l o g i c a l - h y d r o g e o l o g i c a l  f a c t o r s  w h i c h  
m a i n l y   i n c l u d c   g r a i n  s i z e  a n d   s u p r a p e r m a -  
f r o s t   w a t e r ,   a n d   s e c o n d ,   t h e r m o p h y s i c a l  
f a c t o r s   w h i c h  may b e   e x p r e s s e d   b y   m e a n  
a n n u a l   g r o u n d   t e m p c r a t u r e   a p p r o x i m a t e l y  
( V t y u r l n   1 9 7 5 ) .   G e n e r a l l y   s p e a k i n g ,   w h e n  
o t h e r   c o n d i t i o n s  a r e  e q u a l ,   t h e   J . o w e r   t h e  
m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e ,   t h e   m o r e  
f a v o r a b l e   t h e   f o r m a t i - o n  o f  h i g h  i c e -  
c o n t e n t   p e r m a f r o s t   ( C h e n g   G u o d o n g  1 9 8 2 ) .  
B e c a u s e   t h e   m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e  
o b e y s   c e r t a i n   z o n a t i o n  Laws, t h e r e f o r e   t h e  
d i s t r i b u t i o n  o f  h i g h   i c e - c o n t e n t   p e r m a -  
f r o s t   a l s o   f o l l o w s   c e r t a i n   z o n a t i o n   l a w s .  
T h e   h i g h   i c e - c o n t e n t   p e r m a f r o s t  may e x i s t  
i n   f i n e - g r a i n e d   s o i l   h a v i n g   a p p r o p r i a t e  
w a t e r   c o n t e n t   w i t h i n   t h e   c o n t i n u o u s   p c r m a -  
f r o s t   z o n e ,   b u t  i t  i s  o n l y   e n c o u n t e r e d   i n  
s w a m p y   f i n e - g r a i n e d  soi.1 h a v i n g   h u m u s  
w i t h i n   t h e   s p o r a d i c   p e r m a f r o s t   z o n e .  

b u t  t h e  s e c o n d  i s .  T h e   c o m b i n a t i o n   o f  
t h e s e   t w o   g r o r ~ p s   o f   f a c t o r s   i n   c o n c r e t e  
g e o g r a p h i c a l   e n v i , r o n m e n t s   c o n t r o l s   t h e  
r e g i o n a l   d i s t r i b u t i o n  o f  h i g h   i c e - c o n t e n t  
p e r m a f r o s t .   T h i s   d i s t r i b u t i o n  i s  r e f l e c t -  
e d   i n   r e g u l a r   c h a n g e   o f  i c e  c o n t e n t   o f  
p e r m x P r o s t  i n  v a r i o u s   g e o m o r p h o l o g i c   u n i . t s  
a n d   t o p o g r a p h i c   p o s i t i o n s .  

T h e  f i r s t  g r o u p   o f   f a c t o r s  i s  n o t   z o n a l ,  

9 2  4 A' 

36 

34 

32  

' F  1 L o c a t i o n  or t h e   s t u d y   a r e a  

T R I B U T I O N  I N  SIMILAR GEOMORPHOLOGIC 
UNl.TS B U T  DIFFERENT PERMATROST- 

TEMPERATURE ZONES 

FIGUR 

D.L S 

I n  t h e  p e r m a f r o s t   r e g i o n   a l o n g   t h e  
Q i n g h a i - X i z a n y   H i g h w a y ,   t h r e e   k i n d s   o f  
m a c r o - g e o m o r p h o l o g i c   u n i t s   c a n   b e   d i s c e r n -  
e d ,  i . e .  m i d d l e   a n d   h i g h   m o u n t a i n   r e g i o n s ,  
l o w   m o u n t a i n   a n d   h i l l   r e g i o n s ,   a n d   v a l l e y  

142 
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T A B L E  1 D e v e l o p m e n t   o f   G r o u n d   I c e   i n   D i f f e r e n t   M e a n   A n n u a l   G r o u n d   T e m p e r a t u r e   Z o n e s "  
- " 

R e g i o n s  
T h i . c k n e s s  o f  Relat ive development 
p c r m a f  r o s t  

(m ) 

g r o u n d  
t e m p e r a t u r c  

( O C  1 
o f   g r o u n d  i c e  

N e a r   s o u t h e r n  

I 

b o u n d a r y  of: 
'1 c o n t i n u o u s  

p e r m a f r o s t  

A l i t t l c  g r a n u l a r  i c e  

T h i c k n e s s  o f  q r o u n d  i c e  

f r o s t  t a b l e  
I n  T a o r j i u  

'3 m o u n t a i n  -1 .0  rv - 1 . 2  50 - 6 0  up t o  1 0  om n e a r  perma-  

N e a r   s o u t h e r n  
b o u n d a r y  of  

"1 c o n t i n u o u s  
p e r m a f r o s t  

0 - -0.3 4 2 0  A s m a l l   a m o u n t  o f  i c e  

" 

I1 
. ". - - ," "11 - - . " 

A r o u n d  1 1 4  L d y c r e d   g r o u n d  i c e  j u s t  

s q u a d  i c c  c o n t e n t  30-5016 
L o w  m o u n t a i n  1 1 . ~  m a i n t e n d n c e  a n d   h I l l  
p e r m a f r o s t  
r e g i o n s  ." 

- 0 . 6 " -  - I . . O  30 - 5 0   b e l o w   p e r m a r - r o s l :   t a b l e ,  

-" _lll- - -. 

B e t w e e n   1 1 2  
a n d  1.13 

"3 m a i n t e n a n c e  -1 .0  - - I  .2 50 - 6 0  L a y e r e d   g r o u n d   i c e  

X- After  Wang 3 i a c h c n g  e t  a l . ,   1 9 7 Y .  

a n d   p l a i n   r e g i - o n s .  When t h e s e   t h r e e   k i n d s  
o f  g e o m o r p h o l o g i c   u n i t s   b e l o n g   t o   d i f f e r -  
e n t   p e r m a f r o s t - t c m p c r a t u r e   z o n e s ,   t h e  
d e v e l o p m e n t  o f  g r o u n d  i c e  i n   e a c h   z o n e  i s  
d i f f e r e n t   i n   d c q r e e .  

a n d   p l a i n   r e g i o n s  c a n  b e   i l l u s t r a t e d   b y  
c x a m p l e s  o f  B e i l u  He a n d   T u o L u o  He. T h e  
f i r s t  t e r r a c e s  o f  B e i l u  He a n d   T u o t u o  He 
c o n s i s t   m d i r l l y  o f  m u d s t o n e ,   m a r l e ,   a n d  
si1 t s t o n e   o f   t h e   T e r t i a r y   S y s t e m .   T h e  
f i , r s t  t e r r a c e   o f   B e i l u  Hc 1 i . e s   i n   t h e   z o n e  
wi.Ch m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e   a t  
-0.5O Lo - 1 . 5 O C ,  w h i l e   t h e   f i r s t   t e r r a c e  o f  
T u o t u o  He l i e s  i n   L h e   z o n e   a b o v e  -0.5'C. 
Dr i l l  h o l e  C K  5 i n   t h e   f i r s t   t e r r a c e   o f  
B e i l u  We r e v e a l s   t h a t   t h o   t h i c k n e s s  o f  
g r o u n d  i c e  l a y e r s   b e l o w  t h e  p e r m a f r o s L  
t a b l e  i s  3 - 4  cm, a n d   t h e  i c e  c o n t e n t  i s  
70-8016.  Dr i l l  h o l c  No. 6 I I I  t h e  f i r s t  

T h e   d e v e l o p m e n t  o f  y r o u n d  i c e  i n   v a l l e y  

Lcrracc o f  TIJo t t Jo  HI? ( m e a n   a n n u a l   g r o u n d  
t e m p e r a t u r e   a t  - 0 . 2  C )  r e v c a l  s t h a t   t h e  6 

p c r r n a f r o s t  i s  o f   n e t   c r y o q c n i c   s t r u c t u r e  
a t   2 . 5  t o  3.4 m b e l o w   p c r r n a f r o s t   t a b l e ,  
a n d   t h e   v o l u m e t r i c  i c e  c o n t e n t  i s  o n l y  10 -  
2 0 % .  O b v i o u s l y ,   w h e n   o t h e r   c o n d i t i o n s   a r e  
e q u a l ,  t h e  g r o u n d  i c e  i n   t h e   v a 1 l . e ~   a n d  
p l a i n   r e g i o n s   . l y i n g   i n   t h e  l ower  m e a n  
d n r l u a l   g r o u n d   t e m p e r a t u r e   z o n e s   f o r m s  
b e t t e r   t h a n  i.n t h e  h i g h e r   m e d n   a n n u a l  
g r o u n d   t e m p e r d t u r e   7 o n e s .  

I n   b o t h   t h e   m i d d l e   a n d   h i g h   m o u n t a i n s ,  
a n d   t h e  low m o u n t a i n   a n d   h i l . l   r e g i o n s ,  
t h i s   c a n   b e   i l l u s t r a t e d   b y   t h e   e x a m p l e  of  
t h e   c o n t i n u o u s   p e r m a f r o s t   . z o n e  on t h e  
s o u t h e r n   s l o p c  o f  T a n g g u l a   S h a n   ( T a b l e   1 ) .  

As s h o w n   i n   T a b l c  1 ,  t h e   m e a n   a n n u a l  
g r o u n d   t u m p c r a t u r e   d e c r e a s e s   n o r t h w a r d s ,  
a n d   t h c   I c e   c o n t e n t  o f  p e r m a f r o s t   c o r r c -  
s p o n d i n g l y   i n c r e a s e s .  



144 

T A B L E  2 D i s t r i b u t i o n  o f  V a r i o u s   K i n d s   o f   P e r m a f r o s t  i n  D i f f e r e n t   G e o m o r p h o l o g i c  U n i t s  
f r o m  K139-1-00 t o  K 6 9 3 t 0 0   a l o n g   Q i n g h a i - X i r a n g   H i g h w a y *  

D i s t r i b u t i o n   o f  v a r i o u s  k i n d s   o f   p e r m a f r o s t   ( k m )  
Geomorpho-  
l o g i c  u n i t s  M i l e p o s t   D i s t a n c e   R a r e -   S o m e -  R i c h -  S a t u r a t e d  con ta in ing  Tal ik  

I c e  l a y e r  

s o i l  i c e  I c e  i c e  i c e  

Kunlun 4 .0  10 .0  9 .0   3 .5   20 .7   4 .8  
Sh an 6 , 8  3 3 . 8  9.2 139+000-191t000 52.0 7 . 7  1 y s 2  1 7 . 3  

Qumar 
He 2 0 0 + 0 0 0 " 2 5 3 + 7 0 0   5 3 . 7  y, 1 2 . 2  1 0 . 4   1 3 . 4  6 .5  5.6  7.2 1 2 . 4  2 1 . 4  0 . 6  

23 .0   39 .9  1.1 

Hoh Xi1 3 . 7 4  7.1 6.0 1 4 . 8  2 1 . 4  0 
Shan   27 .9   40 .3  0 253+700"306+600  52 .9  7 . 1  13 ,4  r l a 3  

Bei lu  
He 306+600-317+650 1 .1 .1  % 7.2 2 4 ,  0 .8  2 . 7   0 . 7   5 . 1  1 . 6  0.2  

46.4 14.0  1 . 8  

Fenghuo 7 . 3   9 . 6  3 . 7  13.1 13.8 0 
Shan  35.7  25.8 0 317+650---371+050  '53.4 13.7 17.9 6 , 9  

T u o t u o  1 6 . 5  4 .4  10 .0  1 3 . 2  0 2 2 . 9  
He 6 . 6  1 4 , 9   1 9 . 7  0 34.2 371t050-438+000 6 7 , O  % 2 4 . 6  

K a i x i n  0 7.4  4.7 4 * 1  11. 3 3 . 0  
Ling   24 .  3 1 5 . 4   1 3 , 4   3 7 . 0   9 . 9  438+000-468+500 30.5 % 0 ,  

468+500-4901~000  21.5 3 1 .  6.8  0 1.1 3.3  
He 0 5.1  1.5.4 

2 .0 8 . 3  
9 . 3  38.6 

Buqu 
He 

490t000-587+560  97.6 17.2 2.il 16.8 2 .1  3 . 8  1 2 . 3  
3 . 8  1 2 . 6  

0 6 2 . 6  
0 64 .2  

T a n g g u l a  9 .5   9 .9   13 .7  1 7 . 9  
Shan  32.4 587t560-643tOOO  55.4 % 17.2 17,8 24 .7  3.4 1 . 0  

6 . 1  1.8 

11.0 4 .0   24 .0  3 . 0  8 .0  
6.0 16.0 5 0 * 0  % 22.0  8 . 0  48.0 Taorj iu  6 4 3 + 0 0 0 " 6 9 3 + 0 0 0  Shan 

0 
0 

T o t a l  139t000-191t000 545.0 6 3 . 0   6 2 . 7   8 3 . 8   1 0 6 . 6   1 0 3 . 5   1 0 3 . 4  
20OtOOO-693tOOO % 25.2 1 1 . 5   1 5 . 4   1 9 . 9   1 9 . 0   1 9 . 0  

* T h e  k i n d  o f   p e r m a f r o s t  is d e t e r m i n e d  by t h e  t o t a l   w a t e r   c o n t e n t  of  1 m p e r m a f r o s t  j u s t  
b e l o w  t h e  p e r m a f r o s t   t a b l e .  

' DISTRIBUTION IN SIMLLAR Z O N E S  BUT k i n d s   o f   p e r m a f r o s t  i n  d i f f e r e n t   g e o m o r -  
D I F F E R E N T  GEOMORPHOLOGIC UNITS p h o l o g i c a l  u n i t s  f r o m  K1391.00 t o  K693+00 

a l o n g  t h e  Q i n g h a i - X i z a n g   H i g h w a y   l i s t e d  i n  
The i c e  c o n t e n t  j u s t  be low t h e  p e s m a -   T a b l e   2 .  

f r o s t   t a b l e  i n  t h e  c o n t i n u o u s   p e r m a f r o s t  F rom  Tab le  2 we c a n  s ee  t h a t ,  i n  t h e  
z o n e  i s  h i g h e r   t h a n  i n  t h e  s p o r a d i c   p e r m a -  c o n t i n u o u s   p e r m a f r o s t   r e g i o n ,  t h e  d e v e l o p -  
f r o s t   z o n e .  T h e  d i s t r i b u t i o n   o f   v a r i o u s  m e n t  o f  h i g h   i c e - c o n t c n t   p e r m a f r o s t  i s  



h i g h e s t   i n   t h e   l o w   m o u n t a i n   a n d   h i l l  
r e g i o n s ,   s e c o n d   i n   t h e   m i d d l e   a n d   h i g h  
m o u n t a i n   r e g i o n s ,   a n d   l o w e s t   i n   t h e   v a l l e y  
a n d   p l a i n   r c g i o n s .   T h i s  i s  b e c a u s e   t h e r e  
i s  a n   o b v i o u s   v e r t i c a l   z o n a t i o n   o f   p e r m a -  
f r o s t   d i s t r i b u t i o n   o n   t h e   Q i n g h a i - X i z a n g  
P l a t e a u   a n d   p r e c i p i t a t i o n   i n c r e a s e s   w i t h  
r i s i n g   e l e v a t i o n .   T h i s   m a k e s   t h e   m e a n  
a n n u a l   g r o u n d   t e m p e r a t u r e  lower a n d   p r e -  
c i p i t a t i o n   g r e a t e r   i n   t h e   l o w   m o u n t a i n   a n d  
h i l l   r e g i o n s .   M o r e o v e r   t h e   s o l i f l u c t i o n  
d e p o s i t s  a r e  well  d e v e l o p e d   i n   t h i s   r e g i o n  
a n d   p r o v i d e  s u i t a b l e   f i n e - g r a i n e d   s o i l ,  
a n d   m o i s t u r e   c o n d i t i o n s   f o r   s y n g e n e t i c  ice. 
T h e r e f o r e ,   t h e   l o w   m o u n t a i n   a n d   h i l l  
r e g i o n s   h a v e   h i g h   p r o p o r t i o n s   o f   h i g h  i c e -  
c o n t e n t   p e r m a f r o s t .   A l t h o u g h   m i d d l e   a n d  
h i g h   m o u n t a i n   r e g i o n s   o f f e r   t h e   l o w e s t  
m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e ,   w h i c h  is 
f a v o r a b l e  t o  t h e   g r o w t h   o f   g r o u n d  i c e ,  a n d  
m o r e   p r e c i p i t a t i o n ,   t h e   p r o p o r t i o n  o f  h i g h  
i c e - c o n t e n t   p e r m a f r o s t  Is l e s s  t h a n   i n  t h e  
l o w  m o u n t a i n   a n d   h i l l   r e g i o n   b e c a u s e   o f  
t h i n n e r   s u r f i c i a l   d e p o s i t s   a n d   c o a r s e r  
s o i l s ,   w h i c h   a r e   u n f a v o r a b l e  f o r  t h e  
g r o w t h   o f   g r o u n d  ice .  T h e   v a l l e y   a n d  
p l a i n   r e g i o n s   p o s s e s s   t h e   l o w e s t   p r o p o r -  
t i o n s  of h i g h   i c e - c o n t e n t   p e r m a f r o s t   d u e  
t o  l o w e r   e l e v a t i o n ,   h i g h e r   m e a n   a n n u a l  
g r o u n d   t e m p e r a t u r e ,   t h e   t h e r m a l   e f f e c t   o f  
r i v e r s ,   a n d   w i d e - s p r e a d   c o a r s e - g r a i n e d  
s u r f i c i a l   d e p o s i t s .  A l l  a r e  u n f a v o r a b l e  
f o r   t h e   g r o w t h   o f   g r o u n d  i c e .  O n l y   i n   t h e  
h i g h   p l a i n s   a n d   I n   s o m e   b a s i n s   c o n s i s t i n g  
o f   l a c u s t r i n e   d e p o s i t s ,   w h i c h  p o s s e s s  
t h i c k   d e p o s i t s   w i t h   m u c h   f i n e - g r a i n e d   s o i l . ,  
I . e s s   t h e r m a l   e f f e c t  o f  r i v e r s ,   a n d   l o w e r  
g r o u n d   t e m p e r a t u r e ,  is t h e   p r o p o r t i o n   o f  
h i g h   i c e - c o n t e n t   p e r m a f r o s t   h i g h .  

DISTRIBUTION IN SIMILAR GEOMORPHOLOGIC 
UNITS B U T  D I F F E R E N T  TOPOGRAPHICAL 

POSITIONS 

Low M o u n t a i n   a n d   H i l l   R e g i o n  

o r i e n t a t i o n  o f  s l o p e .  I n   t h e   s a m e   l o w  
m o u n t a i n   a n d  h i l l  r e g i o n ,   w h e r e   o t h e r   c o n -  
d i t i o n s  a r e  e q u a l  , t h e   s o u t h - f a c i n q   s l . o p e  
h a s   m o r e   r a d i a t , i o n ,   h i g h e r   g r o u n d   t e m p e r a -  
t u r e   a n d   e v a p o r a t i o n .  T h u s  t h e   g r o u n d  i c e  
o n   t h e   n o r t h - f a c i n g   s l o p e s   f o r m s   b e t t e r  
t h a n   t h a t   o n   t h e   s o u t h - f a c i n g   s l o p e s .  E.g. 
t h e   g r o u n d  i c e  o n   t h e   n o r t h - f a c i n g   s l o p e s  
o f  D o n g d a y o n   i n   F e n g h u o   S h a n   p o s s e s s e s  
l a r g e r   t h i c k n e s s   a n d   e x t e n t   t h a n  on t h e  
s o u t h - f a c i n g   s l o p e s .  B u t  i n   m a r g i n s  o f  
t h e   c o n t i n u o u s   p e r m a f r o s t   a n d   t h e   s p o r a d i c  
p e r m a f r o s t   z o n e s ,  i t  u s u a l l y   s h o w s  a d i f -  
f e r e n c e   i n   q u a n t i t y   a n d   d i s t r l b u t i o n   o f  
g r o u n d  i c e ,  i . e .  t h e r e  i s  h i g h   i c e - c o n t e n t  
p e r m a f r o s t   o n   t h e   n o r t h - f a c i n g   s l o p e s   b u t  
n o t   o n   t h c   s o u t h - f a c i n g   s l o p e s .  F o r  e x a m -  
p l e ,  d r i l l   h o l e s  CK 116-5  a n d  C K  1 1 6 - 6 ,  
s i t u a t e d   t o   t h e   n o r t h   o f  Amdo, h a v e   t h e  
same e l e v a t i o n   a n d   r e v e a l   s i m i l a r   t y p e s   o f  
soils. CK 1 1 6 - 6 ,   s i t u a t e d   o n  a n o r t h -  
f a c i n g   s l o p e   w i t h   m o r e   m o i s t u r c   a n d   v e g e -  
t a t i o n ,   r e v e a l s  a s o i l  p r o f i l e  a s  f o l l o w s :  

2 . 6  m ,  p e r m a f r o s t   t a b l e ;   2 . 6 - 2 . 8  m p e r m a -  
f r o s t  o f  n e t   c r y o g e n i c  s t r u c t u r e ;  2 .8 -& .&  
m ,  p e r m a f r o s t  o f  m o d e r a t e   t o   t h i c k   l a y e r e d  
c r y o g e n i c   s t r u c t u r e   w i t h   t h i c k n e s s  of i c e  
l a y e r  up t o   1 5 - 2 0  cm. B u t  CK 116-5 ,  on  a 
s o u t h - f a c i n g   s l o p e   w i t h   r a r e   m o i s t u r e   a n d  
v e g e t a t i o n ,   o n l y   r e v e a l s   p e r m a f r o s t  o f  
m a s s i v e   c r y o g e n i c   s t r u c t u r e   w i t h   n o   h i g h  
ice c o n t e n t .   T h u s ,   b e c a u s e   o f   d i f f e r e n t  
s l o p e   o r i e n t a t i o n ,   t h e r e  i s  a d i f f e r e n c e  
i n   t h e   q u a n t i t y   o f   g r o u n d  i ce .  

c o v e r   a n d  p o o r  d r a i n a g e  a r e  u n f a v o r a b l e  
t o   t h e   g r o w t h  o f  g r o u n d  i ce .  G e n t l e  
s l o p e s ,   w i t h   a d e q u a t e   m o i s t u r e   a n d   g o o d  
v e g e t a t i o n   c o v e r  a r e  f a v o r a b l e   f o r   t h e  
g r o w t h  o f  g r o u n d  i c e .  A c c o r d i n g  t o  d a t a  
a l o n g   t h e   Q i n g h a i - X i z a n g   H i g h w a y   o n   s l o p e s  
o f  g r a d i e n t s  l e s s  t h a n  l o o ,  g r o u n d  i c e  i s  
u s u a l l y   f o r m e d .   S l o p e   g r a d i e n t s   o f  4 0 - 8 O  
a r e  e s p e c i a l l y   f a v o r a b l e  t o  t h e   g r o w t h  o f  
g r o u n d  i ce .  On s l o p e s   w i t h   g r a d i e n t s   o f  
1 0 ° - l h O  t h e   c o n d i t i o n s  f o r  g r o w t h   o f  
g r o u n d  i c e  b e c o m e   b a d .  On s l o p e s   w i t h  
g r a d i e n t s   o v e r   1 6 ' )  u s u a l l y  n o   t h i c k  l a y e r -  
e d   g r o u n d  i c e  i s  f o u n d .  When s l o p e   g r a -  
d i e n t s  a r e  o v e r  2 5 O ,  d e n u d a t i o n  i s  d o m i -  
n a n t   a n d   t h e r e  i s  o n l y   c r a c k i n g  i c e .  

P o s i t i o n .   I n   d i f f e r e n t   p o s i t i o n s   o n  
s l o p e s   w i t h   s i m i l a r   o r i e n t a t i o n s ,   t h e  
d i s t r i b u t i o n   o f   g r o u n d  i c e  s h o w s  a r e g u l a r  
c h a n g e .  On t h e   t o p   w h e r e   b a r e   b e d r o c k  o r  
t h i n   s o i l   c o v e r   e x i s t s ,   b e c a u s e  of c o a r s e  
s o i l s   a n d   g o o d   d r a i n a g e ,   t h e r e  i s  o n l y  
p e r m a f r o s t  o f  m a s s i v e   a n d   c r a c k   c r y o g e n i c  
s t r u c t u r e ,   m o s t l y  r a r e - i c e  a n d   s o m e - i c e  
p e r m a f r o s t .   F r o m   t h e   u p p e r  t o  l o w e r  
p o s i t i o n s   o n   s l o p e s ,   t h e   l o o s e   d e p o s i t s  
b e c o m e   t h i c k e r   a n d  water  a c c u m u l a t e s  
e a s i l y .   T h u s ,   t h e   g r o u n d  i c e  b e c o m e s  
t h i c k e r   o r   t h e   t y p e s   o f   p e r m a f r o s t   c h a n g e  
d o w n s l o p e   f r o m   r a r e - i c e   p e r m a f r o s t   t o   i c e  
l a y e r s   c o n t a i n i n g   s o i l .  

B a s i n s   w i t h   f i n e - g r a i n e d   s o i l s   a n d  
a d e q u a t e   m o i s t u r e  a r e  f a v o r a b l e   f o r   t h e  
g r o w t h  o f  g r o u n d  i c e ,  e . g .   i n   t h e   b r o a d  
a r e a  o f  a l l u v i a l - p l u v i a l   p l a i n   a n d   p l u v i a l  
f e n   e d g e s   b e t w e e n   M a i n t e n a n c e   S q u a d s   1 2 1  
a n d  122 w i t h   s m o o t h   t e r r a i n ,   m a n y   b o g s   a n d  
1 m t h i c k   h u m u s ,   t h e   d e v e l o p m e n t   o f   g r o u n d  
i c e  i s  f a i r l y   g o o d ,   a l t h o u g h   t h e   m e a n   a n -  
n u a l   g r o u n d   t e m p e r a t u r e  i s  h i g h e r .   I n  
b a s i n s   c o n s i s t i n g   o f   l a c u s t r i n e   d e p o s i t s ,  
g r o u n d  ice a m o u n t s  a r e   h i g h ,  e . g .  t o  t h e  
s o u t h   o f   M a i n t e n a n c e   S q u a d  1 1 3 ,  a s u r f a c e  
l a y e r  1 - 2  m t h j c k  i s  c o m p o s e d  o f  c o n t e m -  
p o r a r y   a l l u v i a l - p l u v l a l   d e p o s i t s .   B e l o w  
i s  c l a y  a n d   s i l t y  c l a y  c o n t a i n i n g   g r a v e l  
o f   l a c u s t r i n e   o r i g i n   o f   E a r l y   Q u a t e r n a r y  
a g e .  Near t h e   p e r m a f r o s t   t a b l e   t h e r e  i s  
t h i c k e r   l a y e r e d   g r o u n d  i c e  w i t h  i c e  t h i c k -  
n e s s e s s  o f  4-10 cm a n d   v o l u m e t r i c  i c e -  
c o n t e n t s   o f   m o r e   t h a n   7 0 - 8 0 % .  

T h e   V a l l e y   a n d   P l a i n   R e g i o n  

S l o p e .  S t e e p   s l o p e s ,   w i t h   t h i n  s o i l  

T h e   t a l i k s  a r e  t h r o u g h - g o i n g   u n d e r  
l a r g e   r i v e r   b e d s ,   b u t   n o t   u n d e r   m o d e r a t e  
a n d  small  r i v e r   b e d s .   O w i n g   t o   r e l a t i v e  
l o w e r   e l e v a t i o n ,   t h e   t h e r m a l   e f f e c t s   o f  
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r i v e r  w a t e r ,  h i g h e r   m e a n   a n n u a l   g r o u n d  
t e m p e r a t u r e s   d r l d   c o a r s e - g r a i n e d  s o i l s ,  
u s u a l l y   s a n d   a n d   g r a v e l ,   t h e r e  i s  o n l y  
r a r e - i c e   a n d   s o m e - i c e   p e r m a f r o s t   i n   t , h e s e  
p l a c e s .  I n  t h e   h i g h   f l o o d   p l a i n s   a n d  
f i r s t  t e r r a c e s   t h e r e   a r e  a l s o  o n l y  r a r c -  
i c e  a n d   s o m e - i c e   p e r m a f r o s t .   t v e n  i.n 
s e c t i o n s   c o n s i s t i n g  o f  f i n e - g r a i n e d  s o i l s ,  
o n l y   r a r e - i c e   a n d  some-ice p e r m a f r o s t  
d e v e l o p .   O n l y   i n   s w a m p y   s e c t i o n s   w i t h  
well d e v e l o p e d   V e g e t a t i o n   a n d   h u m c l s ,  i s  
t h e r e   h i q h   i c e - c o n t e n t   p c r m d f r o s t .   F o r  
e x a m p l e ,   d r i . 1 1 .   h o l e  CK 1 1 4 - 3  s i t u a t e d   o n  
t h e  hi.gtr f l o o d   p l a i n  or1 t h e   e a s t e r n   b a n k  
o f  3 i c b u  Bu a s  T a r  a s  1 . 5  k m  s o u t h  o r  
M a i n t e n a n c e   S q u a d  1.14 r e v e a l s   m a i n l y  r a r e -  
i c e  p e r m a f r o s t ,   b e c a u s e  o f  s p a r e   v e g c t a -  
t i o n   a n d   t h i n   p e r m a f r o s t   i n  s p j t e  or f i n e  
g r a i . n e d  m a t c r i a l .  n u t   d r i l l   h o l e  C K  114-6  
s i t u a t e d   o n   t h e   e a s t e r n   b a t i k   w i t h  511% 
v e g e t a t i o n   c o v e r   a n d   s w d m p y   c o n d i   L i . o n s ,  
r e v e a l s   t h e   f o l l o w i n g   p r o f i l e :  3.0 m, 
p e r m a f r o s t   t a b l e ;  3 .0-3 .4  m ,  l a y e r e d  i c e  
w i t h  i c e  t h i c k n e s s e s   o f   4 - 5  cm a n d  
v o 1 u m e t r i . c   i c e - c o n t e n t  o f  50%;  3 . 4 - 6 . 6  m ,  
l a y e r e d  i.ce w i t h  l o w e r  v o l u m e t r i c  i c e  
c o n t c r l t   t h a n   u p p e r   p a r t .  Or1 t h e   s e c o n d  
a n d   t h i r d   t e r r a c e s   t h e r o  a r e  r a r e - i . c c   a n d  
some-ice p e r m a f r o s t .   S o m c t i m e s ,   o n e   c a n  
f i n d   h i g h   i c e - c o n t e n t   p e r m a f r o s t  a t  t h e  
b a c k  of  h i g h   t e r r a c e s   o n   t h e   g e n t l e  s1.opc 
o f  p e d i m e n t s ,  i f  t h e r e  i s  s u p p l y  o f  s u p r a -  
p e r m a f r o s t   w a t e r   a n d   f i n e - g r a i n e d  s o i l s  
d r e  p r e s e n t .   F o r   e x a m p l e ,   d r i l l   h o l e  0 - 1 4  
o n   t h e   t h i - r d  t e r r d c e  o n  s o u t h e r n   b a n k  o r  
T u o t u o  Hc r e v e a l s   t h a t   t h e   p e r m a f r o s t  
t a b l e  I . i e s  a t  a d e p t h  o r  2 . 3  m a n d   t h e  
v o l u m e t r i c   i c e - c o n t e n t  i s  5 0 - 7 0 %  f rom a 
d e p t h  o f  2 . 3 - 3 . 5  m .  

p l a i n s   c o n s i s t i r l q  o f  p l u v i a l   a n d   o u t w a s h  
f e n s ,   t h e r e  i s  m a i n l y   r a r e - i c e   a n d  some- 

I n   t h e   m i d d l e   a n d   u p p e r   p a r t s  o f  t i l t e d  

i c e  p c r m a f r o s t   d u e  t o  c o a r s c  s e d i m e n t s ,  
e . g .   i n  the  b r o a d   o r l t w a s h - p l u v i a l   f e n  
b c t w e e n   M a i - n t e n a n c e   S q u a d s   1 0 4 - 1 0 7   w i t h  
g r a v e l   s e d i m e n t s   a n d   s p a r e   v e g e t a t i o n ,  
t h e r e  i . s  p e r m a f r o s t  o f  m a s s i v e   c r y o g e n i c  
S t T U C t u r C ,  w i t h  o c c d s i o n a l  t h i n ,  l a y e r e d  
c r y o g e n i c   s t r u c t r l r e .   T h e  i c e  c o n t u n t  i s  
u s u a l l y  l e s s  t h a n   1 0 - 1 5 % .   B u t   h i q h  i c e -  
c o n t e n t   p e r m a f r o s t   m a y   o c c u r ,   i f   f i n e -  
g r a i n e d   s 0 i l . s   d n d   s w a m p y   c o n d i t i o n s   e x i s t ,  
e.g. i n   t h e   t i l t e d   p l a i n s  o f  t h e  o u t : w a s h  
f e n   i n   N a n s h a n  o f  X i d a t d n ,   t h e r e  I S  h i q h  
i c e - c o n t c n t   p e r m a f r o s t .   I n   [ . h e  low p a r t  
of  p l u v i a l   a n d   o u t w a s h   f e n s   a n d   d e p r e s -  
s i o n s   b e t w e e n   f e n s ,   g r o u n d  i c e  a m o u n t s  a r e  
h i . y h e r   t h a n   i n   t h e   m i d d l e   a n d   u p p e r  p a r t s ,  
b e c a u s e  i t  l . ics  i n   t h e   o v e r f l o w   7 o n e  o r  
g r o u n d   w a t e r   d n d   h a s   a d e q u a t e  watcr  a n d  a 
h i g h   p e r c e n t a y c   o f  f i n e - g r a i n e d  soil s .  
T o r  e x a m p l e ,   i n   t h e   d e p r e s s i o n   i n   r r o n t  o f  
t h e   o u t w a s h - p l u v i a l  fer1 b e t w e e n  M d i r l t e -  
n a n c e   S q u a d s ,   1 0 1 - 1 . 0 4 ,   t h e r e  i s  p e r m a f r o s t  
o f  t h i r l   l a y e r e d   c r y o g e n i c   s t r u c t u r e  w i t h  
1 cm t h i c k  i c e  l e n s e s   i n   c l a y  s i l t  a n d  
s i l t y   c l a y .  
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The  use  of  tritium  analysis  made  it  possible  to  establish  the  existence  of  consid- 
erable  amounts  of  water in permafrost  rocks  and in ground  ice  in  the zone of  annual 
temperature  fluctuations,  The  moisture  was  found  to  migrate  from  the  active  layer 
into  the  permafrost,  resulting in the  formation  of  ice  lenses.  High  tritium  concen- 
trations  caused  by  the  inflow of meteoric  water  under 30 years of age  are  inherent in 
the  growth of wedge  ice  and  golets  ice.  However,  tritium  is  absent  from  buried  wedge 
ice  and  in  lenses  of  primary  ice.  Tritium  analysis  offers new possibilities  for 
studying  laws  governing  the  formation  and  age of ground  ice  in  permafrost. 

INTRODUCTION 

Being  a  component  of  a  water  molecule,  tritium 
is a  splendid  natural  indicator of moisture  trans- 
portation  processes. Its radioactivity  makes  it 
possible  to  determine  the age of natural  waters. 
Because  of  that,  tritium  analysis  has  found wide 
application  in  meteorology,  hydrology  and  hydro- 
geology., Since 1976 we have  been  studying  the 
content  of  tritium  in  permafrost  and  ground  ice 
in  Southern  Yakutia  and  the  north-western  part  of 
the  Amur  region  of  the  Aldan,  Olekma  and  Giliui 
river  basins. In total,  over f i f t y  analyses  have 
been performed.  Estimates  of  tritium  concentrations 
in  the  samples of permafrost  materials  from  two 
wells  in the  Mackenzie  river-valley were  made in 
Canada  (Michel b Fritz, 1978). As  a  result,  new 
information  was  obtained  about  the  insufficiently 
known  processes of water-transportation in the 
permafrost  ground  water  system,  about  the  formation 
of  the  cryogenic  structure of the  upper  horizons  of 
permafrost  sediments  and  the age of ice  inclusions. 

TESTING  PROCEDURE 

Selection  of  samples  for  tritium  analysis  was 
performed  as  part of a  study  of  complex  permafrost 
and  hydrogeological  conditions.  Samples of frozen 
material  and  ice  from  bore  holes,  excavations  and 
exposures  were  thawed  out on site,  and  the  water 
was  collected  in  polyethylene  jars.  The  volume  of 
samples  was no less than 0.5 E. All  the  samples 
were  collected  from  permafrost of contemporary  and 
Late  Quaternary  deposits.  The  maximum  sampling 
depth  was 10 to 11 m. In  addition,  samples  of 
atmospheric  precipitation,  surface  and  underground 
water,  and of icings  were  collected.  General 
chemical  analysis  of  the  water  and  the  ice  was  also 
carried  out. 

Concentrations o f  tritium  were  determined in the 
isotope  research  department  at  the  Institute  of 
Water  Problems of the USSR Academy of Sciences 
(IWP) by  using  a  liquid-scintillation  spectrometer 
after  preliminary  electrolytic  enrichment o f  water 
samples,  The  measurement  error  in  most  cases  did 
not  exceed i10X. Where this  was  not  the  case,  the 
value of the  error  is  indicated.  Results  of 

measurements  are  presented i n  tritium  units  (one 
tritium  unit-T.U.  equals  a wncentration of  one 
atom of tritium  per 10'' atoms  of  protium). 

RESULTS AND DISCUSSION 

The  results of the  analyses  revealed  that  the 
concentration  of  tritium in frozen  materials  and 
underground  ice of various  geneses  ranges  from 0 
to 350 T.U. In liquid  atmospheric  precipitation 
in  the  area  it  amounted to 170-390 T.U., in snow 
80-320 T.U., in  surface  and  suprapermafrost  water 
150-290 T.U.,  and in  icings 250-400 T.U.  Concen- 
tration of tritium in subpermafrost  water  ranges 
from 426-402 to 8 T.U., depending on its  age 
(Afanasenko  et  al., 1981). The  lowest  values  are 
inherent i n  the  sources  of  deep  mineralized  water 
and  subpermafrost  water  in  the  zone  of  restricted 
water  exchange.  The  intake  of  tritium  into  the 
permafrost  hydrological  system  is  performed 
through  atmospheric  precipitation.  Data  on  average 
annual  tritium  concentration in the  atmospheric 
precipitation of the  area  are  presented by I. K. 
Morkovkina, V. V. Romanov, A. I. Tiurin, and A .  E. 
Chizhov (1981). The  considerable  increase  in 
tritium  concentration  in  the  atmospheric  precipi- 
tation,  which  started in 1953, reached  its  maximum 
(5200 T.U.) i n  1963, then  declined to a  level of 
180-150 T.U. 

When interpreting  the  results  it  is  necessary 
to  take  into  account  the  relatively  short  half-life 
of tritium  (about 12.5 years). Therefore,  the 
absence of tritium  points to the  isolation  of  the 
tested  object  from  access to atmospheric  moisture 
at  least  for  the  past 50 years.  Concentrations of 
tritium  in  excess of 5 T.U.  point  to  the  presence 
of  moisture  younger  than  1953-54 when thermonuclear 
tritium  started  to  accumulate.  And  by  relating  the 
tritium  concentration  in  the  samples  to  its  average 
concentration in precipitation  over  the  period  from 
1953  to  the  date of testing  it  is  possible  in  some 
cases  to  consider  in  the  samples  the  approximate 
content  of  the  contemporary  water  enriched  by 
thermonuclear  tritium.  The  average  concentration 
of  tritium in the  total  amount o f  precipitation  by 
the  time  our  research  began  (with  due  regard  for 
radioactive  disintegration) was about 320 T.U. 
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By  1982  this  amount  decreased  to 270 T.U. Below 
we shall  consider  the  data  obtained  on  the  concen- 
tration  of  tritium  in  various  types  of  frozen 
materials  and  underground  ice. 

Frozen  Unconsolidated  Deposits  and  Ice 
in  the  Layer  of  Seasonal Thawing 
and  Freezing 

The  uppermost  part  of  the  permafrost  is  bounded 
by  the  layer  of  seasonal  thawing.  The  thickness 
of  this  layer  at  the  time  of  maximum  thawing 
(early  October)  changes  from 0.5-0.7 m  in  peat, 
to 2.5-3.0 rn in  sand.  It  is to the  layer o f  
seasonal  thawing  above  permafrost  that  the  supra- 
permafrost  water  is  timed.  In  winter  the  layer 
usually  freezes  completely.  There  with  schlieren 
of  segregation  ice  as  thick  as 5 cm  are  formed  in 
dispersion  rocks.  Congelation  ices  are  abundant 
in  the  layer  of  seasonal  thawing  in  block  deposits 
of  rock  glaciers,  Tritium  concentrations  in  frozen 
dispersion  deposits  and  peat  varied  from 64 to 350 
T.U. (10 samples). This  is  connected  both  with 
perennial  and  annual  variability o f  tritium 
content  in  atmospheric  precipitation.  The  lowest 
values ( 6 4  T.U.) were  in  schlieren  ice  .samples  in 
sandy  loam  from  a  depth  of  0.55-0.8  m  on  August 9 ,  
1982  (the  depth  of  thawing  at  the  moment of 
research  was 0.5). These  values  are  consistent 
with the  precipitation  in  June,  1981.  But  in  the 
summer of 1981  and  1980  tritium  concentrations  at 
the  same  depths  reached 258 and 326 T.U. Tritium 
in  rock  glaciers  in 1977-78 was  between  the  limits 
of 80-167 T.U., which  approximately  corresponded 
to its  content  in  snow.  This is well  in  accord 
with  the  current  notion  about  formation  of  this 
type of ice  as  a  result  of  refreezing of snow  melt 
water. 

Strata  and  lenses  of  injection  and  injection- 
segregation  types  of  ice  are  widespread  in  the 
layer o f  seasonal  freezing  above  floodplain  taliks. 
Tritium  concentrations in  the  taliks  correspond  to 
its  content  in  river  water  or  are  somewhat  higher. 
The  higher  values  are  caused  by  the  influx  of sub- 
permafrost  water  into  alluvium. 

Permafrost  and  Enclosed  Ground  Ice 

Permafrost  in  the  studied  area  is  predominantly 
discontinuously  distributed.  Its  annual  mean 
temperature  varies  from O'C to -4'C; the  thickness 
reaches 200-300 m. The  stratigraphic  column  of 
perennially  frozen  deposits  is  composed  of  an  upper 
unit of ice-bearing  Quaternary  deposits  underlain 
by  Mesozoic  and  older  bedrock.  The  thickness  of 
the  Quaternary  deposits  rarely  exceeds 20-30 m. 
They  include  deposits of bedded  and  recurrent  wedge 
ice. 

High  tritium  concentrations (80 T.U.  and  over) 
are  found  at  depths  of 0.2-0.3 m  and  below  the 
upper  boundary  of  permafrost.  Tritium  concentra- 
tions  are  related  to  the  existence of an  upper 
transitional  layer o f  permafrost  which  melted  over 
the  last 25-30 years  only  in  the  warmest  seasons. 
An  idea  about  the  character  of  tritium  distribution 
a t  great  depths is given  by  core  samples  from  bore- 
hole 9 drilled  in a 7 . 5  m  high  frost  mound  in  the 
Gorbyliakh  river-valley  (Pig. 1A). From  the  sur- 
face  it  is  composed of peat  which  is  frozen at a 
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depth of 0.3 m. At  a  depth  of 2.9 m  the  boring 
penetrated  a  meter-thick  layer  of  ice  which  had  a 
dissolved  solids  content  of  150  mg/R.  The  ice  was 
underlain  by  sandy  loam with ataxitic  cryogenic 
texture  (volumetric  moisture  content  equals 40- 
70%). The  revealed  distribution  of  tritium  con- 
centrations  may  be  explained by moisture  migration 
(diffusion)  from  the  layer  of  seasonal  thawing  into 
perennially  frozen  material  in  the  direction  of 
lower  temperatures. To test  the  hypothesis  about 
the  existence  of  moisture  migration  from  the  base 
of the  seasonally  thawed  layer  deep  into  the  perma- 
frost zone, calculations  of  changing  tritium 
concentrations with depth  were  made on the  basis 
of  solving  the  equation  of  diffusional  transporta- 
t ion 

c ( z )  = %=O) exp - z (1) 

in  which C ( z )  is  tritium  concentration  at a depth 
of z, k is  a  coefficient  of  diffusion, X is  a 
constant  representing  radioactive  disintegration 
of tritium (0.056 year-I). 

The  theoretical  curve of the  diffusional  dis- 
tribution of tritium  concentrations  coincided  with 
the  actual one, on which  tritium  concentrations 
were  placed  in  the  middle of the  tested  intervals 
using  k = 6.10-4 cm'/s (Morkovkina  et  al.,  1982). 
This  quantity  does  not  exceed  the  limits of 
certain  well-known  values  of  k in dispersion  rocks 
by  laboratory  estimates.  Approximate  estimate of 
the  rate  of  migrational  flow  gives a value o f  
IO-* kg/m2 per  day.  Time  of  its  existence  is 
determined  by  the  period  from  the  beginning of 
seasonal  thawing  to  the  refreezing  of  seasonally 
thawed  layer. 

layer of seasonal  thawing of high  tritium  concen- 
tration  in the  strata  of  underground  ice  in  the 
peatland  of  the  Niukzhi  river  valley  can  be 
explained  (bore  hole 63,  Fig. 1A). In the  nearby 
bore  hole 65, tritium  concentration  in  sandy  loam 
with  ataxltic  cryogenic  texture at a depth  of 3.2- 
4.2 m  was 2 1 k  3 T.U.  Essentially  the  same  value 
( 2 0 + 3  T.U.) was  obtained  for  a  sample  of  frozen 
sandy loam, underlying  peat  bogs  at  a  distance of 
0.5 km from  bore  hole 65 (exploratory  shaft 73, 
Fig. 1B). Attention  should  be  drawn to the  fact 
that  the  results o f  the  analyses of the  samples 
from  exploratory  shaft 73 do  not  reveal  regular 
depth  variations of tritium  concentrations. 
Similar  findings  are  also  observed  for  peat  bogs 
in  the  Derput  brook-valley  (exploratory  shaft 1, 
Fig. 1B). Low  tritium  concentrations  in  its 
exposed  section  are  evidently  conditioned  by  the 
character  of  the  temperature  regime.  The  layer  of 
winter  freezing  does  not  extend  to  the  upper 
surface of the  perennial  frozen  peat.  This 
results  in  its  very  insignificant  temperature 
gradients  and  the  thawed  material  at  the  contact 
wich  perennial  frozen  ones  is  dehydrated.  All  this 
deteriorates the conditions f o r  moisture  migration. 

composed  of  slightly  to  moderately  decayed  peat 
with  rare  interlayers  of  ice as thick  as 5-7 cm. 
Volumetric  moisture  capacity  of  the  peat  is 70-90%. 
The  age of the  lower  peat  horizon  in  the  axea of 
the  Derput  brook  is  estimated  by  the  radiocarbon 

Perhaps  only by  the  moisture  migration  from  the 

Both  the  areas  of  bore  hole 65 and  shaft 73 are 
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method  at 9,500 years; the  age of the  upper 
horizon  is 1,800 years.  The  freezing of peat 
occurred 2,000 to 1,500 years  ago. 

Tritium  was  not  discovered  in  the  layers of 
segregational  ice 15-16 cm  thick,  deposited  at  a 
depth o f  from 2 t o  3.5 m in  powder-fine  sands 
(Upper  Pleistocene  alluvium).  These  are  primary 
types  of  ice  which  were  formed  simultaneously  with 
enclosing  perennial  frozen  sediments,  which 
include  extensive  wedge ice,  Ice  wedges  of  this 
type  are  characterized  by a concentration  of 
dissolved  solids  that  is  usually  less  than 5 0  mg/Q. 

tions  in  the  Mackenzie  river-valley  (Mickel & 
Fritz, 1978) are  indicative  of  intensive  penetra- 
tion  of  contemporary  atmospheric  moisture  from  the 
layer of seasonal  thawing  into  upper  horizons  of 
permafrost.  Data on tritium  Concentration  make  it 
possible  to  approximately  determine  that in the 
ground  ice  there  is  about 20-30% of  moisture  con- 
tent  younger  than 25-30 years of age  and  up  to 
7-10% in  perennially  frozen  unconsolidated 
deposits.  The  conclusion  about  the  existence of 
moisture  migration  from a seasonally  thawing  layer 
into  the  permafrost  zone  with  formation  of  icy 
schlieren  agrees  well with the  results of labora- 
tory  experiments  (Ershov  et a l . ,  1976). This 
process  is  hindered  by  the  existence  of  primary 
strata  of  slightly  mineralized  ice  in  perennially 
frozen  unconsolidated  deposits  which  have  prac- 
tically no liquid  phase.  The  latter  proposition 
is  confirmed  by  the  results of the  tritium  analysis 
o f  ancient  recurrent  wedge  ice. 

Recur'rent wedge ice (RWI) . Underground  wedge 
ice  is  widespread in  alluvium,  peat  bogs,  and 
proluvium  deposits  in  the  north  of  the  Amur  region 
and  more  seldom in Southern  Yakutia. One dis- 
tinguishes  contemporary  growing RWI and  ancient 
buried RWI, which  are  deposited  at  a  depth  of  more 
than 0.5-1 m  below  the  layer  of  seasonal  thawing. 
The  depth of penetration o f  contemporary RWI 
commonly  does  not  exceed 2-2.5 m, although  the 
depth  of  the  ancient  ones  is  up  to 5-7 m. 

In contemporary  growing  ice  wedges,  tritium 
concentrations  vary  within  the  limits  of 20-230 
T.U. (9 samples).  High  tritium  concentrations 
(over 70-80 T.U.), to all  appearances,  indicate 
the  formation of the  great  bulk of ice  in  the  Last 
25-30 years.  Lower  values are typical of wedges 
which  began  forming  long  before  the  outset  of  the 
thermonuclear  tritium  intake. The greater  part of 
the  ice  in  this  case  contains  tritium  in  concen- 
trations  less  than 5 T.U., which  is  within  the 
limits of error of the  analysis.  This  is  con- 
firmed  by  the  change of the  tritium  concentrations 
in one of the  veins  from 98 T.U.  in  the  middle  part 
to 2 1 f  3 T.U. at  the  lateral  boundary.  Decrease  in 
tritium  concentrations in ice  veins  from  the  upper 
part to the  lower one should  a150  be  noted.  The 
distribution of tritium  inside  the  veins  is 
evidently  determined  by  conditions  of  their  for- 
mation. 

In contrast to the  contemporary  growing  ice 
wedges,  tritium  in  the  ancient  buried  wedges  is 
actually  non-existent  (the  error  of  observation  in 
most  cases  did  not  exceed k5 T.U.). This  is  the 
case even at  the  upper  boundary  of  the  buried  ice 
wedge  at  a  depth of 1-1.5 m. In August, 1982 
studies  were  made  of  a  section of an ice  wedge 

The  obtained  data  and  the  results of investiga- 

complex  in  the  Lake  Tchikun  depression,  where  a 
modern  wedge 10 cm  wide  at  a  depth of 1.1 m 
penetrates  into  buried  wedge  ice  and  is  distinctly 
traced  within  it  to  a  depth of 2.3 m. Tritium 
concentration  in  the  younger  ice  wedge  at  its  point 
of entrance  into  the  buried  one  is 64 T.U. In  the 
same  contemporary  wedge,  within  the  body of the 
buried one at a depth of 1.5-1.6 m, t h e  tritium 
concentration  equals 2 0 f  9 T.U. No tritium  has 
been  found  in  the  sample  selected  at  this  depth 
from a buried  vein  at  its  point  of  contact with  a 
contemporary  one.  It  confirms  that  there  is no 
moisture  transportation  in  the  ground ice,  in  which 
dissolved  solids  do  not  exceed 50-70 mg/Q). 

Golets .ice. This  type of ice  extends  under  the 
layer of seasonal  thawing  in  rock  glaciers. It is 
mainly  formed  in  the  process of freezing  snow  melt 
water.  Fig. 1C shows  the  changes  in  tritium  con- 
centrations  in  a  golets  ice  cross-section  through 
one of the  rock  glaciers  in  Southern  Yakutia 
(Morkovkina  et  al.,  1981).  Ice  to  a  depth of 2.4 
m  with  tritium  concentrations  of 140-167 T.U. forms 
a  part of the  seasonal  thawing  layer.  The  presence 
of  tritium  further  down  is  connected with the  mois- 
ture  inflow  during  the  period 1953-77. This  might 
be  brought  about  by  the  movement of rock  fragments 
and  ice  under  the  influence  of  gravity  force  and 
of ground  heaving.  Calculation  performed  from  the 
data on tritium  content  in  atmospheric  precipita- 
tion  in  the  layer of perennial  golets  ice  gave the 
amount of its  feeding  about 6 m/year. About 20% 
of ice  was  formed  during  the  last 25 years. 

CONCLUSIONS 

1. Comparatively  high  tritium  concentrations 
were  established  in  frozen  dispersion  deposits  in 
the  zone  of  annual  temperature  fluctuations. 
Tritium  content in  frozen  rocks of the  layer of 
seasonal  thawing  and  in  the  transitional  layer  is 
near  the  concentration o f  atmospheric  precipitation. 
Downward,  as  a  rule,  the  concentration  is  less 
where  connected  with  presence  of  moisture  older 
than 25-30 years of age. 

existence  of  a  considerable  amount of moisture 
migration  from  the  layer of seasonal  thawing  into 
permafrost,  This  process  to  a  great  extent  in- 
fluences  the  formation of the  cryogenic  structure 
and  ice  content in dispersion  permafrost  within  the 
zone  of  annual  temperature  fluctuations. A s  a 
result,  the  age of segregation  ice  may  be  consid- 
erably  less  than  the  time  that  has  passed  since 
formation  of  permafrost.  The  intensive  growth  of 
ice  layers  and  formation of cryogenic  textures  may 
also  be  modern. 

3. Tritium  is  an  indispensable  component of 
contemporary  growing  ice  wedges. Yet, it does  not 
exist  in  ancient  buried  wedge  ice  and  in  primary 
ice  strata,  which are not  influenced by the  process 
of moisture  migration. 

4. About 20% of  golets  ice  was  formed  in  the 
process of freezing  contemporary  atmospheric  water 
enriched  by  thermonuclear  tritium.  It  is  indica- 
tive of intensive  water  exchange  in  rock  glaciers 
and  of  comparatively  young  age  of  golets  ice. 

studies  opens new possibilities in the  study  of 
moisture  transfer  processes  in  the  system  perma- 

2 ,  Data obtained  from  tritium  analysis  show  the 

5. Employment  of  tritium  analysis in permafrost 



frost-natural  water, f o r  determining  the  nature 
of  moisture  exchange  in  permafrost  rocks  and for 
age  assessment of ice  inclusions. 
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THE RECOGNITION  AND  INTERPRETATION OF I?/ SITU AND  REMOULDED  TILL  DEPOSITS, 
WESTERN  JYLLAND,  DENMARK 

Leif  Christensen 

Department of Geology,  Aarhus  University,  DK-8000  Aarhus c,  Denmark 

Mayor  engineering  projects in  western  Jylland,  Denmark  are  greatly  influenced  by 
the  extent  and  thickness of remoulded  till  deposits. A remoulded  till  study  was 
carried out on the  southern  slopes of the  Saalian  landscape  of  Skovbjerg Bakketl 
north of Skjern  using  airphoto  interpretation  and  test  hole  drilling.  Remoulded 
deposits  can  be  recognized on airphotos  revealing  deformed  large-scale  crop-poly- 
gonal  patterns.  Apparent  shear  strength  parameters  determined by vane-tests  for 
clayey  and  silty  deposits  indicate  lower  strengths  in  remoulded  deposits  and  high- 
er  strengths  in in s i t u  deposits.  Thickness of remoulded  deposits  varies  between 
0 , 5  to 4 meters  in  the  study  area.  Approximately 40% of  the  study  area  is  under- 
lain  by  remoulded  deposits. 

INTRODUCTION 

Intensification of engineering  activities  in Den- 
mark  during  the 1970's has  resulted  in  increasing 
concern  about  the  distribution of remoulded  and i n  
s t t u  Saalian  till  deposits  in  western  Jylland.  The 
presence of compressible  layers  in  remoulded  depo- 
sits  and of compressible  organic  Eemian  deposits 
below  remoulded  deposits  influence  major  enginee- 
ring  projects  such  as  heating  plants  and  sewage 
plants.  Since such construction  projects  encounter 
numerous  transitions  from  compressible  to  incom- 
pressible  deposits  it  is  essentiel  that the distri- 
bution of remoulded  deposits  can  be  mapped as accu- 
rately as possible. This  concern  has  prompted  an 
investigation  to  accurately  determine  the  extent of 
in s i t u  Saalian  till  deposits  and  remoulded dew- 
sits of till  origin  in  a  selected  area  built  up o f  
clayey  till  deposits  north of Skjern,  western  Yyl- 
land,  Denmark  (Figure 1). 

Preliminary  terrain  studies  including  the  inter- 
pretation of airphotos  and  test  hole  drillings  in- 
dicated,  that  remoulded  deposits  were  extremely  wi- 
despread  and  variable  and  that  more  detailed  inve- 
stigations  were  necessary.  These  studies  included 
detailed  large-scale  airphoto  interpretation of 
crop-marks  and  test  hole  drillings. 

DESCRIPTION OF STUDY  AREA 

The study  area  is  located on the  southern  slopes 
of Skovbjerg  BakkeB.  It  is  commonly  accepted  that 
"Bakke8erne" - the  landscape of Saalian  till  and 
meltwater  deposits in  western  Jylland - have  expe- 
rienced  active  periglacial  modifications  through- 
out the  Weichselian  Glaciation,  when  the  inland  ice 
reached  central  Jylland  (Figure 1). Solifluction 
has  reduced  the  lower  slopes  in  angle  and  extended 
the  slopes  in  length,  while  the  upper  parts of "Bak- 
ketlerne"  suffered  erosion  and  retreat  and  near stab 
le  slopes  were  ultimately  attained. 

L""4 

FIGURE 1 Location of the  study  area. 

DELINEATION OF REMOULDED  AREAS USING AIRPHOTO MAP- 
P I N G  

Airphoto  mapping  and  interpretation of crop-marks 
is  aided  by  dry  spells.  During  these  periods  water- 
stress  conditions  reveal  differences  in  plant 
growth  and  development  which  appear as  crop-marks 
in  northwest  European  fieLds  (Shotton 1960, Wil- 
liams 1964, Morgan 1971, Svensson  1964a, 1964b, 
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FIGURE 5a.  Pseudomorph of ice-wedge  deformed  after 
transition  into  a  fossil  state. 

FIGURE 2 Random  orthogonal  polygonal crm-patt-erns 
in  a  field of spring  barley  south of Saodding. Pbo- 
to  9.7.1975. 

FIGURE 5b Sketch of Figure  5a. 

1972,  1973  and  1976,  Christensen  1974  and 1978, Ja- 
F I G U R E  13 Strises and  elonqated  orthogonal  crop- 

of Saedding. Photo 9.7.1975. 

kob & Lamp 1980). In spring  and  early  summer  when 

gative  crop-marks  are  especially  well  developed  in 
cereals  such  as  spring  barley,  wheat  and  oats 

patterns oriented downslope in a fi.eld of rape east  evaporation exceeds precipitation,  positive and ne- 

(Christensen  1978).  Crop-marks  can  be  observed  too 
in  root  crops  and  maize  during  dry  spells  in  late 
summer and early  autumn.  continous  mapping of an 
area  therefore  demands  crop  rotation  and  airphotos 
from  several  different  years  with  different  periods 
of water  deficiency  during  the  season of growth. 
The increased  use  of  irrigation  by  Danish  farmers 
since  the  mid  1970's  has  reduced  the  value of more 
recent  airphotos. 

Crop-marks  are  better  primary  indicators of in 
situ and  remoulded  deposits  than  terrain  features 
because  remoulded  fossil  solifluction  deposits of 
till  origin  have  lost  their  topographic forms 
(Christensen  1982). 

commonly  found. Random orthogonal  and  hexagonal 
uatterns  are  found  on  flat  ground  (Figures 2and 6 ) .  

Three  categories of polygonal  crop-patterns  are 

FIGURE 4 ~ ~ ~ ~ ~ o r n ~ ~ n ~ l  o f  ice-wedqe fractured after 
transition  into a fossil state,  Central part on 
Figure 3 .  

On gradients of lU the  patterns  change  to  orthogo- 
nal,  elonqa  ed  and  are  oriented  downslope. On qra- 
dients of 2 or  more  only  stripes  are  found  (Figu- 6 
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FIGURE 6 Vertical  airphoto  showing  different  categories of polygonal  crop-patterns  around  Saedding.  Photo 
11.5.1954.  Copyright  Tactical  Air  Command, Karup. 
res 3 and 6 ) .  

vealing  hexagonal  and  random  orthogonal  patterns, 
while  remoulded  deposits  are  commonly  found  in  areas 
revealing  elongated  patterns  and  stripes. 

The soil. structures  revealed  in  excavations 
through  these crop-marks have  been  interpreted  as 
pseudomorphs of ice-wedge  polygonal  patterns  (Chris- 
tensen 1974,1978 and  1982,  Svensson  1973  and  1978). 

In areas  with  elongated  patterns  and  stripes ex- 
cavations  have  revealed  fractured,  deformed  and 
overturned  pseudomorphs of ice-wedges  below  crop- 
marks  (Figures 4 and 5). 

In situ deposits  are  commonly  found in areas re- DELINEATION OF REMOULDED DEPOSITS U S I N G  DRILLINGS 

In delineating  clayey  remoulded  deposits  apparent 
shear-strength  parameters as measured  by  vane  tests 
in  drillings  can  be used (Christensen 1982) .  The ap- 
parent  shear-strength  values - c intact  and  c'  re- 
moulded - are  markedly  lower  in  remoulded  clayey  de- 
posits.  Figure 7 illustrates  that  the  apparent  shear 
-strength  values - c and c' - as measured  by  vane 
responds  to  changes 41, the  xhickness of the  remoul- 
ded  deposits  and  changes  in  soil  type. 

V  V 
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Somple no Soil dcscr lp t lon  

FIGURF: 7 Some typical  relationships of in s- i tu and  remoulded  deposits to terrain and crop-marks  with  the 
corresponding  apparent  shear-strength  values for each  drill  hole  except  drill  hole 19. Vertical  exaggera- 
t i o n  x 30. 
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Downslope  the  remoulded  deposits of till  origin 
become  more  sandy  than  the i n  situ deposits. The 
resultant  sandy  deposit  can  often  appear  quite  dif- 
ferent  than  that  from  which it has  derived. 

LABORATORY STUDIES 

Undisturbed  samples  from  drillings  have  been  in- 
vestigated for unit  weight of soil y ,  water  content 
w, grain  size  composition  and  consolidation  tests. 

The  unit  weight o f  soil y is  higher  and  water 
content  w  lower in in siku tills  than  in the remoul- 
ded  deposits of till  origin  (Table 1). 

TABLE 1 
Unit  weight of soil y and  water  content w of in 
situ till  deposits  and  remoulded  deposits of till 
origin  in  the  Saedding  area. 

2 
t/m weight ps 

in situ till 
deposits 2,07-2,24 11,5-19,5 

remoulded  de- 
posits of till 
origin 1,89-2,12 u , a - 2 4 , 7  

Grain-size  distributions Of in situ tills  and 
remoulded  deposits of till  origin,  show  that  the 
latter  material  is  more  silty  and sandy,  the  clay 
content  being  lower  (Figure 8). 

C l  AV SILT Sl iND GRAVEL 

I I 

FIGURE 9 Working  curve  from  consolidation  test  of 
preconsolidated i n  situ till. 

2 3 4 5  10 20 30 40 50 100 

Pressure p in t/mZ ( l o g  Scale)  

FIGURE 10 Working  curve  from  consolidation  test  of 
clay  layer  in  remoulded  deposit of till  origin. 

DISTRIBUTION OF REMOULDED WEPOSITS 

FIGURE 8 Grain-size  distribution  ranges for in si- 
tu till  deposits (38 samples)  and  remoulded  depo- 
sits of till  origin ( 8 3  samples)  in  the  Saedding 
area. 

Consolidation  test-curves  have  been  made on se- 
lected  samples. A marked  difference  between in s<tu 
clayey  till  materials  and  clay  materials  from  re- 
moulded  deposits  is  found  (Figures 9 and 10). The 
clays  of  the  example  test  curve  in  Figure 9 is con- 
sidered to be preconsolidated,  while  the  clays of 
the  example  test  curve  in  Figure 10 are  probably 
normally  consolidated. 

tions  favour  consolidation of sediments. 
It  is  generally  considered  that  glacial  condi- 

Remoulded  deposits  were  present  over 40% of the 
study  area  and  ranged  from  a low of approximately 
5% are 1 extent  in  flat  areas with  gradients  less 
than 1 to  around 60%-70% on  sloping  terrain. 

distribution of i.n situ and  remoulded  deposits in 
a section of the  study  area  east of Saedding. 

8 
An example  of a survey  map  (Figure  11)  shows  the 

CONCLUSIONS 

Remoulded  deposits of till  origin  in the Btudy 
area  are  confined  to  areas  with a slope of 1 ox 
more.  These  areas  occupy  approximately 40% of  the 
study  area.  Remoulded  and in situ till depkits 
can  be  recognized on airphotos  revealing  deformed 
large-scale  crop-patterns. Only drillings  can  esti- 
mate  the  thickness of remoulded  deposits. millings 
therefore  are  useful  for  providing  data  to  confirm 



airphoto  interpretations. 
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FIGURE 11 Survey  map of in s i t u  and  remouldcd  de- 
posits  east of Saedding.  Contour  interval  2  meter. 
See also Figure 6. 
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ICE-SOIL YIXlWRES: VISUAL AND NEAR-INFRARED REMOTE SPNSING TECENIQUES 

Roger N. Clark 

Planetary  Geosciences  Division, Hawaii I n s t i t u t e  of Ueophysics, 
University  of  Hawaii.  Honolulu,  Hawaii 96822 USA 

The spec t r a l   p rope r t i e s  of ice-soi l   mixtures  a r e  reviewed,  Spectxa  of  intimate mix- 
t u r e s  of soil and i ce   a r e   h igh ly  complex, aonl inear   funct ions  of   the   opt ical   proper-  
t i e s  o f  i c e  and s o i l .  Water i c e   h a s  an a b s o r p t i o n   c o e f f i c i e n t   t h a t   v a r i e s  by 
several   orders   of   magni tude  in   the  visual  and near i n f r a r e d  (0.4-3p) and has  
several   prominent   overtone  absorpt ions  (a t  2 . 0 .  1 .5 .   1 .25 ,  and 1.04 p). Thus, dif-  
ferent  wavelengths  can be  used t o  p robe   t o   d i f f e ren t   dep ths   i n   t he   su r f ace   a s   we l l  
as for   d i f fe ren t   minera l   impur i ty   concent ra t ions .   Ihp i r ica l   andlor   theore t ica l  
models  might be .used f o r   d e r i v i n g   c h a r a c t e r i s t i c   g r a i n   s i z e  of  ice o r  imparity 
minerals  and f o r   d e r i v i n g  abundance  of t h e   i c e  and rock o r  s o i l  components.  Quanti- 
t a t i v e   a n a l y s i s  of  remotely  obtained  reflectance  spectra  can  only be  performed by 
us ing   the   absorp t ion   fea tures   in   the   spec t ra   o f   i ce   and   so i l   and   no t  by btoadband 
response. This might be done by s p e c i a l   s e l e c t i o n  of several  narrow  band f i l t e r s   i n  
t h e   n e a r   i n f r a r e d   t h a t  will adequately  def ine  the  ice   absorpt ions.  

INTRODUITION 

Unders tanding   the   op t ica l   p roper t ies   o f   water  
i c e  and mixtures  of  ice and s o i l   a r e   e s s e n t i a l   f o r  
remote  sensing  studies.  The amount of sunl ight  
r e f l e c t e d  from a surface composed of  ice  and  soil 
depends on the  abundances  and  grain  sizes  of  each 
minora1  component, t he   abso rp t ion   coe f f i c i en t s  of 
the   minera ls   and   the   phys ica l   s ta te   o f   the   i ce-so i l  
assoc ia t ion .  The s p e c t r a l   p r o p e r t i e s  of an ice- 
so i l   in t imate   mix ture  (e .g . ,  l i k e   f r o z e n  mad) a r e  a 
highly complex (nonlinear)  combination  of  the end 
member spec t ra l   p roper t ies .   In t imate   mix tures   a re  
one  end of the  range of p o s s i b i l i t i e s   t h a t  may be 
encountered. The o t h e r  end  of the  range i s  a a l l e d  
an area l   mix ture ,   where   the   mater ia l s   a re   op t ica l ly  
i so l a t ed   pa t ches  of the  pure end members loca ted  on 
the   sur face .  The spectrum o f  t h e   l a t t e r  i s  a sim- 
p l e  linear addi t ion  of t he   spec t r a  o f  t h e   o p t i c a l l y  
i so l a t ed   pa t ches  of  minerals  weighted by the   f r ac -  
t ional   areal   coverage of e a a h   p a t c h   i n   t h e   f i e l d  of 
view of the   de tec tor .   There  is a continuous range 
of   mix tu re   poss ib i l i t i e s   i n  between the   i n t ima te  
and area l   mix tures .   as   wel l  as v e r t i c a l l y   s t r a t i -  
f i e d   c a s e s  suoh as a f r o s t   l a y e r  an a soi l .   Inver-  
sion  of a remotely  obtained  spectrum of a sur face  
to  determine  mineral  abundanae i s  a formidable 
problem, i f  a q u a n t i t a t i v e  and  unique  answer i s  
des i red .   For tuna te ly ,   water   i ce   has   op t ica l  pro- 
p e r t i e s   t h a t  a r e  very   d i f f e ren t  from those  of   other  
der ived from  remotely  obtained  spectra. This paper 
reviews  the  current   understanding  of   the  spectral  
p rope r t i e s   o f   i ce  and mixtures  of  ice and s o i l   f o r  
the  purpose of remote  sensing. 

ICE 

H20 i ce   con ta ins   abso rp t ions   i n   t he   i n f r a red  
owing t o  +E s t r e t c h e s  (3  pu), E-0-E bend ( 6  pm), 
and many t r a n s l a t i o n  and r o t a t i o n a l  modes a t   l o n g e r  
wavelengths .   In   the   spec t ra l   reg ion   of   re f lec ted  

s o l a r   r a d i a t i o n ,  “0.4 t o  “2.5 p, i ce   d i sp l ays  
overtones of the  above modes a t  2.02,  1.52 .  1.25. 
1.04, 0.90,  and 0.81 pm. In r e f l ec t ance ,   s ca t t e r -  
ing   cont ro ls   the  l i g h t  re turned from the   su r f ace   t o  
t he   de t ec to r ,  and s c a t t e r i n g  can occur  from  ioe-air 
i n t e r f aces   (g ra in   boundar i e s  or crystal   imperfec-  
t i o n s )  o r  from impur i t ies  mixed i n   t h e   s u r f a c e  such 
as a s o i l .  Thus, even  in  a pure ioe o r  snow, t h e  
e f f e c t i v e   g r a i n   s i z e   g r e a t l y   c o n t r o l s   t h e   a p p e a r  
ance of the  reflectanae  spectrum  (Figure 1). The 
words f r o s t  and snow are   usod   in te rchangeably   in  
t h i s   pape r   s ince   t he re   a r e  no distinguishable  spec- 
t r a l   d i f f e r e n c e s .  

The mean pa th   l eng th   t ha t   pho tons   t r ave l  in  a 
mineral i s  determined by s c a t t e r i n g  and by the  
abso rp t ion   coe f f i c i en t  of t he   ma te r i a l .  For 
i n s t a n c e .   a t  3.075 pm t h e   a b s o r p t i o n   c o e f f i c i e n t  o f  
i c e  i s  14008 am“ ( I r v i n e  and  Pollack, 19681, and a 
path  length of 1 p r e s u l t s  in absorption  of 25% o f  
t he   l i gh t .   whereas   a t   t he   cen te r  of t h e  1.04-p i c  
absorp t ion ,   the   absorp t ion   coef f ic ien t  i s  0.34 cm” 
and a path  length of 4.1 am is r equ i r ed   fo r   t he  
same 25% absorption. Thus. different   wavelengths  
probe to   d i f f e ren t   dep ths   i n   an   i cy   su r f ace .  This 
l a r g e   v a r i a t i o n  in opt ica l   pa th   l ength  i s  an advan- 
tage  for  remote  sensing  studies  since  each  absorp- 
t i o n  i s  s e n s i t i v e   t o   d i f f e r e n t  amounts  of  impuri- 
t i e s  and t o   s c a t t e r i n g  due t o   d i f f e r e n t   g r a i n  
s i z e s .  

8 

SPECTRAL PROPERTIES OF ICE-SOIL MIXTURES 

There  has  been  considerable  advancement  in  the 
understanding of t h e   o p t i c a l   p r o p e x t i e s  of i c e  and 
snow and the   spec t r a l   p rope r t i e s  of  ice-soil mix- 
t u re s   ove r   t he   l a s t   s eve ra l   yea r s .  Warren (19821 
reviewed  the  opt ical   propert ies   of  snow, concen- 
t r a t i n g  on how the   v i sua l   r e f l ec t ance  i s  a f f e c t e d  
by small  amounts of impurit ies.   Clark (1982) dis-  
cussed  the  implicat ions  of   using  both  visual  and 
near i n f r a r e d  broadband d e t e c t o r s  for remote sen$- 
ing  s tudies .  The v i sua l   r e f l ec t ance  of a pare 
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f rozen  water   can  vary from 1.0 f o r  a f ine   g ra ined  
f r o s t   t o  "0.4 for an i c e   w i t h   l i t t l e   i n t e r n a l  
s c a t t e r i n g   t h a t  i s  c h a r a c t e r i s t i c  of some t e r r e s -  
t r i a l   i c e   i n   t h e   a r c t i c  and a n t a r c t i c .  With small 
f r a c t i o n s  of a weight   percent   soot   or   dust ,   the  
v isua l   re f lec tance   can   vary  from u n i t y   t o   l e s s   t h a n  
0.1  (Warren,  1982;  Clark,  1982). Thus t he   v i sua l  
re f lec tance  of i c e   v a r i e s  so much with s c a t t e r i u g  
condi t ions  due t o   g r a i n   s i z e  and  small  amounts  of 
impur i t i e s   t ha t  i t  i s  u n r e l i a b l e   t o  use t h e   v i s u a l  
albedo  alone  for any q u a n t i t a t i v e  remote  seasine 
study. 

Clark  (1981a.   b)   s tudied  the  spectral   propert ies  
of   ice   blocks,   f rosts   of   var ious  grain  s izes .   and 
ice-mineral  mixtures.  Impurities in  an  ice  o r  
f r o s t   l a y e r   c a n   r a d i c a l l y  change the  appearance  of 
the   re f lec tance   spec t rum  in   the   near   in f ra red ,   as  
w e l l   a s   i n   t h e   v i s u a l   p a r t  of  the  spectrum. The 
a d d i t i o n  of  mineral   grains  dusted on t he   su r f ace  of 
a f ros t   l aye r   dec reases   t he  1.5-  and 2.0-p  absorp- 
t ions   roughly   p ropor t iona l   to   the   f rac t iona l   a rea l  
coverage. However, sinoe the   sur face  of the  f r o s t  
i s  not a f l a t   l a y e r   b u t   a " f a i r y   c a s t l e "   s t r u c t u r e ,  
the   minera l   g ra ins  a r e  somewhat mixed i n  t h e  upper- 
most p a r t  o f  the   sur face ,  which r e s u l t s   i n  a higher  
p r o b a b i l i t y  of a photon  encountering a so i l   g ra in .  
This r e s u l t s  in  reduced  scat ter ing and pa th   l ength  
in   ice .   Also,   the   a lbedo of the  surface may be 
dras t ica l ly   reduced  many times more than  expected 
f o r  a f rac t iona l   a rea l   coverage  by using  an  addi- 
t i v e  model for   a rea l   mix tures .  Thus, mineral 
grains on a f r o s t   l a y e r  are de tec t ab le   i n  very 
small   quant i t ies .   For  example. a f r a c t i o n a l   a r e a l  
coverage <O.OOS is de tec t ab le   i f   t he   mine ra l   has  
sui table   absorpt ions  outs ide  the  major   water   ice  
f e a t u r e s  and the   da t a   a r e  of s u f f i c i e n t l y   h i g h  
q u a l i t y ,  0.5% precis ion  (Clark,   1981a) .  

In the  case of a f r o s t   l a y e r  on a s o i l ,  a t h i c k  
f r o s t   l a y e r  01 mm) is r equ i r ed   t o  mnsk t h e   s o i l   a t  
wavelengths  shortnard of 1.4 p owing t o   t h e  low 
abso rp t ion   coe f f i c i en t  of  ice  but  also  depends on 
the   minera l   re f lec tance   fea tures  and t h e   f r o s t  
g ra in   s ize .   Fros t  on a very  dark  surface  (e.g. ,  
re f lec tance  6%) is  e a s i l y  seen even when only a few 
micrometer  layer  of  frost  i s  present .  

Spec t r a l   s tud ie s  of  minerals  with  adsorbed  water 
show tha t   t he   phys i ca l ly  and  chemically bound water  
absorptions,  which  occur a t  1.4,   1.9,  and 2.2 pa, 
a r e   d i s t i n g u i s h a b l e  from the  broader   water   ice  
abso rp t ions   a t  l.S and 2.0 pm and do n o t   s h i f t  
appreciably  in  wavelength (<0.01 pa) over  the  ten- 
ps ra tu te   range  from 273K t o  150K (Clark,  1981b). 

In the   case of intimate  mixtures,  a dark 
mater ia l   in t imate ly  mixed with  water   ice   can com- 
p l e t e l y  mask the  water  absorptions  shortward of 2.5 
pm (Clark,  1981a). The higher   overtones ( 0 . 8  p t o  
1.25 p) a r e  more r e a d i l y  masked than   the   s t ronger  
1.5- and 2.0-pm absorp t ions ;   in   fac t ,   these   weaker  
absorp t ions  become suppressed with minerals   dusted 
on f r o s t .  Even r e l a t i v e l y   h i g h   r e f l e o t i v i t y  (e .g . ,  
0.8)   grains ,   in t imately mixed i n  a f ros t   l aye r .   c an  
grea t ly   reduce   the   sca t te r ing ,   thus   l imi t ing   the  
path  length and suppressing  the  higher   overtone 
absorptions.   These  effects  cause a decrease   in   the  
r a t i o  of higher  to  lower  overtone  absorption band 
depths ( e . g . ,  the  depth of t he   1 .25 -p   band / l . 5 -p  
band o r  0.8-pm baad/l .S-p  band).  This i s  i n  con- 
t r a s t   t o  a t h i n   f r o s t   l a y e r  on an  ice   surface whose 
s p e c t r a  show an  increase i n  the  corresponding 
apparent  band  depth  ratios  (Clark.   1981b).  

More recent ly ,   Clark and  Lucey  (1983)  have stu- 
d ied   t he   spec t r a l   p rope r t i e s  of mineral   par t icu-  
l a t e s   i n t i m a t e l y  mixed i n  i ce   b loaks   i n  more 
d e t a i l ,  and one  of t h e i r   s e r i e s  of spec t r a   a r e  
shown in  Figure  2 .  Note how the   i ce   bands   a t  2 - 0 ,  
1.5,   1-25,  1.04, and  0.9 p change wi th   t he   pa r t i -  
cu la te   conten t .  The r e l a t ive   dep th  of  an absorp- 
t i o n  i s  defined w i t h  respec t   to  a continuum ( a  
smooth l ine  such  as  a cub ic   sp l ine   po lynomia l )   f i t  
to   the  ref lectance  peaks  between  absorpt ion  bands 
(Clark,  1981b;  Clark  and Rough, 1983) .   I f  I$, i s  
the   r e f l ec t ance   a t   t he   abso rp t ion  band c e n t e r  and 
R i s  the   re f lec tance  of t h e   f i t t e d  continuum a t  
tge  same wavelength  as l$,, then  the band  depth D is 
(Clark and  Roash,  1983) 

The band  depths   for   the  ice   absorpt ions  increase  as  
t h e  mean op t i ca l   pa th   l eng th   i nc reases  until signi-  
f i can t   abso rp t ion   occu r s   i n   t he  wings o f  the  
absorption  bands,  then  the  bands become s a t u r a t e d  
and the  depth  decreases.  A s a t u r a t e d  band may 
almost  completely  disappear  as  seen w i t h  the  1.5- 
and 2 .0-p   bands   in   the   pare   i ce   spec t rum in Figure 
2. 

In order   to   he lp   p rovide  a c a l i b r a t i o n  of i c e  
p u r i t y  from ref lectance  spectra ,   Clark  and Lucey 
(1983)  derived  the  curves of growth  for  several   ice 
bands  as a func t ion  of the  photon mean op t i ca l   pa th  
l e n g t h   i n   i c e  by using t h e  methods of Clark  and 
Roush (1983). A curve  of  growth i s  the   r e l a t ion -  
ship  between  an  absorption  band  depth  and  increas- 
i n g  optical   path  length  through  the  mater ia l .   This  
i s  shown i n   P i g a r e  3 and i s  s imi l a r   t o   cu rves  of 
growth  produced from l abo ra to ry   spec t r a   i n   F igu re  
2. The a lbedo  of   the   par t icu la te   impur i ty   g rea t ly  
a f fec ts   the   spec t rum and the  curves  of growth. The 
d a r k e r   t h e   p a r t i c u l a t e ,   t h e   l e s s   s c a t t e r i n g   t a k e s  
place i n  the   sur face ,   which   resu l t s  in  a lower  opt- 
i ca l   pa th   l eng th   i n   i ce  and a smaller  band  depth. 
Clark and Lucey (1983)  found t h a t   t h e  band  depth D. 
divided by the  continuum  reflectance El , removed 
t h e   e f f e c t s   o f   p a r t i c u l a t e   a l b e d o   d i g a r e  4 ) .  
Polynomials f i t   t o  such  data f o r  the  1.04-, 1.25-. 
1.52-,  and 2.02-pm bands  provide  cal ibrat ion  curves  
t o  abundance. 

aEbloTELY SPNSED SPECCRA 

The p rev ious   d i scuss ion   imp l i e s   t ha t  s m e  quan- 
t i t a t ive   in format ion   can  be obtained from remotely 
sensed  spectra of  an icy  surface,  given  adequate 
spectral   coverage and da ta   p rec is ion .  In remote 
sensing  s tudies  of t he   ea r th ' s   su r f ace ,   t he  atmo- 
sphere  provides   an  addi t ional   di f f icul ty .  owing t o  
many absorptions,   mainly from water  vapor.  oxygen, 
and ca rbon   d iox ide   ( t he   l a t t e r  two a r e   r e l a t i v e l y  
weak).  Nevertheless, WcCord and Clark  (1979)  have 
shown t h a t   t h e   e x t i n c t i o n  due to  atmospheric 
absorp t ions   in   th i s   reg ion   can  be removed i n  a t  
l e a s t  some cases .  To do t h i s ,   t h e  same physical  
a rea  must be measured fo r   d i f f e ren t   pa th   l eng ths  
through  the  atmosphere  at  each  wavelength. From a 
s a t e l l i t e  or a i rp lane   th i s   might  be  accomplished by 
changing  the  look  direct ion  while   f lying  over   the 
spot .  However, t h i s  adds  another  complication i n  
that   the   viewing  geometry  with  respect   to   the sur- 
face normal  aud the  solar   phase  angle  w i l l  a l s o  



16 0 

ohange. Thus, t he   s ca t t e r ing   w i th in   t he   su r f ace  
w i l l  a l s o  change  and t h e   s p e c t r a l   p r o p e r t i e s  will 
change s l i g h t l y .   T h i s  i s  a second  order   effect ,  
however,  and w i l l  n o t   s i g n i f i c a n t l y   a f f e o t   t h e  
crude  abundance  calculations  outl ined i n  t h e   l a s t  
sec t ion .  

Recently. Hapke (1985)  presented a theory  for  
computing b id i r ec t iona l   r e f l ec t ance  of  intimately- 
mixed. mult imineral io   surfaces  from t h e  complex 
ind ioes  of r e f r a c t i o n .   g r a i n  s i z e s .  weight  frac- 
t ions .  and d e n s i t i e s  of the  mineral  components. 
Most presenta t ions  of r e f l ec t ance   t heo r i e s  a r e  i n  
terms o f  der iv ing   t he   abso rp t ion   coe f f i c i en t  from 
labora tory   spec t ra  of a pondered  sample,  given  the 
g r a i n  s ize  of the   mater ia l .  However, Clark  and 
Roush (1983)  presented a method for   der iv ing  abun- 
dance from re f leo tance   spec t ra .   In  a r m o t e  sens- 
ing study. if the   mater ia l s   p resent   can  be ident i -  
f i e d  from absorp t ion   fea tures  in  the   re f lec tance  
spectrum,  then  the  absorpt ion  ooeff ioients   of   the  
m a t e r i a l s   a r e  known (or  can  be  measured). The 
r e f l e c t a n c e   t h e o r i e s  ann be used to   de r ive   t he  
average   par t ic le   s ing le   sca t te r ing   a lbedo  from 
observat ions  of   the   surface  a t  many phase  angles. 
Using  the  equat ions  to  compute t h e   s i n g l e   s c a t t e r -  
ing  albedo, when the   abso rp t ion   coe f f i c i en t  i s  unk- 
nown can only  determine  the  product of g r a i n   s i z e  
and   abso rp t ion   coe f f i c i en t .   I f   t he   abso rp t ion  
c o e f f i c i e n t s   a r e  known, however,  then a non-linear 
least   squares   a lgori thm  can be employed to   so lve  
f o r   t h e   g r a i n   s i z e  and the  weight   f ract ion  of   each 
component. 

The ice   absorp t ions  may be  adequately  defined 
with as few as  9 wavelengths  centered  near 0.95, 
1.04.  1.12,  1.25,  1.40, 1.52. 1.83. 2.02, and 2.24 
p. With these  wavelengths ,   e i ther   the  previously 
d i scussed   t heo re t ioa l  or empir ical  methods  might  be 
used to   de r ive  abundance from a reflectance  spec- 
trum. If a d e t e c t o r  system  were t o   o b t a i n  images 
of a planetary  surface  a t   wavelengths   such  as   those 
l i s t e d  above, i n   p r i n c i p l e  it i s  p o s s i b l e   t o  map 
t h e  abundance of i c e  and other   minerals .  

In p r a c t i c e ,   f o r  a t e r r e s t r i a l   r emote   s ens ing  
p r o j e c t  of t h i s   s o r t ,  an i dea l   da t a   s e t  would 
involve "5 pa rame te r s :   i n t ens i ty   a t  many 
wavelengths ("X00 spectral   channels  from 0.5 t o  2.5 
pm) , p o s i t i o n  ( 2  spat ia l ) ,   equivalent   a tmospheric  
th ickness  ( a i r  mass),   and  solar  phase  angle.  The 
a i r  mass d a t a  are requi red   to   cor rec t   for   absorp-  
t i o n s  in the  atarosphere,   and  sblar  phase  angle  data 
a re   requi red   to   de te rmine   the   sca t te r ing   proper t ies  
(and  thus  microstructure]   within  the  opt ical  sur- 
face. Many spectral   channel$ are required for 
minera l   i den t i f i ca t ion  from obsemed  absorp t ion  
bands.  Current  technology i s  adequate  for  obtain- 
ing such a data  set .  A NASA p r o j e c t  w i l l  acqui re  
suoh a d a t a   s e t  on a p lane ta ry   s ca l e   beg inn ing   i n  
1989190  with  the  Galileo mission t o  J u p i t e r  where 
t h r e e   s a t e l l i t e s   ( r a n g i n g  i n  s i z e  from Mercury t o  
our moon), whose surfaces  contain  abundant  ice,  
w i l l  be mapped a t  204  wavelengths  and a t  a s p a t i a l  
r e s o l u t i o n  a s  high as 1 hn. 

CONCLUSIONS 

Refleotance  spectra  of  ice-soil   mixtures  are 
very complex, nonl inear   func t ions   o f   the   op t ica l  
and phys ioa l   p rope r t i e s  of t h e  components  compris- 

ing  the  surfaae.   Fortunately,   these  spectra  oan be 
undexstood,  and it appears   tha t  some q u a n t i t a t i v e  
information  regarding  mineral  abundance  can  be 
derived. The mineral  abundance from remotely 
obtained  spectrn can be crudely  determined  from 
empi r i ca l ly   de r ived   r e l a t ionsh ips   o f   t he   op t i ca l  
p r o p e r t i e s  of  ice-soil   mixtures.  A p o t e n t i a l l y  
more powerful  technique  involves a non l inea r   l ea s t  
squa res   ana lys i s  of spec t r a   ob ta ined   a t   s eve ra l  
different  viewing  geometrics.  
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FIGURE 1 The n e a r i n f r a r e d   s p e c t r a l   r e f l e c t a n c e  
of ( a )  a f ine   g ra ined  ( 7 0  pm) w a t e r   f r o s t ,   ( b )  
medium grained ( 9 0 0  pm) f r o s t ,  (0 )  coarse  
grained (400-2000 pn) f r o s t  and  (d) a i ce   b lock  
containing abundant microbubbles  are shown. The 
l a r g e r   t h e   e f f e c t i v e   g r a i n   s i z e ,   t h e   g r o a t e r   t h e  
mean pa th   t ha t   pho tons   t r ave l   i n   t he   i ce ,  and 
the  deeper   the  absorpt ions become. F ros t   da t a  
from Clark (1981b). Ice   da ta  from Clark and 
Lmey (1983) . 
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FIGURE 2 The r e f l ec t ance   spec t r a  of ice  blocks 
containing Mauna Kea s o i l  of 15 p mean g r a i n  
s i z e   a r e  shown (from Clark and Lucey, 1983). 
Note how the   water   i ce  band d e p t h s   a t  2.0. 1.5, 
1.25,  1.04, and 0.90 p change as a func t ion  o f  
the   weight   f rac t ion  of t h e   p a r t i c u l a t e s   i n   t h e  
ice .  The p a r t i c u l a t e   s o i l  limits the  photons 
from pene t r a t ing   i n to   t he   i ce ,   t hus  a g r e a t e r  
p a r t i c u l a t e   w e i g h t   f r a c t i o n   r e s u l t s   i n   l e s s  pho- 
ton   pa th   l ength   in   the   i ce  and smaller  absorp- 
t i o n  bands. The p a r t i c u l a t e   r e f l e c t a n c e   a l s o  
limits the  photon  path wi th  darker  grains  redac- 
ing   the   mul t ip le   sca t te r ing   and   a l so   the  aboorp- 
t i o n  band  depths. 
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FIGURE 3 Theoret ical ly ,   der ived  ourves of 
growth (from Clark and  Lucey, 1983) f o r   f i v e  
i ce   abso rp t ions   a r e  shown. The op t i ca l   pa th  
is the  photon mean p a t h   l e n g t h   i n   i c e   a t   t h e  
absorp t ion  band center.   Since  ioe i s  l e s s  
absorb ing   a t   wavelengths   ou ts ide   the   absor r  
t ion   bands ,   the  mean op t i ca l   pa th   l eng ths   a r e  
a s  much as   an  order  of magnitude g rea t e r   t han  
a t   t h e  band centers .  
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FIGURE 4 The d a t a  from Figure 2 ( c ros ses )   p lus  
ref lectanoe  data   for   ice-charcoal   mixtures  
(sol id   boxes)   and  ioe-kaol ini te   mixtures  (open 
boxes)  were  used t o  der ive   t he  1.04-pm i c e  
absorp t ion  band  depth  divided by the  continuum 
ref lec tance  (from Clark and  Lucey, 1983) a s  a 
funat ion  of   the  log  weight   f ract ion of par t icn-  
l a t e s   i n   t h e   i o e .  Although t h e r e  i s  a f a c t o r  of 
about 20 between  the  reflectunce of t h e   b r i g h t  
k a o l i n i t e   g r a i n s  and  the  dark  charcoal  grains,  
d i v i s i o n  of  the  band  depth by the   cont inurn 
re f lea tance  removes t h e   e f f e c t s  of p a r t i c u l a t e  
contaminnnt  reflectance.  Thus the   curve can be 
used for  orude  abundance  determinations frdm 
remotely  obtained  reflectance  data.   Other  ice 
abso rp t ion   bands   a r e   s ens i t i ve   t o   d i f f e ren t  
amounts o f  impar i t ies .  Some s c a t t e r   i n   t h e  
charcoal  data i s  due to   near   zero  band depths  
and  very low oantinutm  refleotance.   thus 
approaahing  zero  divided by zero .  
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Various  l ines  of  morphologic  evidence  suggest  that   substantial   quantit ies 
of  ground i c e  have   ex is ted   in   the   equator ia l   regol i th   o f  Mars throughout i t s  geo- 
log ic   h i s to ry .  However r ecen t   ca l cu la t ions  on t h e   s t a b i l i t y  of  ground i c e   i n   t h i s  
region  suggest  that  any  ground ice. emplaced e a r l i e r   t h a n  3.5 b i l l ion   years   ago ,  
may have  long  since  been  lost by sublimation  to  the  .atmosphere.  It is proposed 
t h a t  one  possible  explanation  for  the  continued  existence  of ground i c e  i n  t h e  
equa to r i a l   r ego l i th  is t h a t  it may be replenished by subsurface  sources  of H 0. 
The existence  of a geothermal  gradient I n  the  Martian  crust   could  provide the m e h s  
necessary  to   thermally  cycle  H 0 between a deeply  buried  reservoir  of  ground- 
wa te r ,   s imi l a r   t o   t hose  found i?I cold  regions on Earth,  and the  base  of a near 
surface  layer  of  ground ice. Calcu la t ions   ind ica te   tha t  a geothermal  gradient  of 
25 K/km would be s u f f i c i e n t   t o   r e p l e n i s h  a layer  of ground i c e  1 km th ick   over   the  
course of Martian  geologic  history.  

INTRODUCTION 

Consideration of t he   pa r t i a l   p re s su re  of H20 
in  the  Martian  atmosphere and the  range o f  mean 
annual  temperatures  at   the  Martian  surface  suggests 
that   the   occurrence of  ground ice   in   equi l ibr ium 
with  the  water  vapor  content o f  the  atmosphere is 
restricted t o   t h e   c o l d e r   l a t i t u d e s  poleward  of 
240' (Fanale  1976. Farmer and Doms 1979). 
However, photographs  taken  during  recent  spacecraft  
missions  to  Mars have  provided  considerable  geo- 
morphologic   evidence  that   the   dis t r ibut ion  of  
ground i c e  on Mars may be global .  Much of t h i s  
evidence i s  based on the   ident i f ica t ion   of   Mar t ian  
analogs  to   cold-cl imate   features  found on Earth,  
such  as   pat terned  ground,   debris  flows. and thermo- 
ka r s t   ( e .g . ,  Carr and Schaber  1977.  Rossbacher and 
Judson  1981,  Luchitta  1981).  Additional  evidence 
for   the  presence of r e g o l i t h  H 0 i s  based on the  
occurrence of an unusual  type o? c r a t e r  morphology 
ca l led   " rampar t"   c ra te rs  which is pecu l i a r   t o  Mars 
(Figure 1 ) .  The d i s t inc t ive   l oba te   na tu re  of t h e  
e j ec t a   b l anke t s  which sur round  these   c ra te rs  i s  
thought   to   o r ig ina te  from t h e   f l u i d i z a t i o n  of 
e jec ta   mater ia l   dur ing  an impact   into a water  or 
i ce - r i ch   r ego l i th   (Ca r r   e t   a l .  1977,  Johansen 

The ex is tence  of s u b s t a n t i a l   q u a n t i t i e s  o f  
ground i c e  i n  t h e  equatorial   region  of Mars 
presents  a major problem,  for it is d i f f i c u l t   t o  
r e c o n c i l e   b o t h   t h e   i n i t i a l   o r i g i n  and t h e  continued 
surv iva l  of ground i c e  i n  an area where present  
mean annual  surface  temperatures  exceed t h e  198 K 
f rost   point   temperature   of   the   a tmosphere by more 
than 20 K. The problem is f u r t h e r  compounded by a 
recent  s t u d y  of t he   c l ima t i c   h i s to ry  of Mars (Toon 
e t   a l .  1980) which ind ica tes   tha t ,   th roughout  most 
of i t s  h i s to ry ,   cond i t ions  on the  planet  have 
closely  resembled  those we observe  today.  These 
condi t ions   imply   tha t   equa tor ia l  ground ice  should 
experience a net annual   deplet ion,   as  H 0 is 
t ransfered  from the  "hot"   equator ia l   regol i$h t o  
the   co lder   po les   (F lasar  and Goody 1976). 

1978) 

How, t h e n ,  is it poss ib le  t o  account for t h e  
exis tence  of  ground ice   wi th in   the   equator ia l  
r e g o l i t h ?  C u r r e n t l y ,  the  most widely  accepted 
explanat ion is t h a t  it was emplaced  very e a r l y   i n  
Mart ian  geologic   his tory and under s u b s t a n t i a l l y  
d i f f e r e n t   c l i m a t i c   c o n d i t i o n s .  Evidence  f o r  such a 
period comes from the  Martian  valley  networks 
(Figure  2)"features which bear a close  resemblance 
to   t e r r e s t r i a l   runof f   channe l s  and which a r e  found 
almost   exclusively i n  the  ancient  (*p4 b i l l i on   yea r  
o l d ) ,   h e a v i l y   c r a t e r e d   t e r r a i n  of Mars (Pier i  1980, 
Carr and Claw 1981).   This  evidence  suggests  that  
condi t ions  on e a r l y  Mars were s u i t a b l e  for t h e  
g l o b a l   d i s t r i b u t i o n  of  water  within  the  near- 
s u r f a c e   r e g o l i t h ;   t h e r e f o r e ,   s i g n i f i c a n t   r e s e r v o i r s  
of ground i c e  may have formed a s  t h e  c l imate  
gradually  cooled. 

I f   equa to r i a l  ground i c e  on Mars is  a r e l i c  of 
some ancient   c l imate ,   then we must assume it has 
survived  in  disequilibrium  with  the  Martian atmo- 
sphere  for   near ly  4 b i l l i on   yea r s .  B u t  is  such an 
assumption  reasonable? Those who have  addressed 
t h i s  question  often  suggest  that   the  sublimation o f  
a f o s s i l  ground ice   layer   could be s u b s t a n t i a l l y  
re tarded by the   d i f fus ion- l imi t ing   proper t ies  o f  a 
re la t ive ly   sha l low  layer   o f   f ine-gra ined   regol i th  
(Soderblom and Wenner 1978,  Arvidson e t   a l .  1980, 
Luchi t ta  1981. Rossbacher and Judson  1981). This 
explanat ion i s  based on t h e  work of Smoluchowski 
(1968). who showed t h a t  under c e r t a i n  l i m i t e d  
conditions  of  porosity,   pore  size.   temperature,  and 
depth of b u r i a l ,  a 10 m t h i ck   l aye r  of ground ice 
in   d i sequi l ibr ium w i t h  the  Martian  atmosphere  might 
survive fo r   a s   l ong   a s  a b i l l i on   yea r s .  However, 
based on data  obtained from recent   spacecraf t  
missions,  a new s t u d y  sugges ts   tha t   the   phys ica l  
p roper t ies  of the  Mart ian  regol i th  may be inade- 
qua te   to   p reserve   equator ia l  ground i c e   f o r   t h e  
required  period  of  t ime  (Clifford and Hillel 1983). 
I n  t h e  following  discussion t h e  r e s u l t s  of t h i s  
s tudy,  and its impl ica t ions   for   the   ex is tence  of 
e q u a t o r i a l  ground i c e  on Mars, will be reviewed. 
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THE STABILITY 6F EQUATORIAL GROUND I C E  

The s t a b i l i t y  of  ground i c e   i n   t h e   e q u a t o r i a l  
region  of Mars i s  governed by t h e   r a t e   a t  which 
H20 molecules  can  diffuse  through  the  soil  and 
i n t o  t h e  Martian  atmosphere. On Mars t h i s   p r o c e s s  
i s  complicated by the   fac t   tha t   the   a tmospher ic  
mean free path  of an H 0 molecule i s  approxi- 
mately 8 microns  (Farmer  21976).  Therefore, when 
molecular  transport   occurs  in v e r y  small  pores (r/X 
< 0.1). c o l l i s i o n s  between the   d i f fus ing  H20 
molecules and the  pore  wal ls  will f a r  out-number 
t h e   c o l l i s i o n s  which occur wi th  other   gas  mole- 
c u l e s ;   t h i s  is t h e  region  of Knudsen d i f fus ion .  
Only i n  s o i l   p o r e s  where the   r a t io   o f   t he   po re  
rad ius ,  r ,  t o   t h e  mean f ree   pa th ,  X ,  is l a r g e  (r/X 
> IO) .  will ordinary  molecular   dif fusion will be 
the  dominant mode of transport ,   Since  the  boundary 
between ordinary  molecular   dif fusion and Knudsen 
d i f f u s i o n  is  no t   d i s t i nc t ,   t he   con t r ibu t ions   o f  
both  processes must  be considered when molecular 
t ranspor t   occurs  i n  pores of in te rmedia te   s ize  (0.1 
< r/XC 10) (Youngquist,  1970). 

To i l l u s t r a t e  t h i s  dependency more c l e a r l y ,   t h e  
e f f e c t i v e   d i f f u s i o n   c o e f f i c i e n t  of H 0 on Mars 
has  been  plotted as a function  of p&e s i z e   i n  
Figure 3. For pore   rad i i  less than  about * 10 
microns .   the   e f fec t ive   d i f fus ion   coef f ic ien t  of 
H 0 f a l l s   r a p i d l y  w i t h  pore  size--this is  the  
&ion of Knudsen d i f f u s i o n .  For r a d i i   g r e a t e r  
than 100 microns,   the domain of ordinary  molecular 
d i f f u s i o n ,   t h e   e f f e c t i v e   d i f f u s i o n   c o e f f i c i e n t  i s  
independent  of  pore  size.  Since  very small s o i l  
pores   can   s ign i f icant ly   re ta rd   the  d i f f u s i v e  
t r a n s p o r t  of H 0 on Mars, gaseous  t ransport  will 
occur   p referen t5a l ly   wi th in   the   l a rger   pores  of any 
g iven   so i l  (Smoluchowski  1968, Cl i f ford  and Hillel 
1983). This  effect; i s  c lear ly   seen  i n  Figure 4, 
where the   d i f fus ive   f l ux  of H 0 has been p lo t ted  2 

as a func t ion   of   pore   s ize   for   th ree   d i f fe ren t   pore  
size d i s t r i b u t i o n s .  

To i n v e s t i g a t e   t h e   s t a b i l i t y  of ground i c e  i n  
the  equator ia l   region  of  Mars it was necessary  to  
make certain  assumptions  regarding  the  physical  
p r o p e r t i e s  o f   t he   r ego l i th   a s  well as the quant i ty  
and ve r t i ca l   d i s t r ibu t ion   o f   i ce   w i th in  it 
(Cl i f ford  and Hil le l  1983).  Observations made by 
o r b i t i n g  Mariner and Viking  spacecraft and t h e  
r e s u l t s  of  the l i m i t e d  phys ica l   inves t iga t ions   o f  
the  Mart ian  surface  carr ied  out  by t h e  Viking 
Landers  have  given us a t   l e a s t  a rudimentary  under- 
s tanding of the s t r u c t u r e  and phys ica l   p roper t ies  
of  the  Martian  regolith.  By comparing  these  prop- 
e r t i e s   w i t h   s o i l s  on Earth  that   possess   s imilar  
c h a r a c t e r i s t i c s ,  a probable  range  of pore s i z e  
d i s t r ibu t ions   fo r   Mar t i an  s o i l  wa3 infer red .  Based 
on t h i s  type of ana lys i s ,   h igh -poros i ty   t e r r e s t r i a l  
s i l t  and clay-type soi ls  appear  to  provide  the best 
match t o   t h e  known Martian  surface  properties.  
Theoretical   arguments  (Pollack and Black  1979) 
sugges t   tha t   the  global inventory of H 0 on Mars 
is equ iva len t   t o  a 100 m l ayer  of ice   avgaged   over  
t he   su r f ace  of  the  planet.  I n  our   ana lys i s ,  it was 
assumed t h a t   t h i s   i c e   o c c u p i e d   t h e   a v a i l a b l e   s o i l  
pore  space  in a s ingle   massive  layer  which i n i t i a l -  
l y  extended from a depth  of 100-300 m. To maximize 
t h e   l i f e t i m e  of t h i s   b u r i e d   i c e   l a y e r ,   t h e   t o p  300 
m of t h e  Mart ian  regol i th  were considered  isotherm- 
a l .  F i n a l l y ,  t h e  temperature  range which was 
considered i n  our   ana lys i s  (215-220 K) corresponds 
to   the   range  of mean annual  surface  temperatures 
f o r   t h e   l a t i t u d e s   l y i n g  between t30°. 

Fine-grained  soils,   such as those  thought  to 
e x i s t  on Mars, t y p i c a l l y   e x h i b i t  broad  pore  size 
d i s t r i b u t i o n s .  For th i s   reason .   the   evapora t ive  
loss of  ground i c e  was ca lcu la ted  by means of t h e  
paral le l -pore model of  gaseous  diffusion  (Younquist 
1970), where a porous  solid i s  viewed a s  a co l lec-  
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LOG OF PORE RADIUS (m) 

FIGURE 3 The e f f e c t i v e   d i f f u s i o n   c o e f f i c i e n t   o f  
H 0 on Mars as a func t ion   of   so i l   pore   s ize  
( & i f f o r d  and Hillel 1983). 

t i o n  of pa ra l l e l   cy l ind r i ca l   po res  of constant  
r a d i i .  The recession  of  the  evaporating  upper 
surface  of   the ground i c e  from an i n i t i a l   d e p t h   o f  
100 m t o  a f ina l   depth  of 300 m was taken   in to  
account by r e c a l c u l a t i n g   t h e   f l u x  of H 0 a t  1 m 
i n t e r v a l s .  The t o t a l   l i f e t i m e   o f   t h e  i h e d  i c e  
layer  was then  determined  from the sum of  these 
ind iv idua l   cont r ibu t ions .  

Calculations  based on t h e  above model suggest 
t h a t ,  on a g loba l   sca le ,  it is un l ike ly   t ha t  an 
unreplenished  layer  of  ground  ice  could  have sur- 
vived  in   disequi l ibr ium  with the Martian  atmosphere 
fo r   a s   l ong   a s  3.5 b i l l i o n   y e a r s .  However, it 
should  also be noted  that  in view of the l i k e l y  
range of geologic  environments which may be found 
on Mars, the  necessary  conditions  for  the  long-term 
survival   of   equator ia l  ground ice may e x i s t   i n  
i so la ted   reg ions .  

Therefore,   the  fundamental   problem  that  origi-  
nally  motivated t h i s  study still remains: how does 
one  account  for  the  seemingly  abundant  morphologic 
ev idence   t ha t   subs t an t i a l   quan t i t i e s  of  ground i c e  

LOG OF PORE RADIUS (rn) 
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present ly  exist within t h e  equa to r i a l   r ego l i th?  
The possible  answers  appear  to  be: ( 1 )  t he   ac tua l  
p h y s i c a l   c h a r a c t e r i s t i c s  of  the  Martian  regolith.  
and/or   the  quant i ty   of  H 0 s t o r e d   i n   t h e   r e g o l i t h  
a s  ground ice,  may d i f f &   s u b s t a n t i a l l y  from t h e  
model parameters   chosen  for   this   s tudy;  (2) t h e  
accep ted   i n t e rp re t a t ion  of cer ta in   Mart ian  surface 
fea tures   as   morphologic   ind ica tors   o f  ground i c e  
may be i n  e r r o r ;   o r ,  (3) e q u a t o r i a l  ground i c e  may 
have been replenished by subsurface  sources  of 
H 0. While none of t hese   t h ree   a l t e rna t ives   can  
b$ safe ly   ru led   ou t ,   the   poss ib le   subsur face  
replenishment o f  equator ia l  ground i ce   appea r s   t o  
have some important   points   in  its favor ,   fo r  it is 
cons is ten t  w i t h  our  present  understanding o f  
Martian  geomorphology.  surface  properties. and 
c l i m a t i c   h i s t o r y .  

POSSIBLE EVIDENCE OF GROUND I C E  REPLENISHMENT 

As noted  ear l ier ,   under   present   c l imat ic   condi-  
t ions.   the   a tmospheric   loss   of   ground  ice  from t h e  
equator ia l   regol i th   appears   i r revers ib le - -once   i ce  
has  evaporated.  or been removed by  some o ther  
process ,  it is  d i f f i c u l t   t o  see how t h a t  ice could 
be replenished by any  atmospheric means. Yet, 
within  the  equatorial   region  of Mars there   appears  
t o  be  morphologic   evidence  that ,   a t   least   in  some 
a r e a s ,  ground i ce   has   i n   f ac t  been replenished.  

F i r s t .   cons ide r   t he  results of a major  impact i n  
the   nea r   equa to r i a l   r ego l i th .  The estimated  thick- 
ness  of  permafrost in t h e  equator ia l   region  of  Mars 
is on the  order  of 1 km (e.g.,  see  Fanale 1976, 
Rossbacher  and  Judson  1981);   therefore,   as  f irst  
noted by Allen  (1979). t h e  production of a c r a t e r  
many tens  of  kilometers  in  diameter  should result 
in  the  excavation  of any  ground i c e  which e x i s t e d ,  
i n  t h e  r e g i o n   i n t e r i o r   t o   t h e   c r a t e r   w a l l s ,   p r i o r  
t o   t h e  impact  (Figure  5a). While b a c k f i l l i n g  and 
melting  of  nearby  ground  ice may p a r t i a l l y   r e p l e n -  
i s h  some of t h e   l o s t  H 0 near   the   c ra te r   per iph-  
e r y ,  it appears  unlikely2  that  i ts l i f e t i m e  would be 
v e r y  long  given t h e  high  temperatures and porosi ty  
of  the  postimpact  environment.  Therefore, it i s  
in t e re s t ing   t o   no te   t ha t   w i th in  a number of   l a rge  
impact   c ra te rs   in   the   equator ia l   reg ion   of  Mars 
there   appear   c lear ly   def ined  rampart   craters  (Allen 
1979). As d i s c u s s e d   e a r l i e r ,   t h e   d i s t i n c t i v e  mor- 
phology  of t h i s   t y p e  of c r a t e r  is thought t o  r e s u l t  
from an impact   into a water   o r   i ce- r ich   regol i th  
(Johansen  1978). If one a c c e p t s   t h i s   i n t e r p r e t a -  
t ion ,   then  t h e  presence  of  rampart   craters  within 
t h e   i n t e r i o r s  of numerous o l d e r   c r a t e r s  in t h e  
equator ia l   region  of  Mars appears   to   p resent  a 
problem i n   t h a t  it is  d i f f i c u l t   t o   c o n c e i v e  of a 
scenario by which  any ground i c e   t h a t   e x i s t e d   p r i o r  
t o  the   o r ig ina l   c r a t e r ing   even t   cou ld  have managed 
t o  s u r v i v e  t o  produce   the   d i s t inc t ive   f lu id ized  
e jec ta   pa t te rn   o f ten   seen  as t h e  result of a second 
and sometimes th i rd   (F igu re  5b) consecutive  impact. 

As before ,   several   explanat ions  are   possible:  
( 1 )  cont ra ry   to   popular   be l ie f ,   rampar t   c ra te rs  may 
not be s p e c i f i c   i n d i c a t o r s  of ground ice   (Schul tz  
and  Gault 1981). ( 2 )  t h e   o r i g i n a l  emplacement of  
ground ice   in   the   near -equator ia l   reg ion  may have 
occurred  sometime a f t e r  many of t h e  ear l ie r   impacts  
bu t   p r io r   t o  a subsequent  period  of  rampart  crater- 
ing  (although such an explanat ion  runs  counter   to  
t he   f i nd ings  of both Johansen ( 1 9 7 8 )  and Allen 
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FIGURE 5 ( a )  The urobable   around ice d i s t r i b u t i o n   r e s u l t i n g  from a m a j o r   i m p a c t   i n   t h e - e q u a t o r i a l   r e g i o n   o f  
Mars. ( b )  A r a m p a r t   c r a t e r   w i t h i n  two e a r l i e r  and 
and  Johansen 1982). 
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(1979)), or (3) ground ice  which  was  removed  by t h e  
e a r l y   i m p a c t s  was t h e r e a f t e r   r e p l e n i s h e d  by some 
nona tmospher i c   means   (C l i f fo rd  1980,  1982, C l i f f o r d  
and  Johansen 1982). 

PROCESSES OF REPLENISHMENT 

It has   been   p roposed   t ha t   one   poss ib l e   exp lana -  
t i o n   f o r  t h e  con t inued   ex i s t ence   o f   g round  ice i n  
t h e   e q u a t o r i a l   r e g o l i t h  is t h a t  it may be r e p l e n -  
i s h e d  by s u b s u r f a c e   s o u r c e s   o f  H20. Based  on 
c u r r e n t  estimates o f  t h e  i n v e n t o r y   o f  H 0 on  Mars 
(Pol lack  and  Black 1979. J. S. Lewis? p e r s o n a l  
communication, 1980). it has b e e n   s u g g e s t e d   t h a t  
Mars may posses s   an   ex tens ive   ne twork  of d e e p l y  
b u r i e d   a q u i f e r s   s i m i l a r  t o  t h o s e   f o u n d   i n   S i b e r i a ,  
t h e   A n t a r t i c ,  and o t h e r   c o l d   r e g i o n s   o n   E a r t h   ( C a r r  
1979. C l i f f o r d  and  Huguenin 1980, C l i f f o r d ,  1980). 
A l t e r n a t i v e l y ,   t h e   o c c u r r e n c e  of l a rge   amoun t s  of 
s u b s u r f a c e   w a t e r  may b e   r e s t r i c t e d   s o l e l y   t o  
r e g i o n s  of p a s t   m a j o r   v o l c a n i c   a c t i v i t y   s u c h   a s  
T h a r s i s  (IO'N, 120°W) (Car r  1979, Fana le .  
personal  communication. 1983). In either c a s e ,  t h e  
v e r t i c a l   t r a n s p o r t   o f  H20, f rom  such  subsurface 
r e s e r v o i r s .   a p p e a r s  t o  be a v iab le   mechanism for 
t h e   r e p l e n i s h m e n t  of e q u a t o r i a l   g r o u n d  ice on Mars, 
even when t h e   v e r t i c a l   d i s t a n c e s   s e p a r a t i n g   t h e  
groundwater   f rom  the base of the ground ice l a y e r  
a r e   m e a s u r e d   i n   k i l o m e t e r s .  

O f  t h e  various  mechanisms  which may r e s u l t   i n  
t h e   v e r t i c a l   t r a n s p o r t  of H 0 on  Mars,  perhaps 
t h e  most   important   has   been t h e  p rocess   o f   t he rma l  
m o i s t u r e  movement ( C l i f f o r d  1980,  1982). L i k e  
Earth,  Mars i s  t h o u g h t   t o   b e   r a d i a t i n g   i n t e r n a l  
heat   which will g i v e  rise t o  a g e o t h e r m a l   g r a d i e n t  
w i t h i n   t h e   p l a n e t ' s   c r u s t   ( F a n a l e  1976). C l e a r l y ,  
when a t e m p e r a t u r e   g r a d i e n t  is p r e s e n t   i n  a moist 
porous  medium, it will g i v e  rise t o  a co r re spond ing  
v a p o r   p r e s s u r e   g r a d i e n t .  As a r e s u l t   o f  t h i s  
p r e s s u r e   d i f f e r e n c e ,   w a t e r   v a p o r  w i l l  d i f f u s e   i n  
t h e   M a r t a i n   c r u s t  from t h e   h i g h e r   t e m p e r a t u r e   ( h i g h  
v a p o r   p r e s s u r e )   d e p t h s  t o  t h e  co lde r   ( l ower   vapor  
p r e s s u r e )   n e a r - s u r f a c e   r e g o l i t h .  

P h i l i p  and deVries (1957) and  Cary (1963) have 
fo rmula t ed  two d i f f e r e n t   b u t   w i d e l y   a c c e p t e d  models 
f o r   c a l c u l a t i n g  t h e  magnitude  of  t h i s  type  of 

2 

c o n c e n t r i c   i m p a c t   f e a t u r e s  (20's. 203OW) ( C i i f f o r d  

t h e r m a l l y   d r i v e n   m o i s t u r e   t r a n s f e r .  The P h i l i p  and 
deVr ie s   app roach  i s  based on a m e c h a n i s t i c   d e s c r i p -  
t i o n   o f   t h e   t r a n s p o r t   p r o c e s s .  They s u g g e s t   t h a t  
t he   exchange  of wa te r   vapor   i n   an   unsa tu ra t ed   so i l  
occurs   be tween  numerous   smal l   t t i s lands"  of l i q u i d  
which exist a t   t h e   c o n t a c t   p o i n t s   o f   n e i g h b o r i n g  
so i l  p a r t i c l e s .  The e x i s t e n c e  of a t empera tu re  
g r a d i e n t   i n  t h e  s o i l   c a u s e s   w a t e r  from t h e  warmer 
l i q u i d   i s l a n d s   t o   e v a p o r a t e ,   d i f f u s e  across t h e  
i n t e rven ing   po re   space ,   and   condense  on the  c o o l e r  
l i q u i d   i s l a n d s   a t  the  o p p o s i t e   e n d s   o f   t h e   p o r e .  
In  t h i s  f a s h i o n   b o t h   m o i s t u r e   a n d   l a t e n t   h e a t   a r e  
t r a n s f e r e d   t h r o u g h   t h e  so i l  ( F i g u r e  6 a ) .  

It  should  be  n o t e d   t h a t  t h e  microscopic   temper-  
a t u r e   g r a d i e n t   a c r o s s   a n   i n d i v i d u a l   p o r e  is  n o t   t h e  
same  a5 t h e  measured   macroscopic   t empera ture   g rad i -  
e n t .  The m a c r o s c o p i c   g r a d i e n t  is  an  average of the  
i n d i v i d u a l   g r a d i e n t s   w h i c h  ex i s t  a c r o s s  the volumes 
of a i r ,   w a t e r ,  and s o l i d s ,   p r e s e n t   i n  the soil. O f  
these g r a d i e n t s ,   t h e   g r a d i e n t   t h r o u g h   t h e  a i r  i n  
the pores  will b e   t h e   l a r g e s t .   S i n c e  it is the a i r  
t empera ture   g rad ien t   which   governs  t h e  magnitude  of  
v a p o r   d i f f u s i o n ,   t h e   t o t a l   a m o u n t   o f  H 0 t r a n s -  
p o r t   t h r o u g h  t h e  so i l  can   be   severa l  time% g r e a t e r  
t h a n   t h a t   p r e d i c t e d  on the  b a s i s   o f  the macroscopic  
t e m p e r a t u r e   g r a d i e n t   a l o n e   ( P h i l i p   a n d  deVries 
1957). 

The Cary  model of m o i s t u r e   t r a n s p o r t   d i f f e r s  
from t h e   P h i l i p  and deVries a p p r o a c h   i n   t h a t  it 
makes   no   assumpt ions   regard ing  the ac tua l   mechanism 
o f   v a p o r   t r a n s p o r t   b u t   m e r e l y   a t t e m p t s  to  p rov ide  a 
phenomenologica l   descr ip t ion   of  the process   based  
on t h e  t h e r m o d y n a m i c s   o f   i r r e v e r s i b l e   p r o c e s s  
(Cary ,  1963). D e s p i t e   t h e   d i f f e r e n c e s  i n  approach ,  
i t  has  been shown t h a t   t h e   f i n a l  form of  t h e  f l u x  
e q u a t i o n s   f o r  both models a r e   i d e n t i c a l   ( T a y l o r  and 
Cary 1964, Jury  and  Letey 1979). After Cary (19661, 
we c a n   d e s c r i b e   t h e   t h e r m a l l y   d r i v e n   v a p o r   f l u x   b y  
t h e   e q u a t i o n  

where DAB i s  t h e   b i n a r y   d i f f u s i o n   c o e f f i c i e n t   o f  
H20 i n  CO , Ps is the  s a t u r a t e d   v a p o r   p r e s -  
s u r e  of H 8 a t  a tempera ture   T ,  H i s  l a t e n t   h e a t  
o f   v a p o r i & t i o n .  R i s  t h e   u n i v e r s a l   g a s   c o n s t a n t ,  
and 6 is a d i m e n s i o n l e s s   f a c t o r  whose v a l u e   ( t y p i -  
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FIGURE 6 ( a )  The process  of  thermal  moisture  transfer  proposed by P h i l i p  and deVries (1957).  ( b )  The 
thermally  dr iven  t ransport  of H20 in   the   Mar t ian   regol i th  may provide the mechanism  whereby t h e   i n t e r i o r s  
of equator ia l   c ra te rs   a re   recharged   wi th  ground ice ,   thus   explaining  the  occurrence of f e a t u r e s   s u c h   a t  
depicted in Figure 5b (Clifford  1980,  Clifford and Johansen  1982). 

c a l l y  around 1.83 (Jury  and Letey  1979))  depends on 
regol i th   temperature ,   porosi ty ,  and water  content. 
Making use  of t h i s   e q u a t i o n ,  we f i n d   t h a t   f o r  a 
Martian  geothermal  gradient  of 25 K/km, the  calcu- 
l a t ed   f l ux  of H 0 t o   t h e   f r e e z i n g   f r o n t   a t   t h e  
bas of t2 grouad i ce   l aye r  is approximately 4 x 
lod g/cm per  Martian  year. A t  t h i s   r a t e ,  
over  the  course  of  Martian  geologic  history,   the 
geothermal  gradient  could  supply enough H20, from 
a subpermafrost  groundwater system t o   r e p l e n l s h  a 
layer   of  ground i c e  ever 1 km t h i c k .  It should  be 
n o t e d   t h a t   t h i s   t r a n s p o r t  w i l l  occur on a cont in-  
uous and global   bas i s   for   as   long   as  there e x i s t s  a 
geothermal  gradient and subsur face   reservoi r  of 

H20;nspection of equation 1 r e v e a l s   t h a t   f o r   t h e  
higher  temperatures  expected  at   depth  the f l u x  of 
H20 leaving  the  groundwater   surface  great ly  
exceeds  that  which f ina l ly   r eaches   t he   f r eez ing  
f r o n t   a t  t h e  base  of  the  ground ice l a y e r .  This 
d i f fe rence  i s  due to   t he   dec rease  i n  sa tura ted  
vapor  pressure which occurs wi th  decreasing  temper- 
a t u r e .  As shown  by Jackson e t   a l .  ( 1965), once a 
closed system has been e s t ab l i shed   ( i . e . .   t he  
ground ice   capaci ty   of   the   near-surface  regol i th  
has been saturated  under   condi t ions where t h e   i c e  
exists in   s tab le   equi l ibr ium  wi th  the atmosphere), 
a dynamic  balance of opposing  f luxes i s  achieved, 
As water  vapor r i s e s  from t h e  warmer depths   to   the 
colder   regol i th   above,  it w i l l  condense.   creating a 
c i r c u l a t i o n  system of   r i s ing  vapor and descending 
l iquid  condensate  (Figure 7 ) .  

CONCLUSION 

Ident i fy ing  t h e  processes  responsible for the  
ex is tence  of equator ia l  ground i c e  on Mars may be a 

key factor   in   understanding  the  nature   of   the  
Martian  hydrological  balance.   Theoretical   calcu- 
l a t i o n s  on t h e   s t a b i l i t y  of e q u a t o r i a l  ground i c e  
seem t o   i n d i c a t e   t h a t ,  w i th  the  possible   except ion 
of isolated  regions  possessing  unusual  conditions 
of low poros i ty  and small   pore   s ize ,  any  ground i c e  
present  i n  t he   equa to r i a l   r ego l i th   shou ld  have  long 
s ince  been l o s t  by sublimation  to  the  atmosphere.! 
Yet va r ious   l i nes  o f  morphologic  evidence  suggest 
t h a t   s u b s t a n t i a l   q u a n t i t i e s  of  ground i c e  may s t i l l  
r e s i d e   i n   t h e   e q u a t o r i a l   r e g o l i t h .  One possible  
explana t ion   for  t h i s  evidence is t h a t   e q u a t o r i a l  
ground ice   has  been replenished from  sources w i t h i n  

, 1 v q . r  condensati; I -  

' upward  flux vapor } / ' ! 1 raturningliquid  flux 

I . t  

FIGURE 7 The presence  of a geothermal   gradient   in  
the   Mar t ian   c rus t  may g i v e   r i s e   t o  a convective 
cyc l ing  of H 0 between a subsur face   reservoi r   o f  
groundwater agd near-surface  ground  ice. 



t h e   p l a n e t ' s   c r u s t .  The proposed  thermal  migration 
of H 0 from these   subsur face   reservoi rs  is 
consi&Cent with both  our   current  knowledge  of t h e  
physical  and thermal  properties  of t h e  Martian 
c r u s t  and w i t h  our  understanding o f  the   physics   of  
so i l   wa te r  movement in  the  presence  of  a 
temperature  gradient.  
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DETECTION ANn EVALUATION OF NATuRllt GAS RPOBATES FROM WELL LOGS, 
PRUDHOE BAY, ALASKA 

Timothy S. Collett 

Department of G8ology/Geophysics, University of  Alaska, Fairbanks, Alaska 99701 USA 

The purpose  of  this  study  is to develop  techniques  for the detection and evaluation 
of  in-situ gas hydrates from  well  log  data  and  to determine possible  geologic  con- 
trols on the occurrence of hydratee in the North Slope region of  Alaska. Several 
new methods  of evaluation for subsurface gas hydrate were  developed  and  incorporated 
with existing  techniques.  For  each of 125 wells examined  as  part  of  this  study the 
geothermal gradient was determined  and  the theoretical stability  zone  for methane 
hydrate was calculated. Among these,  there was 102 apparent hydrate occurrences in 
32 wells. A subsurface structural-stratigraphic framework was established  to a 
depth of 1,000  meters.  This  sediment  package  is  Characterized  by  three deltaic 
depositional sequences. The high frequency of hydrate occurrences In the srructur- 
ally  up-dip region of the Kuparuk Oil Field suggests that  upward migration of free 
gas preceded hydrate development in  the zone o f  hydrate stability. 

INTRODUCTION 

Significant quantities of gas hydrates have 
been  detected in many  permafrost  regions of the 
world; in western Siberia, in the Mackenzie Delta 
of Canada,  and on the North Slope of Alaska 
(Kvenvolden et  al.  1980). In 1970 Makogon report- 
ed that the Massoyakha field in =stern Siberia 
had reserves in the billions  of  cubic meters of 
methane gas frozen  as gas hydrates (Figure 1). 
Although  gas hydrates have  been  identified in many 
regions, their significance and geographical 
extent  have  seldom  been  studied. Work done in the 
Messoyakha field  showed  that injections of metha- 
nol into the hydrate zones  could  increase  gas 
reserves by 54% above  what  would  be  expected in an 
equal volume of reservoir rocks  filled  with  free 
gas (Makogon 1981). 

In-situ hydrates can  occur in permafrost  and 
can also occur below the base of the permafrost  at 
temperatures above the freezing  point of water 
(Figure 2). Various schemes for hydrate develop- 
ment  have been postulated. One theory suggests 
that a gas hydrate  could  be  part of a preexisting 
gas  reservoir, which was frozen in place.  It  has 
been suggested  that a hydrate body  could  form  by a 
flux  of  free  gas  into a zone of methane hydrate 
stability  and  be  frozen  in  place.  Another  theory 
states the possibility  that  free gas could  be 
trapped  at  the  base of the  permafrost  and  be 
frozen into  hydrate. Hydrates can  also  be  found 
in association wlth  decaying  biomatter, such as 
coal, which would  serve as a source for the 
methane needed for hydrate development  (Pratt 
1979). 

The overall study of in-situ  gas hydrates has 
been limited,  with  only  several  preliminary 
studies completed  (Pratt  1971,  Bily and Dick 1974, 
Kvenvolden et al .  1980). The work of  Bily  and 
Dick (1974)  provided  the moat conclusive study to 
date on the occurrence and detection o f  in-situ 
natural  gas  hydrates.  Bily  and Dick incorporated 
well logs including  dual  induction,  sonic,  and  mud 
logs  as  potential  hydrate detection devices. 
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Published  research  to  date  into  the  gas hydrates 
of the Prudhoe Bay region is  limited to the work 
of Ostetkamp and Payne (1981), and  also  Pratt 
(1979) 

CONSIDERATIONS FOB HYDRATE OCCURRENCE 

The  depth  and  thickness  of  the zone of  poten- 
tial  hydrate  stability can be  calculated If the 
mean annual temperature, geothermal gtadient, 
lithostatic  pressure  gradient,  and gas density are 
known.  The  past mean surface  temperature  at 
Prudhoe Bay was -10.9'C and  the  lithostatic 
pressure gradient  is 9.84 kPa/m (Lachenbruch et 
al.  1982). The mean value of -10.9'C can be 
viewed as the average surface temperature  with 
which the deep permafrost  is  presently in equilib- 
rium. 

The high  number  of methane gas shows on the  mud 
logs and several  sets of detailed gas analysis 
from  drill  stem  tests  suggest  that the dominant 
gas type  in  the  upper units in Prudhoe Bay is 
methane. 

The geothermal gradients needed  to  predict the 
thickness of  the  hydrate  are  not  generally  avail- 
able. Lachenbruch et  al. (1982)  observed  three 
geothermal gradients  from  different  bore  holes 
along  the Alaskan arctic  coast. The lowest  geo- 
thermal  gradient  waa  calculated at Cape  Thompson, 
which was 2.O0C/1O0 m, at  Pt. Barrow the gradient 
was 2.3°C/100 m and  the  geothermal  gradient  at 
Cape  Simpson was 3.3'C/100 m (Lachenbruch et  al. 
1982). The variance in the  geothermal  gradient  is 
due to differences in thermal conductivity. 

The variance in the geothermal  gradient  indi- 
cates  that no one regional gradient  should be used 
to  calculate  the thickness of the zone of  poten- 
tial  hydrate  occurrence. The geothermal gradient 
was  calculated separately for each  well,  the  base 
of  the  permafrost  was  assumed  to  be  at -1'C 
(Lachenbruch et  al.  1982),  and a temperature gra- 
dient  was  calculated  to the base  of  the  perma- 
frost. 
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Formerly, the base  of  the  permafrost  was 
assumed to be  in equilibrium at O'C, but due to 
freezing  point depression the  Interface  is now 
believed  to  be  at equilibrium at -1'C with an 
error  of +.5'C (Lachenbruch et  al.  1982). Freez- 
ing  point depresaion is  related to several factors 
that  may  affect  the  thermal  stability of the  phase 
boundary.  These factors include the presence o f  
salt ions in sohtlon, the existence of freeze- 
back  pressure,  and variations in  the  types of 
solids and  fluid saturation levels. 

Obviously it is impossible to make a reliable 
temperature estimate at the  base of the  permafrost 
in a well bore. However, the error in a regional 
geothermal gradient  would  be more significant than 
using a calculated  gradient  for  each  well  bore, in 
which the  base of the  permafrost  is  assumed  to  be 
at  -1°C. The values for the depth to the base of 
the permafrost  were taken directly  from  the work 
of  Osterkamp on parmafrost thickness evaluation 
from well log  data  on  the  North  Slope. 

Figure 3 illustrates  how the depth to the  base 
of  the pemfrost and a methane hydrate  stability 
curve were  used  to determine the depth  and  thick- 
ness of the  tone of potential methane hydrate  sta- 
bility. In this  example the depth to the  base  of 
the pemafrost is 532 m with a mean annual  ground 
temperature of -10.9'C. Assuming  that  the  temper- 
ature at the base of the permafrost i s  - l ° C ,  the 
geothermal gradient within the permafrost for this 
bore  hole  would  be 1.9'C/100  m. In Figure 3 
l.O°C/lOO m geothermal gradient  within  the  perma- 
frost  has  been  plotted  along  with a calculated 
3.2OC/lOO m gradient below the  base  of  the  perma- 
frost. The geothermal  gradient changes abruptly 
at the base of the permafrost  due t o  a change in 
thermal  conductivity. Therefore, the geothermal 
gradient was modified below the base of the perma- 
frost in the calculation of  the  thickness of  the 
zone of  potential hydrate stability.  The  ratio 
used  to manipulate the  gradient below the base of 
the permafrost was given by Lachenbruch et  al. 
(1982). This ratio  indicated  that  the  gradient 
increase by a factor  of 1.73 from within the 
permafrost  to  the unfrozen strata below the  base 
of the permafrost. A methane hydrate  stability 
curve has also been plotted  using a hydrostatic 
pressure  gradient  of 9.84 kPa/m  (bachenbruch et 
al.  1982). The lower  boundary  of  the zone of 
methane hydrate  stability  is  marked by the lower 
intersection of  the geothermal gradient with the 
methane stability  curve.  The  upper  boundary oE 
the zone of methane hydrate stabil1ty.i~ defined 
by the upper intersection of the methane stability 
curve and the geothermal gradient. In Figure 3 
the upper  boundary o f  the zone is marked by H1 at 
177 m. While the  Lower  hydrate  boundary is marked 
by B2 at 957 m, delineating a zone o f  potential 
hydrate occurrence 780 m thick. 

that the geothermal gradient  must  be  leas than 
3.7'C/100 m for methane gas hydrate  to form at 
Prudhoe lay. For the geothermal gradient  to 
intersect the methane hydrate stability curve the 
gradient  must  be  equal  to or less than 3.6'C/100 
m, which would  correspond  with a minimum  perma- 
frost  depth  of 290 m. In  other words methane 
hydrate should  not  exist  at Prudhoe Bay  if the 

The methane hydrate stability curve indicates 

depth to  the  base  of  the  permafrost  is  less than 
290 m. The  dashed  line  in Figure 2 represents the 
290 m depth contour on the  base of the  permafrost. 
If the  above line of reasoning is  correct, methane 
hydrate occurrences should  be  limited  to areas 
north  of  this  contour. The thickness of  the zone 
of  potential  hydrate occurrence ranged  from 
nothing at the  290 m permafrost  contour  to more 
than 1,000 m near Mikkelscn Bay, where the methane 
hydrate  was  found to be potentially stable to a 
depth of 1,119 m. 

LOG EVALUATION 

The recognition of gas hydrate in well  log  data 
is  not straightforward,  and often the zones of 
potential  hydrate occurrence are not  logged, or 
the  quality o f  the logs  may  be  poor. Another 
problem in the evaluation of hydrates from  well 
log  data  is  the  lack o f  prior quantitative work. 

tion of natural  occurring gas hydrates  in the 
Mackenzie Delta is one of only a fer papers deal- 
ing with the detection of  in-situ natural gar 
hydrates using wire line logs.  Bily  and  Dick 
discovered  that  when a hydrate zone  was  penetrated 
during  drilling,  there was a marked increase in 
the amount of gas in the drilling mud. The 
hydrate  units  recorded a relatively high  resistiv- 
ity on the dual induction log  and a slight  sponta- 
neous  potential deflection in comparison to a free 
gas. Sonic logs also  indicated an increase in 
acoustic  velocity. 

The  first confirmation of the existence of in- 
situ  natural gas hydrate  was  not  until  1972, when 
ARCO/EXXON were successful in recovering the firat 
natural  gas  hydrate in a frozen state. The sample 
waq  recovered  from a depth o f  666 m in the 
Northwest Eileen State 82 well in Prudhoe Bay. 
The  Northwest Eileen well was drilled with cool 
drilling  muds in an attempt to reduce  thawing o f  
the  permafrost  and  hydrate.  The methane hydrate 
saturated  sample  was  recovered in a pressurized 
core barrel,  and a simple test  was  devised  to 
check  for  the  presence  of  hydrate.  The  pressure 
within the  core  barrel was allowed to equilibrate 
with  the  surface  pressure, and the core barrel was 
resealed and warmed  above  in-situ  temperatures. 
The  pressure within the  barrel  began to rise, 
indicating the presence of thawing hydrate. This 
process  was  repeated  several  times  with similar 
results.  The  hydrate sample had a gas composition 
o f  99.17% methane (P. Barker,  personal  cowmunica- 
tion,  ARC0  Alaska Inc., Anchorage, Alaska). 

Northwest Eileen well  presents  itself  as an ideal 
starting  point for the development of log  evalua- 
tion techniques in a hydrate zone. Log responses 
for the hydrate aoae in the Eileen well are graph- 
ically  represented in Figure 4. 

The  following  list  summarizer various log 
responses,  incorporating  the methods developed in 
this  study  with  the evaluation techniques  devel- 
oped  by  Bily and Dick (1971) in the Mackenzie 
Delta.  The  ability of each log to distinguish 
hydrates from free gas and ice bearing  permafrost 
is also  indicated. 

The work by Bily  and Dick (1974) on the  evalua- 

The  confirmed hydrate occurrence in the 
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Mud Log On a mud  log  there  is a pronounced 
gas  kick  associated  with a hydrate, due to 
thawing  during  drilling.  The  mud  log 
serves as the best  tool available for the 
differentiation of a hydrate  saturated  unit 
from  gas-free  ice-bearing  permafrost. 
Dual Induction Log There i s  a relatively 
high  resistivity deflection on the dual 
induction log fn a gas hydrate zone, in 
comparison to  chat in a free  gas sone. The 
long  normal  is  separated  from  the  short 
n o m 1  due  to  thawing  next  to  the  bore 
hole.  If a unit  were  hydrate  saturated 
within ice-bearing  permafrost,  the  resis- 
tivity response on the  dual  induction log 
for the hydrate unit  would  not  be  signifi- 
cantly  different than the log  responses  for 
the surrounding  ice-bearing  permafrost. 
Hence, it is impossible without the usage 
of  the  mud  log  to distinguish between hy- 
drate and  permafrost. Below the base of 
the permafrost the high resistivity  deflec- 
tion associated  with  the  hydrate is dis- 
tinct from the surrounding non ice-bearing 
zones,  but may be  similar  to  that of a free 
gas. 
Spontaneous Potential (SPZ There is a rel- 
atively  lower  (lass  negative) spontaneous 
potential deflection in a hydrate  zone  when 
compared to  that  associated  with  free  gas. 
The frozen hydrate  limits  the  penetration 
of  mud  filtrate  thus reducing the negative 
spontaneous  potential. 
Caliper  Log  The  caliper  log in a hydrate 
interval usually  indicates an oversized 
well bore  due  to  spalling  associated with 
the decomposition of a hydrate. Because 
the caliper  log  also  indicates an enlarged 
bore  hole in ice-bearing  permafrost, it is 
only  useful in detecting hydrates below the 
base  of the ice-bearing  permafrost. 
Sonic Log Acoustic velocities in hydrate 
are relatively high ranging  from 3.1 km/s 
to 4.4 km/s.  Because the sonic  velocity of 
ice-bearing  permafrost is very  similar  to 
that  of  gas  hydrate,  the  sonic  log  cannot 
be  used  to  detect hydrates within the  upper 
ice-bearing  permafrost  zone,  but  it i s  
helpful  below the base  of the ice-bearing 
permafrost. 
Neutron  Porosity In a hydrate zone  there 
is an  increase in the neutron porosity; 
this  contrasts  with  the  apparent reduction 
in neutron  porosity in a free  gas  zone.  If 
a unit  is hydrate saturated  and  occurs 
within the  Ice-bearing  permafrost zone the 
neutron porosity  log  would  theoretically 
indicate  an  increased  or  reduced neutron 
porosity,  depending on the  amount  of  free 
gas  associated  with the hydrate in compati- 
son to  that  of the surrounding  ice-bearing 
permafrost. Below the  base  of the perma- 
frost a hydrate  unit  exhibits a relatively 
higher neutron porosity  compared  to water 
saturated  or  free  gas  saturated  zones. 
However,  thawing  near the well bore  compli- 
cates  the neutron log  interpretation. 

7. Drilling- X" In a hydrate zone  the  rela- 
tive drtT.Ling race decreases y due  to  the 

cemented nature o f  the hydrate. There is a 
very  similar  drilling rate response within 
ice-bearing  permafrost,  and therefore 
drilling  rate change i s  not useful as a hy- 
drate detector  within  the  permafrost. 

8. Crdse Plots In a cross  plot  of  the  resis- 
tivity  and  transit  time for a series of 
stratigraphic  units  saturated with either 
hydrate or free  gas  and below the base of 
the ice-bearing  permafrost,  there  is a 
grouping  of  units with similar  constitu- 
ents. Hydrate saturated  units fall in a 
region of  relatively  higher resistivity and 
faster  transit  times  while  free gas satu- 
rated  units  fall in an  area  of  lower  resis- 
tivity  and slow transit  times. Differences 
are relative and  not  absolute; the cross 
plots show a simple clustering of similar 
properties. A resistivity/transit time 
cross  plot  of  units  that are above  the  base 
o f  the  permafrost is not useful as a hy- 
drate  indicator,  due  to  the similarity in 
resistivity and  transit  time velocities in 
hydrates and in permafrost. 

In the Prudhoe Bay wells the  dual induction and 
mud  log are the most valuable tools available for 
the detection of  gas  hydrates; caliper and  aonic 
loga are  helpful  but  less  definitive. The neutron 
porosity  log  showed  great  promise,  but  the  lack  of 
neutron surveys did  not allow adequate  assessment 
of  it as a hydrate detectlon device.  Msny  prob- 
lems still  exist  in  the evaluation of  in-situ 
hydrates  from wel-1 log  data,  and the addition of 
new evaluation techniques such a8 the use of cross 
plots  and  the addition of  the neutron logs  has 
only  slightly  improved  the subjective nature o f  
hydrate detection. 

RIDRATE OCCURRENCE IN PRUDHOE BAY 

In this  study, a structural-stratigraphic 
framework of 32 key markers within the Tertiary 
and  Upper  Cretaceous  strata  was  picked  from the 
gamma tay  logs  and  was  established  to a depth of 
1,000 m. Thirty-three  distinct  units were defined 
and  described  from  direct interpretation of the 
gamma ray  logs. The gamma  ray surveys were 
correlated with three complete sets  of drill core 
chips  and  four  petrographic  strip  logs. 

characterized  by a gentle dip to the northeast, 
ranging from 20 to 28 m/km  and is dominated by 
three distinct  coarsening-upwards  deltaic se- 
quences.  Howitt  (1971)  suggested  that deposition 
of  the  upper  units in Prudhoe Bay was more or less 
continuous in an aqueous  environment. 

One  hundred  twenty-five wells were examined  for 
potential  hydrate occurrence, with 102 definite 
occurrences in 32 different  wells. Hydrates 
occurred  in relative porous discrete units.  Many 
o f  the wells had multiple zones o f  hydrate  occur- 
rence,  with  each  hydrate  unit  ranging  from 2 to 28 
m thick. 

Hydrate occurrences appeared to  be regionally 
isolated to the Kuparuk o i l  field  to the  west of 
Prudhoe Bay,  indicated in Figure 1. In the 
Kuparuk region there are four  laterally continuous 
hydrate saturated sands and  two  less extensive 

The upper 1,000 m of strata in Prudhoe Bay i s  
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units. The lateral  extent o f  each  hydrate  satu- 
rated  unit has been  graphically  represented in a 
three-dimensional block diagram in Figure 5. An 
east-west  cross section through the Kuparuk oil 
field has been plotted in Figure 6, along with 
associated hydrate accumulations and  inferred 
environments of deposition. 

occurrence of hydrate is apparent upon,close 
examination of  all hydrate zones. With several 
&nor exceptions, all hydrate occurrences are 
below marker 12, which marks the  base  of a 
nonporous prodelta  shale. Hydrates were found 
exclusively between markers 12 and 19. 

The sediment  package  between  marker 12 and 19 
is described  as a deposit of shaly sand with thick 
interbeds o f  clean sand  and  shale, which were 
deposited in a delta  front foreshore environment. 
There are several notable  impermeable  shale  breaks 
which act as caps for relatively  porous sand units 
which are hydrate saturated. Due to the  inter- 
bedded nature of the sediments the hydrate occurs 
in multiple discrete units, within one  well  there 
may  be  as  many as eight  different hydrate satu- 
rated  units. 

A subjective A, 'B or C value has  been  assigned 
to  each hydrate occurrence in an attempt to guan- 
tify the degree of  hydrate  saturation. The magni- 
tude  of the resistivity kick and  the  gas show 
associated with each hydrate occurrence was used 
to calculate the relative saturation o f  each 
hydrate. The letter A was assigned  to a unit if 
it appeared to be  highly  saturated  with methane 
hydrate, B and C indicate a relative decrease in 
hydrate saturation. 

In the cross section in Figure 6 the hydrate 
appears to  be  concentrated in the southwest  up-dip 
direction, with a decrease in hydrate saturation 
down-dip  to  the  northeast.  The anomalous occur- 
rence of hydrate in the Kuparuk region, along with 
the greater saturation of hydrate up-dip, suggests 
that  the  free  gas  necessary  for  hydrate  develop- 
ment may have migrated into place. The source for 
the  free  gas mag be  from  either  local  biological 
decay in the upper  units,  or the gas  could  have 
migrated  from a deeper mature gas zone. 

As noted  in the cross section of Figure 6, 
there are a number  of hydrate occurrences within 
the permafrost.  The occurrence of hydrate within 
the permafrost represents a time  restraint on the 
formation of  hydrate.  Since  permafrost is imp- 
meable to  gas migration, the hydrate must have 
developed in the  upper  intervals  before  the forma- 
tion of the permafrost  to  the  present  depth. 

hydrate in the  North  Slope  would  begin  with  free 
gas migration either from local diagenesis or from 
depth through a relatively  permeable  eand  unit 
along the base o f  an impermeable prodelta  shale. 
The  overlying  shale  unit  would act as a cap to 
vertical gas migration. 

up-dip direction by a series of different  trapping 
mechanisms. The two  most  probable  trapping  mecha- 
nisms  would  be a self-forming  hydrate  trap  and an 
Impermeable ice-bearing  trap. The existence  of a 
porosity/permeability trap or a fault  trap  is 
unlikely. 

The  presence  of a structural control on the 

A possible  scenario  for  the formation of 

The migrating free gas could  be  trapped in the 

The rate  of  free  gas migration and the exis- 
tence  of  possible  porosity/permeability  craps in 
the  hydrate  saturated sands are not  easily  deline- 
ated  due  to the lack o f  data. The only data 
available on the  porosity/permeability  charactar- 
istics o f  the  upper  units are from stratigraphic 
logs prepared  by the American Stratigraphic 
Company.  The  potosity within the hydrate  satu- 
rated sands varies little,  from 38 to 46% 
(American Stratigraphic Company). The existence 
o f  a porosity/permeability trap f o r  the  up-dip 
free gas migration is  not  likely  due  to the lack 
of variation in the lateral porosity in the same 
units.  The  unconsolidated nature o f  the upper 
units  would  not  lend  itself  to  the formation o f  a 
poroaity/permeability trap. 

the Lower Cretaceous  reduces  the  likelihood of 
fault  traps. 

The free gas could have formed a trap when the 
gas entered the hydrate stability field. As the 
migrating gas mvad into the zone of hydrate sta- 
bility,  the  gas  would be frozen in place. The 
frozen hydrate wuld be impermeable  to  free  gas 
migration and  would continue to thicken  as  free 
gas is trapped  and frozen in  place. 

The impermeable  permafrost  could  also  form an 
up-dip  trap  to  free  gas  migration. As the  free 
gas  migrated  up-dip  along the bedding  plane, the 
gas  would be trapped at the  base of the  permafrost 
and  be frozen in place. 

The actual occurrence of hydrate does not  favor 
either the self-forming  trapping model or the 
permafrost  trapping  model.  However,  the  laterally 
continuous nature of the hydrate occurrences sug- 
gests possible reorganization of  the  hydrate by 
multiple periods  of  freezing  and  thawing. 

The evidence that  there is little  faulting past 

CONCLUSIONS 

The major findings of this  study are: 
1. Several  well  logs have been  found  to  be in- 

dicative of the presence of hydrate.  Al- 
though  no single log is definite by itself, 
used in combination they  permit  at  least a 
subjective evaluation of hydrate occur- 
rences. For example, the development  of 
new evaluation techniques such as the use 
of cross  plots and the addition of the 
neutron porosity  log  as a hydrate detector 
has reduced the subjective nature  of the 
hydrate  evaluation. Hydrate occurrences 
were  identified  by a variety of different 
well logr. The internal consistency  of 
their  determlnation,  and  their application 
in a large number  of  wells, indicate the 
validlty  of the method. 

structural-stratigraphic control on the up- 
dip  gas migrational model for the hydrate 
accumulations was a significant  contribu- 
tion. The correlation of  the  actual hy- 
drate occurrences identified in well log 
data with the structural-atratigraphic 
framework has  allowed the development  of a 
conceptual model for hydrate formation in 
the North  Slope  region. 

2. The recognition of the primarily 
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3. The method  for  determining  the zone of hy- 
drate stability was refined to  take  into 
account  both  the difference in thermal 
conductivity between ice bearing  and  water 
bearing  strata  and  the shallow depth  limit 
of the  stability zone. The  method  used  for 
estimating  the  local geothermal gradients 
allows estimation of temperature  profiles 
during warmer period.8 in the Earth's  hia- 
tory  which, in turn, has provided  insight 
concerning  the original formation  and 
accumulation of the actual gas hydrate 
occurrences. 
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FIGURE 1 Base map o f  study area  Hydrate  
occurrences  have  been  denoted.  
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methane hydrate stability zone in North- 
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FIGURE 5 Block diagram representation of 
the hydrate occurrence in the Kuparuk 
Oil Field. 

- W  

6'' 36-12-8 I 9-1 1-10 1 7-1 1 

E- 
3-1 1-1 1 1-1 1-12 3-1 1-8 

I I I 

0 

500 

1000 

HIGH CONCENTRATION 
INTERMEDIATE 
LOW CONCENTRATION 

1-12 

................. H, 

.............. 

FIGURE 6 East-west cross section through 
the Kuparuk O i l  Field Hydrate occurrences 
are plotted with degree of saturation 
indicated. 



Over t 

LONG-TERM ACTIVE LAYER EFFECTS OF CRUDE OIL SPILLED I N  INTERIOR ALASKA 

C. M. Col l ins  

U . S .  Army Cold Regions  Research  and  Engineering  Laboratory 
Fairbanks, Alaska 

Two e x p e r i m e n t a l   o i l   s p i l l s  of 7570 l i ters each were conducted a t  a black-spruce- 
fores ted  s i te  in   February and Ju ly  of 1976. The long-term  effects  o f  t h e   s p i l l s  
on the   ac t ive   l aye r  were d i r e c t l y   r e l a t e d   t o   t h e  method of o i l  movement. The 
w i n t e r   s p i l l  moved beneath  the snow, with in   the   sur face  moss l a y e r ,  and t h e  
summer s p i l l  moved pr imari ly  below t h e  moss, i n   t h e   o r g a n i c   s o i l .  The slanmer 
s p i l l   a f f e c t e d  an area near ly  one and one-half times t h a t  of t h e   w i n t e r   s p i l l .  
Only 10% of  the 303-m2 summer s p i l l   a r e a  had o i l   v i s i b l e  on the   sur face ,   whi le  
40% of t h e  188-m2 w i n t e r   s p i l l  had v i s i b l e   o i l .  Thaw depths i n  the  summer s p i l l  
area increased from 1977 t o  1980”average  thaw  depth was 72 cm VS. 48 c m  in t h e  
control--and  remained  essentially  the same i n  1981 and 1982. Thaw depths  i n  t h e  
w i n t e r   s p i l l  area con t inued   t o   i nc rease   un t i l  1982 to   an   average  o f  92 cm. 
Summer temperatures 5 crn under  the  blackened moss are cons i s t en t ly   h ighe r   t han  
under  the  undisturbed  surface.  Presumably the change in albedo  due t o  t h e  
su r face   o i l   a ccoun t s   fo r   t he   i nc reased  thaw i n   t h e   w i n t e r   s p i l l  area. 

:he past  deca d e  a number of 8 I t U  d i e s  have 
been  conducted on t h e   e f f e c t s  of o i l   s p i l l e d   i n  the 
a r c t i c  and subarctic  environment.  This i s  a d i r e c t  
r e s u l t  of the  development of K h e  Prudhoe Bay o i l  
f i e l d  and the   cons t ruc t ion  of t h e  Trans-Alaska  Pipe- 
l i n e .  

Much of t h e  work on the impact of o i l   s p i l l s  
has   cons idered   the   e f fec ts  of refined  petroleum 
products  and  crude o i l   s p i l l e d  on a r c t i c  and s u b  
arctic vegeta t ion  (Hunt et  al. 1973, Deneke et al .  
1975, Hutchinson  and Freedman 1975, Walker e t  a l .  
1978), and s e v e r a l   t h e o r e t i c a l  and labora tory  
s t u d i e s  h a v e   i n v e s t i g a t e d   c r u d e   o i l   s p i l l s  on snow 
and ice  (Raisbeck and Mohtadi 1974, McMinn and 
Golden 1973). A number o f  s t u d i e s  examined t h e  
b i o l o g i c a l  and chemical   effects  of small experi- 
mental s p i l l s  on t u n d r a   s o i l s  and vegeta t ion ,  
e s p e c i a l l y  i n  the  Barrow and  Prudhoe Bay areas 
( E v e r e t t  1978, Sextone et al. 1978, Linkins  e t  al. 

In cont ras t   to   these   mos t ly  small-scale 
s t u d i e s ,  a series of studies  conducted  near Norman 
Wells, Canada,  attempted to   determine  experimental ly  
t h e   e f f e c t s  of l a r g e r   o i l  spills (Mackay et  a l .  
1974, Hutchinson e t   a l .  1974,  Hutchinson  and 
Freedman 1975). A study o f  similar scope was con- 
ducted  to   determine the physical,   chemical,  and  bio- 
l o g i c a l   e f f e c t s  of c r u d e   o i l   s p i l l e d  on a fores ted  
permafrost   terrain  near  Fairbanks,   simulating as 
nea r ly   a s   poss ib l e   an   ac tua l   o i l   sp i l l   ( J enk ins  e t  
a l .  1978, Johnson et  al. 1980). T h i s  paper i s  based 
on a Continuation of tha t   s tudy  and examines t h e  
long-term  thermal  effects of o i l   s p i l l s  on t h e  
a c t i v e   l a y e r .  

vestigated  the  thermal  impact of n a t u r a l  and man- 
made dis turbances on t h e   a c t i v e   l a y e r  (Brown and 
Grave 1979). Most deal  with  the  disturbances  caused 
by vehicu lar  t ra f f ic ,  o i l  development,  and  related 
c o n s t r u c t i o n   a c t i v i t y  (Mackay 1970, Lawson e t  a l .  
1978). Fire a l so   p l ays  a m a j o r   r o l e   i n   t h e   n a t u r a l  

1978) e 

Studies   o ther   than   those  on o i l  s p i l l s  have in- 

d i s turbances  of permafrost  (Beginbottom 1971; 
Viereck 1973, 1982; Hall e t  al. 1978; Racine 198l>, 
where increased t h a w  of t he   ac t ive   l aye r   fo l lows   t he  
d e s t r u c t i o n  of the   insu la t ing   organic   l ayer  by f i re  
or  the cons t ruc t ion  of fire lanes.  Makihara (1982) 
s t u d i e d  the modif icat ion of surface  a lbedo by coa l  
dust  and its e f f e c t  on t h e   a c t i v e   l a y e r  at  Prudhoe 
Bay. 

SITE DESCRIPTION 

The winter  and samer o i l  s p i l l   s t u d y  was con- 
duc ted   i n  the Caribou-Poker  Creek  Research Watep 
shed, within t h e  Yukon Tanana  Uplands, 48 km north- 
east of Fairbanks,  Alaska. The study si te is 
loca ted  a t  an   e leva t ion   of  300 m, on an 8” west 
facing  slope.  Two plots ,   each 10 m by 50 tu, were 
e s t a b l i s h e d   f o r  oil appl ica t ion .  A c o n t r o l   p l o t  of 
the same s i z e  was establ ished  just   upslope  (Johnson 
e t  a l .  1980). 

Cryaquept  with s i l t  loam t e x t u r e  and i s  t y p i c a l  of 
the  Saul ich series found in   the   lower   s lopes  of t h e  
watershed  (Rieger e t  al. 1972). The 01 and 02 
l a y e r s  (moss and peat)  average 30 an t h i c k  and over- 
l i e  a 6-cm A horizon  beneath which i s  a massive, 
grey s i l t  C horizon that  is water s a t u r a t e d  above 
the  permafrost .  The a c t i v e   l a y e r   d e p t h  ranges from 
20 t o  60 cm accord ing   to   the   th ickness  of the  
organic   (01  and  02) layers .  

a n  open Picea mariana1Vaccinium  spp./Eeathermoss 
community descr ibed by Viereck  and  Dyrness (1980>, a 
common community t y p e   i n   i n t e r i o r  Alaska. Ebrpho- 
l o g i c a l l y ,  i t  is an open  black  spruce  (Picea 
mariana)  stand  with a shrub  understory of Ledum 
decumbens, Ledum groenlandicum,  Betula  glandulosa, 
and  Vaccinium  uliginosum. Mosses and l ichens  cover  
50% o r  more of the  ground  surface  (Johnson et a l .  
1980). 

The s o i l  of the  s tudy site is a B i s t i c   P e r e g l i c  

The vegeta t ion  of the  s tudy site (Figure I )  is 
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FIGURE 1 V ~ ~ e ~ ~ t ~ o n  at  study s i t e  before experi-  
m e n t a l   s p i l l  ~ A u ~ ~ ~ ~  1975). No& elevated w ~ l k w a y ~  
~ ~ s t a l l ~ d  f o r  access t o  plot. 

METHODS 

Crude o i l ,   h e a t e d   t o  57°C i n  a c losed  7600- 
l i t e r  t ank ,  was a p p l i e d   t o   t h e   f i r s t   s p i l l   p l o t  on 
26 February,  1976, a t  an  ambient a i r  temperature  of 
-5’C. Heated o i l  was app l i ed  t o  the  second  plot  on 
14  July,   1976,  at an  ambient a i r  temperature   of  
25’C. I n  each s p i l l  7570 l i ters of o i l  was a p p l i e d  
a t  t h e   t o p  of  t he   p lo t   t h rough  a 5-m-long pe r fo ra t ed  
pipe at a rate of about  170  l i ters/min. 

The rate and e x t e n t  of o i l   f low  downslope  
fol lowing  each o f  t h e   s p i l l s  was determined by 
probing  with wooden dowels i n  a l-m g r i d   p a t t e r n  
(Johnson e t  al. 1980).  Thirty-six  thermocouple 
a r r a y s  were i n s t a l l e d   i n   e a c h   p l o t ,   w i t h   f i v e  
thermocouples  per  array  to  collect   ground  tempera- 
t u r e   d a t a .  Maximum depth of each   a r r ay  was 1 tu. 

w i t h  a g r a d u a t e d   s t e e l   r o d   a t  1-m i n t e r v a l s  along 
s i x   c r o s s - s e c t i o n s   l o c a t e d  a t  1, 3 ,  6 ,  9 ,  14,  and 20 
m downslope  from  the s p i l l   p o i n t  i n  each   p lo t ,  Thaw 
depth  measurements  have been made every  September 
s i n c e  1976. A i r  t empera ture   da ta   a re   ava i lab le   f rom 
seve ra l   nea rby  climatic s t a t i o n s   m a i n t a i n e d   i n   t h e  
research  watershed (Haugen e t   a l .   1 9 8 2 ) .  

The a c t i v e   l a y e r   d e p t h  was measured by probing 

RESULTS 

O i l  Movement 

The t iming of the two s p i l l s   a f f e c t e d   t h e  
mechanism of o i l  movement and the   a rea   covered  by 
e a c h   s p i l l .  I n  a d d i t i o n ,   t h e  amount of s u r f a c e  
impac t ,   wh ich   l a t e r   a f f ec t ed  the a c t i v e   l a y e r ,  was 
d i f f e r e n t   f o r   t h e  two s p i l l s .  

D u r i n g   t h e   w i n t e r   s p i l l ,   t h e   h o t  oil melted 
h o l e s   i n   t h e  45-cm deep  snowpack and then moved 
downslope  under  the snow w i t h o u t   d i s t u r b i n g   t h e  snow 
su r face .  Most of t h e   o i l  movement o c c u r r e d   j u s t  
above  and  within  the moss (01) l ayer ,   above   the  
f rozen   pea t  and o r g a n i c   s o i l  (02 and A l )  l a y e r s .  
The oil moved l a  m downslope a t  a dec reas ing  rate 
f o r  24 h r   b e f o r e  becoming imnobile.  Following 
sp r ing   snowmel t ,   t he   o i l  became mobile  again and 
rnoved an   add i t iona l  17 m downslope ,   This   l a t te r  

SUMMER 

a Summer spill 

0 

I 
16 

b Winter  mill 

FIGURE 2 Plan  views of smmer and winter s p i l l s  
showing su r face  and s u b s u r f a c e   o i l e d   a r e a s .  

movement was benea th   t he  moss l a y e r  and was v i s u a l l y  
unde tec t ab le  on t he   su r f ace .  

t o   t h e   p e a t  (02) l a y e r  and moved downslope  beneath 
t h e  moss. The o i l  was o n l y   v i s i b l e   w i t h i n   t h e   f i r s t  
few meters of t h e   p l o t  and i n   s u r f a c e   d e p r e s s i o n s  
downslope. The downslope  slope movement of oil was 
32 m downslope in 48 hr ,   wi th   an   addi t iona l  7 m 
movement by October  1976. 

wi th   about  40% of t h e  area h a v i n g   v i s i b l e   s u r f a c e  
o i l   ( F i g u r e  2 ) .  The summer s p i l l   a f f e c t e d  303 m2 
w i t h  only 10% h a v i n g   o i l   v i s i b l e  on t h e   s u r f a c e .  

The average   concent ra t ion  of o i l  i n  t h e  irn- 
pacted   a rea  of t he   w in te r  spill was 41 l i t e r s / m 2 ,  
cons ide rab ly  ulote than   t he  25 liters/m2 f o r   t h e  
summer s p i l l .  When viewed i n  tenus of m2/m3 (area 
a f f ec t ed   pe r  volume  of o i l  a p l i e d ) ,   b o t h   a r e a s   a r e  
wi th in   t he   r ange  of 20-100 m 8 /m3 of o i l   p r e d i c t e d  by 
Mackay et  al. (1974) as reasonable   €or   l a rge-sca le  
o i l   s p i l l s .  The average   concent ra t ions   o f  oil were 
much g rea t e r   t han  many of the   smal l - sca le   spray  
s p i l l s  u sed   t o   de t e rmine   t he   e f f ec t s  of c r u d e   o i l  on 
vege ta t ion ,   such  as Walker e t   a l .   ( 1978)  and Evere t t  
(1978).  

Thermal E f f e c t s  on the   Act ive  

The oil o f  t h e  summer s p i l l   r a p i d l y   p e n e t r a t e d  

The winter s p i l l   a f f e c t e d  an area of 188 m2 

Layer 

E f f e c t s  on the  underlying  permafrost   f rom  the 
i n i t i a l   s p i l l  of t h e   h o t   o i l  were not  apparent 
(Johnson e t  al. 1980). The thermal mass of   the warm 
oil was n e g l i g i b l e  compared to   t he   t he rma l  mass of 
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FIGURE 3 Thaw d e p t h s   f o r   t h e   w i n t e r  and aummer 
s p i l l s  and cont ro l ,   averaged   f rom  c ross -sec t ims  a t  
1, 3 ,  6 ,  9, 14 ,  and 20 m downslope  from  the  top o f  
t h e   s p i l l .  Thaw depths  were measured i n  September 
each year, 1975-1982. 
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FIGURE 5 Thaw depths   of   the   cross-sect ion 3 m down- 
s lope   f rom  the   top  of the s p i l l ,   i n   w i n t e r  and 
summer s p i l l   a r e a s  and c o n t r o l ,  shown f o r  September 
o f   d i f f e ren t   yea r s   f rom 1976 t o  1982, 

the   f rozen   ground,  and d u r i n g   t h e   w i n t e r   s p i l l ,  much 
of the heat of t he  warm o i l  went i n t o   m e l t i n g  t h e  
snow. 

Thaw depths  for the win te r  and summer s p i l l  
areas, as wel l  as the c o n t r o l   p l o t ,  are shown i n  
Figure 3. The thaw  depths are c a l c u l a t e d  as the 
average  from  means  of s i x   c r o s a - s e c t i o n s  a t  1, 3 ,  6 ,  
9 ,  14 ,  and 20 m downslope  from the t o p  of t h e   s p i l l  
p l o t .  It should   be   no ted   tha t ,  20 m downslope  from 
the   top  o f  the s p i l l ,  thaw  depths   did  not   di f fer  
s i g n i f i c a n t l y   f o r   t h e  three p l o t s .  Thaw depths  i n  
t h e  summer s p i l l  area Increased  each  year  from 1977 
to 1980,   with  the  average  thaw  depth  reaching 7 2  
cm. The average thaw depths   d id  not i n c r e a s e  in 
1981 and  1982. Maximum thaw i n   t h e  summer s p i l l  
reached 111 cm i n  1981  and  1982. 

have  increased  every  year from 1977 t o  1981, with a 
s l i g h t   d e c r e a s e   n o t e d   i n  1982. Average thaw depths  

Average  thaw  depths in t h e   w i n t e r   s p i l l  area 

FIGURE 4 Average  thaw  depths   for   the  winter   and 
summer s p i l l s  and c o n t r o l   f o r   c r o s s - s e c t i o n s  a t  1, 
3 ,  and 6 m downslope f r m  the top of t h e   s p i l l .  
Thaw depths  were measured i n  September  each  year, 
1976-1982. 
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TABLE 1 Degree  days of thawing  ("C) , 
April-September, 

- Year No. of  days 

1976  1583 
1977  1453 
1978  1223 
1979 1356 
1980  1153 
1981 1249 
1982 1163 

~" 

NOTE: Stat ion  located 800 m west  of 
s p i l l  site a t  50 m lower e leva t ion .  
S ta t ion  is c a l l e d  Caribou Main, 
Alaska. Mean annual  temperature i s  
-4.9OC. 

i n   t h e   w i n t e r   s p i l l  were 94 cm i n  1981 and 92 cm i n  
1982. The maximum thaw  depths  have  continued t o  
increase, however, t o  170 cm i n  1981 and 175 cm i n  
1982. Maximum thaw in   the   win ter   p lo t   has   increased  
165% s i n c e  1976. 

Figure 4 shows the long-term  average  thaw 
depths   for  the I ,  3 ,  and 6 m c ross   s ec t ions  of t h e  
two p l o t s  and the cont ro l .  Average  thaw i n  the 
f i r s t  6 m o f  the  summer p l o t  was 77 cm in 1982. 
Average  thaw i n   t h e   f i r s t  6 m of t he   w in te r   p lo t  was 
115 cm i n  1982. The f irst  6 m are t h e  area of 
greatest   impact  and maximum thaw. 

thaw  depths i n   t h e   w i n t e r  and summer p lo t s   gene ra l ly  
correspond  to the area of sur face   o i l ing   (F igure  
5 ) .  This is presumably  due to   the  decreased  a lbedo 
of the  blackened moss i n  the  surface  Impacted area. 

Degree  days of thawing  for   the  s tudy  area  for  
the period 1977-1982 range  from 1200 to 1500 (Table  
1). The consis tency of the average  thaw  depths of 
the c o n t r o l   p l o t   i n d i c a t e   r e l a t i v e l y   c o n s i s t e n t  
na tu ra l   dep ths  of thaw each  year. 

c o n s i s t e n t l y  warmer unde r   t he   b l ack ,   su r f ace   o i l  
areas compared to  the  nonsurface-impacted  areas 
w i t h i n   t h e   s p i l l s .  Maximum temperatures of 31°C 
were noted  under  the  ail-blackened  moss, as compared 
t o  a maximum of 18'C under  nonblackened moss a reas  
nearby. 

Along the c ross - sec t ion   a t  3 m, the g r e a t e s t  

Soil   temperatures 5 cm below the  surface  were 

DISCUSSION AND CONCLUSIONS 

There a r e   c o n f l i c t i n g   r e p o r t s  on the e f f e c t s  of 
o i l   s p i l l s  on the  thickness  o f  the   permafrost   act ive 
layer .  For small expe r imen ta l   sp i l l   p lo t s  at 
Barrow, Evere t t  (1978) found  thaw  depth t o   i n c r e a s e  
s i g n i f i c a n t l y   f o r  2 y e a r s   a f t e r   a p p l i c a t i o n  of o i l  
with a smaller e f f e c t  i n  the   th i rd   year .  He a l s o  
(Lawson e t  al. 1978) found   t ha t   a f t e r  30 years  a t  
the   F ish  Creek s i t e ,   i n   n o r t h e r n   A l a s k a ,  thaw  under 
d i e s e l   s p i l l s   d a t i n g  from t h e  l a te  1940's was almost 
double   that  of undisturbed si tes,  although i t  should 
be   no ted   tha t   there  was almost no vegetat ion  cover  
on t h e   d i e s e l   s p i l l s   t o  act as insu la t ion .  

Mackay et al. (1974) observed l i t t l e  thermal 

e f f e c t  of o i l  a t  a   f o r e s t e d   s p i l l  sl te ,  but theeir 
observat ions were based on only one  season. 
Hutchinson and  Freedman (1978) also  observed  that  
s p r a y   s p i l l   t r e a t m e n t s  had  only a l i m i t e d   e f f e c t  on 
the  depth of t he   ac t ive   l aye r ,  which was not main- 
t a i n e d   a f t e r   t h e   f i r s t   p o s t s p i l l  growing  season. 
This nlay have  been  due to   t he  small amount of o i l  
appl ied ,  

Other  types of dis turbances  have  resul ted i n  
similar i n c r e a s e s   i n  the thickness  of t h e   a c t i v e  
layer.   Following  the  modification of the  organic  
f o r e s t   f l o o r  by f i r e  and  mechanical  str ipping, 
Dyrness (1982) observed  increases in the   th ickness  
of the a c t i v e   l a y e r   f o r  4 years   wi th  PO i n d i c a t i o n s  
of a d e c r e a s e   i n   t h e   r a t e  of  thaw. There,   the 
vege ta t ion  was a black  spruce community similar t o  
t h e   o i l   s p i l l   p l o t s  in Caribou-Poker  Creek. 
Heginbottom (1973) r epor t s   i nc reases  i n  thaw depths  
due t o  f o r e s t   f i r e s  and b u l l d o z e d   f l r e l i n e s  a t  t h e  
1968 I n u v i k   f i r e ,  w i t h  a median  thaw  of 48 CUI f o r  
undis turbed areas and 41 and 120 cm f o r  burned  and 
bulldozed areas, respec t ive ly .  Mackay (1977) 
r e p o r t s  a s l igh t   i nc rease  was s t i l l  occur r ing   i n  the 
a c t i v e   l a y e r  8 y e a r s   a f t e r  the f i r e .  

Viereck (1982) repor t s  somewhat deeper  thaw 
depths  for  a  burned  black  spruce community near 
Fairbanks. Maximum thaw i n  an unburned  area was 
40-50 cm; in   the   burned  area, 187 cm i n  1980; and i n  
a c l e a r e d   f i r e l i n e ,  227 cm i n  1979 and 200 cm i n  
1980, as v e g e t a t i o n   r e e s t a b l i s h e d   i t s e l f .  

These  observations are re levant   in   L ight  of 
proposed  mechanical  clean-up  procedures  (including 
burning)  following  an oil s p i l l ,  which may cause 
substantial   thawing  of  the  permafrost  due t o   d i s t u r -  
bance   o r   des t ruc t ion  of the  vegetat ive  cover .  The 
thawing  due t o  clean-up  procedures may equal  or 
exceed  that   caused by t h e   s p i l l .  Th i s  has   to   be 
considered when p lann ing   a   r e sponse   t o   o i l   sp i l l s  on 
permafrost   terrain.  

r e s u l t i n g  from t h e  two s p i l l s  a t  Caribou-Poker  Creek 
o c c u r r e d   i n   t h e   f i r s t  few meters of the  winter  
s p i l l ,  where o i l  flowed  over the moss and  beneath 
t h e  snow cover.  Although the t o t a l  area of t h e  
w i n t e r   s p i l l  was smaller than the summer s p i l l ,  t h e  
much greater   percentage of oil-blackened moss on the 
s u r f a c e   r e s u l t i n g  from  the  winter   spi l l   has   caused  a  
deeper  average thaw. Average  thaw  depths i n   t h e  
summer plot  increased  from 1976 t o  1980 and  have 
s ince   s t ab i l i zed .  Average  thaw  depths i n  the winter  
p lo t   appear   to  have s t a b i l i z e d  by 1982, al though  the 
maximum thaw  depth  has  continued t o  increase  under 
the  heavi ly   impacted  areas ,   These  t rends  contrast  
with  those of smaller oil s p i l l s  in Alaska, 
genera l ly   o f   lower   appl ica t ion   ra tes  and i n   c o l d e r  
areas, where thaw depths   did  not   increase  af ter   the  
f i r s t  severa l   years ;  however. the t rend is s i m i l a r  
to  burned areas in i n t e r i o r  Alaska and a t  Inuvik ,  
Canada, t h a t  have s imi la r   c l imates .  

The maximum thermal impact on the a c t i v e   l a y e r  
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A MATHEMATICAL MODEL FOR THE PERMAFROST THAW  CONSOLIDATION 

M. Yavuz  Corapcioglu 

Department of Civil  Engineering.  University  of  Delaware, Newark,  Delaware 19711 USA 

A mathematical  model  is  developed for  temporal and  spatial  distribution of pore  water 
pressure,  temperature,  ice  content  and  displacements  in  an  unsaturated  thawing  deformable 
soil.  The  water  saturation  is  related  to  pore  pressure  and  temperature  by  retention  and 
phase  composition  curves  respectively.  The  model  is  simplified  for  a  one-dimensional 
vertical  permafrost  thaw  consolidation  problem.  The  use of temperature-dependent 
rheological  stress-strain  relations  is  also  discussed. 

INTRODUCTION 

Heat  transfer  in  soils  plays  an  important  part 
in  varied  fields.  Expanding  interest  in  arctic  and 
near-arctic  regions  is  continuing to provide  moti- 
vation  for  research  on  transport  processes  in 
frozen  and  partially  frozen  soils.  Reducing  the 
transfer of pipeline or building  heat  to  the  under- 
lying  soil  and  preventing  thawing  and  associated 
settlement  to  utilize  the  high  strength of the 
frozen  soil  are  the  main  considerations  in  perma- 
frost  regions.  Where  thawing of the  frozen  ground 
cannot  be  prevented,  the  rate  and  extent of de- 
gradation  are  factors  that  must  be  taken  into 
account.  Such  a  problem  requires  a  coupled  analy- 
sis, i.e., thaw,  heat  transfer,  flow and  consoli- 
dation. This  kind of study  involves  applying 
coupled  differential  equations  to  describe  the 
field  conditions. 

The  process of transfer of heat  in  soils i s  
unique,  since  such  a  medium  presents a combination 
of components,  e.g., ice,  water  and  air.  The 
freezing  and  thawing  of  soils  are  complex  phenomena, 
which  may  take  place  over  a  wide  range o f  tempera- 
tures, depending  upon the  soil  type  and the  water 
content.  Such  processes  require  the  extraction ox 
addition  of  the  latent  heat of fusion  that  accom- 
pany  phase  changes.  The  special  features of the 
geotechnical  properties of frozen  and  thawing  soil 
are  the  dominant  creep  characteristics  under  sus- 
tained  stress  and  the  marked  rate  dependence of the 
strength.  These  characteristics  are  attributed to 
the  presence of unfrozen  water  and  the  various 
responses  of  ice to loading.  The  rate  effects  in 
frozen  and  thawing  ground  are  temperaturc  dependent 
and  vary  with  the  soil  ice  content. 

the  mathematical  simulation o f  permafrost  thaw  con- 
solidation  and  developed  several  models.  Works  by 
Tsytovich  and  co-workers  appear  to  be  the  first 
studies on this  subject  (Tsytovich, 1960; Tsytovich 
et  al., 1966). These  studies  conclude  that  the 
thaw consolidation  caused  by  the  abrupt  change  in 
void  ratio  that  occurs  during  thawing of the  soil 
ice  and  results  in  settlement  is  approximately 
equal  to  the  thickness of ice  inclusions, is in- 
dependent of external  load, is proportional  to 
depth of thawing,and  occurs at a rate  proportional 
to the  square  root o f  time.  For a considerable 
period  after  complete  thawing  has  occurred,  settle- 
ment  proceeds at a  reduced  rate  and  is  proportional 

Several  researchers  have  spent  much  effort on 

to  the  logarithm of the  time.  Latex,  Tsytovich  et 
al. (1965) have  shown  that  the  consolidation of 
thawing  sofls  occurs  with  practically  constant pore 
pressure  and  obeys  the  theory of consolidation. 

One-dimensional  study of permafrost  thaw  and 
settlement has been  investigated  by  various re- 
searchers. Soma o f  them  approached  the  problem 
from  a  simplistic  and  practical  point of view 
(e-g., Zaretskii, 1968; Brown  and Johnston, 1970) 
while  others  preferred a more  rigorous  theoretica 1 
approach.  Morgenstern  and  Nixon (1971) formulated 
thawing  settlement  in  terms  of  the  theory of con- 
solidation  and  provided  a  solution to a  moving 
boundary  thaw  consolidation  problem  where  the  thaw 
line i s  assumed to move  proportionally to the 
square  root of time as governed  by a parameter a. 
One-dimensional  closed  form  solutions  have  been 
obtained  for  several  cases  of  practical  interest. 
It is shown  that  the  excess  pore  pressures  and  the 
degree of consolidation  in  thawing  soils  depend 
primarily  on  the  thaw  consolidation ratio, R = 
a/(2<)  , where  Cv  is  the  coefficient of consoli- 
dation.  Later  Nixon  and  Morgenstcrn (1973) ex- 
tended  their  study  to  incorporate  arbitrary  move- 
ments of the thaw line, This  approach  employs  a 
finite  difference  technique to obtain  a  numerical 
solution.  They also introduced  the  nonlinear 
compressibility  relation  into  the  theory,  Mc- 
Roberts et al.  (1978)  considered  certain  aspects 
of  thaw  consolidation  effects  in  degrading  perma- 
frost  by  examining  two  cases. 

There  are  also  various  studies to simulate  the 
coupled  flow of mass  and  heat  in  a  freezing,  de- 
formable  soil  system  in  addition to  ones  for  rigid 
porous  media.  Studies  on  deformable  media  cover 
the  works of Sheppard et al. (1978) and Del Giudice 
(1978). Sheppard  et  al.  (1978)  developed  a  model 
that  describes  heat  and  water  flow  in  a  freezing 
soil  and  has  provision  for  incorporating  the  effect 
of overburden  pressure  and  deformation of the 
matrix.  Heave  is  allowed  to  occur  through  the  use 
of deforming  coordinates. Del Giudice  et  al. 
(1978) present  the  finite  element  model,  formulated 
for  nonlinear  heat  conduction, to study  ground 
freezing  problem  by  solving  the  energy  equation 
only. In  view of the  difficulty of obtaining 
closed  form  solutions  for  two-dimensional  problems 
Sykes  et  al.  (1974a,b)  solved  two-dimensional 
problems  by  the  finite  element  method  to  determine 
the  effects of settlement  and the significance  of 
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variable  geometry  and  forced  convection  rather 
than  heat  conduction  only  as  done  previously.  The 
applications o f  the  model  include  the  analysis of 
a  heated  oil  pipeline  buried  in  permafrost  and 
the  analysis of foundations on permafrost.  Later, 
Sykes  and  Lennox (1976) considered a nonlinear 
stress-strain  relation  €or  thawing  permafrost  in 
their  model. 

developed  a  mathematical  model far fluid  pres- 
sure,  temperature,  and  land  subsidence  owing  to 
temperature  and  pressure  changes  in  a  porous 
medium.  Conservation of mass,  energy,  and  equi- 
librium  equations  were  developed  and  the  effects 
of viscous  dissipation  and  compressible  work  have 
been  included  in  the  formulation.  The  effects of 
heat  transfer by forced  convection  as  well as 
conduction  were  included  in  the  model. Ccoss- 
transport  phenomena  resulting  from  reciprocal 
relations  had  not  been  considered  in  their formu- 
lation,  This  paper  presents  a  mathematical  model 
which  includes  a  coupled  transport  equation  in  the 
derivations  for  a  thawing  unsaturated  parous 
medium. It is  an  extension of the  theory pre- 
sented  by  Bear  and  Corapcioglu (1981). The  mathe- 
matical  model  will  be  capable of simulating  pres- 
sure,  saturation,  temperature,  ice  content  and 
displacements  in  a  permafrost  thaw  consolidation 
problem. 

Recently,  Bear  and  Corapcioglu (1981) 

THEORY 

The  macroscopic  unsteady  water  flow  in  a 
partially  saturated  heterogeneous 
medium  can  be  written as 

where 9 is  the  specific  discharge 
respect  to  the  fixed  coordinates, 
p i  are  the  densities of water  and 

thawing  porous 

of water  with 

ice,  respective- 
In (1) , Pf and 

ly, Ow  is  the  volumetric  liquid  water  fraction, 
and  t is time.  Ow  is  a  product of the  porosity  n 
and  the  degree of saturation  Sw;  that is, Ow = nS 
o i  denotes  the  vo2wnetric  ice  fraction.  Equation W '  

(1) has  also  been  used  in a similar  form  by  Taylor 
and  Luthin (1978), Sheppard  et  al. (1978), and 
Jame  and Norm (1980). The frozen  component of 
water, i.e., ice,  is  assumed to be  incompressible 
and  impermeable,  In  the  case of a  deforming 
porous  medium  where  the  soil  particles  move  at  a 
velocity y s r  it  is  the  specific  discharge of the 
water  relative to the  moving  solid !, that  is  ex- 
pressed by Darcy's  Law  (Bear, 1972, p. 205) 

gr = s - Ow ' Is  ; s = OW.Vf = nsw yf 

Inserting  this  relative  flux  expression  in (1) 
and  assuming  that  under  the  pressure  conditions 
during  thawing  in  a  frozen  soil  the  water i s  
practically  incompressible, pf  = constant,  and  the 
soil  particles  and  ice  are  incompressible,  i.e., 
pi = constant, p = constant  (however,  the  soil 
matrix  as  a  whoLg  is  deformable,  with  changing 
porosity) , we  obtain 

where d, ( )/at = a ( )/at + vs a V( ) denotes  the 
total  derivative  with  respect  to  moving  solid. 
The  fourth  term  can  be  obtained  from  the  equation 
of mass  conservation of solid  which  is  given by 

The  change  in  porosity is related to the  volume 
strain  (dilatation) E of the  porous  medium  by 

d E  

dt 1 - n dt s -  1 dsn - v .  
I I S  

By  combining ( 3 )  and ( 5 ) ,  and  an  approximation,  re- 
placing  the  total  derivatives  by  partial ones, 
i.e.,  assuming I! - OS, << aSw/at  and vs VE 
<< aE/at, ( 3 )  rezuces  to 

ae asw Pi m i  V*!,+Sw~+n----= at of at 0 

The  melting  term  a@./at  can  be  expressed  in  terms 
of S, and E by  writlng  down  the  conservation of 
mass  equation for ice.  If  we  assume  ice  moves  with 
the  velocity of solid  particles vs 

& 

aoi pf aow 
v * 0 .  v f "  -~ 

1 - S  at pi at = O 

By  rearranging  and  making  use of ( 5 )  and  previous 
assumptions 

aai pf aoW o,aE+""= 
1 at  at pi at 0 

The  specific  discharge  relative  to  the  deforming 
matrix, gr is  expressed by Darcy's  law  which  states 
that yr is proportional  to  the  total  potential 
gradient.  Assuming  that  linear  interactions  be- 
tween  theflaws  are  induced  by  mechanical  and 
thermal  effects,  the  mass  flux  is  not  only  related 
to  the  potential  gradient  but  also to the  gradient 
of temperature.  Then 

where p is the  pore  pressure  (suction), 5 is  the 
medium's  permeability  tensor,  which  depends on n 
and  the  absolute  temperature T, and LI is  the 
water's  dynamic  viscosity.  The  vertical  direction 
is  represented  by z ,  and g denotes  the  gravitation- 
al acceleration. ;MT is  the  thermal  liquid  dif- 
fusion  tensor,  which i s  an  Onsager's  phenomenologi- 
cal  parameter.  This  interference  tensor  can  also 
be  called  as  the  tensor of thcrmo-osmosis. 



The  degree of saturation  Sw  is  a  function of p 
and T. Under  isothermal  conditions,  the  relation 
between  Sw  and  p  is  given  by  the  retention  curve. 
Curves  showing  the  phase  composition of the  water 
in  the  soil for temperatures  below OOc are  given 
by  Jame  and  Norum (1980). Typical  curves  for S ,  
are  given  in  Figure 1. Hence 

The  term  aSw/apI  can  be  determined  from  the  reten- 
tion  curve of th8 soil..  aSw/aTI can  be  obtained 
from  the  experimental  relationshyp  between  unfrozen 
water  content  and  below-freezing  temperature.  In 
addition to these  two  curves  we  need  expressions 
f o r  the  medium's  pressure  and  temperature  depend- 
ent permeability  and  viscosity.  Usually  the 
dependence of y on p is much  smaller  than on T 
and  may  be  neglected. 

The  macroscopic  energy  conservation  equation 
was  developed  by  Bear  and  Corapcioglu (19811, by 
starting  from  microscopic  considerations  and  de- 
riving  the  macroscopic  one by averaging  the  former 
over  a  representative  elementary  volume of the 
porous  medium.  rt  is  assumed  that  the  thermal 
resistance  between  water  and soil particles i s  
small,  hence, Local  water  and  matrix  temperatures 
are  equal. In what  will  be  given  below  are  the 
terms  due to phase  changes  that  have  been  added 
for a  partially  saturated  thawing  deformable 
porous  medium. 

+ (1 - n)psCEJIs)T] - V * [A VT] - pV - Owyf 
.: m 

where (PC), i s  the  heat  capacity per  unit  volume 
of the  porous  medium,  i.e., (PC), = OWCdlf 
+ OiCipi .+ (1 - n)p,C,. CV is the  water's  heat 
capacity  (specific  heat) at  constant  volume.  Ci 
is  the  heat  capacity of ice  at  constant  volume. 
CE is the solid's  heat  capacity at constant 
strain. Z is the  latent  heat of fusion  at  a 
reference  temperature, TO. & = GwAf .t oihi 
+ (1 - n)hs is the  coefficient of thermal  conduc- 
tivity of the porous medium  as a whole.  hf, h i ,  
and h ,  are  the  heat  conductivities of water,  ice, 
and  solid,  respectively.  Note  that (PC), and 
depend  on n, Sw, and Oi,  which  in  turn  depend 6n 
pressure  and  temperature. Also, y = ag/aT I E,  

where g is  the  total  stress  tensor on the  solid 
particies of the  soil.  In  writing (11) we  assumed 
that  the  vapor  phase in the  soil  has no effect 
(Fuchs et al., 1978). This assumption  enables  us 
to  neglect  the  pore  vapor  pressure,  vapor  flux, 
and  the  transfer of latent  haat  by  vapor  movement. 

in  the  total  heat  content.  The  second  term  repre- 
sents  the  rate of heat  production  due to melting. 
The  third  term  represents  the  transfer of sensible 
heat  by  convection  and  deformation.  Again  we 
assume  that  ice  moves  with  the  velocity of the 

The  first  term  of (11) represepts  the  change 

solid.  The  fourth  term  represents  the  contri- 
bution of pure heat conduction. 

ma55  equations (l), (4 )  and  (71,  we  obtain 
If we  combine (11) with  the  conservation o f  

Equation (12) may  further  be  simplified by noting 
that 

where  we  introduce  the  assumption V, * VE << ac/at. 
We  then  obtain 

(PC), 

+ 

f 

aoi ao 
C p.T - + C.p ' 

TF 1 at I f a t -  PV * 9r 

The  last  two  terms in (14) express  the  source o f  
heat  due to the  internal  energy  increase  per  unit 
volume of porous  medium  by  viscous  dissipation  and 
by  compression.  They  may  be  relatively  small  in 
many  cases of practical  interest. 

Fox a  three-dimensional  analysis  of  the 
problem,  we  need  macroscopic  equilibrium  equations 
Bear  and  Pinder (1978) develop  the  macroscopic 
equilibrium  equations by volume  averaging  the 
microscopi'c  ones.  Neglecting  the  inertial  terms, 
the  total  stress  tensor  at  a  point  within  the 
soil  satisfies  the  equilibrium  equations 

where fi represents  the  body  force  and  the 
summation  convention  is  employed. 

stress  in  terms of the  effective  stress u i j  and 
the  pressure p (positive fo r  compression),  and 
separating  both u l j  and  p  into  initial  steady 
values u!? and  po  and  consolidation-producing 
incrementh values u ! e  and p" , we  replace (15) by 

Using u . .  = Dlj - SWpAij  to  express  the  total 
11 

1 Y  
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aa!e asge 
12””- 
ax. axi - 0  

7 

where  fo t fi. ~ 5 ~ .  is the  Kronecker  delta. 

strain  relationships  axe  given  by  the  Duhamel- 
Neumann  relations 

For’a thermoedtic porous  medium  the  stress- 

where E e are  components of the  incremental  strain, 
Te = T - To is  the  incremental  temperature,  and 
the  material  coefficients 

kl 

8 . .  = - (ao:?/aT) 
1.3 

1’ I E=const 
as  calculated.  For  the  sake of simplicity  we 
shall  henceforth  limit  the  discussion  to  an 
elastically  isotropic  porous  medium.  For  an 
isotropic  body, (18) reduces  to 

(20) 

where G and h are  the  Lam6  constants o f  the  porous 
matrix  and y6. . = (aUi*/aT) I E = C  st. The CO- 
efficient y ii’also  related to ?ge  coefficient of 
volumetric  thermal  expansion a T by 

aT includes  the  therrnoelastic  coupling  term,  strain 
in  the  porous  material  due  to  a  unit  change  in 
fluid  temperature,  since  both  have  the  same  local 
temperatures. Then, by  assuming E = E(p,T) 

d T  
( 2 2 )  

Using  the  usual  relationships  between E . .  and  the 
components of displacement  ui(i = l . ,2,31, =I 

we  may  rewrite ( 2 0 )  in  the  form 

Equation (22) , together  with  (17) , into  which 
we  insert (241, provides  four  equations for eight 
variab-les, Ui, pel Te, Sw, Oil and E .  The  mass 
conservati’on  equations for water  (equation ( 6 ) )  
and  ice  (equation ( 8 ) ) ,  and  the  thermal  energy 
conservation  equation  (14)  and  expression (10) 
provide  four  additional  equations  in  terms of p, 
S,, Oi,  T and E .  Altogether  we  have  eight 
equations  for  the  eight  variables.  We  have  not 
mentioned sr as  a  variable,  as  it  is  easily  re- 
lated  to  p  and  T by (9). In  addition,  we  need 
information on $ = k (n,Sw)  with  n  related  to E , 
which i s  given  by ( 5 )  , and p = p (p,T) 2 (TI. 

ONE DIMENSIONAL MODEL 

For a one  dimensional  (vertical)  elastic 
consolidation of thawing  soils,  governing  equations 
will  reduce  to  simpler forms. The  conservation of 
mass equation  for  water (6) would  reduce to the 
following  form  with  the  use of (10) and ( 2 2 )  

pi aoi 
p f  at 

0 

where Cp = aSw/ap I T  and TT = aSCJaTl , which  are 
determined  from  experimentally obtaihd curves 
(see Figure 1). similarly,  the  conservation of 
thermal  energy  (equation  (14))  would  reduce to 

with  the  assumption of 3 n / a t  (1 - n)  a€/at.  The 
conservation of mass  equation (8) for  ice  would  be 

Also,  the  stress-strain  equation  would  be 

if  the  vertical  total  stress uzz remains  constant, 
i.e., uzE = o = .le - 

consolidation of thawing  soils  can  be  simulated  by 
the  governing  equations (251, ( 2 6 ) ,  ( 2 7 )  I and ( 2 8 )  

z swpe. 
In  summary,  tke  one  dimensional  elastic 
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to  obtain p, T, @.,  and Uz.  The  porosity,  n  is 
related to E by (*.I, and  Sw  is  related  to p and T 
by (10). 

RHEOLOGY OF THAWING SOILS 

In  the  formulation  given  above  we  assumed  a 
time-independent  elastic  stress-strain  relation 
for  the  medium.  This  approach is, of cwuxse,  the 
most  simple one from  a  mathematical  point  of  view. 
The  phenomena  that  control  the  mechanical  behavior 
of frozen  and  thawing  ground  are  complex. As a 
result of ice  content  Oi  and  unfrozen  water  con- 
tent  Ow,  thawing  soils  are  characterized  by  rheo- 
logical  stress-strain  properties.  Various re- 
searchers  (e.g.,  Vyalov, 1963; Stevens, 1973; Aziz 
and  Laba, 1976) have  studied  the  viscoelastic 
behavior of frozen  ground.  They  have  introduced 
several  mechanical  models  to  simulate  the  behavior 
of a  frozen  soil  under  a  load.  When  frozen  ground 
is  subjected to  a  load,  it  will  respond  with  an 
instantaneous  deformation  and  a  time-dependent 
creep  behavior.  It  is  therefore  convenient to 
distinguish  between  the  elastic  and  creep 
properties,  Both will depend  on  temperature  and 
material  properties. 

solid soil particles  may  be  considered as  an 
elastic  material. Ice,  separately,  as  well as 
in  combination  with  soil  particles,  will  behave 
as  a  viscoelastic  solid,  Unfrozen  water,  although 
incompressible,  will  flow  under  pressure  gradually 
with  time so that  the  system  will  display  a  cer- 
tain  amount of viscous  flow  continuing  for  a  long 
period of time.  Accordingly,  the  proposed  model 
of Aziz  and  Laba  consisted of a  spring  (to  repre- 
sent  elastic  deformation), a damper (to simulate 
viscous  flow) , and  a  parallel  combination of 
spring  and  damper  (to  represent  viscoelastic 
behavior),  with all three  elements  connected  in 
series.  One  big  disadvantage of their  model  is 
that  it  is  not  temperature  dependent. 

isotropic  soil  mechanically,  we  can  visualize  the 
behavior of the  ground as being  equivalent  to  that 
o f  a  spring  placed  in  series  with  a  parallel 
combination of spring  and  damper  (a  Kelvin  body). 
Then  for  a  one-dimensional  deformation 

Aziz  and  Laba (1976) have  assumed  that  the 

To  represent a temperature  dependent  thawing 

uve = E E 
22 1 s 

where E~ and E denote  the  strains o f  the  spring 
and  the Kelvinsody , respectively.  The  values of 
El  and E2 are  the  elastic  moduli of the  two  spring 
components  and $z i s  the  viscosity  of  the  Kelvin 
body.  $T  is  a  thermoviscoelastic  coefficient. 
These  parameters  have to be  determined  experi- 
mentally. For the  series  arrangement of the 
present  model  the  total  strain  is 

A more  convenient  stress-strain  relationship  can 
be  obtained  by  solving  (31)  for  any  known  function 
ole and Te o f  time. 
22 

Note  that  to  obtain ( 3 2 )  we  took o;E(t=O) = 
E ~ ~ ( ~ = O )  = Te(t=O) = 0. Fox a  rheological  soil 
the  term aE/at as given  by (22) in  the  governing 
equations  should  be  evaluated  by  employing (32) 
instead of ( 2 8 ) .  When doe = 0, uIe  in  (32)  is 
replaced  by  Swpe. T is az&mny in&ation 
variable. 

of thermoplastic  stress-strain  relations.  Inter- 
ested  readers  can  refer  to  Corapcioglu (1983) for 
the  use of this  type of constitutive  equations. 

Another  alternative to ( 3 2 )  woula  be  the  use 

INITIAL AND BOUNDARY CONDITIONS 

The  solution of one  dimensional  equations ( 2 5 ) -  
(28 )  are  subject to initial  and  boundary  conditions, 
Initially,  an  unsaturated  frozen  soil  column  may 
have  certain  ice  and  water  contents,  a  known  pore 
pressure  dfstribution  and  a  uniform or certain 
temperature  distribution, i .e - , Sw ( z  ,O) = f l ( z )  , 

T(z ,o)  = f4(z)  where fl, f2, f3, and f4 are  known 
functions.  The  undisturbed so11 may  initially  be 
free of any  deformation,  i.e., U,(z,O) = 0. 
Boundary  conditions  arc  defined  by  the  particular 
physical  conditions  imposed on the soil,  On the 
soil  surface, we may  have  a  constant  temperature 
T(O,t) =T1 > D O C ,  complete  thawing O i ( 0 , t )  = 0, 
atmospheric  pressure  p(0,t) = 0 or a  constant  sur- 
face  loading  p(O,t) = p1, and  saturated  soil 
Sw,(O,t) = 1. The surface  temperature  might  possi- 
bly  be  also a known function of time  T(0,t) = 
f5(tl.  Theoretically at infinity ( z  = m) , practi- 
cally at  a  certaln  distance  from  the  soil  surface 
(2 = Za) the  surface  effects  will  diminish. 
Hence, S (w,t) = S1, Oi(-,t) = 0, T(w,t) = T2 and 
3p  (m,t)/Yt = 0, where  S1 is a  constant  value of 
water  saturation  and T2 is  a  constant  temperature. 

Oi(Zr0) = f2 (Z>p(z ,O)  = f 3 ( Z ) ,  and  T(Z,O) To OX 

CONCLUSIONS 

A mathematical  model is developed to  predict 
the  values of pore  pressure,  temperature,  water 
saturation,  ice  content,  and  displacements  for 
known  boundary  conditions.  The  model  is  simplified 
for  a  one  dimensional  vertical  consolidation  prob- 
lem.  We  should  note  that  the  development o f  the 
model  is  subject to various  assumptions,  such  as 
constant  water  and  ice  densities,  negligence  of 
pore  vapor  pressure,  identical  velocities for ice 
and  solid  particles,  and  others.  Most  of  these 
assumptions  are  valid for practical  problems. 
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THERMAL REGIME OF A SMALL ALASKAN STREAM IN PERMAFROST TERRAIN 
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Goldstream  Creek near Fairbanks,  Alaska is about 8 m wide, 0.25 m deep, and flows 
0 . 3  t o  1 .3  m3 8 - l .  From 1963 t o  1973, hydrological  and  temperature  observations 
were made to   de te rmine   thermal   e f fec ts  of the  stream on the   r e l i c t   pe rmaf ros t  that 
under l ies  much of the  val ley.   Soi l   f reezing  beginning  in   October   causes   bui ld-up 
of ground-water  pressure,   and  the  stream  overflows  repeatedly  unti l   about  January,  
forming   aufe is   depos i t s  1 t o  2 m thick,   depending on depth  of soil freezing,  which 
is pr imar i ly   cont ro l led  by the  amount of snow cover. The da ta   pe rmi t t ed   ca l cu la t ions  
of the  thermal   diffusivi ty   of   unfrozen  soi l ,   us ing  Fourier  series, numerical   step 
models  and different ia l   analyses;   average  values   ranged  f rom 4 x 10-7 m2 6-l i n  
areas away from  the  stream  to  over 15 x beneath  the stream. Overflows 
f a c i l i t a t e   h e a t  l o s s  from t h e   i c e  by removing the   i n su la t ing  snow l a y e r ,  However, 
they   a l so  add hea t  as t h e  water pe rco la t e s   t h rough   f r ac tu res   i n   t he   i ce  and r e l e a s e s  
l a t e n t   h e a t  as i t  f reezes .  The mechanism  of adding  heat i s  more e f f ec t ive   t han  
conduction  which is the  only mechanism for t ranspor t ing   hea t   to   the   upper   sur face .  
Although  the  surface  temperature  during summer is lower i n   t h e   s t r e a m   t h a n   i n   t h e  
surrounding  ground (11°C compared wi th  > 22'C) t h e  summer heat   pulse   penetrates  
deeper  under  the  stream;  this is p a r t l y  due to  the  topography o f  t h e  stream channel. 
The n e t   e f f e c t  on the  permafrost  is t o  lower  the re l ic t  permafrost   table ,  from about 
4 m away from the  s t ream,  to   near ly  6 m beneath  the stream. 

INTRODUCTION 

Numerous references  are   devoted t o  the  
thermal   e f fec ts  o f  large  bodies  of water on perma- 
frost   (Brewer,  1958; Gold and  Lachenbruch, 1973; 
Lachenbruch, 1957)  the  observations  presented 
here  show thermal  effects  produced by a small 
stream flowing  over re l ic t  permafrost. 

a f a i r l y   f l a t  bottom,  about 3 km wide,  which is 
underlain by permafrost more than 50 m t h i ck ,   w i th  
an est imated maximum thickness  of 75 m. The 
a c t i v e   l a y e r  i s  generally  about 1 m deep. In 
l oca l i zed   a r eas ,  away from  Goldstream  Creek,  the 
cop of the  permafrost  lies below t h i s   d e p t h   ( i t  
ranges  from 1 t o  4 rn) and  during  winter  pressure 
bui lds  up in ground water between the   seasonal ly  
and perennial ly   f rozen  ground.  Under Goldstream 
Creek,  perennially  frozen  ground is encountered  a t  
depths of near ly  6 m. The creek is t y p i c a l l y  8 m 
wide,  with  well-defined  banks 1 t o  2 m high,  i t s  
average water depth is about 25 cm, i t s  gradien t  
i s  2.2 m km-l, and i ts  summer d ischarge   var ies  
between 0 . 3  and 1 . 3  m3 6-1. During  winter 
the  creek  overflows  repeatedly K O  form  extensive 
aufeis   deposi ts .   Thickness  of t he   au fe i s   nea r ly  
always  exceeds  1.5 m and is sometimes g r e a t e r  
than 2 m. The maximum measured  cross-sections 
of a u f e i s  a t  t h e  end  of  winter  ranged  between 11 
and  21 m2, thus  they are an order  o f  magnitude 
greater   than  the  typical   pre-freezeup stream 
cross-sect ion of 2 m2 (Figure 1 ) .  

River  drainage  system, is f a i r l y   t y p i c a l  of creeks 
throughout  central   Alaska and was se l ec t ed   fo r  
r e sea rch   due   t o  its easy  access  from  the 
Universi ty  of Alaska. The r e s e a r c h   s i t e ,  
e s t a b l i s h e d  in 1963, was loca ted  9 km northwest 

Coldstream Valley near  Fairbanks,  Alaska  has 

Goldstream  Creek, a t r i b u t a r y  of the  Tanana 

of Fairbanks,  Alaska  where  Ballaine Road crosses  
the   c r eek ,  183 m above sea   l eve l .  Mean annual 
air   temperature  averages  about 3'C lower  than 
the  -3.4"C observed at  Fa i rbanks   In te rna t iona l  
Airport .  The mean annual  snowcover  contains  only 
about 10 cm of water   equivalent ,   but  i t  remains 
on the  ground  from  October  unti l   April .   Flat  
por t ions  of t he   va l l ey  are marshy with numerous 
icewedge  polygons. S o i l  is mostly silt  o f  low 
organic   content  (10 percen t   o r   l e s s ) ,   vege ta t ion  
consis ts   mainly of willows  and  sparse  stands of 
spruce.   Hydrological   observat ions,   wi th   special  
a t ten t ion   to   win ter   i c ing   problems,  were c a r r i e d  
out   dur ing   the   t en   years  1963-1973; they  lead t o  
th ree  M.S. theses   (Kre i tner ,  1969; G i l f i l i a n ,  
1973; Corbin, 1977) and one Ph.D. d i s s e r t a t i o n  
( f i n e ,  1975) .  

This  paper  deals  with  the  thermal  regime of 
the   s t ream and a cross-sect ion of the land  extend- 
ing 10 t o  15 m on each   s ide  of the   s t ream  center  
(Figure 2) .  A network of thermocouples  which, 
a t  i t s  maximum, contained 98 probes  and  over 
1600 m of wire was a r r anged   i n  two par t s .  (1) 
The f i r s t  par t  was i n   t h e   a u f e i s   i t s e l f ;   b e f o r e  
f reezing  began,  a s t r i n g  of  thermocouples was 
p laced  across   the  stream bottom.  After  freeze-up, 
a s t r i n g  of thermocouples was f rozen   on to   the  
i ce   su r f ace .  When the   o r ig ina l   i ce   su r f ace  was 
buried by a l a y e r  of  overflow  ice a s t r i n g  of 
thermocouples was f rozen  onto t h i s   i c e   s u r f a c e .  
F ive   s t r i ngs  of  thermocouples were emplaced i n  
t h i s  way during  four  consecutive  winters  ending 
in 1971.  (2.) The second  part  was a network of 
subsur face   p robes   a r ranged   ver t ica l ly   in  three 
p i t s   b e g i n n i n g   i n  1967 and  expanded into t en  
v e r t i c a l   s t r i n g s   i n   t h e   f a l l  of 1970 (Figure 2) .  
Measurements were made veekly  with a Leeds  and 
Northrup, Model 8 6 4 6 ,  potentiometer  using'  an 
ice-water  bath as reference.  
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Figure  1.   Aufeis  formation  and  break-up  (cross- 
s e c t i o n a l  area and   he ight   versus   t ime)   dur ing  
f i v e   w i n t e r   s e a s o n s  -- between  1965  and  1971, no 
d a t a  were t a k e n   d u r i n g   t h e  1968-1969 win te r .  
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Figure  2.  (A) Planar   and  (B)   cross-sect ional  
v iews   of   thermocouple   ne twork ,   cons is t ing   o f   p i t s  
no. 1,  2,   and 3 ( i n s t a l l e d  in f a l l  of 1967)  and 
v e r t i c a l   s t r i n g s  no. I through X ( i n s t a l l e d  in 
f a l l  o f   1 9 7 0 ) .   E l e v a t i o n s   r e f e r   t o   a n   a r b i t r a r y  
datum.  The  thermocouples i n   t h e  stream were on 
a s e p a r a t e   c r o s s - s e c t i o n   t o   a v o i d   d i k t u r b a n c e  
o f  the   subsur face   thermocouples .  

A fu l l   annua l   cyc le   o f   t empera tu re   changes  
in t h e   a u f e i s   a n d   s u r r o u n d i n g  soil was measured 
from  October  1970 t o  December  1971; fou r   r ep resen -  
t a t i v e   c r o s s - s e c t i o n s  are p l o t t e d   i n   F i g u r e  3.  
A summary of t he   annua l   da t a  a t  t h e  stream c e n t e r  
(column VI) and 16 m west of   the stream c e n t e r  
(column I)  is shown, t o g e t h e r   w i t h   m e t e o r o l o g i c a l  
d a t a ,   i n   F i g u r e  4. 

The f r e e z i n g   p r o c e s s   b e g i n s  i n  e a r l y   O c t o b e r  
a t  Golds t ream  Creek   wi th   supercool ing   of   the  
e n t i r e  stream t o   t e m p e r a t u r e s  as low as 0.036'C 
be low  the   f r eez ing   po in t   dep res s ion  of 0.012'C 
(Gi l f i l i an ,   1973) .   Supe rcoo l ing   fo l lowed  by 
underwater ice f o r m a t i o n   ( f r a z i l   a n d   a n c h o r  ice) 
was measured   dur ing   f reeze   up   near ly   every   win ter  
between  1963  and  1973;   the  concentrat ion  of  
underwater  ice ranged  between 0.9 and  4.7 pe rcen t  
of  the stream's volume  (Benson,  1967,  1973; 
Osterkamp e t   a l .  1972; G i l f i l i a n  e t  a l . ,  1972; 
Corbin,   1977).  A permanent i ce  cove r  was u s u a l l y  
i n   p l a c e  by 27 October.  The d a t e  of i t s  fo rma t ion  
was c o n s i s t e n t   w i t h   M i c h e l ' s   ( 1 9 7 1 )   s o i l - f r e e z i n g  
model t o   w i t h i n  2 days  (Corbin,  1977).  Overflow 
of water on  top of t h e  i ce  cover   fol lowed by t h e  
build-up o f  a u f e i s   l a y e r s   b e g a n  as e a r l y  as 24 
October  and maximum t h i c k n e s s e s  were u s u a l l y  
reached by the  end  of December. The p e t r o f a b r i c  
s t r u c t u r e  of a u € e i s  €rom t h e   w i n t e r s  o f  1965-66, 
1966-67 and 1967-68 was s t u d i e d  by K r e i t n e r  
(1969).  Spring break-up,  between  mid-April  and 
mid-May, gene ra l ly   began   w i th   t he   ove r f low  o f  
o r g a n i c a l l y   s t a i n e d  water fol lowed by snow melt- 
water. The p o t e n t i a l .   f o r   s p r i n g   f l o o d i n g  is 
h igh   because   t he   channe l s  are f i l l e d   w i t h   a u f e i s  
which  begin  to  melt and  undergo  mechanical   f rag-  
mentat ion.   Within  three  weeks,   the   ent i re   body 
o f   a u f e i s  is removed; t h e   l a y e r s   c a l v e  away from. 
t h e   t o p  down. 

Once an ice cover   has   formed,   the   c ross -  
s e c t i o n a l  area a v a i l a b l e  fo r  stream f l o w   d e c r e a s e s  
caus ing  water p r e s s u r e   t o   i n c r e a s e  as t h e  ice 
c o n t i n u e s   t o  grow. When f r e e z i n g  is r a p i d ,  
p r e s s u r e   b u l g e s  may form  within a week a f t e r  
f reeze-up,  as in 1966. Water p r e s s u r e  is  r e l i e v e d  
when t h e  stream b r e a k s   t h r o u g h   c r a c k s   i n   t h e  i ce  
( c racks   due   t o   t he rma l  stress are common i n   t h e  
u p p e r   l a y e r s )  or ar  t h e  stream m a r g i n s   t o   o v e r f l o w  
t h e  ice su r face   and   p roduce   l aye r s   o f   au fe i s  
(Renson  1967,  1973). Kane measured  ground water 
p r e s s u r e   a d j a c e n t  t o  t h e  stream d u r i n g   t h e  1971-72 
winter ;   he  Eound the   hydros t a t i c   head  t o  va ry  by 
s e v e r a l  meters and  observed i t s  c o n t r o l   o n   a u f e i s  
fo rma t ion  (Kane e t  a l .  1973;  Kane,  1975). 

The a u f e i s   d e v e l o p s   r a p i d l y   t o  its maximum 
( F i g u r e   1 ) ;   t h e   i c e   s u r f a c e   t h e n   r e m a i n s   e s s e n -  
t i a l l y  ConstanK u n t i l   o v e r f l o w s   o c c u r   j u s t   b e f o r e  
or dur ing   spr ing   break-up .  The lack   of   over f lows  
be tween  January   and   Apr i l   resu l t s   f rom a combi- 
n a t i o n  of causes .  The rate of c h a n n e l   c o n s t r i c t i o n  
by f r e e z i n g   d e c r e a s e s  as t h e   i n e u l a t i n g   e f f e c t  of 
a u f e i s   l a y e r s   ( 1  t o  2 m t h i c k )   i n c r e a s e s .   A l s o ,  
t he   sou rce   o f  water d e c r e a s e s  as soil f r e e z i n g  
p rogres ses .  The f low  apparent ly   can   be  accomo- 
da ted  by t h e   r e s t r i c t e d   c h a n n e l s   a n d   t h e  ice over- 
burden   adequate ly   conf ines   the   g round water even 
though its pressure   head   var ies   th rough a range  of  
about  1.5 m (Kane e t  a l . ,  1973). 
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Figure  3 .  Cross-sec t iona l   v iews  of the   t empera ture   d i s t r ibu t ions   o f   Golds t ream  Creek   and   sur rounding  
s o i l   d u r i n g   h y d r o l o g i c a l   y e a r ,  1970-1971. Parts o f  Figure  3: (A)  22 October  1970; (B) 15 December 
1970; (C) 24 February  1971; (D) 22 June  1971. 

THERMAL  EFFECTS 

The t h e r m a l   e f f e c t s  of over f lows   and   aufe is  
fo rma t ion  are complex. If t h e  stream ice  is snow 
covered ,   the   over f low water s o a k s   i n t o   t h e  snow, 
f r e e z e s   t o   f o r m   a n  ice  l a y e r ,  and e l i m i n a t e s   t h e  
i n s u l a t i o n   w h i c h   t h e  snow  had  provided.  This  con- 
t r i b u t e s   t o   s e v e r a l  meters d e e p e r   p e n e t r a t i o n  o f  
low  tempera ture   i so therms  under   the  stream than  
under  the  adjacent  snow-covered  ground.  Condi- 
t i o n s   v a r i e d   s i g n i f i c a n t l y   f r o m   o n e   y e a r   t o   t h e  
nex t .  The minimum temperature  measured on t h e  
stream bottom was -10.4"C on 20 Janua ry  1967 
(be tween   s t akes  VI and V I I ,  F igu re  3 ) ;  i so the rms  
were i n c l i n e d  i n  the i c e  w i t h  a g r a d i e n t   o f  2.7'C 

a l o n g   t h e  stream bed  and  running water a t  
t h e   b o t t o m   o n   t h e   l e f t   s i d e ,  i.e., n e a r   s t a k e  I V .  
I n  t h i s  caee, when t h e   a u f e i s   s u r f a c e   r e a c h e d   t h e  
4 m l e v e l ,   o v e r f l o w  water oozed  out on t h e   l e f t  
s i d e   o n l y ,   b u i l t  a dam which  prevented i t  from 
moving a c r o s s   t h e  stream a n d   s p r e a d   i n t o   t h e  snow 
by c a p i l l a r y  action on t h e   l e f t   s i d e  o f  tt-? stream. 

The four   win ters   dur ing   which   tempera ture  
o b s e r v a t i o n s  were made i n   t h e   a u f e i s   i n c l u d e d  
extremes o f  snow cove r ,  The w i n t e r  of 1969-1970 
was one o f  t h e   m i l d e s t  on r e c o r d   a n d   t o t a l  snow 
depth  never  exceeded  0.30 rn. In c o n t r a s t ,   t h e  
w i n t e r  of 1970-1971 was the   mos t   severe   s ince  1956- 
1957. Air t empera tu res  5.2 C below  normal were 
accompanied  by a record-breaking snow dep th  o f  
1.10 m on the   ground.  The i n s u l a t i o n   p r o v i d e d  by 
t h e  snow was such   t ha t   t he   snow-so i l   i n t e r f ace  
tempera ture   ra re ly   went   be low -2'C. B u t ,   i n   s p i t e  
of t h e   m i l d e r   c o n d i t i o n s   d u r i n g  1969-70, t h e   t h i n  
snow cover   a l lowed  temperatures  as low as -8°C a t  
the   snow-so i l   i n t e r f ace .  The dep th  of f r e e z i n g   i n  
t h e  soil may be a c o n t r i b u t i n g   f a c t o r   i n   d e t e r m i n -  
i n g   t h e   t o t a l  amount  of aufe is   formed;   deeper   f reez-  
i n g  over t h e   e n t i r e   d r a i n a g e  area can be  expected 
t o   r e d u c e   t h e   s o u r c e  o f  winter   f low  which  is a v a i l -  
a b l e   t o   b e   s t o r e d  as a u f e i s .  This i s  c o n s i s t e n t  
w i t h   t h e   o b s e r v a t i o n   t h a t   t h e  minimum snow dep th  
(0.30 m) i n  1969-70 iS a s s o c i a t e d   w i t h   t h e  minimum 
a u f e i s   c r o s s - s e c t i o n  o f  11 m2, and  the  maximum snow 
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Figure 4 .  Comparison  between  temperatures  in  aufeis  and  soil  at  stream  center  (string no. VI) and  temper- 
atures in upper 3 m of soil, 16 m  west  of  stream  center  (string  no. I) from  September 1970 through  December 
1971. Supporting  meteorological  data  are  from  both  the  Goldstream  Site (GS) and  National  Weather  Service, 
Fairbanks (NWS). Similar  diagrams  for  the  winters of 1967-1968 and 1969-1970 also  show  the  thorough 
warming  of  aufeis  to 0°C following  each  overflow. 

depth (1.10 m)  the  following  year  is  associated 
with  the  maximum  aufeis  cross-section of 2 1  mz. 

Although  overflows  enhance  heat  removal  by 
removing  the  insulating  snow  cover,  their  net 
thermal  effect i s  to  add  heat  to  the  system.  This 
is  primarily by the  release of latent  heat  while 
the  overflow  layers  freeze.  The  heat  available 
from  freezing  a 20 cm  thick  overflow  was  more  than 
twice  the  amount  required  to  bring  even  the  thick- 
accumulation o f  aufeis  to  its  melting  point. 
The depth-time  diagrams  prepared  from  three 
years  of  data  (Figure 4 is  typical)  showed  rapid 
warming  to 0°C of the  underlying i c e  following 

overflows.  The  rate  and  thoroughness  of  the 
warming  was  too  fast  to  be  accounted f o r  by 
conduction  alone.  Apparently  water  from  mid- 
winter  overflows  was  able  to  penetrate  from  above 
and  release  latent  heat as it  froze  within  cracks 
or  spaces  which  were  sometimes  observed  between 
ice  layers.  Thus  the  bottom of the  growing  aufeis 
is  continuous  enough  to  contain  the  flowing  water 
under  pressure  but  the  upper  ice  surface  can  be 
penetrated  by  percolating  overflow  waters.  This 
introduces an extremely  efficient  mechanism  of 
heat  transfer  into  the ice; but  heat  transfer 
out of the  ice  takes  place  only  by  conduction. 



D u r i n g   s e v e r a l   w i n t e r s ,   o v e r f l o w s   s p r e a d  
ove r  the west bank as well. In January  1971 
when t h i s  happened,  the  temperature of t h e   S o i l  
b e l o w   t h e   o v e r f l o w   i n c r e a s e d   t o  0 ° C  and   d id   no t  
f r e e z e   a g a i n   d u r i n g   t h e   w i n t e r .  Only the   lower  
h a l f  of t h e  snow  became w e t t e d   a n d   t u r n e d   t o  i ce ,  
the upper   half   remaind snow and  served i t s  r o l e  o f  
i n s u l a t i o n   ( F i g u r e  4 ) .  Overf lows  preceding  break-  
up i n   A p r i l   r a p i d l y   b r o u g h t  ice  temperature  t o  
O'C. This  shows up b e s t  in data  from  1968  and 
1970,   but  i t  is  a l s o  clear i n  1971  (Figure 4 ) ;  
by 10 May 1971 a l l  p robes  i n  t h e  s o i l  were 
i s o t h e r m a l  a t  O'C. 

THEKMAL DIFFUSIVITY 

The d e t a i l e d   t e m p e r a t u r e   d a t a   p e r m i t t e d  
c a l c u l a t i o n  of t h e  summer t h e r m a l   d i f f u s i v i t y  
v a l u e s   i n   u n f r o z e n  soil a d j a c e n t  t o  and  under   the 
stream, with  an  assumed  zero  degree  boundary a t  
t h e   t o p  of the  permafrost .   One-dimensional  models 
were u s e d   w i t h   t h i c k n e s s e s   o f   i n f i n i t y ,  3.5 and 
4.0 m. These  one-dimensional  models were assumed 
v a l i d   w h e r e  the i so the rms  were approximately hori- 
z o n t a l ,   d i r e c t l y   u n d e r   t h e   c e n t e r  of the stream 
(column V I ) ,  and well away f rom  the  stream (column 
I), see F i g u r e s  2 and 4 .  Three  methods were used. 

F i r s t ,   f o l l o w i n g   p r o c e d u r e s   o u t l i n e d  by 
Carslaw and   J aege r   (1959) ,   Four i e r   i n t eg ra t ion  a t  
one  month i n t e r v a l s  w a s  done f o r   v a r i o u s   d e p t h s .  
The t h e r m a l   d i f f u s i v i t y  of a layer   between two 
g i v e n   d e p t h s  was c a l c u l a t e d   u s i n g  6-month half-wave 
pu l ses .  I n  t h e   t o p  two meters the  models were i n  
reasonable   agreement   wi th   each   o ther   and   wi th   the  
d a t a .  Below  two meters t h e   i n f i n i t e l y   t h i c k  model 
dev ia t ed   s ign i f i can t ly   f rom  measu red   va lues ;   bu t  
t h e  4m t h i c k   s l a b  model  continued t o   a g r e e  with 
t h e   d a t a   t o   t h e   l o w e s t   d e p t h s  of measurement ( 3  m ) .  
D i f f u s i v i t y   v a l u e s   f r o m   t h e  4 m s lab   ranged   f rom 
3 x 10-7 t o  7 x 10-7 m2s-1 away from the  stream 
and  from 3 x t o  11 x 10-7 1a~5- l   benea th   the  
stream. 

Second,   using a s i m p l e   f i n i t e   d i f f e r e n c e  
approximat ion   of   the   Four ie r   conduct ion   equat ion  
i n  one   d imens ion ,   d l f fus iv i ty  was a d j u s t e d   t o   g i v e  
a b e s t   f i t   t o   t h e   d a t a   u s i n g  40 cm d e p t h   i n t e r v a l s  
and time i n t e r v a l s   o f  4 days.  The b e s t   f i t s  were 
made by u s i n g   t h e  4 m t h i c k   s l a b  away from  the 
stream, w i t h   d i f f u s i v i t y   v a l u e s   o f  4 x t o  6 
x 10-7 m2s-l ;   beneath  the stream c e n t e r  the 
i n f i n i t e l y   t h i c k  model  worked b e s t   w i t h   d i f f u s i v i -  
ties of 10 x 10-7 t o  12 x 10-7 m2s-1. 

f r o m   t h e   d a t a  by u s i n g   t h e   r a t i o  of t h e   d e r i v a t i v e  
of t e m p e r a t u r e   w i t h  time t o   s e c o n d   d e r i v a t i v e  o f  
temperature  with  depth.   Taking  smoothed  temper- 
a t u r e s   d u r i n g   J u n e   a n d   J u l y   1 9 7 1   o v e r   i n t e r v a l s  
of 20 cm and 5 d a y s ,   d i f f u s i v i t i e s  away f rom  the  
stream ranged  from 2 x a t  t h e   s u r f a c e   t o  6 
x m2s-l a t  2.60 m depth.   Beneath  the 
stream, values  ranged  from 8 x lom8 t o  6 x lou7 
m2s-I below one meter, b u t   c l o s e r   t o   t h e   s u r f a c e ,  
t hey  were i n f i n i t e .  

cant ,   and  undeterminsdr  erpors exlst i n   t h e s e  
d e t c r u i n a t i o n s .  The u n c c r r a i n t i e s   i n  rhe system 
d o   n o t   p e r m i t   d e t a i l e d   c a l c u l a t i o n .  Howcver, i f  we 
disregard t h e   i n f i n i t e  value, working ave rages  

T h i r d ,   d i f f u s i v i t y  was also e s t i m a t e d   d i r e c t l y  

The i n f i n i t e   v a l u e  is  a W r n i n g   t h a t   s i g n i f i -  
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f rom  the  three  methods were 4 x 10-7 m2s-l away 
from  the stream and 11 x m2s-1 benea th   t he  
stream. 

The t h r e e - f o l d   d i f f e r e n c e  i n  d i f f u s i v i t y   v a l u e s  
may r e s u l t   f r o m   s e v e r a l   f a c t o r s .  The assumption  of 
a one-dimensional  model i s  q u e s t i o n a b l e   u n d e r   t h e  
c e n t e r  of t h e  stream; it is  c e r t a i n l y  n o t  v a l i d  
n e a r   t h e   e d g e s   ( F i g u r e  3 ) .  However, i t  seems 
reasonab le  away from  the stream where the i so the rms  
are e s s e n t i a l l y   h o r i z o n t a l   a n d   d i f f u s i v i t i e s  
compare   favorably   wi th   accepted   va lues   (Kers ten ,  
1952). A n o t h e r   p o s s i b i l i t y  i s  l a t e n t  heat exchange 
i n   t h e   S o i l   w h i c h  would  be d i f f i c u l t  t o  d e t e c t  a t  
both  ends  of   the summer p e r i o d .   F i n a l l y ,   t h e r e  
may be v e r t i c a l  movement o f  ground water under 
t h e  strean. Order   of   magni tude  calculat ions 
i n d i c a t e   t h a t   s u c h  f low,  a t  rates o f  only a few 
meters p e r   y e a r ,  would i n t r o d u c e   h e a t   t r a n s f e r  
rates comparable  and  added t o   t h e   c o n d u c t i v e  
rates, Th i s   cou ld   a l low  the  summer h e a t   p u l s e  to 
p e n e t r a t e  more r ap id ly   unde r   t he  scream even 
though  the   upper -sur face   t empera tures  are lower 
benea th   the  stream than   benea th   t he   ad jacen t  
g round   su r f ace   (F igu re  3D). S i m i l a r   e f f e c t s  on 
c o o l i n g  rates would  be  expected  (Figure 3A, B ) .  
T h i s   e f f e c t  would d i m i n i s h   r a p i d l y  away f rom  the  
Stream; 16 m away, a t  column I (F igures  2 and 4 )  
t h e  4 m-thick  slab  model i s  c o n s i s t e n t   w i t h   o u r  
t empera tu re   da t a ,   and   w i th   obse rva t ions  by us and 
o thers   (Kane ,  e t  a l . ,  1973; S l a t e r ,   1 9 7 4 )   t h a t  
t h e   t o p   o f   t h e  r e l i c t  permafrost  is  abou t  4 m deep. 

S r n l < Y  

The maximum water t e m p e r a t u r e   i n  GoldsKream 
Creek  during summer i s  s i g n i f i c a n t l y  less t h a n   t h e  
maximum ground  sur face   t empera tures ;   bu t   the  
topography  of   the stream channel  i s  s u c h   t h a t   t h e  
ground  beneath  the stream is warmer than  ground 
a d j a c e n t   t o   t h e  stream a t   t h e  same e l e v a t i o n  
(F igu re  3D). During  winter ,   heat   removal   f rom 
ground  benea th  the stream i s  less than  from  ground 
a d j a c e n t   t o   t h e  stream. Th i s  is  t rue   even   though 
the   ad jacen t   g round  i s  con t inuous ly  snow covered 
whi le   over f low water p e r i o d i c a l l y   d e s t r o y   t h e  
i n s u l a t i n g  snow cover  on t h e  stream ice. The most 
s i g n i f i c a n t   i n f l u e n c e  is  t h e   l a r g e   h e a t  S O U f C e  

provided by l a t e n t   h e a t   r e l e a s e d  as overf low water 
f r e e z e s   t o   f o r m   l a y e r s   o f   a u f e i s ,   a n d   t h e   a s s o c i -  
a t ed   non-conduc t ive   hea t   t r ans fe r  mechanism. 
MovcmenK of t h e   f r e e z i n g  water downwards i n t o   t h e  
i ce  a l o n g   f r a c t u r e   p a t t e r n s   p r o v i d e s  a more 
e f f i c i e n t  means of h e a t   t r a n s f e r   t h a n   c o n d u c t i o n  
which i s  t h e  only mechanism f o r  t r a n s p o r t i n g   h e a t  
t o  t h e  i ce  s u r f a c e .  In s p i t e  of the r e l a t i v e l y  
h igh   t he rma l   conduc t iv i ty   o f  ice,  t h i s   p r o v i d e s  a 
h e a t   s o u r c e  as well as a t h e r m a l   b a r r i e r   a g a i n s t  
h e a t  loss f rom  the   under ly ing   sed iments .  Movement 
o f  groundwater   across   i so therms may i n t r o d u c e  
a n o t h e r  mechanism for   non-conduct ive hear t r a n s f e r ;  
i t s  e f f e c t i v e n e s s   w o u l d   p r o b a b l y   d e c r e a s e   r a p i d l y  
away f rom  the  stream. 

The n e t   e f f e c t   a p p e a r s   t o   b e  a lowering  of  
t h e  r e l i c t  permafros t   t ab le   f rom  about  4.0 c1 away 
f rom  the  stream t o  6.0 m b e n e a t h   t h e  stream bottom. 
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GEOCRYOGENIC MORPHOLOGY AT SEYMOUR ISLAND ("310) ANTARCTICA 

A Progress  Report  

hrturo  E.Corte 

5500 Mendoza, Argentina 

A t  Seymour I s land ,  64'14' S.L. and 56"38', Antarctica  under a mean annual.  temperature 
lower  than -1O"C, various  geocryogenic  forms  are  observed  jncludinp  frost-contraction 
cracks and  polygons,   frost  domes and   p ingos ,   pe l i f luc t ion   fea tures ,   e tc .   These   f i r s t  
forms  reauire   cold  permafrost   wi th  mean annual  temperatures  below -5°C. The geocryogenic 
processes  a t  bo th   s ides  of the  Antarct ica   Peninsula   are   c0mFared.h  the  west   par t ,   peocryo-  
genic   processes  o f  Deception  are compared inc luding   sor t ing  and g e l i - f l u c t i o n   f e a t u r e s ,  which 
formed a t  -2.8'C. On t h e   e a s t   s i d e  forms rewir ing  lower  temperatures   are   observed, includ-  
ing  thermal-contraction  cracks and  polyy.ons, pj.np,os and f r o s t  domes; t hey   a r e  formed  under 
mean annual  temperature of -1O'C or  lower.  The rnountajn  chain  of  the  Peninsula  works as a 
b a r r i e r   f o r   t h e   c o l d  winds of the  Veddel l   ?ea  resul t ing i n  f r i q i d   c o n d i t i o n s  a l l  alonp  the 
e a s t   s e c t o r  of the  Peninsula.  Cn the   wes t   s lde  of the   cha in ,   wi th  more preva len t   an t icvc lo-  
n i c   cond i t ions ,  warmer a i r  is  brought  from  the  northeast  and  west  producing  hixher  tempera- 
tures .   Temperature   differences  about  8-9°C are  observed a t  t h e  same l a t i t u d e  on t h e   e a s t  
and west s i d e s ,  The stronE  southwest  winds  with a snow and debris  load  nroduces a remark- 
a b l e  phenomenon: snow drift-dammed lakes.  T h e  lakes  behind  such dams can be of severaJ  hec- 
t a r e s .  The Growth of mounds d i sp laces   d ra inage   l i nes ,   t h j s   p rocess  and t h e  water ponded Fv 
t h e  snou dr i f t s   a l so   cause   con t inua l   chanpe   i n   t he   d ra inape   svs t ems .  The fluvial .   system of 
the   i s land  i s  too   dense   for   the   apparent ly  low p r e c i p i t a t i o n .  
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1NTR.ODUCTION 

This i s  n progress   repor t  on a cont inuinr   s tudy 
of the  geocryology of Seymour I s land .   This   repor t  
dea l s   w i th  an i.nventory of the  geocrpopenic  forms 
based on an aeronhoto  su.rvey  and  ground  inspections. 
The next  stare of t h i s  work w i l l  b e  dedicated t o  
excavations,  sampling of s o i l s ,  and  ground i c e  
s tudj-es. 

Geocryogenic  conditions on Seymour Island,shown 
on Argentina  topographic maps as "Vice Com.Haram- 
bio", which i s  loca ted   ( s ee  map i n c l . )  on t h e   e a s t  
s i d e  of t he   An ta rc t i c   Pen insu la ,   d i f f e r   g rea t ly  in 
comparison  with  places a t   t h e  same l a t i t u d e  on the  
o the r   s ide  of the  Peninsula .  

Seymour, l i k e   o t h e r   s e c t n r s  of t h e  east c o s t  of 
the  Peninsula ,   has  a co ld   c l imate ,   wi th  a mean an- 
nual  temperature below -10°C (Schwerdtfeger,l?75, 
1976).  By c o n t r a s t ,   p l a c e s   s i t u a t e d  on the  west 
s i d e  of the  Peninsula  have shown  mean annual  temper 
a tures   8 ' to  9°C h ieher .  The low-temperature  peucry- 
openic Eoms on the   ea s t   s ide ,   i . e .   t he rma l -con t r ac  
t ion   c racks ,  pingos, e tc .   a r e   no t   obse rved   i n   t he  
west   sector   (Corte  and Zomoza,1957). Sorted  fea-  
t u r e s  produced by freezing,  thawing and g e l i f l u c -  
t ion   occur   in   p laces  on the   wes t   s ide  o f  the  Penin- 
s u l a  where t h e  mean annual  temperature i s  -2 .8"C.  
(Corte  and Zomoza,1957). 

The geocryogenic  features  described by  PGwZ(1959) 
and Black and Berg (1963) i n  t h e  area p e r i p h e r a l   t o  
t h e  Ross Sea of An ta rc t i ca   i nc lude   l a rge   t hema l -  
contraction  polygons  (sand  and/or  ice  wedges),   but 
t h e   v a r i e t y  of forms i s  very  small  in  comparison 
with Seymour I s land .  

e red   appropr ia te   to   honor   the   g rea t   e f for t s  made 
by the  members o f  t h e   f i r s t   A n t a r c t i c   e x p e d i t j o n  
led by Ot to   Nordenskjs ld   to   th i s   a rea   in  1901. Be- 

In   the  geocryogenic  map (Fig.1) i t  was consid- 

s i d e s   t h e  names of Bodman, SoFral and Larsen,  other 
topographic   fea tures  are named a f t e r  Akerlund,fiord- 
jenskjDld,  Ekelof,  ,!ohansen. 

EWUW!PiENThJ, CONDITIONS 

- rqeteorology and c l imate  

The available rne teoro lcr ica l   records   for   the   eas t  
s e c t o r  of t he   An ta rc t i c   Pen insu la   a r e   r e s t r i c t ed   t o  
the  following  nlaces:  Snow H i l l  (Cerro  Nevado), ( i n  
Schwerdtfeper,l975)  with mean annual a i r  tempera- 
t u r e s  of -11.5"C; Seymour Island  ("laramhio,  Servi- 
cio  MeteorolSpico  Nacional)  with -12'C (Schwerdtfe- 
p,er 1975)  ("ig.2). 

The meteorological   condi t ions on bc th   s ides  of 
t h e   h t a r c t i c   P e n i - n s u l a  were  studied bv Schwerdtfe- 
ger  (1?75-1?7?), who indicated  that   the   mountain 
chain  alon?  the  Peninsula  acted a s  a b a r r i e r   f o r  
the  cold  winds of the  Ueddell  Sea ( F i . q . 2 )  and t h a t  
cyclonic  conditions  were  the  main  cause  of  the  re- 
f r i p e r a t i o n  of the  east   sector  (Servic,io  Veteorolo" 
cico  Nacional ,  1P81) ( F i g . 3 ) -  The west   s ide of the 
"eninsula i s  genera l ly   under   the   e f fec ts  of a n t i -  
cyc lonic   condi t ions  and rece ives  wanner a i r  from 
the  northwest  or  west.  These  conditions  account  for 
the   d i . f fe rence  of about 8-?"C ar. annual mean tempe- 
r a t u r e s   a t   t h e  same la t i tude   (Yig .3) .  

ured  because of the  stronp  wind;  however, the  f o l -  
lowinp  types of precipi ta t ion  were  observed:  snow, 
g r a u p e l   ( s o f t   h a i l ) ,   r i m e ,  and r a i n .  The most sip,- 
n i f i c a n t  f o r  t h i s  i s  snow, b o t h   d i r e c t l y   p r e c i p i t a t  
ed and wind  blown c a r r i e d .  Thouph t h e r e  i s  no i .nfor 
mation on the i r   r e l a t ive   impor t ance .  

ceologv  and S o i l s  

P r e c i p i t a t i o n  on Seymour I s land  ht!s not  beenmeas 
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F i g u r e  3 SYNOPTIC  SITUATION BETWEEN  THE  SOUTH POLE 
AND TEMPERATURE  SOIJTH AMERICA-11-4-81 A. 
P .T .  Ser.Met.Nac.Buenos Aires 

Figure 4 LAPSEN l)EJ,TA,NOSTHEP.N SEYIIOUI! ISLAND (MA- 
RAMBLO) (Serv ic jo  d e  H i d r o l o R i a  Naval) 
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The i s l a n d  i s  made of T e r t i a r y  and  Cretaceous 
sed iments   wi th   the   g rea tes t   e leva t ion   a t  200 m i n  
the  Meseta  which  occupies  about 1 /20  of theIs land ' s  
area.   Small   areas of till occur on the  meseta. 

Many of the  geocryogenic  forms  are  produced  in 
consol idated and non-consolidated  Tertiary  sedi-  
ments,  most of which a re   f ro s t - suscep t ib l e .  Thus 
frost   heaving  due  to  formation of i c e   l e n s e s  must 
be an important  process  in  these  sediments.  The 
wide d i s t r i b u t i o n  of troughs l e f t  by the   mel t ing  
of i c e  wedges ind icared   tha t   the   Ter t ia rysediments  
a l s o   a r e   s u b j e c t   t o   f r o s t   c r a c k i n g  and  development 
of i c e  wedges. 

Air photos of the  meseta  show t h a t   i n  1967 ther-  
mal-contraction  cracking  and  the  formation o f  l a r g e  
domes and  ice-wedge  polygons  appear t o  be   the  main 
geocryogenic  processes.  These  pol.ygons  form  nets 
100-200 m in   d i ame te r   a t   t he   bo rde r  of the  meseta;  
the  troughs  have  been  emphasized by erosion.  

Active  Layer  and  Permafrost 

According  to  meteorological  observers  (Servicio 
MeteorolSgico  Nacional)  the  depth of t h e   a c t i v e  
l a y e r   a t  Seymour i s   g r e a t e s t   a t   t h e  end of February 
and i s  about 40-50 cm. However annual  and  regional 
year   to   year  l o c a l  v a r i a t i o n s   i n   t h e   d e p t h  of t h e  
a c t i v e   l a y e r  were  observed,  under  varying  meteorol- 
o g i c a l  and t e r r a i n   c o n d i t i o n s ,  at t h e  same l a t i t u d e  
as Seymour (Brown, 1978). 

Permafrost  thinkness  has  not  been  measured on 
Seymour I s land .  However usinR  Lachenbruck's  formu- 
l a  (1968) i n  which  permafrost  depth  can  be  approxi- 
mated by mult iplying mean annual a i r   t empera ture  
(-10°C) by the  general   reothermal   gradient   (33 m 
per   Celcius   degree) ,   the   permafrost   depth  a t  Sey- 
mour i s  calculated  to  be  approximately 330 rn. This 
i g n o r e s   l o c a l   v a r i a t i o n s   i n   t h e  >:eothermal  gradient 
and a l s o  the   pas t   thermal   h i s tory .  

THE GEOCF.YOGENIC FORMS: THE MAJOR FOYW 

F r o s t  Domes and  Pingos 

F r o s t  domes a r e   p r e s e n t  i n  s eve ra l   p l aces   hu t  
a r e  most   abundant   anddis t inct ive  in   Larsen  Del ta  
a t  the   no r th  and of the   I s land .  No subsurface sam- 
p l ing  has  been  undertaken  yet. The domes of Larsen 
De l t a   (F ig .4 ) ,   a r e  not  r e a d i l y   c l a s s i f i e d   a s   e i t h e r  
open  systems  or  closed  systems  pincos  or mounds. 
They range i n  diameter  from 2 t o  10 m. I t  i s  in- 
t r i gu ing   t ha t  mounds near   the  shore  contain a c i r -  
cu la r   depress ion  i n  the i r   cen ter ,   whereas   the  
mounds near  the  mountain  side  do  not (P jg .4) .  The 
depression i s  a thermokarst   feature  ( F i g . 4 ) .  

The domes tha t   have   the   l a raes t   d iameter  and 
smal les t   in   he ight   and   a re   c loser   to   the  sea (Fig.  
4 )  show the   l a rges t   thermokars t   depress ions  and 
appear   to   he  the  oldest .  Pn the   o the r  hand, t h e  
domes rhat a re   smal le r   in   a rea ,   rounder  and more 
symctr ical ,  and closer   to   the  mountain  s ide show 
no thermokarst   depressions and  appear  to  be  the 
younees t . 

The domes a re   no t   seasonal  mounds; they  have 
ex is ted  a t  l e a s t   s i n c e   t h e   f i r s t   p h o t o   f l i g h t  was 
made i n  1967, (Fi5.4) .  It i s  poss ib l e   t ha t   t hese  
mounds a r e  produced by the   f reez ing  of t a l i k s   i n  
abandoned  channels.  (Washburn,  personal communica- 
t ion,   1983) .  

Sections  through  the domes and depressions and 
sampling of permafrost  Fround  ice,  which i s  pre- 
sumed to   he   p resent   (Cor te , lPh3) ,  would c l a r i f y   t h e  
o r i p i n  o f  the  domes, 

LarEer   features  of s ix   meters   o r  more in   h igh  
whicb may be   t rue  pinKos with a pe r fec t   con ica l  
shape,  were  observed i n  two p laces  on t h e   i s l a n d ,  
near  (luebrada  de Dyaz and i n   J a t o   r i v e r   ( F i g . 1 ) .  
The domes occur i.n a r e a s   i n  which re f reez ing  o f  
t a l iks   causes   loca l   heaving  and s h i f t s  of r i v e r  
channels. 

I Thermal  Contraction  Cracks  and  Polxons 

The mean annual  temperature  necessary  for  the 
formation of thermal  contraction  cracks and  poly- 
Eons wi th   i ce  and  sand wedges I s  below -5'C.  (P'ewg, 
1962, Washburn,  1979-1981).  Thermal-contraction  pro 
duces  cracks  and  polygons of va r ious   s i ze s ;  on t h e  
Larsen  Del ta   there   are   cracks up t o  120 m long (Fig. 
4 )  and the  polygons  have  sides of 10 t o  30 m (Fig. 
4 ) .  I n   t h e   d e l t a s   c l o s e  t o  the  Nordenskjold S t r a i t  
there   are   polygons as l a r g e  as 30 x 100 m (Fig.1) .  

Thermal-contraccion  cracks  were  observedto  form 
af te r   severa l   days   wi th   t empera tures   about  - 2 6 ° C  
and  winds  up t o  180 hnlhr .  The observed  cracks  were 
1 2  nun wide  and  15 m long ,  loca ted   in   the   po lygons  
troughs. 

unlrnown i f   e i t h e r  sand o r   i c e  wedges a re   p re sen t .  
Because snow accumulates i n  north-south  troughs 
and i s  blown from  the  east-west  ones,  there i s  a 
chance  that  sand  and  ice  wedges may c o e x i s t   i n   t h e  
same polvgons  (u.omanovskij  ,1973). 

Thermokarst   depressions  ] .eft  by thawing i c e  
wedges a re   p re sen t  i n  many c l i f f s  and  ravines and 
are   espec ia l ly   wel l   deve loped  in n o r t h - f a c i n g c l i f f s  
between Bodman and Nordenskjold  Strait ,   and on 
no r th - f ac ing   c l i f f s  o f  the  meseta.  Few such  forms 
a r e   p r e s e n t  on south-facing  s lopes,  

Snow named  Lakes 

Since  these  depressions  were  not  trenched, i t  i s  

Lakes dammed by snowdrif ts  up t o  s eve ra l   hec t a re s  
i n   s i z e ,   a r e  a c h a r a c t e r i s t i c  and very  dominant 
f e a t u r e  of the  island  (Fig.1).   Lakes  of  such magni- 
tude  have not been  descr ibed  previously  in   the 
peryglac ia l  l i  t e r a t u r e .  

During  storms  with  winds of 100-200 km/hr, t h e  
southwest  winds  carry snow as  an  almost  horizontal  
c u r t a i n .   v a t e r i a l  from t h e   s o f t   T e r t i a r y  and  Cre- 
taceous  sediments i s   a l s o   p i c k e d  up by t h e  wind. 
\!hen the  Weddell  Sea i s  frozen  the snow and d i r t  
a r e   c a r r i e d   n o r t h  and  accumulate on t h e   l e e   s i d e  
of t h e   i s l a n d  as l o n g   d r i f t s ,  sometimes  crossing 
t h e   r i v e r s  and damminp the  drainage.  In  someplaces 
there   a re   snowdr i f t s  200 m long and as much a s  10 m 
high.   Several  dams were  observed on the  north-fac- 
in%  slope  of  the  meseta.  These  lakes  appear  to  be 
a more than-   one  rear   process .  

Nivation  Niches 

Nivation  niches  were  observed on the  e a s t  s l o p e  
of Seymour I s land .  Below the  niche a t r a n s p o r t  
s lope  leads t o  an  accumulation  slope  characterized 
by ge l i . f luc t ion   lobes .  
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Ic ings  and Ic ing  Domes 

During  the f a l l  and ear ly   winter ,   growth of 
i c i n g s  on Seymour I s land  i s  a dominant c h a r a c t e r i g  
t i c .  The l a r g e s t   i c i n g s   a r e   t h o s e   r e l a t e d   t o   f r e e ?  
ing of surface  water .  The f reez ing  of the  snow- 
dammed lakes  and other   lakes   produces  ic ing mounds 
up to   ha l f  a meter  high  and  several   meters  across 
the  base.   These  icing domes a r e  formed by t h e  
expulsion of water  confined  between  the  permafrost 
and the   over ly ing   th ickening   ice  as i t  becomes 
i r regular ly   anchored  to   the  ground.  

During  this  process of formation  of  the  ice- 
darned   lakes ,   the   i c ings   ac t  as a cementing  agent. 
The water   that  i s  ponded up r i v e r  from  the snov- 
d r i f t  moves ac ross   t he  snow dam and, s i n c e   t h i s  
b a r r i e r  i s  very   co ld ,   the   water   f reezes  and  ce- 
ments  the snow d e b r i s  and i c i n g s   i n t o  a s o l i d  wall. 

G e l i f l u c t i o n  

G e l i f l u c t i o n  (Washburn,l979) i s  not  well   devel-  
oped on the   i s land .  Only on the  northwest s lope  of 
t h e  meseta a r e   t h e r e   g e l i f l u c t i o n  f o n s .  These 
comprise   debris  from till and T e r t i a r y   s i l t s t o n e s  
and  sandstones.   Gel i f luct ion i s  clear ly   observed 
i n   p l a c e s  where a la rge   rock  i s  anchored  in   the 
permafros t ;   the   debr i s   f lows   over   the   boulder  a l -  
most a s  a d e b r i s   f a l l .  

Slope Assymmetry 

D i f f e r e n t i a l   e r o s i o n  as hetween  north-facinE  and 
south-facing  slopes  produces a marked Slope assym- 
metry. The south-facing  and  southeast-facinE  slopes 
( co ld )   a r e   s t eep  and the  north-facing  and  north- 
west-facing  slopes  are more gen t l e .   I n   t hese  re- 
g ions   t he re   a r e  two f ac to r s   r e spons ib l e   fo r   t he  
assymmetry;  (1)  the  incoming  radiation  and ( 2 )  the  
accumulation of snow and  wind blown d e b r i s   i n   t h e  
l e e  of the  mountain. 

two sec tors :  a northern  one  that   comprises  over 
two t h i r d s  of t he   i s l and ,  and a southern  sector  
comprising  the rest ( F i g - 1 ) .  If t h e   f l u v i a l   s y s t e m  
has   no t   been   s tab i l ized  by a v e r t i c a l   d i a b a s e   d i k e  
(Rina ld i  e t   a l ,  1978), h o s t  of t h e   i s l a n d  would 
have  developed a north-f lowinE  f luvial   system. 

promotes   dendri t ic   erosion,   but  on the  south-facing 
s l o p e s   t h e   e r o s i o n   i s  more l i n e a r  and d r a i n a g e l i n e s  
a r e   t h e r e f o r e   l e s s  numerous. 

must  be  located on the  north-facing  s lope  with 
t h e i r   g r e a t e r  snow accumulati.on  and la rger   mel t -  
water  flow. 

Cryoplanation  Surfaces? 

The dra inage   d iv ide   separa tes   the   i s land   in to  

On the  north-facing  slopes  the  accumulated snow 

I f   r e s e r v o i r s   a r e   b u i l d  on Seymour I s land ,   they  

Cryoplanation  surfaces  such  as  those  described 
by Demek (19691, are low  temperature  geocryogenic 
forms, requi r ing  mean annual  temperature of -10°C 
o r   l e s s  and low prec ip i ta t ions   accord ing   to   neger  
and PGwG (1976). As ind ica ted  by Mashburn (1980) 
though,  the  temperature  significance of cryoplana- 
t i o n   t e r r a c e s  i s  not  w e l l  e s t a b l i s h e d ,  

The  most  remarkable  feature of Seymour I s land  
i s  i t s  f l a t   t o p  of "meseta". The meseta  has a 
s l i gh t   s lope   t o   t he   sou theas t ,  and  an a i r  s t r i p  

was prepared  with l i t t l e  work. by removing some 
large  blocks  from t h e  surface.   This  meseta i s  s c u l p  
tured   in   a lmost   hor izonta l  bedded T e r t i a r y  sand- 
stones  and  si l tstones.   Glaciers  eroded  the  bedrock 
and  deposited till, which was l a t e r   s u b j e c t   t o   c r y o  
turba t ion .  The thickness  of the till v a r i e s   g e n e r a l  
ly from one t o   t h r e e   m e t e r s ,   o r  more i n  a few 
p laces  

I t  i s  unknown i f   t h e   g l a c i e r s   o r i g i n a l l y   l e f t  
t h i s   s u r f a c e   a s   f l a t  as it  is  now. For   this   reason,  
i t  i s  no t   poss ib l e   t o   s ay   t ha t   t he  "meseta" i s  a 
t rue   c ryoplana t ion  surface. It is  i n t e r e s t i n g   t o  
n o t e   t h a t   a t   t h e   n o r t h w e s t  o f  Seymour I s land ,  Cock- 
burn  Is land also has a f l a t   s u r f a c e   w i t h   t h e  same 
s lope   inc l ina t ion   to   the   southeas t .   This   sur face  
i s  a l so   c ryoturba ted   wi th  pingos, so r t ed   ne t s ,  
c i r c l e s  and g e l i f l u c t i o n  forms, etc .   Nivat ion i s  
producing a s lope   w i th   s imi l a r   o r i en ta t ion   t o  
t h a t  of Seymour I s land .  A Pleis tocene  Pecten  conglo 
merate  on t h e   f l a t  Cockburn I s l and   su r f ace   i nd ica t -  
es that   marine  processes   have  been  act ive.  (Hennirg 
1924) a 

The meseta of Cockburn  cannot  be  classified  as a 
cryoplanation  surface  because i t  p a r a l l e l s  a b a s a l t  
layer   having a s lope   to   the   southeas t .  

Coverd Ice  (Burr ied  ic ings)  

Sur f ic ia l   i ce ,   covered   wi th   debr i s ,  i s  important 
i n  some geocryoeenic  regions,  such as the   Cent ra l  
C o r d i l l e r a  of the  Andes (Corte,1976); on Seymour 
I s land  i t  was found t o   b e   s i q n i f i c a n t   o n l y   i n  two 
places  (Fig.1):  FenEuin Bay and on the   no r theas t  
s l o p e   a t   t h e   s o u t h  end of t h e  runway. f n  these  
p l aces   t he re   a r e   l aye r s  of ice   one   o r  more meters 
thick,   covered  with  debris.  I t  appears   that   these 
layers   a re   i c ings   covered   wi th   s lushf lows .  The 
thickness  of the   debr i s   cover ing   the   i ce  i s  t h e  
same as  the   p resent   ac t ive   l ayer   about  50 cm. 

THE GEOCRYOGENIC FORMS: THE MINOR FORMS 

I n  several   p laces   on Seymour I s l and   t he re  are 
small sorted  polyp(ons, 1 m in   diameter ,   wi th  smal- 
l e r  polygons  inside.  These  polygons  are  developed 
in   weathered  Tert iary  rock and grave ls  whose 
coarser  elements are concentrated  in   the  polygonal  
depressions.   Inverse  forms  are  also  present:   poly- 
gons in   coarse   mater ia l s   wi th   the i r   t roughs   under -  
l a i n  by f iner   sed iments .   These   pa t te rns   resu l t  from 
des icca t ion   c racking   (Cor te  and  Higashi,1964). 

a spec ia l   t rea tment .  The dra inage   as   represented  
in   the  aerophoto  survev  on  the  scale  1:10.000 
(Servicio  de  HidrografTa  Naval) i s  notab le   €or   the  
many drainage  channels  (Fig.1).  

DurinE Apr i l  and ?fay  the  is land shows i c i n g s  on 
the small and medium r i v e r ,  and by the  end of the 
f a l l  (end of Flay) t h e  whole f luv ia l   sys tem of t h e  
i s l a n d ,   i n c l u d i n g   l a r g e   r i v e r s  i s  out l ined  by a 
mantle of i c i n g s .   I n  many cases   small   creeksappear  
to  flow  along  ice-wedge  troughs.  This  and  other 
observat ions  suggest   that   mel t ing of ground i c e  may 
be   s ign i f i can t   i n   t he   wa te r   ba l ance   i n   t he   i s l and .  
Pressumably  there   are  two sources  of runoff:   (1) 
ex te rna l   sou rces   g raupe l ,   r a in  and rime  and snow 
and ( 2 )  in te rna l   sources   due  t o  the  rneltinf: of 
var ious  kinds of ground i c e .  

The f luvial   network o f  Seymour I s land   requi res  
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CONCLUSIONS 

1. The Antarct ic   Peninsula  i s  a b a r r i e r   t h a t  
separa tes  two d i f fe ren t   c l imat ic   envi ronments :  on 
the   ea s t   coas t ,  where Seymour I s land  (Marambio) i s  
loca ted ,   t he  mean annual  temperatures i s  -10°C o r  
l e s s ;   a t   t h e  same l a t i t u d e ,  on the  west   coast  
(Melchior),   the mean annual  temperature i s  not  
lower  than -3.7"C. 

are  cold  permafrost   forms:  thermal-contraction 
cracks and  polygons,  and  closed  systems  pingos. 
These  form a t  -5°C and -6°C mean annual  tempera- 
t u r e  or l e s s .  The c ryogenic   s t ruc tures  on the  west 
coast   can  be formed at   f reezing  temperatures   above 

3 .  The present   c l imate   of   the   Antarct ic   ?enins2 
l a  where d i f fe ren t   cyrogenic   envi ronments   ex is t   a t  
the same l a t i t u d e  and e leva t ion  on oppos i te   s ides  
of an  orographic  barrier  should  be  considered when 
making pa leoc l imat ic   recons t ruc t ions .  I t  would  be 
i n t e r e s t i n g  t o  know  how the  geocryogenic  environ- 
ment d i f f e r e d  on oppos i te   s ides  of the  Pndes  dur- 
ing  the  cryogenic  t imes of the   P le i s tocene .  

2 .  The geocryogenic   s t ructures  on t h e   e a s t c o a s t  

- 2 . 8 ~ .  
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DESIGN AND  PERFORMANCE  OF A LIQUID NATURAL  CONVECTION  SUBGRADE COOLING SYSTEM 
FOR CONSTRUCTION ON I C E - R I C H  PERMAFROST 

John E. Cron in  

Shannon & Wi lson,  Inc. ,   Fairbanks,  P, laska 99707 

I n  1976,   personnel   f rom  the U.S. N a v v ' s   C i v i l   E n g i n e e r i n g   L a b o r a t o r y   e r e c t e d  a 
b u i l d i n g   i n c o r p o r a t i n g  a subgrade   coo l i ng   sys tem  on   i ce - r i ch   pe rmaf ros t   nea r  
B a r r o w ,   A l a s k a .   T h e   c o o l i n g   s y s t e m   c o n s i s t e d   o f   1 5   h o r i z o n t a l ,   l o o p - c o n f i g u r e d ,  
l i q u i d   n a t u r a l   c o n v e c t i o n   h e a t   e x c h a n g e r s .  The i n s t a l l a t i o n   a t   B a r r o w  was 
h e a v i l y   i n s t r u m e n t e d ,   a n d   d a t a   o b t a i n e d   o v e r  3 y e a r s   a l l o w e d   c a l c u l a t i o n   o f   t h e  
p e r f o r m a n c e   a n d   e f f i c i e n c y  o f  t h e   n a t u r a l   c o n v e c t i o n   h e a t   t r a n s f e r   d e v i c e s .  
E x p e r i m e n t a t i o n   w i t h   f o r c e d   c o n v e c t i o n   ( p u m p i n g )   o f   t h e   l i q u i d   r e s u l t e d   i n   o n l y  
a minor  improvement o f  per formance.   Because  seasonal   f reez ing  and  thawing 
o c c u r r e d   i n   f r o s t   s u s c e p t i b l e   m a t e r i a l   i n   t h e   s u b g r a d e ,   c y c l i c a l   s e t t l e r l e n t   a n d  
heave  were   recorded.   S ince   the   exper iment  was comp le ted ,   f ouvda t ions  
i n c o r p o r a t i n g   s u b g r a d e   c o o l i n g   s y s t e m s   e m p l o y i n g   a i r   d u c t s   o r   i n c l i n e d   t w o - p h a s e  
h e a t   t r a n s f e r   d e v i c e s   h a v e  become i n c r e a s i n g l y  common i n   t h e   A r c t i c  and 
s u b - A r c t i c .   T h e   l i q u i d   s y s t e m   t e s t e d   c o m p a r e s   f a v o r a b l y   t o   t w o - p h a s e   o r   a i r  
d u c t   s y s t e m s   c u r r e n t l y   i n  use, 

INTRODUCTION 

C o n s t r u c t i o n  on i c e - r i c h   p e r m a f r o s t  hzs 
r e l i e d  on p i l e   s u p p o r t   a n d  an a i r  space o r   t h i c k  
g r a v e l  embankments t o   p r e s e r v e   t h e   i n t e g r i t y   o f  
subgrade  and  s t ruc tu re ,  hu t  both  methods  have 
d rawbacks .   E leva ted   suppor t   on   p i l es   can  
i n t e r f e r e   w i t h   t h e   u s e   o f  t h e  s t r u c t u r e ,   i s  
e x p e n s i v e   f o r   h e a v y   f l o o r   l o a d s ,   a n d   c a n   b e  
a e s t h e t i c a l l y   i m p r a c t i c a l .   P r e v e n t i o n  of thaw 
s e t t l e m e n t   m e r e l y   b y   u s e   o f  a g r a v e l  embankment i s  
n o t   f e a s i b l e .  The  purpose o f   t h i s   r e p o r t   i s   t o  
p resen t  t h e  i n v e s t i g a t i o n   o f  a s u b g r a d e   c o o l i n g  
s y s t e m   a s   a n   a l t e r n a t i v e  means o f  c n n s t r u c t i o n  f o r  
s u c h   s t r u c t u r e s .  

From  1969  through  1976,  the U.S. N a v y ' s   C i v i l  
E n g i n e e r i n g   L a b o r a t o r y  (CEL) i n v e s t i g a t e d   n a t u r a l  
convec t i on   hea t   exchange   dev i ces   f o r   t he   subsu r -  
f a c e   t h i c k e n i n g  o f  spa i c e   ( R a r t h e l e m y   1 9 7 4 ) .   I n  
1975 CEL b e g a n   i n v e s t i g a t i n g   t h i s   t e c h n o l o g y   f o r  
c o n s t r u c t i o n   o f   b u i l d i n g s  on pe rmaf ros t .  The 
p r i m a r y   p u r p o s e   o f   t h e   s t u d y  was t o   r e d u c e   t h e  
need f o r   g r a v e l  i n  c o n s t r u c t i o n .   I - a b o r a t o r y  
s t u d i e s   ( C r o n i n   1 9 7 7 )   r e s u l t e d   i n   t h e   d e s i g n  of a 
h o r i z o n t a l ,   l o o p - c o n f i g u r e d ,   l i q u i d   c o n v e c t i o n  
d e v i c e   f o r   u s e   i n   b u i l d i n g   s u b g r a d e s .  The p a t e n t  
f n r  l o o p - c o n f i g u r e d   l i q u i d   c o n v e c t i o n   d e v i c e s   i s  
h e l d  by 2 .  C. Ba lch .  I n  September  1976  these 
d e v i c e s   w e r e   i n s t a l l e d   b e n e a t h  a b u i l d i n g   e r e c t e d  
hy GEL a t   t h e   N a v a l   A r c t i c  P.esearch L a h o r a t o r y  i n  
Barrow,  Alaska. The p e r f o r m a n c e   o f   t h e s e   d e v i c e s  
was m o n i t o r e d   u n t i l   S e p t e m b e r  1979, when research  
f u n d i n g   c u t b a c k s   r e q u i r e d   t e r m i n a t i o n   o f   t h e  
exper iment .  

DESCRIPTION OF EXPERIMENT 

S i t e   C o n d i t i o n s  

The s i t e  chosen f o r   t h e   b u i l d i n g  was 
u n d e r l a i n   b y   i c e - r i c h   o r s a n i c   t u n d r a   s o i l s   c o v e r e d  

GENERALIZED  SUBSURFACE CONDITIONS 

FINE  GRAVELLY  MEDIUM 
TO COARSE SAND 
SLIGHTLY  CLAYEY SILT 
WITH ABUNDANT  ORGANICS. 
VISIBLE ICE 10%-100% 

FINE TO  COARSE  SAND 
WITH  TRACE  GRAVEL.  NEE 

2.0 

0.47 

11 

161 

26 

FIGURE 1 G e n e r a l   i r e d   s u b s u r f a c e   c o n d i t  
b e n e a t h   e x p e r i m e n t a l   b u i l d i n g   i n   B a r r o w .  

by  a g rave l   pad   on   t he  order of 0.3 m t h  
S u b s u r f a c e   i n v e s t i g a t i o n s   i n d i c a t e d   g e n e r a l  
c o n d i t i o n s   a s  shown i n   F i g u r e  1.  Numerous 
wedges  were no ted   be low 0.5 m, t h e   d e p t h  o f  
a c t i v e   l a y e r   i n   B a r r o w .  

ons 

ck. 
zed 

t h e  
i c e  

Subgrade  Cool ing  System 

The b u i l d i n g   e r e c t e d   a t   B a r r o w  was a 12.2 m 
by 16.5 m m e t a l   s t r u c t u r e .   F i f t e e n   n a t u r a l  
c o n v e c t i o n   d e v i c e s   w e r e   i n s t a l l e d   b e n e a t h   t h e  
s t r u c t u r e   a t  a 1.2 m s p a c i n g ,   a s   i l l u s t r a t e d   i n  
p l a n   v i e w   i n   F i g u r e  2 .  The  below-ground  heat 
" c o l l e c t o r "   p o r t i o n   o f   t h e   c o n v e c t i o n   d e v i c e  
i n t e r c e p t s   h e a t   f l o w   t o   t h e   g r o u n d   f r o m   t h e  
b u i l d i n g .   C o n v e c t i v e   f l o w   o f  an e t h y l e n e  
g l y c o l l w a t e r   m i x   i n   t h e   p i p e   l o o p   t r a n s f e r s   t h e  
h e a t   t o   t h e   a b o v e - g r o u n d   " r a d i a t o r "   p o r t i o n   o f   t h e  
dev ice,   where  heat  i s   t r a n s f e r r e d   t o   t h e   c o l d  

19 8 



LARGE CIRCLES DENOTE  FINNED 
VERTICAL  RADIATOR  PIPES 

FIGI!RE 2 P l a n   v i e w   o f   e x p e r i m e n t a l   b u i l d i n g   i n  
B a r r o w   s h o w i n g   l a y o u t   o f   b u r i e d   h e a t   c o l l e c t o r  
p i p e s  o f  c o n v e c t i o n   d e v i c e s .  

a m b i e n t   a i r .   C o n v e c t i v e  heat. t r a n s f r r   c o n t i n u e s  
as   long   as  t.he c o l l e c t o r   t e m p e r a t u r e  i s  warmer 
t h a n   t h e   r a d i a t o r   t e m p e r a t u r e .  

The c o l l e c t o r  o f  e a c h   d e v i c e   c o n s i s t s  of two 
6.4 m l e n g t h s  of ncmina l  2 i n c h   p i p ? ,   c o n n e c t e d  
n e a r   t h e   c e n t e r   o f   t h e   b u i l d i n q   b y  a 1.2 m l e n g t h  
o f   t h e  same p i p e .   T h e   r a d i a t o r   p o r t i o n  of  each 
dev i ce ,  a s  p i c t u r e d   i n   F i g u r e  3, c o n s i s t s   o f  a 
v e r t i c a l   p i e c e  o f  2 i n c h   p i p e  on one   s ide  nf t h e  
h a l f - l o o p ,   t w o  7.1 m l e n g t h s  n f  nominal  4 i n c h  
p i p e   w i t h   w e l d e d   s t ~ e l   f i n s  on t h e   n t h e r   s i d r  o f  
t h e   h a l f - l o o p ,   a n d  a l . ?  m l e n g t h   o f  4 i n c h   p i p e  
w i t h   w e l d e d   f i n s   j o i n i n g   t h e   t w o   a t   t h e   t o p .  
T o t a l   e f f e c t i v e   s u r f a c e   a r e a  o f  t h r   r a d i a t o r  
( t a k i n a   i n t o   a c c o u n t   t h a t   f i n   a r e a   i s   l e y s   t h a n  
100% e f f j c i e n t   f o r   h e a t   t r a n s f e r )  i s  o n   t h e   o r d e r  
of 6.2 m . 

The hPa.t c o l l e c t o r   p o r t i o n s   o f   t h e   c o n v e c t i o n  
d e v i c e s   w e r e   b u r i e d   a t  a dep th  o f  abou t  0.5 rn 
be low  the   tundra   sur face ,   and  were   s loped  a t   an  
average o f  1 .5"   downward  toward  the  center  of  t h e  
b u i l d i n g   t o   p r e v e n t   a i r   l o c k i n g  when f i l l e d   w i t h  
f l u i d ,  The   p ipes   were   i vs ta l l ed   by   excava t ing   20  
cm w i d e   t r e n c h e s   i n t o   t h e   t u n d r a   w i t h  a t r e n c h i n g  
m a c h i n e   a n d   b a c k f i l l i n g   t h e   t r e n c h e s   w i t h   t h e  
n a t i v e   i c e - r i c h   s o i l s .  

B u i l d i n g   a n d   E x p e r i m e n t a l   S i m u l a t i o n  

The b u i l d i n !   e r e c t e d  as a t e s t   h e d   f o r   t h e  
c o o l i n g   s y s t e m  was u n i n s u l a t e d   a n d   d i d   n o t   r e q u i r e  
h e a t i n g  f o r  i t s   p r i m a r y   p u r p o s e   o f   e q u i p m e n t   c o l d  
s to rage .  A system o f  t h e r m o s t a t i c a l l y   c o n t r o l   l e d  
e l e c t r i c   h e a t i n g   m a t s  was u s e d   t o   s i m u l a t e   h e a t  
i n p u t   t o   t h e   g r o u n d   b e n e a t h   t h e   b u i l d i n g .   T h i s  
hea t ing   sys tem  had  a t o t a l   o u t p u t  when energ i zed  
o f  ?8,4CO w a t t s .  

F i g u r e  4 i l l u s t r a t e s   b o t h   t h e   P x p w - i m e n t a l  
and  -s imu la ted   c rnss   sec t ions  of t h e   i n s t a l l a t i o n .  
The h e a t i n g   m a t s  wpre i n s t a l l e d   a t   s i m u l a t e d   f l o o r  
grade,  on a 0.3 m t h i c k  pad o f  ! ravel   above  the 
tundra.   The  thermostat   sensors  were  bur ied  midway 
b e t w e e n   t h e   h e a t i n g  mats and  the   tundra   sur facp ,  
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FIGIIRE 3 View o f  ~ o m p ~ e t ~ d  i n s t a l l a t i o n   i n  B~rrow 
  owi in^ f i rmed  pipe r a d i a t o r s  o f  ~ ~ ~ v ~ ~ t ~ o n  
devices. 

The   ma ts   were   cove red   by   g rave l   and   i nsu la t i on   t o  
r e d u c e   u p w a r d   l o s s   o f   h e a t .  

The exper iment  was t o   s i m u l a t e  a b u i l d i n g  
h e a t e d   t o  70°C, i n c o r p o r a t i n g  5 - 10 cm of 
i n s u l a t i o n  i n  t h e   f l o o r ,   c o n s t r u c t e d  on a 0.3 m 
g r a v e l  p a d .   H e a t   i n p u t   t o   t h e   g r o u n d   f o r   p u r p o s e s  
o f   t h e   e x p e r i m e n t  was c o n t r o l l e d   b y   m a i n t a i n i n g  a 
c o n s t a n t   t e m p e r a t u r e   a t   t h e   d e p t h   o f   t h e  
thermosta t   sensors ,  It was r e a l i z e d   t h a t   t h i s  
imposed  an   unrea l   boundary   cond i t ion   on   the  
e x p e r i m e n t ,   s i n c e   t h e   t e m p e r a t u r e   a t   t h i s   d e p t h  
shou ld   va ry   as  a f u n c t i o n   o f   t h a w   d e p t h   b e n e a t h  
t h e   b u i l d i n g .   A l t h o u g h   ? t h e   h e a t i n g   m a t s   c o u l d  
produce abou t  172 bl/m when e n e r g i z e d ,   t h e  
a v e r a g e   h e a t   i n p u t   ( a s   c o n t y l l e d   b y   t h e  
t h e r m o s t a t s )  was o n l y   a b o u t  33 W/m . 
I n s t r u m e n t a t i o n  

The b u i l d i n g   a n d   s u b g r a d e   c o o l i n g   s y s t e m   w e r e  
h e a v i l y   i n s t r u m e n t e d  t o  mon i to r   pe r fo rmance .  
Temperatures  were  measured  by  about 150 thermo- 
coup les   connected  t o  a d a t a   l o g g e r .   V e r t i c a l  
t he rmocoup le   s t r i ngs   measured   t empera tu re  
p r o f i l e s ,  and a n e t w o r k   o f  57 thermocouples 
m e a s u r e d   t h e   t e m p e r a t u r e   f i e l d   i n  a v e r t i c a l   p l a n e  

EXPERIMENTAL 
CONFIGURATION 

SIMULATION 

FIGURE 4 C r a s s   s e c t i o n   t h r o u g h   f l o o r   o f   b u i l d i n g ,  
show ing   exper imen ta l   con f i gu ra t i on   and   des ign  
b e i n g   s i m u l a t e d .  



p e r p e n d i c u l a r   t o   t h e   c o l l e c t o r  o f  a c o n v e c t i o n  
dev i ce .   Add i t i ona l   t he rmocoup les   measured  
c o l l e c t o r   p i p e ,   h e a t i n g   m a t ,   a n d   a i r   t e m p e r a t u r e s .  

The e l e c t r i c   h e a t i n g   m a t s   w e r e   d i v i d e d   i n t o  
e i g h t   s e p a r a t e l y   c o n t r o l l e d   c i r c u i t s ,   g e n e r a l l y  
c o n c e n t r i c   w i t h   t h e   p e r i m e t e r  o f  t h e   b u i l d i n g ,  
a l l o w i n g   m o r e   u n i f o r m   r e s p o n s e   t o   v a r i a b l e   g r o u n d  
t e m p e r a t u r e   c o n d i t i o n s .   E l e c t r i c   h o u r   m e t e r s  
a l l o w e d   c a l c u l a t i o n  o f  h e a t   i n p u t   t o   t h e   g r o u n d  
f o r   m o d e l i n g   p u r p o s e s .  

S e t t l e m e n t  cr heav ing  was m o n i t o r e d   b y  
e l e v a t i o n   m e a s u r p m e n t s   o f   p o i n t s  on t h e   f o u n d a t i o n  
and f l o o r   o f   t h e   b u i l d i n g   r e f e r e n c e d   t o  a s t a b l e  
benchmark. 

Chronology  and  Methodology o f   E x p e r i m e n t  

E r e c t i o n  o f  t h e   e x p e r i m e n t a l   b u i l d i n g  was 
comple ted   by   the   end o f  September  1976. A t  t h a t  
t i m e ,   t h e   d e p t h  of  t h a w   b e n e a t h   t h e   b u i l d i n g  was 
about  0.3 m b e l o w   t h e   t u n d r a   s u r f a c e .   W i t h   t h e  
o n s e t   o f   b e l o w   f r e e z i n g   a i r   t e m p e r a t u r e s   t h e  
f o l l o w i n g  week, t he   convec t i on   dev i ces   began  
f r e e z i n g   t h e   g r o u n d   b e n e a t h   t h e   b u i l d i n g .  The 
ground was a l l o w e d   t o   e n t i r e l y   f r e e z e   b a c k   b e n e a t h  
t h e   u n h e a t e d   b u i l d i n g   f o r  2 months   be fore   heat  
i n p u t  was i n i t i a t e d .  

I n  e a r l y  December  1976 the   hea t ing   ma ts   were  
e n e r g i z e d ,   c y c l i n g   o n   a n d  of f  t o  m a i n t a i n  a n e a r l y  
c o n s t a n t   t e m p e r a t u r e   a t   t h e r m o s t a t   s e n s o r   d e p t h .  
T h i s   c a u s e d   t h e   t h a w   f r o n t   t o   r e c e d e   t o  a s t a b l e  
l o c a t i o n   a b o u t  0.1.5 m be low  the   t und ra   su r face  
( s e e   F i g u r e  5 ) .  A n a l y s i s   r e v e a l e d   t h a t   t h e   h e a t  
i n p u t  t o  t h e   g r o u n d  wzs s i g n i f i c a n t l y   g r e a t e r   t h a n  
had   been   p lanned ,   s imu la t i ng   an   un insu la ted   f l oo r .  
T h i s  was a t t r i b u t e d   t o   t h e r m o s t a t   e r r o r s   c a u s e d   b y  
exposure t o   c o l d   a m b i e n t   a i r .  To p r e v e n t  
excess i ve  summer thawing ,  i t  was n e c e s s a r y   t o  
limit h e a t   i n p u t  t o  a s i m u l a t i o n   o f  a b u i l d i n g  
w i t h   a t   l e a s t  5 cm o f   i n s u l a t i o n   i n   t h e   f l o o r .  
A c c o r d i n g l y ,   t h e   t h e r m o s t a t   s e t t i n g  was lowered i n  

'' \ 
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I 
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FIGURE 5 P lo t   show ing   ave rage   mon th l y  
tempera tures  o f  a i r ,   c o l l e c t o r   p i p e s ,   a n d   s o i l   a t  
9 m e t e r   d e p t h   b e n e a t h   b u i l d i n g ,   a s   w e l l  a s  average 
dep th  o f  t h a w   d u r i n g   c o u r s e  o f  exper iment .  
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l a t e  M a r c h   1 9 7 7 .   T h i s   r e s u l t e d   i n   r e f r e e z i n g   o f  
t h e   s u b g r a d e   t o   n e a r   t h e   d e p t h   o f   t h e   t u n d r a  
s u r f a c e   b y   t h e   e n d   o f   A p r i l .  

Warming a i r   t e m p e r a t u r e s   d u r i n g  May 1977 
r e s u l t e d   i n   t h a w i n g ,   a n d   b y   l a t e  May c o n v e c t i v e  
coo l i ng   ceased  (see F i g u r e  5). The  thaw f r o n t  
deepened  th rough  the  summer u n t i l   l a t e  September, 
when c o o l i n g  resumed.  Maximum  thaw p e n e t r a t i o n  
was 0.39 m b e l o w   t h e   t u n d r a   s u r f a c e ,   o n l y   a b o u t  8 
cm a b o v e   t h e   e l e v a t i o n   o f   t h e   c o l l e c t o r   p i p e s .  

Convec t i on   dev i ce   ope ra t i on   and   t haw  f ron t  
l o c a t i o n   f o l l o w e d  a s i m i l a r   p a t t e r n   d u r i n g   t h e  
n e x t  2 y e a r s  o f  t h e   e x p e r i m e n t .  

PERFORMbNCE OF SUBGRADE C00LIKG SYSTEM 

Thermal  Performance o f  Convec t ion   Dev ices  

Major   p rob lems i n   e v a l u a t i n g   t h e   t h e r m a l  
per fo rmance o f  t h e   c o n v e c t i o n   d e v i c e s   w e r e  (1) t h e  
u n r e a l i s t i c   c o n s t r a i n t   o f   c o n s t a n t   t e m p e r a t u r e   z t  
t he rmos ta t   senso r   dep th ,  ( 2 )  t h e   v a r i a t i o n s   i n  
t h e r m o s t a t   t e m p e r a t u r e   d u e   t o   e r r o r ,  ( 3 )  t h e  
v a r i a b l e   a m b i e n t   a i r   t e m p e r a t u r e ,   a n d  ( 4 )  t h e  
t h e r m a l   l a g   i n   s o i l   t e m p e r a t u r e   v a r i a t i m s .  
Thermal  performance i s   t h e r e f o r e   b e s t   a n a l y z e d   b y  
cons ider ing   averaae  per fo rmance  over  a p e r i o d  of 
t ime .  All c a l c u l a t i o n s ,  a s  w e l l  a s  t h e  
d e r i v a t i o n s   i n   t h e   l a t e r   s e c t i o n   o n   d e s i q n  
f a c t o r s ,   a r e   s i m p l i f l ' e d   s t e a d y - s t a t e   a p p r o x i -  
mat ions  based  on a s e m i - i n f i n i t p   h o r i z o n t a l   p l a n e .  

Heat   remova l   ra te  was c a l c u l a t e d   f o r   s e v e r a l  
s i t u a t i o n s   a t   d i f f e r e n t   t i m e s   d u r i n g   t h e   y e a r ,  
w i t h   r e s u l t s   t a b u 1   a t e d   b e l o w :  

TABLE 1 

B a s i s   f o r   C a l c u l a t i o n s  

November  1977  freezeback 
( i n c l u d e s   h e a t   m a t   i n p u t ,  
l a t e n t   h e a t ,   a n d   s p e c i f i c  
h e a t ,   a v e r a g e d   f o r   m o n t h ) .  

T o t a l   h e a t   m a t   h e a t   i n p u t  
f o r  one   yea r  (Oct. 1977 - 
Sept. 1978). 

E q u i l i b r i u m   w i t h   s t a b l e  
t h a w   f r o n t   i n   M a r c h  1978 
( h e a t   m a t   i n p u t   o n l y ) .  

E q u i l i b r i u m  with s t a b l e  
t h a w   f r o n t   a t   h i g h e r   h e a t  
i n p u t   i n  March  1977  (heat 
m a t   i n p u t   o n l y ) .  

The  subarade  cool   ins 

Ca lcu la ted   Average 
H e a t   A i r  

Remov31 Temp. 
( w / m  ) ( " c . )  

50 -20.5 

70 - 30 

system was c a n a b l e   o f  
t r a n s f e r r i n g   b e t w e e n  50 '  and  70 W / m L  ' a t   a i r  
tempera tures  o f  -18" t o  -30°C. These  values 
r e f l e c t   p e r f o r m a n c e   a t   t h e   a v e r a g e   w i n d   s p e e d  i n  
Rarrow, 20 km/hr.  Examination o f  F i g u r e  2 shows 
t h a t   t h e   h e a t   i n p u t   i s   i n t e r c e p t e d   b y   t h e  
e q u i v a l e n t   o f  13.5 c o n v e c t i o n   d e v i c e s .   T h u s   t h e  
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hea t   i n te rcep ted  by  each  device  can be ca l cu la ted ,  
and g i v e n   t h e   t o t a l   l e n g t h  of t h e   c o l l e c t o r   p i p e  
o f  each   dev i ce   i ns ide   t he   bu i l d ing  (12.8 m), t he  
h e a t   r e j e c t i o n  by  each convection  device  can be 
descr ibed as 58 - 82 W/m o f  embedded c o l l e c t o r  
p ipe.  

Ground  Temperature  Data 

Conclusions  regarding  ground  temperature  data 
a r e   d i f f i c u l t  t o  reach  because o f  t h e   r e l a t i v e l y  
shor t   durat ion  o f   the  exper iment ,   Compar ison o f  
ground  temperatures a t   t h e   c e n t e r   o f   t h e   h u i l r l i n g  
and i n   t h e   n a t u r a l  g round   a l l ow   the   f o l l ow ing  
genera l i za t i ons :  (1) from  about June through 
December natural   ground and b u i l d i n g   c e n t e r  
temperatures  are  a lmost   ident ica l   f rom a depth o f  
1.5 - 9 m, and (2 )  from  January  through May the  
natural  ground  temperatures  average  about 2 ° C  
colder  throuoh  these  depths  than  under  the 
bu i ld ing ,   a l though  f rom December th rough   Ap r i l   t he  
two  temperatures  converge a t  a 9 m depth. The 
temperature a t  a d e p t h   o f  9 m beneath  the  center 
o f   t h e   b u i l d i n g   d i d   n o t  show any continuous 
warming  t rend  dur ing  the  course of the  exper iment 
(Fl'gure 5 ) .  

The thaw f r o n t  beneath  the  bu i ld ing was i n  
a l m o s t   t h e   i d e n t i c a l   e q u i l i b r i u m   p o s i t i o n   d u r i n g  
a l l  3 years  of   the  exper iment.   L ikewise,  depth  of  
thaw a t  t h e  end of the  summer was comparable 
d u r i n g   a l l  3 years  (F igure 5 ) .  

Level  Data 

The r e s u l t s   o f   p e r i o d i c   l e v e l  measurements  on 
t h e   f l o o r  and foundation of  t h e   b u i l d i n g   a r e  
p l o t t e d   i n   F i g u r e  6. As expected,  heaving  occurs 
d u r i n g   t h e   w i n t e r  as the  subgrade  freezes,  and 
set t lement   occurs  dur ing  the summer a s  t he  
subgrade s o i l s  thaw.  Over t h e   l i m i t e d  2 years 
measured, b o t h   t h e   f l o o r  and foundat ion   re tu rned 
t.o n e a r l y   t h e i r   o r i g i n a l   P l e v a t i c n s  a t  t he  end o f  
each year .  

The maximum magnitude o f   t h i s   c y c l i c a l  
movement was about 27 mm f o r   t h e   f o u n d a t i o n  and 60 
mm f o r   t h e   f l o o r .  The l e s s e r  movement o f   t h e  
founda t ion   i s   p robab ly  a r e s u l t  o f  shal lower  
thawing  f rom  less  heat  input,   under  the  foundat ion,  

,f 

i 

and a lso  t h e   g r e a t e r   l o a d  on the  foundation. The 
r e l a t i v e l y   l o w   m a g n i t u d e   o f   b o t h   i s   p r o b a b l y  due 
t o   r e s t r i c t i o n   o f   f r e e z i n g  and thaw ing   t o   t he  
o r i g i n a l   a c t i v e   l a y e r .  

Whi-le c y c l i c a l  movements o f   t h i s  magnitude 
a re   no t   i dea l ,   t hey   a re   m ino r  when compared t o  the  
settlement  which  would  have  occurred  upon  thawing 
o f   t h e   i c e - r i c h   s u b g r a d e   s o i l s   w i t h o u t   t h e  
convect ion  dev ices  in tercept ing  heat   f rom  the 
b u i l d i n g .  

DESIGN FACTORS FOR SUBGRADE COOLING SYSTEMS 

Heat Removal 

Ca lcu la t i ons  o f  the  thermal  performance  of 
l i q u i d   n a t u r a l   c o n v e c t i o n   d e v i c e s   a r e   d e r i v e d  and 
expla ined by  Barthelemy  (1974, 1976) f o r   f r e e z i n g  
of sea i c e  and fo r   so i l   coo l i ng   (Ba r the lemy   1979) .  
A u s e f u l   r e l a t i o n s h i p  from t h i s   l a t t e r   r e f e r e n c e  
i s  

Q=B+ 1, (1  1 
Ta 

where 0 i s   t h e   p i p e - t o - a i r   t e m p e r a t u r e   r a t i o ,  Qd 
i s   t h e   h e a t   t r a n s f e r r e d  by one convect ion  device,  
T i s   t h e   a m b i e n t   a i r   t e m p e r a t u r e ,  and Rd i s  
t f le   overa l l   convec t ion   dev ice   res is tance  to   heat  
t r a n s f e r .  An example o f   t h e   c a l c u l a t . i o n  of R 
f o r  a convect ion  device i s  g iven by Bar the lemj  
(1976). 

The tempera tu re   ra t i o  CI i s   d e f i n e d   b y  
Barthelemy as co l l ec to r   p ipe   t empera tu re   d i v ided  
by  ambient a i r  tempera ture   (bo th   in  " C ) .  
Ca lcu la t i ons   f rom  the   da ta   i n   F igu re  5 show t h a t  13 
ranges  from  about 0.4 t o  0.8. However, 
instantaneous  temperature  readings  are  not   val id 
f o r   c a l c u l a t i n g  B because  thermal  lag i n   t h e  
f r o z e n   s o i l s  does no t   a l l ow   p ipe   t empera tu re   t o  
respond  instantaneously  to a change i n   a i r  
temperature.  Barthelemy  (1979)  examines Q bo th  
f rom  empi r i ca l   da ta   dur ing   per iods  o f  r e l a t i v e l y  
steady a i r  temperature  and  by  calculat ions based 
on heat  f low. The c a l c u l a t i o n s   y i e l d  a 0 o f  0.6, 
w h i l e   t h e   e m p i r i c a l  R averages   c lose r   t o  0.5. 

Barthelemy  (1979)  used a ca l cu la ted   va lue  o f  
R = O.OIZ°C/W fo r   eva lua t ing   the   observed 
pgrfornance of  the  convect ion  devices  at   Barrow, 
and a r r i v e d   a t  a v a l u e   o f  0 = 0.6, I f  one  uses 
the   emp i r i ca l   va lue   o f  0 = 0.5, and  an e f f e c t i v e  
number o f  convec t i on   dev i ces   i ns ide   t he   bu i l d ing  
area of 13.5,  an e m p i r i c a l   v a l u e   o f  Rd = 
O.O15"C/W i s   d e r i v e d .  

So lv ing   equat ion  ( 1 )  f o r  Q and 
i n c o r p o r a t i n g   t h e  14.9 m f l oo r   a rea  seqved  by 
each convect ion  dev ice  a t   Barrow,  Q, can be 
ca lcu la ted   f rom  the   equat ion :  

where empi r i ca l   va lues  o f  8 and Rd a r e  known. 

temperatures  to  check  the  calculated  heat  removal  
FIGURE 6 A v e r a g e   e l e v a t i o n s   o f   f l o o r  and capac i t ies   f rom  the   p rev ious   sec t ion  on thermal 
foundat ion  moni tor ing  po ints   dur ing  course  o f   per formance,   va lues  are  obta ined  which  are  on ly  a 
experiment.  few  percent  lower  than  those  empir ical ly  observed. 

1876 1877 1978 Us ing   t h i s   equa t ion  and t h e   a p p r o p r i a t e   a i r  



It s h o u l d   b e   k e p t   i n   m i n d   t h a t   t h e   v a l u e s  o f  13 and 
R given  above  are  based  on  an  average  wind 
v g l o c i t y   o f  20 k m / h r   t y p i c a l   o f   B a r r o w ,   a n d   a p p l y  
o n l y   t o   t h e   c o n v e c t i o n   d e v i c e s   u s e d   i n   t h e  
e x p e r i m e n t .   B o t h   f a c t o r s  will a l s o   c h a n g e   w i t h  
r a d i a t o r   d e s i g n   a n d   w i t h   t h e   r a t i o  o f  e f f e c t i v e  
r a d i a t o r   a r e a  t o  c o l l e c t o r   a r e a .  

Equa t ion  ( 2 )  i s  o v e r s i m p l i f i e d   i n   t r e a t i n g  R 
as a c o n s t a n t   f o r  a g i v e n   c o n v e c t i o n   d e v i c e .  
Rar the lemy  (1976)  shows t h a t .   t h e   v a l u e  o f  Q 
i n c r e a s e s   w i t h   t i m e  ( a s  t h e   r e s i s t a n c e   t o   h e a t  
t r a n s f e r  of t h e   f r o z e n   s h e l l   a r o u n d   t h e   c o l l e c t o r  
p i p e   i n c r e a s e s ) .  An i n t e r e s t i n g   o b s e r v a t i o n   f r o m  
e q u a t i o n  ( 2 )  above i s   t h a t  as Q i n c r p a s e s ,   t h e  
amount of  hea t   t rans fe r red   dec reases .   Thus  0 i s  
a n   i n v e r s e   m e a s u r e   o f   t h e   " e f f i c i e n c y "   o f   t h e  
c o n v e c t i o n   d e v i c e .  By u s i n g   c a l c u l a t e d   r a t e s   o f  
h e a t   t r a n s f e r   d u r i n g   t h e   y e a r   t o   s o l v e   e q u a t i o n  
( 2 )  f o r  8, v a l u e s   f o r  0 as  low  as 0,36 a r e  
o b t a i n e d   ( f o r   t h e  8 month   average) ,   S ince   h igher  
v a l u e s   o f  0 p r e d i c t  a l o w e r   h e a t   t r a n s f e r   r a t e  
t h a n   o h s e r v e d ,   t h e   e m p i r i c a l   v a l u e   o f  0.5 m i g h t   b e  
more c o n s e r v a t i v e   f o r   d e s i g n   p u r p o s e s .  

The e q u a t i o n s   a b o v e   c o n s i d e r   o n l y   t h e   h e a t  
t r a n s f e r r e d   t h r o u g h   t h e   c o n v e c t i o n   d e v i c e   f r o m   t h e  
c o l l e c t o r   p i p e   t o   t h e   a m b i e n t   a i r .   C o n s i d e r i n g  
t h e   f r o z e n / t h a w e d   s o i l   i n t e r f a c e   a s   t h e   h e a t  
source: 

o s =  s - T a ,  
Rd + Rsf  

T 

where Q, i s   t h e   h e a t   t r a n s f e r r e d   f r o m   t h e  
f r o z e n / t h a w e d   i n t e r f a c e ,  T i s   t h e   t e m p e r a t u r e  
a t   t h e   f r o t e n l t h a w e d   i n t e r q a c e   ( i . e . ,  O O C ) ,  and 
R i s   t h e   r e s i s t a n c e   t o   h e a t   t r a n s f e r   o f   t h e  
f % z e n   s o i l .   H o l d i n g   a l l   o t h e r   v a l u e s   c o n s t a n t ,  
as Rqf i nc reases ,  0 decreases .   Thus   the   ra te  
of  h e a t   t r a n s f e r  wilf decrease a s  t h e   s o i l   a r o u n d  
t,he c o l l e c t o r   p i p e   i s   f r o z e n   b a c k ,   s i n c e   t h e  
f r o z e n   s o i l   t h e r m a l   c o n d u c t i v i t y   i s   l o w e r   t h a n   t h e  
thawed s o i l   c o n d u c t i v i t y .  Once a s t a b l e   f r e e z i n g  
f r o n t   p o s i t i o n  i s  a c h i e v e d ,   t h e   r a t e  of hea t  
t r a n s f e r  will v a r y   o n l y   w i t h   a i r   t e m p e r a t u r e .  

I f  t h e   s o u r c e   o f   h e a t   i s   v i e w e d   a s   t h e   f l o o r  
o f   t h e   b u i l d i n g ,   t h e n  

Qf = f - T a ,  
Rd R d f  

where Qf i s  the  h e a t   t r a n s f e r r e d   f r o m   t h e   f l o o r  
o f   t h e   b u i l d i n g   t h r o u g h   t h e   d e v i c e s ,  T i s   t h e  
f l o o r   t e m p e r a t u r e ,   a n d  R~~ , i s   t h e   s u 4   o f  a1 1 
r e s i s t a n c e   t o   h e a t   t r a n s f e  from t h e   f l o o r   t o   t h e  
c o n v e c t i o n   d e v i c e   ( f l o o r ,   i n s u l a t i o n ,   t h a w e d   s o i l ,  
a n d   f r o z e n   s o i l ) .  I f  one  acknowledges  tha t   the  
e x p e r i m e n t a l l y   o b s e r v e d   h e a t   t r a n s f e r   r a t e s  
p r e s e n t e d   e a r l i e r   a r e   a c t u a l l y  of, t h e   v a l u e   o f  

i n  t h e   e q u i l i b r i u m   s i t u a t i o n  i n  March 1978 
he c a l c u l a t e d ,   a n d   i s  more   t han   tw ice   t he  

v a l u e  o f  . Thus  any   r igorous   des ign  
c a l c u l a t i o n s  Rdust c o n s i d e r  R . As t h e   d e p t h  
a n d   s p a c i n g   o f   t h e   c c l l e c t o r  gfpes i s  i n c r e a s d ,  
P will i n c r e a s e ,   a n d   t h e   r a t e  o f  h e a t   t r a n s f e r  wffl decrease.   Th is  becomes a t r a d e o f f   w h i c h   m u s t  
b e   c o n s i d e r e d   i n   t h e   d e s i g n   p r c r c e s s .  

N a t u r a l   c o n v e c t i o n   f l o w   r e t e  i n  the d e v i c e s  
was measured t o  b e   o n   t h e   o r d e r  o f  3 - 4 
l i t e r s / m i n .   b y   o b s e r v i n g   t h e   f l o w   r a t e  o f  
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p a r t i c l e s   i n   t h e   f l u i d   t h r o u g h  a c l e a r   s i g h t   g l a s s  
i n c o r p o r a t e d   i n t o   t h e   r a d i a t o r .   F o r   p a r t   o f   t h e  
e x p e r i m e n t ,   t h r e e  of t h e   c o n v e c t i o n   d e v i c e s   w e r e  
f i t t e d   w i t h  pumps w h i c h   f o r c e d   c o n v e c t i v e   f l o w  t o  
about  50 l i t e r s / m i n .   T h i s   r e s u l t e d   i n  a l o w e r i n g  
o f   c o l l e c t o r   p i p e   t e m p e r a t u r e  o f  o n l y   a b o u t  1 " C ,  
and a s l i g h t   i n c r e a s e   i n   h e a t   t r a n s f e r   r a t e .   T h i s  
s u p p o r t s   t h e   a r g u m e n t   t h a t   t h e   c o n v e c t i o n   d e v i c e  
r e s i s t a n c e ,   i s   p r i m a r i l y  a f u n c t i o n  o f  t h e  
l i q u i d - t o - a i r R d i e a t   e x c h a n g e   r e s i s t a n c e   a t   t h e  
r a d i a t o r ,   a n d   n o t   o f   t h e   i n t e r n a l   n a t u r a l  
c o n v e c t i o n   r e s i s t a n c e .  

G e n w a l   C o n s i d e r a t i o n s  

The c o n f i g u r a t i o n   o f   t h e   s u b g r a d e   c o o l i n g  
s y s t e m   t e s t e d   a t   B a r r o w   s h o u l d   n o t   n e c e s s a r i l y   b e  
cons ide red  as  a p a t t e r n   f o r   o t h e r   d e s i g n s .   G r a v e l  
pad   t h i ckness  was reduced t o  a minimum, w i t h  
r e s u l t a n t   s e t t l e m e n t   a n d   h e a v i n g   o f   t h e   f l o o r   a n d  
f o u n d a t i o n  o f  t , h e   b u i l d i n g .   T h i s   r e s u l t e d   i n  thr? 
use o f  a ver,y c l o s e   s p a c i n g   o f   t h e   c o n v e c t i o n  
dev i ces  beqauause o f   t h e   d i s a s t r o u s   c o n s e q u e n c e s  
s h o u l d   t h e   m a s s i v e   i c e   i n   t h e   s u b g r a d e   t h a w .   I n  
a d d i t i o n ,   t h e   n a t u r e   o f   t h e   e x p e r i m e n t a l  
s i m u l a t i o n  was s u c h   t h a t   ( b e c a u s e   o f   t h e r m o s t a t  
e r r o r )  a f l o o r   w i t h  no i n s u l a t i o n  was modeled 
d u r i n g   t h e   w i n t e r ,   w h i l e  a f l o o r  wi th 5 cm o f  
i n s u l a t i o n  was m o d e l e d   d u r i n g   t h e  summer. D u r i n g  
t h e   w i n t e r ,   t h e   c o n v e c t i o n   d e v i c e s   r e m o v e d  5-7 
t imes  t h e  amount o f   heat   wh ich   wou ld   have  been 
t r a n s m i t t e d   t h r o u g h  5 cm o f   f l o o r   i n s u l a t i o n ,  

It remains a d e s i g n   p r o b l e m   t o   b a l a n c e  a 
t h i c k n e s s  o f  g r a v e l  pad ( w i t h  a t radeo f f   be tween  
l a t e n t   h e a t   a n d   f r o s t   s u s c e p t i b i l i t y )   w i t h  a 
t h i c k n e s s  o f  i n s u l a t i o n   a n d   w i t . h  a c o n f i g u r a t i o n  
and s p a c i n g   o f   c o n v e c t i o n   d e v i c e s  t o  a r r i v e   a t  a 
s t a b l e  des-ign an  a p r o j e c t - s p e c i f i c   b a s i s .  

OTHER SUBGRADE COOLING SYSTEMS 

A t  t h e   t i m e  c;f t h e   e x p e r i m e n t a l   w o r k   r e p o r t p d  
h e r e i n ,   o n l y   o n e   o t h e r   s u b g r a d e   c o o l i n g   s y s t e m  
u s i n g   c o n v e c t i o n   d e v i c e s  was  known t o  t h e   a u t h o r .  
These  were  two-phase  devices,  McOonnell   Douglas 
"Cr>yo-Anchors," i n s t a l   l e d   b e n e a t h  a schoo l  
b u i l d i n g   a t  Ross R i v e r   i n   t h e  Yukon T e r r i t o r y   i n  
1975 (Ha ley  1987). Jn a d d i t i o n ,  a fpw a i r   d u c t  
c o o l i n q   s y s t e m s   w e r e   i n  use. A number of recent,  
i n s t a l l a t i o n s  use e i t h e r   t w o - p h a s e   c o n v e c t i o n  
d e v i c e s   o r  air d u c t s ,   b u t   t h e r e   a r e   s t i l l  no o t h e r  
l i q u i d   n a t u r a l   c o n v e c t i o n   h o r i z o n t a l   s u b g r a d e  
c o o l i n g   s y s t e m s   i n   u s e   w h i c h   a r e  known t o   t h i s  
au tho r .  

Comparison o f   t h e   p e r f o r n l a n c e  of d i f f e r e n t  
t y p e s   o f   h e a t   t r a n s f e r   d e v i c e s   i s   d i f f i c u l t  
because  thermal   per formance i s   v e r y   s e n s i t i v e   t o  
such   f ac to rs  a s  t h e   a r e a s   a n d   r a t i o   o f   c o l l e c t o r  
p i p e   a n d   r a d i a t o r   s u r f a c e s ,   a i r   t e m p e r a t u r e   a n d  
w i n d   s p e e d ,   a n d   t h e   t h e r m a l   r e s i s t a n c e   o f   t h e   s o i l  
o r   o t h e r   m a t e r i a l   s u r r o u n d i n 9   t h e   c o l l e c t o r   p i p e .  
The f o l l o w i n g   d a t a   a l l o w  an o r d e r  of magnitude 
compar i son   o f   pe r fo rmance  o f  v a r i o u s   d e v i c e s .  

A l o o p - c o n f i g u r e d   l i q u i d   c o n v e c t i o n   d e v i c e  
d e s c r i b e d   h e r e i n   i s   c a p a b l e  o f  h e a t   r e j e c t i o n   o f  
58 Cl/m o f  embedded l e n g t h   a t   a n   a v e r a g e   a i r  
t e m p e r a t u r e   o f   a b o u t  -2O"C,  wind  speed o f  20 
k m / h r ,   a n d   c o l l e c t o r   p i p e   t e m p e r a t u r e  o f  -10°C 
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( b a s e d   o n   e m p i r i c a l   d a t a   d u r i n g  Novemher 1977) .  
Performance  data f o r  Model  500  "Cryo-Anchors" 
p r e s e n t e d   b y   G l o v e r   ( 1 9 7 5 )   a r e   f o r   s t i l l   a i r ,   a n d  
i n d i c a t e  a p o w e r   d i s s i p a t i o n   o f   a b o u t   4 8  W/m o f  
ernbedded l e n g t h   f o r   t h a t   d e v i c e   u n d e r   o t h e r w i s e  
s i m i l a r   c o n d i t i o n s .   D a t a   f r o m   D a v i s o n   a n d  Lo 
( 1 9 8 2 )   i n d i c a t e   t h a t   a i r   d u c t s   a t   I n u v i k   h a d  a 
hea t   remova l   capac i t y  o f  abou t  9 W/m of embedded 
l e n g t h  when a v e r a g e d   t h r o u g h   t h e   w i n t e r .  

Thermal  performance i s   n o t   t h e   o n l y   c r i t e r i o n  
f o r   s e l e c t i o n   o f  one  system  over   another .   Cost ,  
a b i l i t y   t o   f i e l d   f a b r i c a t e ,   i n s t a l l a t i o n  
r e q u i r e m e n t s ,   c o n s t r u c t i o n   a n d   s u p p l y   l o g i s t i c s ,  
ma in tenance   requ i remen ts ,   and   o the r   f ac to rs   shou ld  
e n t e r   i n t o   t h e   s e l e c t i o n   p r o c e s s .   A l t h o u g h  a 
c o m p l e t e   c o m p a r i s o n   o f   t h e s e   f a c t o r s   i s   b e y o n d   t h e  
scope o f   t h i s   p a p e r ,  some advantages o f  l i q u i d  
convec t i on   dev i ces   shou ld   he   cons ide red .  Compared 
t o  t w o - p h a s e   c o n v e c t i o n   d e v i c e s ,   l i q u i d   d e v i c e s  
have  the  advantages o f  (1) i n s t a l l a t i o n  o f  t h e  
c o l l e c t o r   p i p e s   h o r i z o n t a l l y   r a t h e r   t h a n  a t  a 
s l a n t   a s   m o s t   t w o - p h a s e   d e v i c e s   r e q u i r e   ( t h i s  
r e q u i r e m e n t   i s   p a r t i c u l a r l y   c r i t i c a l  when t h e r e   i s  
a p o s s i h i 1 i t . y   t h a t   f r o s t   h e a v i n g  will cause a 
two-phase  device t o   s l o p e   u p w a r d s  away f r o m   t h e  
r a d i a t o r ,   w h i c h   w o u l d   h a l t   t h e   r e t u r n   o f   t h e  
condensate t o  t h e   h e a t   c o l l e c t m   p i p e l ,  ( 2 )  t h e  
a b i l i t y  t o  e a s i l y   s u p p l e m e n t   n a t u r a l   c o n v e c t i v e  
c o o l i n g   w i t h   m e c h a n i c a l   r e f r i q e r a t i o n   a n d   f o r c e d  
c i r c u l a t i o n ,   a n d  ( 3 )  t h e   a b i l i t y   t o   f a b r i c a t e  t h e  
d e v i c e s   i n   t h e   f i e l d   w i t h o u t   t h e  need f o r   w e l d s  
c 2 p a b l e   o f   s u s t a l ' n i n g   h i o h   i n t e r n a l   p r e s s u r e s .  
Compared t o   a i r   d u c t  systems, l i q u i d   d e v i c e s  (1) 
do n o t   r e q u i r e   t h a t   t h e   g r a v e l   p a d  be e l e v a t e d  
above  q round  sur face  t o  p r o v i d e   a i r   f l o w   o r   a v o i d  
p rob lems   w i th   g roundwate r ,  ( 2 )  do n o t   c l o g   w i t h  
snow, d u s t ,   o r   w a t e r ,   a n d  (3) do n o t   h a v e   t o   b e  
m a n u a l l y   d i s a b l e d   d u r i n g   t h e  summer. 

L i q u i d   d e v i c e s   h a v e  50me apparent. 
d isadvantages  when compared t o  two-phase  devices.  
J o h n s o n   ( 1 9 7 1 )   f o u n d   t h a t   t h e   h e a t   t r a n s f e r   r a t e  
o f  a l i q u i d   l o o p - c o n f i g u r e d   d e v i c e   f e l l   t o   z e r o  
w i t h  a t e m p e r a t u r e   p o t e n t i a l   ( b e t w e e n   t h e   a i r   a n d  
t h e   c o l l e c t o r   p i p e )   o f   s e v e r a l   d e g r e e s .   R e s u l t s  
of t h e   e x p e r i m e n t a l   w o r k   r e p o r t e d   h e r e i n   s u g g e s t s  
t h a t   w h i l e   t h i s   e f f e c t   e x i s t s ,   f o r   t h e   d e v i c e s  
t e s t e d  i n  B a r r o w   t h e   c r i t i c a l   t e m p e r a t u r e  
p o t e n t i a l  for t h e   o n s e t   o f   c o n v e c t i o n  may n o t  be 
as qreat a s   f o r   t h e   d e v i c e s   t e s t e d   b y   J o h n s o n .  
A n o t h e r   a p p a r e n t   d i s a d v a n t a g e   o f   l i q u i d   d e v i c e s  i s  
t h e   p o t e n t i a l   f o r   l o s s  o f  an a n t i f r e e z e   t y p e   f l u i d  
i n t o   t h e   s u b g r a d e .  However, t h e   1 5   d e v i c e s   i n  
Barrow  were  assembled  by  inexper ienced  personnel  
and  no  measurable f l u i d   l e a k s   o c c u r r e d .  

CONCLI!SION 

The  exper imenta l   work  ner formed  by  the U.S. 
Wavy 's   C iv41  Eng ineer ing   Labora tory  on 
l o o p - c o n f i g u r e d   l i q u i d   n a t u r a l   c o n v e c t i o n   d e v i c e s  
has  shown t h a t   t h e y   a r e   c a p a b l e   o f   p r e v e n t i n g  
p r o g r e s s i v e   t h a w i n g  o f  permaf ros t   beneath   heated  
b u i l d i n g s   c o n s t r u c t e d   a t   g r a d e  i n  t h e   A r c t i c ,   a n d  
t h a t   t h e i r   t h e r m a l   p e r f o r m a n c e   i s   c o m p a r a b l e   t o  
t h a t  of  o t h e r   t y p e s   o f   h e a t   t r a n s f e r   d e v i c e s .  
I n c o r p o r a t i o n  of t h e   i n f o r m a t i o n   g a i n e d   i n   t h i s  
w o r k   w i t h   t h e   p r e s e n t   s t a t e - o f - t h e - a r t   k n o w l e d g e  
o f   i n s u l a t e d   p a d   c o n s t r u c t i o n   s h o u l d   p r o v i d e  

e n g i n e e r s   w i t h  a u s e f u l   a l t e r n a t i v e  fo r  A r c t i c  
c o n s t r u c t i o n .  

ACKNOWLEDGEMENTS 

The   exper imen ta l   wo rk   repo r ted   he re in  was 
p e r f o r m e d   w i t h   f u n d i n g   p r o v i d e d   b y   t h e   N a v a l  
F a c i l i t i e s   E n g i n e e r i n g  Command. F i e l d   l o g i s t i c s  
suppor t  was p r o v i d e d   b y   t h e   O f f i c e  o f  Naval 
Research. Mr. J .  B a r t h e l e m y ,   f o r m e r l y   o f  CEL, was 
i n s t r u m e n t a l   i n   t h e   d e s i g n   a n d   t e s t i n g   o f   t h e   c o n -  
v e c t i o n   d e v i c e s ,   a n d   i n   m o n i t o r i n g   a n d  
i n t e r p r e t i n g   t h e i r   P e r f o r m a n c e .  The staff  o f   t h e  
F a i r b a n k s   o f f i c e   o f  Shannon & Wi l son ,   I nc .  
a s s i s t e d   m a t e r i a l l y   i n   t h e   p r e p a r a t i o n   a n d   r e v i e w  
o f  t h i s   p a p e r .  CEL i s   c / o   N a v a l   C o n s t r u c t i o n  
B a t t a l i o n   C e n t e r ,   P o r t  Hueneme, C a l i f o r n i a  93043. 
The a u t h o r  was employed as a g e o l o g i s t   w i t h  GEL 
1974-1977. 

REFERENCES 

Barthelemy, J. L., 1974, I c e   e n g i n e e r i n g - q u a n t i -  
f i c a t i o n   o f   s u b s u r f a c e   i c e   t h i c k e n i n g   t e c h -  
n iques ,  CEL Techn ica l   Repor t   R-811:   Por t  
Hueneme, CA, C i v i l   E n g i n e e r i n g   L a b o r a t o r y .  

Barthelemy, J .  L.,  1976, I c e   e n g i n e e r i n g - a   h e a t  
s i n k   m e t h o d   f o r   s u b s u r f a c e   i c e   t h i c k e n i n g ,  
CEL Techn ica l   Repor t  R-845: P n r t  Hueneme, 
CA, C i v i l   E n g i n e e r i n g   L a b o r a t o r y .  

Bar the lemy,  J. L. ,  1979, CEL b u i l d i n g  a n d   e x p e r i -  
menta l   subgrade  coo l ing   sys tem,   Bar row,  
A l a s k a - c o n s t r u c t i c n   h i s t o r y   a n d   p e r f o r m a n c e  
c h a r a c t e r i s t i c s ,  CEL Techn ica l   Repor t  R-870: 
P o r t  Hueneme, CA, C i v i l   E n g i n e e r i n g  
Labora to ry .  

C ron in ,  J .  E., 1977, A l i q u i d   n a t u r a l   c o n v e c t i o n  
c o n c e p t   f o r   b u i l d i n a   s u b g r a d e   c o o l i n g ,  i n  
P r o c e e d i n g s   o f   t h e   S e c o n d   I n t e r n a t i o n 3  
Symposium  on  Cold  Regions  Engineer ing:  
F a i r b a n k s ,   U n i v e r s i t y  o f  A laska.  

Davison, 0. E l . ,  and Lo, R. C. , 1982,   Preserva t ion  
o f   p e r m a f r o s t   f o r  a f u e l   s t o r a g e   t a n k ,   i n  
French, H .  M., ed. , P r o c e e d i n g s   o f   t h e  Four- 
Canadian  Permafrost  Conference:  Ottawa, 
N a t i o n a l   R e s e a r c h   C o u t v i l   o f  Canada. 

G lover ,  L .  W.,  1975,  Cryo-Anchor-a  design  approach 
f o r   a r c t i c   f o u n d a t i o n s ,  Oil and Gas P i p e l i n e  
Equipment and Technology  Seminar, MOSCOW, 
FlDAC Paper WD 2593:  McDonnell  Douglas 
A s t r o n a u t i c s  Company. 

Johnson, P. R., 1 9 7 1 ,   E m p i r i c a l   h e a t   t r a n s f e r  
r a t e s   o f   s m a l l   L o n g   a n d   B a l c h   t h e r m a l   p j l e s  
and  thermal   convec t ion   loops ,   IAEE  Repor t  
7 1 0 2 :   F a i r b a n k s ,   I n s t i t u t e   o f   A r c t i c  
E n v i r o n m e n t a l   E n g i n e e r i n g ,   U n i v e r s i t y  o f  
Alaska. 

Hayley,  D. W., 1 9 8 2 ,   A p p l i c a t i o n   o f   h e a t   p i p e s   t o  
d e s i g n   o f   s h a l l o w   f o u n d a t i o n s  on  permafrost ,  
I i n  French, H. M., ed. ,   Proceedings o f  t h e  
Four th  Canadian  Permafrost   Conference:  
Ot tawa,   Nat iona l   Research   Counc i l   o f  Canada. 



AN EXPERIMENTAL STUDY OF THE FROST-HEAVE REACTION 
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The ex is tence  o f  t h e  frost-heave reaction  has  been  recognized by many re- 
searchers .  To eva lua te   f ros t -heave   quant i ta t ive ly   for   the   des ign  of foundations 
in   co ld   r eg ions ,   i n  s i t u  f rost-heave  tes ts  on model foundation6  were  carried  out 
at J i n t a o  Field Research   S ta t ion   in   the  Da-Xinganllng  Mountains of nor theas t  
China  from 1978 through 1980. Test r e s u l t s  showed that   the   f rost-heave  react ion 
around p i le   foundat ions   exhib i t s  a t r i a n g u l a r  stress d i s t r i b u t i o n .  Its peak 
value  occurs away from the  foundation  center at  one-half of the freezing  depth.  
Based on a s impl i f i ed   t r i angu la r  stress d i s t r i b u t i o n  dlagrarn,  the  authors  present 
equations f o r  calculating  frost-heave  reaction  in  both  plane- and space-s t ress  
cases. Equations  for  examining  frost-heaving s t a b i l i t y  and t e n s i l e   s t r e n g t h  o f  
foundations,  where  the  frost-heave  reaction i s  t aken   in to   cons idera t ion ,   a re   a l so  
presented  for  both two- and  three-dimensional  problems. 

Hei lungj iang  Province of China is l o c a t e d   i n  
the  southern  margin o f  the   Euras ian   permafros t  
a r ea ,  and the   f reeze- thaw  ac t ion   there  is ex- 
t remely   ac t ive .   Espec ia l ly   unacceptab le   f ros t  
heave  deformation  have  often  occurred on t h e  
s t r u c t u r e s   b u i l t  on f r o s t   h e a v e   s u s c e p t i b l e  
foundations.  As a r e s u l t  some of t h e   s t r u c -  
t u r e s  have  been damaged. For example, a p i e r  
s h a f t   ( t h e   p a r t  i n  e a r t h )  of 2-10 m deck   p l a t e  
g i r d e r   b r i d g e   i n   t h a t  area fa i l ed   because  of 
f r o s t  heave.  According t o   o u r   i n v e s t i g a t i o n  
t h e r e  are severa l   o ther   s imi la r   examples .  To 
search   the   cause  of t h i s   f r o s t  daruage, we first 
of a l l  checked our t r a d i t i o n a l   d e s i g n  method, 
a c c o r d i n g   t o  which t h e   p u l l - o u t   f r a c t u r e   a b i l i -  
t y  of t h e   p i e r   s h a f t  is c a l c u l a t e d  by sub t r ac t -  

ing   the   dead   load   above   the   ca lcu la ted   sec t ion  
from  the t o t a l   t a n g e n t i a l   f r o s t  heave fo rce ,   bu t  
t h e   c a l c u l a t e d   r e s u l t   d i d   n o t  show t h a t  the 
sha f t   shou ld  be broken by the   pu l l -out   force .  
Thus we were  engaged i n   r e s e a r c h  work on t h e  
f r o s t  heave mechanism of t h e   s t r u c t u r e s .  
Through  experimental   invest igat ion it was found 
tha t   t he   bas i c   cause   o f   t he   f r eeze  damage men- 
t ioned  above was t h e   f r o s t  heave  reaction, 
vbich  had  been  excluded  from  consideration 
d u r i n g   t h e   c a l c u l a t i o n   i n   t h e   p a s t .  So t h e  
ques t ion  how t o   c o u n t   f r o s t   h e a v e   r e a c t i o n  is 
t h e   f o c a l   p o i n t   d i s c u s s e d   i n   t h i s   p a p e r .  

STATE OF ART OF FROST HEAVE 
REACTION STUDY 

Although great  achievements  have braen made on 
the l i t e r a t u r e  o f  f r o s t   s o i l  mechanics, amy im- 
portant  problems  have  not  yet   been  solved pro- 
p e r l y  i n  p r a c t i c e ;   f o r   i n s t a n c e ,   f r o s t  heave re- 
a c t i o n  has not  been taken i n t o  account by now 
i n  c a l c u l a t i n g   f r o s t   h e a v e   s t a b i l i t y .   T h i s  is 
because   t e s t s   and   r e sea rch  work on frost heave 
reac t ion   have  seldom been done.  Dalmatov (1957) 
i s  the  only  one who is a b l e   t o   g i v e  a quan t i t a -  
tive  formula.  Through  modelling tests i n  labo- 

ra tory ,   he   conf i rmed  the   ex is tence  o f  f r o s t  
heave   reac t ion  and   gave   the   quant i ta t ive  formu- 
l a  wi th   t he   f l ex ib l e   l eng th   caused  by frost 
hesve on the   g round   su r f ace   ad jacen t   t o   t he  
f o u n d a t i o n   i n   t h e   f i e l d  as frost heave d i s t r i -  
bution  zone and on t h e   a s s u m p t i o n   t h a t   f r o s t  
heave   r eac t ion  is d i s t r i b u t e d   t r i a n g u l a r l y  and 
t h e   p r i n c i p l e   t h a t   a c t i o n  and r e a c t i o n  are cer- 
t a i n  t o  be ia equ i l ib r ium,   bu t   t h i s   fo rmula  has 
not   been  seen  appl ied  current ly  for lack of ve- 
r i f i e d   i n f o r m a t i o n  data. The ex i s t ence  of 
f r o s t   h e a v e   r e a c t i o n   h a s  also been s t a t e d  in 
several   o ther   documents   but  no q u a n t i t a t i v e  me- 
thods  have been given. To f i n d   t h e  correct 
q u a n t i t a t i v e  methods, we have  conducted  the 
following  experiments.  

EXPERLMEWS ON FROST HEAVE 
REACTJON 

Resu l t s  

For t he   s ake  o f  exp lo r ing  the d i s t r i b u t i o n  
rule of f r o s t   h e a v e   r e a c t i o n  so as t o   de t e rmine  
on q u a n t i t y ,  we have  conducted  several  f i e ld  
tes ts  at  Jin Tao Froeea S o i l  Experimental  Sta- 
t i o n  on Da Hinggan  Ling  Mountains of Northeast  
China i n  1978, 1979 and 1980, The dimeasion of 
t e s t  piLes, action-measuring  apparatus and the 
expe r imen ta l   r e su l t s  are shown in Figure I. It 
r u s t b e   p o i n t e d   o u t   t h a t   t h e  frost heave   reac t ion  
curve of t h e  f i r s t  year  i n  Figure I 5.8 under   the  
in f luence  o f  t h e   b a c k - f i l l   t h a t   h a s  n o t  y e t  
f u l l y   s e t t l e d .  

Analmis 

Befor% foundat ion  is embedded i n t o  the grou@ 
the   base  soil at every  Layer rill heave   f r ee ly  
upvards when it i s  frozen, as a r e s u l t  the ver- 
t i c a l   p r e s s u r e  stress OIL t h e   f r o s t   f r o n t  will 
not   change  round  about   the  f reezing  per iod 
(omi t t ing   the   in f luence  of water migration).  

204 



205 

FIGURE 1 Experimental   results  and  apparatus 

After  foundation is embedded i n t o   t h e  ground, 
tho heave of the s o i l   t o  be cemented with the 
foundat ion  s ides  will be bound when the  base 
soi l   near   the  foundat ion is frogen. Thus t h s  
i n t e rac t ion  force between base soil and t he  
foundat ion w i l l  emerge. The p r i n c i p l e  of 
the in to raa t ion   du r ing   f ros t  heave will be 
d e a l t   w i t h  below. 

The foundation soil i n   s easona l   f roe t  aream 
is frozen downwards layer  by layer  as f l l u s -  
t r a t e d   i n  #lgum 2. Ye assume t h a t  t h e  f i r s t  
layer  soilAH1  near the ground  surfaoe and the 
s t ruc tu re   s ides  have already been froren toge- 
t he r  and t h a t   t h e   s o i l  has achieved its primary 
volume-heaving quan t i ty   i n  t h i s  layer. When 
the straond lager  aoilAH2  gets  frozen,  the 
heaving o f  its volume would be bound by AHI, 
the   f rozen   so i l  a t  the f i r s t   l a y e r  above and 
the  thawing  soil  layer  underneath. But the 
heaving force emerging from ear th   f reez ing  is 
so strong  that  obviously  the  heaving  forco be- 
tween the f i r s t   l a y e r   s o i l A B 1  and the masonfy 
i s  unable t o   r e s t r i c t  it, thus the f i r s t   l a y e r  
s o i l  is sheared and an  up-sl iding  f r ic t ion 
force  emerges between the first layer soil. and 
the masonry, which is c a l l e d   t a n g e n t i a l   f r o s t  
heave  force. A t  the Game time the heaving 
force o f  t h e   s o i l  a t  the  second  layer  not  only 

FIGURE 2 The i n t e r a c t i o n  between f ros t   heave  soil 
and  foundation. 

f o r c e s   t h e   f i r s t   l a y e r   s o i l   t o   s h i f t  upwards 
but  also  compreeses  the  thawing  soil’layer be- 
low.  The  downward force is eal lod frost hoavs 
reaction. And t h e   f r o s t  heave fo rce  of the 
t h i r d   l a y e r  ~ o i L A 8 3  also  puahes  the  soi l  at 
the fkrs t  and seaond l a y e r s   t o  move upwarde. 
It should be noticed that the  f r o s t  heave re- 
a c t i o n   r e s u l t i n g  from the tangen t i a l   f ro s t  
heave  action a t   t h e  first layer will spread 
downwards through  the  frozen  soils a t  the sa- 
cond and third  layers   ( the  spreading  angle  is 
nearly 45’ accord ing   to  some previous   t es t s ) .  
No donbtA84,A H5 . .. vi11  continuously repeat 
the above  mentioned process --I freezing and 
heaving. Along w i t h  the growth of the  frozen 
layer numbers t h e  t a n g e n t i a l   f r o s t  heave  force 
between the  frozen  soil.  and masonry gradually 
increases.  The s t r u c t u r e  will start t o  heave 
when the   resu l tan t  force exceeds  the  structure 
weight,  the  weight of t h e   s o i l  above the foun- 
dation  margins and the frost heave r eac t ioa  
force  dropping on t h e  margins. Based on the  
p r inc ip l e  of the equilibrium o f  forces ,   the  
tangential f r o s t  heave ac t ion  and reaot ion al- 
ways exist  simultaneously,  equal in quant i ty  
but  Opposite  in’direction. And the  force re- 
s u l t a  from the  f r o s t  heave  aation of t he   so i l ,  
so BO- so i l  l aye r s  will move upwards while so- 
me other Layers move downward8 (compression 
displaaement). Such a boundary l i n e  alvays 
exists  from the  beginnkng  to the end  of t he  
whole frost heave proaess, which i s  a a l l e d  
f r o s t  heave  boundary line as ahown i n  Figure 2. 
It will move downward gradually along with  the  
deepening o f  t h e   f r o s t  from the beginning of 
t he   f ros t .  The pier aha f t  of the   s t ruc ture  
bears p a r t s  of the  pull-out  farce  originating 
from t h e   f r o s t  heave ac t ion   dur ing   the   f rQ6t  
heave. The peak value of the t a n g e n t i a l   f r o s t  
heave fo rce  will appear when the boundary l i n e  
lowers t o  a ce r t a in   pos i t i on  which is t h e  mqat 
unfavourable  oondition  for  the pier shaft   being 
pulled. This bounuary l i n e  is observed a t  the 
pos i t i on  above 2/3 f rost   depth in t he   f ros t  
area according  to  the  broken  posit ion o f  a 
bridge  pier  i n  t he   f i e ld .  

With regard t o  t he   d i s t r ibu t ion  rule o f  the  
f r o s t  heave  reaation, it can be seen in Figure 
1 t ha t   t he  ground surface  near  the  structure 
becomes curved,  the  length of which i s  approxi- 
mats t o  frost dapth.  According t o   t h e   r e s u l t  
o f  t he   ac tua l  measurements for t h r e e   y e w s   i n  
succession, the d i s t r i b u t i o n  zone of f r o s t  
heave r eac t ion  is approximate  to  frost  depth 
too, and its d i s t r i b u t i n g  graph  appears t o  be a 
hump Bpreading on both  side5 of the   s t ruc ture  
or around it ,  which EM be sketched as Figuro 
3. 

From Figure 3 we know tha t   t he   ac tua l ly  
measured frost heave reaction  graph is the  bda 
p a r t ,  while Dalmatov’s (1957) assumed graph i s  
t h e   a b c p a r t .  As compared wi th  each  other, 
they are  different  d i s t inc t ly .   Th i s  is bocause 
Dalmatoo (1957) did not  take  into  account  the 
p a r t  of t h e   f r o s t   h e a v e   r e a c t i o n   n e a r   t h e   s t r u c -  
ture t h a t   a c t s  on t h e   s t r u c t u r e  sides through 
f r i c t i o n  between s o i l  a t  t h e   s t r u c t u r e   s i d e s  
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FIGURE 3 A genera l ized   graph  o f  f r o s t   h e a v e   r e a c -  
t ion .  

a n d   t h e   s o i l  as well as tha t   be tween  the  
soil and  masonry. I f  t h e   f r i c t i o n a l   f a c t o r  
o f  t h e   s t r u c t u r e   s i d e s  i s  zero,  t h e  stress 
d i s t r i b u t i o n   g r a p h  of t h e   f r o s t   h e a v e  
r eac t ion   can  be gene ra l i zed   i n   acco rdance   w i th  
Dalmatov@s (1957) assumption.   But   the  fact  is 
not  so. Experimenta  have  proved  that   the  abd 
p a r t  of t h e   f r o s t  heave r e a c t i o n   g r a p h   a c t s  on 
t h o   s t r u c t u r e   s i d e s ,  and t h e r e f o r e   c o u n t e r a c t s  
t h e   t a n g e n t i a l   f r o s t  heave  force f~ 1 of t he  
same quant i ty .  In f a c t ,  the t o t a l   f r o s t  heave 
r eac t ion   shou ld  be t h e  SUP of t h e   t v o   p a r t s  o f  
abd and bdc, i .e (p i  + p2) i n  F igure  3, and 
t h e   t o t a l   t a n g e n t i a l   f r o s t   h e a v e   f o r c e  should be 
(TI + T2>, and = p q . 7  2 = ~ 2 ,  where t h e  two 
f o r c e s ,  pq andrq,  act on t h e  same s t r u c t u r e  
s i d e   e q u a l   i n   q u a n t i t y  and oppos i ta  i n  dirsctioq 
so they have no influence on t h e   f r o s t   h e a v e  
s t a b i l i t y  of the s t ruc tu re   bu t   t ake   t he  deai- 
s i v e   a c t i o n  on t h e   p u l l - o u t   f a i l u r e  o f  t h e   p i e r  
sha f t .  From t h i s  we f i n d   o u t   t h e   r e a l   c a u s e  of 
t h e   p u l l - o u t   f a i l u r e s  of t h e  pier s h a f t s   i n   t h e  
f i e l d s .  And p2 andT2 are the parts that have 
an e f f e c t  o n   t h e   s t a b i l i t y  o f  t h e  frost heave 
ac t ion .  

Summarizing what is s t a t ed   above ,   t he  frost 
h e a v e   r e a c t i o n   a c t i n g  on the foundat ion  should 
be  the  volume  enclosed by bdc stress graph i n  
Figure 3. It should  be  pointed  out   that  in t h e  
a c t u a l  measurement far t h e   t a n g e n t i a l  frost. 
h e a v e   f o r o e   i n d e r , t 2  is measurab le ,   bu t   no tzq .  
Nevertheless,  T I  m T 2  i n  two dimensional  pro- 
blems w h i l e z q   a n d 2 2   s h o u l d  be c a l c u l a t e d  pro- 
por t iona l ly   in   th ree   d imens iona l   p roblems.  The 
above a n a l y s i s   a l s o   i n d i c a t e s  a q u e s t i o n   t o  be 
p a i d   a t t e n t i o n  to, i.e. when measuring  the tan- 
g e n t i a l  f r o s t  heave force index, s h o r t e r   p i l e s  
would  produce  obviously larger t a n g e n t i a l  frost 
heave force. Therefore when measuring in t h e  
f i e l d ,   t h e   t e s t e d   p i l e s   m u s t   b e  made c l o s e  i n  
l e n g t h   t o   t h e   d e p t h  of t h e   a c t u a l   s t r u c t u r e ,  
otherwise  the  meaeured  data are i nva l id .  

Ca lcu la t ion  Formulas of  F ros t  Heave Reaction 

Experiments  have  proved  that   the stress dis- 
t r i b u t i o n   g r a p h  o f  frost heave reac t iorA appears 
a8 a hump d i s t r i b u t e d  on   bo th   s ides   o f  a s t r u c -  
t u r e   i n  two-dimensional  problems o r  around it  

FIGURE 4 Dis t r ibu t ion   g raph  of f r o s t  heave reac- 
t i o n  i n  two-dimensional  problems. 

e 

FIGURE 5 A d i s t r i b u t i o n   g r a p h   o f  frost heave  reac- 
t ion  in   three-dimensional   problems.  

in   three-dimensional   problems.  For t he  sake of 
a convenient   appl ica t ion ,   ca lcu la t ion   formulas  
should bo as s i m p l i f i e d  as possible,  So re ge- 
n a r a l i a e  tha st ress   graph  measured in the  field 
as F igures  4 and 5 .  

1. Formulas i n  two-dimensional  problems 

H 

both Sides: 

Pn= 4Tk (T) ........*........ T/M (1 1 L 2  

b. If L > - p  N 

both a ides :  

Pn= 2P.k [ A f  (2- 7) -I) .. .... T/M (2) 

where 
Pn i s  t h e   f r o s t   h e a v e   r e a c t i o n ;  T/M 
Tk is t h e   t a n g e n t i a l   f r o s t  heave f o r c e  on t h e  

B ia the  dis tance  between  foundat ion  top  and 
lateral s i d e s  of the   foundat ion;  T/M 

ground su r face   gene ra l ly  JIO l e s s   t h a n  2/3 
of f r e e z i n g  depth8 M 

L is t h o   p r o j e c t i n g   l e n g t h  of the foundat ion  
s k i r t ;  w 

N i s  the   dead  load of s t r u c t u r e   ( i n c l u d i n g   t h e  
ve igh t  of soil on the   foundat ion   Ski r t ) .  T 

2. Formulas in three-dimensional problems 



207 

a. If L < T  

Pn=&J7RL2Tk ............... I .  T (3) 

H 

2 

H2(2R+H) 

b. If L S T  9 
H 

4aRTk 
(ZRL(2- +)-H(F f T )  + pn= H ( 2 R 4 H )  

H 

where R is t h e  radius of column shaft. 

The foundation is round. The other  symbols 
are the same as above. 

CHECKING COMPUTATION OF FROST-HEAVE 
STABILITY AND STRENGTH 

CheckinR  Computation of Fros t  Heave S t a b i l i t y  

n.U.Tk f: N + Pn + Qn 4 Qt 

where 
n is t h e   f a c t o r  of  s a f e t y  I .I-? .2; 
U i s  t h e   g i r t h  of foundat ion  within  the 

e f f e c t i v e   f r o s t  heaving zone above 
Pound.::.tioa t o ? ;  M 

Pn is the  frost heave   r eac t ion   f a l l i ng  
onto  the foundation  margin on both 
s i d e s  of the  foundation  or  around 
it; T 

t i o n  and frozen  soil.;  T 
Qm i s  the  freezing force between  founda- 

Qt i s  t h e   f r i c t i o n  between  foundation  and 

Other symbols are t he  same as above. 

Calcu la t ion  of Pull-out  Reeistance f o r  S t ruc tu re  

1, When calculating  in  two-dimensional problems 

thawing soil; 

PI = 2TkB. T 

2 .  When c a l c u l a t i n g  in three-dimensional pro- 
blems 

T 

3. Calculation f o r  Pull S t r e s s  of Pier Shaf t  
Sec t ion   (Refer r ing   to   the   Br idge  Piers with 
Round Ends ) 

Tk. U-Nc + - yk) 2R+H (I?++)+ 2TkB 
- F 

SGa 
1 

where 
6 i s  t he  stress on the dangerous  sect ion of 

Nc is the dead load above  dangarous section 

F i s  t h e   s e c t i o n a l  area of t b s  dangerous 

6 a i s  the limit pul l -out   s t rength of 

strmture; T / M ~  

of structurta;  7 

seation o f  structures I? 

concrete T/M2 
B i s  t he  length o f   s t r a i g h t   l i n e  segment o f  

m is t h e   f a c t o r  of safety  (3 i s  taken).  
Other symbols are t h e  same as above. 
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AN INVESTIGATION OF ROCK GLACIERS I N  THE KUNLUN SHAN, CHINA 
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A s p e c i a l  form of r o c k   g l a c i e r   i n  the continuous  permafrost  zone is  found at  high 
e l eva t ions   i n   t he  Jing Xian Valley of the  Kunlun  Shan of western  China.  These 
rock   g l ac i e r s   gene ra l ly  have a smooth long i tud ina l   p ro f i l e  and lack longi tudina l  
and t ransverse   r idges  and furrows.  Their  gradients are s teeper   than   rock   g lac ie rs  
e l sewhere ,   bu t   the i r   f ron ta l   s lopes   a re   on ly   s l igh t ly   s teeper   than   the i r  down- 
va l ley   g rad ien ts .  They contain  permafrost below a depth of 1.5-2 m, and  have 
i n t e r s t i t i a l   i c e   c o n t e n t s  of up t o  57%. These  rock  glaciers are on north-facing 
s lopes  and flow  roughly 0.2-3 cm yr", primarily  because o f  slope-induced  creep 
f a c i l i t a t e d  by subsurface  water  derived  from  spings  above  the  glaciers. The con- 
s t i t uen t   deb r i s   does   no t   o r ig ina t e  from rock  fragments  produced  at  mountain walls, 
but  instead comes from t i l l  and alluvium  covering a smooth,  rounded  ridge  just 
under 5000 m i n  e levat ion.  

A rock   g l ac i e r  i s  a tongue-shaped  accumulation 
of rock  fragments  with a t i l l - l i k e   c h a r a c t e r  moving 
downslope  usually  in a high  mountainous  region. 
Its head may be   re la t ive ly   depressed  and i t s  f r o n t  
may be  convex,  very much l i k e  a small i c e   g l a c i e r .  
Rock g l a c i e r s  are d i s t r ibu ted   ma in ly   i n   t he   midd le  
and  high  lati tude  mountains.  The slow  downhill 
creep of rock   g l ac i e r s  may lead t o  the r e l a t i v e l y  
s t eep   s lope  of their f ronts ,   genera l ly   reaching  20' 
t o  40",  and a few  meters t o   t e n s  of me te r s   i n  
height .  

glaciers  throughout  the  world.  Rock g l a c i e r s  have 
been  reported  in   the Yukon a r e a  of  Canada;  Alaska, 
t h e  Sierra Nevada,  and the Rocky Mountains of t h e  
Uni ted   S ta tes ;   the  Swiss  Alps; the mountain  areas 
of northern  Scandinavia;  as w e l l  as i n   T i a n  Shan, 
Q i l i a n  Shan,  Longitudinal  Mountains  and Kunlun  Shan 
i n  China.  Probably  most  rock  glaciers  can  be 
c l a s s i f i e d  as tongue-shaped o r   l o b a t e   i n  form, and 
conta in  either i n t e r s t i t i a l  ice o r  a core  of 
g l a c i a l   i c e  (White  1976). The r o c k   g l a c i e r s   i n  
e a s t e r n  Kunlun (35'49'N, 91'00'E) appear t o  be a 
spec ia l   t ype  and a r e   t h e   s u b j e c t  of t h i s   pape r .  

An ex tens ive  body of l i t e r a t u r e   e x i s t s  on rock 

CHARACTERISTICS  OF THE KUNLUN 
SHAN ROCK GLACIERS 

The r o c k   g l a c i e r s   s t u d i e d   i n   t h i s   i n v e s t i g a t i o n  
a re   i n   t he   J ing -Xian   Va l l ey   i n   t he   ea s t e rn  Kunlun 
Shan.  This  region has bo th   t he   spec ia l  Kunlun-Shan- 
type   rock   g lac ie r  and those  formed by the   evo lu t ion  
of t a l u s .  O f  the   18  Kunlun-Shan-type  rock g l a c i e r s  
i n   t h i s   v a l l e y ,  16 are   concentrated  on i t s  western 
f l a n k  a t  about 4850 m elevat ion  (Figure I), and two 
a r e  on t h e   e a s t e r n   f l a n k   a t   a b o u t  5050 m e leva t ion .  
The depressions  in   their   upper   reaches  average 
about 4800 m elevation,  and  the  average  terminus 
elevat ion  approximates  4680 rn. Table 1 presents  
some dimensions and other  information  concerning 
these rock g l a c i e r s .  
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FIGURE 1 O n e  of 16 rock glaciers on the n o r t h e r n  
slepes of a h igh land  of  K u ~ ~ u ~ - ~ ~ a ~ ~  central  China. 
Morphology 

All but  two o f  t he   rock   g l ac i e r s  are tongue- 
shaped  and  have a r a t i o  of   length  to   width  greater  
than  uni ty   (Table  1); t he i r   ave rage   l eng th  and 
width is  298 and 99 m ,  respectively.   Although 
some have a broad t a i l ,  o t h e r s  are widest i n  their 
middle   par t s .   In  some cases ,  two jo in   t oge the r ,  
while  the  ends of o thers   a re   b ranched   (F igure   1 ) .  
In   l ong i tud ina l   p ro f i l e ,  some have  an upward convex 
shape  with  several   s teps ,   which  suggests   that   they 
a r e   r e l a t i v e l y   a c t i v e ;   o t h e r s   a r e   r a t h e r  smooth  and 
imply r e l a t i v e   i n a c t i v i t y .  These  rock  glaciers 
t e n d   t o   l a c k   l o n g i t u d i n a l  and  t ransverse  r idges and 
furrows, and generally  have a smooth, g e n t l e  
l ong i tud ina l   p ro f i l e   (F igu re  2 ) .  Their  longitudinal 
grad ien ts  of 13" t o  30' (Table 1) tend t o  be 
s teeper   than   those  of r o c k   g l a c i e r s   i n   o t h e r  
regions.  Although t h e  s lope  angles  of t h e i r  
f ronts   range  from 8' t o  40",  most f r o n t a l   s l o p e s  
vary  between 17' and 24" (Table 1); i t  can  be  seen 
that  f r o n t a l   s l o p e s  are on ly   s l i gh t ly   s t eepe r   t han  
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TABLE 1 Aspects o f  the  Kunlun-Shan-type r w k  glaciers. 

Gradient ("> 
Location  Length (L) Width  Elevation  Slope 
number (m) (w) L/W terminus (m) orientation  Longitudinal  Frontal  slope 

1 35 0 84 4.17 4670 E 18 20 
2 2 40 24  10.00  4740 N E  
3 
4 
5 
6 
7 

9 
10 
11 
12 
13  
14 
15 
16 

a 

396 
408 
438 
420 
408 
276 
396 
156 
204 
216 
108 
240 
32 4 
180 

78  
120 
120 
204 

50 
20 

120 
25 
48 
96 

120 
120 
150 
204 

1 

5.08 
3.40 
3.65  
2.06 
8.16 
3.80 
3.30 
6.24 
4.25 
2.25 
0.90 
2.00 
2.16 
0.88 

4700 
4700 

4700 
4670 
4710 
4650 
4750 
47 30 
4660 
4760 
4610 
4570 
4610 

4680 

N45E 
NE 
N 
N 
N30E 
N30E 
N E  
N40E 
NE 
N E  
N E  
E 
N20E 
E 

18 
30 
18 
19 
21 
15 
17 
19 
13 

40 
18 
18 
22 
17 
19 
24 
8 

Average 297.5 98.9 4.519 4681.9 
dev . 107.8 57.7 3.520 53.4 

16 16 16 16 

18.7 
4.2 

10 

20.7 
8.5 
9 

FLGURF. 2 Rock glacier No. 6 illustrating sinooth. 
gentle lon~~.tudi~a~ profile. 

respective  longitudinal  gradients.  The  lower 
frontal  slope  angles  relative  to  other  rock  glaciers 
may  suggest  lesser  amounts of ice,  less  cohesive 
force,  and/or  slower  movement. 

Volume  estimates  were  made  for  two  representa- 
tive  rock  glaciers-the  relatively  active No.  4 and 
the  relatively  inactive No. 1-using  aerial  photos 
fo r  area  and  electrical  surveys  €or  thickness. 
Data collected  from 13 points  along  two  transects 
on No. 4 reveal  that  the PS values  drop  abruptly 
from 1000 R to 200 $1 at  about 40 rn depth;  this 
depth i s  considered  to  represent  its  thickness. 
With  an  area o f  4 . 3  X l o b  m2 and  an  average  depth 
of 40 m, the  volume  of No. 4 is  approximately 1 . 9 x  
lo6 m3. Using the  same  procedure,  the  relatively 
inactive  rock  glacier No. 1 has  a  thickness  of 25 m 
which,  with an  area  of 2.4 x l o 4  m2, suggests  a 
volume  of 0 . 6 X  l o 6  m3. These  volumes  are  roughly 
equivalent or  a  little  smaller  than  those o f  the 
tongue-shaped  rock  glaciers  in  the Front Range  of 
Colorado  (White 1976) .  

The  electrical  survey  also  suggests  the  depth 
to permafrost  and  the  ice  content in these  rock 
glaciers.  Electrical  resistance in the  depth  range 
of 1.5-2 m increases  from 600 R to 1000 R, suggest- 
ing  that  the  permafrost  table  is  at  this  depth; 
this  is  corroborated  by  the  observation of ice in 
June and  July  below  that  depth. A 1.5-2 m  thick 
active  layer on the  rock  glaciers  is in accord  with 
data  from  nearby.  At  a  depth  of 10 m, electrical 
resistance  increases t o  4126 R and  implies  a  high 
water  content.  Bore  hole  data  from  rock  glacier 
NO. 6 show  that  the  ice  content in the  active 
layer  is  greater  than 30%. The  ice  content at 25 
m depth  is 29%, and  is 57% at 39 m depth,  where  the 
temperature  is -2°C. At the  upper  reaches of the 
rock  glaciers,  the  ice  content  at  depths  from 20-30 
rn is probably  less  than 30% because  of  greater 
slope,  coarser  grain  size,  and  lower  water  content. 
The  ice  within  these  rock  glaciers  is  in  the  form 
of  interstitial  frozen  rain  and  snow  melt.  Thus, 
and  because  glacial  ice was not observed,  they  may 
be  categorized  as  ice-cemented  rock  glaciers. 

Grain  Size  Distribution 

Large  boulders  seem  to  be  predominant on the 
Kunlun-Shan-type  rock  glaciers.  Large  surface 
boulders  are  mostly  concentrated on the  flanks  or 
inner  parts of the  lower  reaches,  thereby  present- 
ing  a  crude  striped  pattern.  Some  boulders  stand 
erect  due  to  compression  or  because  of  frost  heave. 
In a  few  locations,  the  surficial  debris i s  locally 
sorted  into c i r c l e s  or overlapping  debris  islands. 

Rock  glacier No. 1 seems to be  typical  in  terms 
of  debris  size  distribution. On this  rock  glacier, 
boulders  with  a  diameter o f  more  than 2 m  account 
for 10% of  the  total,  while  boulders with diameters 
of from 0.5 to 2 m  account  for 45% o f  the  surficial 
debris; 30% and 15% of  the  boulders  have  diameters 
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of  from 0.1 to 0.5 m and  less  than 0.1 m, respec- 
tively.  Fine-grained  materials  are  found  primarily 
at  depths  below 1 . 5 - 2  m.  In  the  size  fraction  less 
than 2 mm, sand (0.1-2 mm) predominates  and  ac- 
counts  for 53-56%; silr (0.005-0.1 mm) constitutes 
41-47%, and  clay ((0.005 mm) i s  only 0.07-0.1%. 
The  median  granular  value (MR) is 0-20 mm, the 
coefficient  of  overlap (SO) is 2.6665, and  the 
coefficient of asymmetry (SK) equals 17.095, 
indicating  its  poor  overlap  and  multitude of 
sources. 

Source  of  Debris  and  Bock  Glacier  Origin 

The debris  that  makes  up  these  rock  glaciers  does 
not  originate  through  the  disintegration  of  bed- 
rock on mountain  walls.  Instead,  it  comes  predom- 
inantly  from  the  middle  Pleistocene  till  deposits 
on  the  rounded  ridge  above  them  (Figures 2 and 3 ) ,  
and  secondarily  from  Pliocene  alluvial  gravels 
underlying  the  till. The till  and  alluvium  contain 
such  rock  types  as  granite,  granodiorite, and 
pyroxenolite,  all of which  were  derived  from  the 
intrusive  body of the  mountain.  The  age o f  the 
till  source  shows  that  these  rock  glaciers  began 
forming in the  late  Pleistocene. 

snow  line in association with perennial  or long- 
lasting  seasonal  snow  banks.  The  upper  reaches of 
the  rock  glaciers  are  generally  at 4800 m eleva- 
tion,  which  was  also  the  height o f  the  late  Pleis- 
tocene  snow  line.  At  that  time,  the  ridge  crest 
was  only 100 m higher  than  the  snow  line.  Nivation 
associated  with  these  snowbanks  caused  the  forma- 
tion of several wide,  shallow  depressions  that  may 
be considered  nivation  hollows.  Snow  melt  carries 
away  some  finer  material  and  at  the  same  time 
becomes  incorporated  in  the  unconsolidated  sediment 
below  the  hollows.  It is believed  that  frequent 
freezing  and  melting  caused  the  debris  on  the  lower 
end of the  nivation  hollows  to  creep  and  evolve 
into  either  rock  glaciers  or  perhaps  large  block 
streams.  This  origin f o r  the  Kunlun-Shan-type 
glacier  is  different  from  that of any  other  type 
of rock  glacier. 

Two periods  of  rock  glacier  formation  are  ia- 
plied  by  deposits  downvalley  from  the  fronts of the 
active  rock  glaciers.  The  deposit  below No. 4 is 
about 100 m longer  than  the  modern  rock  glacier; 
this  is  also  generally  rrue  of  the  other  rock 
glaciers.  The  history  of  rock  glacier  formation 
agrees  well  with  the  local  glacial  chronology. 

The  Kunlun  Shan  rock  glaciers  developed  near  the 

FIGUK3 3 Diagram of rock  glacier No. 5 originating 
from  rounded  ridge, 

Magnitude of Activity 

The  activity  of  the  Kunlun-Shan-type  rock 
glacier  is  weaker  and its velocity  is  slower  than 
rock  glaciers  elsewhere.  These  rock  glaciers  flow 
principally  by  creep  initiated  by  their  relatively 
steep  gradients.  The  widening of the  middle 
reaches  of  four  rock  glaciers (Nos. 1, 4 ,  9, and 
101,  in  conjunction  with  their  dome-like  appearance, 
suggests  that  the  surface  flows  more  rapidly  than 
the  basal  portions.  The  available  evidence  implies 
that  they  do  not  move  as a unit.  Crevasses  in 
these  rock  glaciers  owe  their  existence  first to 
rainfall,  and  second t o  underground  water,  and  are 
not  necessarily  indicators  of  activity.  The 
Kunlun  Shan  rock  glaciers can be  classified  into 
three  kinds:  active,  transitional,  and  relatively 
inactive,  based on the movement of debris  at  their 
fronts.  The  most  active  ones  are  Nos. 4 ,  5 ,  6 ,  and 
10. 

The  Kunlun  Shan  rock  glacier  typically  moves 
slowly  and  in  various  ways.  The  character  and  form 
of movement  were  clearly  indicated  by  triangulation 
o f  painted  stones on two representative  samples: 
the  active No. 4 and  the  relatively  inactive  No. 1. 
The  surface  of  the  middle  and  lower  reaches of the 
eastward  flowing No. 1 became  higher on the  north 
side  and  lower on the  south  side,  and a l l  painted 
stones  moved  conspicuously  southeastward.  The  mean 
annual  velocity  along  the  direction of flow  of No. 
1 was  calculated  to  be 0.225-0.3 cm y-I,  but  the 
speed  of  the  middle  reach  was  somewhat  faster  than 
the  lower  reaches.  The  velocity of the  very  active 
No. 4 is  estimated  to be about 10 rimes  that  of 
No. 1. 

In  general,  the  Kunlun  Shan  rock  glaciers  are 
believed  to  move  because  of creep, but  movement  may 
be  facilitated  by  the  flow  of  subsurface  water. 
For  example, i n  surmner,  springs  flow  from  the  head- 
ward  depressions  (nivation  hollows)  at  the  contact 
between  till  aFd  alluvium,  and  the  water  infil- 
trates  the  rock  glacier  below  them. In  addition, 
local  freezing  and  thawing  may  cause some rolling 
of  surface  fragments.  Frost  heave  of  stones  is 
apparent,  especially on rock  glaciers  Nos. 4 and 5, 
and  some  painted  stones  were  observed  to  have  been 
raised  during  the  period of triangulation.  Some 
of  the  painted  stones  were  found  to  have  rolled 
several  meters. 

ice-cored  or  typical  ice-cemented  rock  glaciers 
and,  as a consequence,  their flow is  rather  slow. 
The  greatest  speed  of  the  Kunlun  Shan  rock  glacier 
is  considerably  slower  than  those  in the Alps  and 
the  Colorado  Rocky  Mountains.  The  annual  average 
discharge of the  Kunlun  Shan  rock  glaciers is 
es'cimated  to  be  in  the  range of hundreds  of  cubic 
meters,  and is comparable to tongue-shaped  rock 
glaciers  in  Colorado. 

These  rock  glaciers  lack  the  flow  mechanisms of 

ENVIRONMENT AND FACTORS INFLUENCING 
DEVELOPMENT 

In  general,  an  active  rock  glacier  is  a  good 
indicator of the  environment,  showing  not  only  the 
lower  elevation  of  permafrost,  but  also  suggesting 
the  snow-line  elevation.  They  form  below  the  snow 
line  where  temperatures  cause  permafrost  but  where 
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a  net  accumulation  of  snow  is  lacking  (Brown  and 
P&& 1973). Ice-cored  rock  glaciers  in  the  Alps  of 
Europe  extend  down  to 2700 m elevation,  but  do  not 
extend  more  than 400 m below  the  snow  line. In 
like  manner,  the  lobate  rock  glaciers on the  Kunlun 
Shan  or  Tianshan o f  China  flow  down  to  elevations 
not  more  than 400-500 m  below  the  snow  line;  this 
is  also  true  of  the  Kunlun-Shan-type  rock  glacier 
in the  Jing-Xian  Valley,  where  the  north-facing 
snow  line  is  at 5150-5200 m  elevation,  The  average 
elevation (4682 m) at  the  ends  of  the  Kunlun  Shan 
rock  glacier  (Table 1)  is  about 2000 m higher  than 
the  average  terminus  elevation  in  the  Alps,  but  the 
Kunlun  Shan  snow  line is alsa about 2000 u higher 
than  the snow line of the  Alps.  The  average  eleva- 
tion of the  termini  of  the  Kunlun  Shan  rock 
glaciers  is  more  than 100 m below  the  terminus 
(4800 m) of the  glacier  on  a  northern  slope 20 km 
away  from  the  eastern  flank of the  Jing-Xian  Valley. 

onment  that  is  colder  and  more  arid  than  other 
areas  where  rock  glaciers  are  common;  the  mean 
annual  temperature  in  the  Kunlun  Shan  rock  glacier 
area is -4"C,  which i s  as  much  as 2'C colder  than 
rock  glacier  areas  of  the  Alps.  The  altitudes of 
the  snow  line  and  rock  glacier  formation  are  higher 
in the Kunlun Shan  than  in  the  Alps  because oE the 
greater  continentality of that  part of China. 

Active  rock  glaciers  are  indicators of perma- 
frost  because  they  contain  interstitial  ice  or  an 
ice  core. In addition,  they  may  be  indicative of 
the  type of permafrost  disrribution  of  an  area. 
The  elevation  of  the  lower  limit of discontinuous 
permafrost  in  the  western Alps  is 2350 m on the 
northern  side  of  the  range  and 2550 m  in  the 
central  areas,  where  its  temperature  ranges  from 
0" to -2°C. Rock  glaciers  in  the  Alps  have  their 
termini  at 2400-2600 m elevation,  where  their 
temperatures  are  lower  than -2°C. Because  their 
termini  average 50 m higher  than  the  lower  limit  of 
discontinuous  permafrost,  Barsch (1978) held  that 
the  presence  of  rock  glaciers  is  an  index  of  the 
discontinuous  permafrost  zone.  However,  the 
Kunlun  Shan  rock  glaciers  have  formed  where  the 
lower  limit  of  continuous  and  discontinuous 
permafrost  is 4550-4600 m and 4200-4300 m, 
respectively.  The ends of  the  Kunlun  Shan  rock 
glaciers  are 80-130 m higher  than  the  lower  limit 
of continuous  permafrost;  therefore,  these  rock 
glaciers  may be an index of continuous  permafrost. 

Some  of  the  factors  influencing  the  development 
of rock  glaciers  include  regional  climate,  orienta- 
tion  and  steepness of slope,  lithological  charac- 
ter,  and  geologic  structure.  Within  a  favorable 
area,  the  slope-related  microclimate  may  play  a 
decisive  role,  as  rock  glaciers  tend to develop 

The  Kunlun  Shan  rock  glacier  forms  in an envir- 

largely  on  shady  slopes.  Topoclimatic  suitability 
is corroborated  in  general  by  the  observed  distribu- 
tion  of  rock  glaciers,  and  experimentally  by  Morris 
(1981) who  found  that  a  multiple  regression  model 
incorporating  radiation  shading  and  an  interaction 
term  (representing  the  multiple  effects of eleva- 
tion,  radiation  shading,  and  bedrock  jointing) 
accounts  for 72% of  the  variance  in  size  of  rock 
glaciers  in an area of the  Sangre de  Cristo Moun- 
tains of Colorado. 

and  northeast-facing  Kunlun-Shan-type  rock  glaciers, 
the  gentle,  low-relief  hilltops  underlain  with 
thick-bedded,  unconsolidated  sediments  also  play  a 
significant  role.  The  subsurface  water flow 
favored by the  stratigraphy  and  lithology  at  the 
rock  glacier  source is  a l s o  a  factor.  The  Kunlun- 
Shan-type  rock  glacier  is  a  special  mass  movement 
form  affected  most by these  local  factors,  and does 
not  resemble  typical  tongue-shaped  and  lobate  rock 
glaciers  elsewhere.  They  may  constitute  a  unique 
form,  which  needs  to  be  more  thoroughly  investi- 
gated. 

Regarding  the  formation o f  the  generally  north- 
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VARIATION REGULARITY OF PERMAFROST TABLE BENEATH EMBANKMENTS IN NORTHEAST CHINA 

Dai Jingbo 

The Third  Survey  and Design I n s t i t u t e ,   M i n i s t r y  of Railways 
People 's   Republ ic  of China 

Based  on r e su l t s   f rom  an   expe r imen ta l  embankment and the   exper ience  of two 
ope ra t ing   r a i lways ,   t he   au tho r   has   ana lyzed   t he   va r i a t ion   r egu la r i ty  of the 
permafrost   table   beneath an embankment and i t s  inf luenc ing   fac tors ,   and   proposes  
measures t o  pro tec t   embanhents   f rom damage. When cons t ruc t ion  i s  undertaken i n  
the  thawing  season,   the   permafrost  table beneath the embankment d e c l i n e s   t o   t h e  
maximum thawed  depth i n  t h e  same year ,   begins   to  rise aga in  i n  t h e   c e n t e r  of t h e  
embankment and on the  shaded  s lope in the second  year, rises o v e r a l l   i n  the t h i r d  
year,   and  reaches B s t a b l e   s t a t e  in 5-6 years.  Variations of the  permafrost  
t a b l e  are c l o s e l y   r e l a t e d   t o   l a t i t u d i n a l   z o n a l i t y ,   b u t   t h e y   a l s o  depend on t h e  
he igh t  and o r i e n t a t i o n  of the   emhanhent ,   the   thesmophys ica l   p roper t ies  of the 
fllling materials, the   hea t   insu la t ion   measures   adopted ,   the   sur face   format ion  
a f t e r   c o n s t r u c t i o n ,  and the   hydro log ica l   cond i t ions  and c h a r a c t e r i s t i c s  o f  t h e  
f r o z e n   s o i l .  To p ro tec t   t he   embanhen t  from  damage, t h e  following measures   are  
ava i lab le :   improving   sur face   d ra inage ,   p ro tec t ing   the   na tura l   permafros t   t ab le  
nea r   t he   foo t  of t h e  embankment s lope ,  and c o n s t r u c t i n g  a h e a t   i n s u l a t i o n  berm. 

V A R I A T I O N  PROCESS OF PERMAFROST TABLE 
BENEATH EMBANKMENTS IN PERMAFROST 
REGIONS 

An important pr inc ip l e  i n  se l ec t ing  a r a i l -  
way l i n e  i n  a permafrost region is t o  use em- 
bankment f o r  passage 88 much as possible.  The 
s t a b i l i t y  o f  embankments on permai'sost sail QB- 
p a d s  on tho   var ia t ions  i n  the  permafrost   table 
of the foundation during and a f t e r   cons t ruc t ion  
o f  the embankment. In the  permafrost region i n  
Northeast  China,  construction i s  usually carried 
on i n  the  thawing  season, and the  cause  and pro- 
cess o f  var i a t ion  of permafrost   table  are  due  to 
compression of the vegetat ion  peat   layer  by the 
f i l l i n g  s o i l  and weakening  of the  tharmo-isola- 
t i o n  property, The f i l l i n g   s o i l  ca r r i e s  a con- 
s iderable  amount of accumulated heat, which is 
d i s s ipa t ed   i n to  the foundation. This, together 
with  the heat-absorbing e f f e c t  o f  the  foundation 
raises   the  temperature  of permafrost and lowers 
the permafrost table.  There i s  a general de- 
pression of the  permafrost  table i n  the  year o f  
construction, and a small r i s e  i n  the  center  and 

shaded  slope of the embankment i n  the  next  year, 
with a s l i g h t  further  depression in th* sunny 
slope. I n  the   t h i rd  year af te r   cons t ruc t ion ,  
there  is an ove ra l l  rise of the  permafrost 
table .  I n  t he   s ix th  year, the  permafrost   table 
rises i n t o   t h e  embankment f i l l i n g  soil, as the  
temperature i n  the embankment approaches  the 
ground  temperature of the  foundation  has  reached 
a new s t a t e  of thermal  equilibrium.  After 5 or 
6 years,   the  permafrost   table  has become rela- 
t i v e l y   s t a b l e ,  as shown i n  Figure '1. 

FACTORS AFFECTING VARIATION OF PERMA- 
FROST TABLE BELOW EMBANKHEN" 

Effect  o f  Lati tudinal   Zonal i ty  

Lat i tudinal  zonality reflects the combined 
e f f e c t  o f  a i r  temperature and geological and 
geographical  conditions. I n  the  discontinuous 
permafrost zone at the  northern-most l a t i t u d e s  
of t h i s   r eg ion ,   t he  soil i t s e l f  is r e l a t i v e l y  
stable.   After  construction of the  embankment, 

Figure 5 .  The f l u c t u a t i o n s  o f  permaf ros t  table beneath the embankment 
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the   permafrost   table  rises easi ly .  I n  t h e  can- 
t e r  of the  foundation it rises into  the  embank- 
ment f i l l i n g   s o i l .  I n  permafrost zone in small 
sca t te red   i s lands ,   therefore ,   permafros t   so i l  
ia obviously i n  a state of degeneration and very 
unstable.  After an embankment i s  bu i l t   nea r  t h e  
southern  boundary, it is o f t en   d i f f i cu l t   t o   p re -  
serve  the  permafrost   soil ,  and the  permafrost 
t ab l e  in the embankment foundation  and  even be- 
yond the   s lope  foot  on both  sides is depressed 
considerably,  After heat i s o l a t i o n  measures 
are improved i n  t h e  nor thern   par t  of t h i s  zone, 
It has been p o a s i b h  t o  mainrain  permafrost 
t ab l e  in the  proximity o f  the na tu ra l  table, 
sometimes w i t h  a s l i g h t  rise above it .  I n   t h e  
massive  insular   permfrost  zone, since i t  is 
located between the  afore-mentioned two zones, 
once appropriate  measures  are  taken  for  heat 
isolat ion,   permafrost   table  of t h e  foundation 
will show a s l i g h t  r i s e .  

Effect  of Surface Water 

Embankment construction  changes  the  natural 
condition of surface water  flow. When drainage 
f a c i l i t i e s   a r e  poor  and  water  accumulates a t   t h e  
foot o f  the  slopes,   horizontal  seepage often 
occurs   in  t h e  foundat ion .   Prec ip i ta t ion   in   th i s  
zone is often  concentrated  in  the  comparatively 
hot months o f  June  through  September, and with  
it a large amount of thermal  energy is accumu- 
lated.  When water  seeps  through  the  foundation, 
there  occurs  heat exchange between heat re- 
leased by the  water  and  heat  absorption by the 

shady s l o p a  army slope 
2* I ! 3* 

m 

permafroat table 
Figure 2. Permafrost table goes downward when 
s u r f a c e  waker passes   through  the laver p a r t  of 
t h e  embankment 

f r o z e n   s o i l  of the  foundation,  the  result  being 
a drop i n  t h e  permafrost  table. A s  shown in  
Figure 2,  at  the   foo t  of the slope on the l e f t  
s ide  of t he  embankment is a big water p i t  as 
water seeps through the foundation,  considera- 
ble lowering of the permafrost table r e s u l t s .  

Effect  of Orientation. Snowcover and Wind 

The d i r ec t ion  o r  run of  the  l ine  determines 
the   o r ien ta t ion  and wind-facing side of the 
slopes on both sides o f  the  embankment. There- 
fore, each  side i s  sub jec t ed   d i f f e ren t ly   t o   t he  
e f f e c t  o f  sunshine, snowcoves and wind. The ra- 
d ia t ion   hea t  of tha  sun i s  the   p r inc ipa l   hea t  
source of permafrost   soi l .  Wish increasing la- 
t i t u d e  toward  the  north,  the angle of sunshine 
i s  limited; thus there is cons iderable   d i f fe r -  
ence i n  sunshine time between  the sunny and 
shaded sides of the embankment. 

After e rec t ion  of the embankment, there is  a 
grea t   d i f fe rence   in  temperature between the wind- 
facing and lee sides. When the disaction of the 
l ine  runs NE, cold air aarried  over by northwest 
wind in   winter  is stopped on tha  shaded  side, 
thus  hastening  the  diesipat ion o f  heat  of t h a t  
side. The wind blowing on snow causes  great 
changes in   the   th icknPss  o f  accumulated snow a t  
the  foot  of  the  slope. Under t h e  combined e i -  
f a c t  of the above factors,  corresponding  changes 
occur i n  the  permafrost  table below the embank- 
ment. On the  l ine  running NS, the   difference 
between e a s t  and west  slopes is not  obvious, so 
permafrost t ab l a  o f  embankment foundation re- 
mains a gene ra l ly   s t ab le   s t r a igh t   l i ne  with 
l i t t l e  f luctuat ions.  However, when the run i s  
c l o s e   t o  EM, the difference between the two 
nidas is qui te  obvious, as seen from t h e  f a c t  
%hat  ground  temperature in  'both the embankment 
and the  foundation is higher on the sunny s ide 
than t h a t  an the shaded  side.  Thus,  permafrost 
t ab l e   va r i a t ion  i s  higher on t h e  shaded side 
than on the  sunny side. Generally, on the 
shaded e id& i t  e i t h e r   r i s e s  or remains  constant, 
while on the  sunny side it drops, as shown in 
Figure 3. Apart from o r i en ta t ion  and snowcover, 
the   d i rec t ion  o f  wind a l so   has  a c e r t a i n   e f f e c t .  
In  winter,   northwesterly  winds are qu i t e  fre- 
quent. and the windward side of the  embankment 
has  a temperature  which i s  correspondingly  lower 

able 

Figure 3 .  The depths of permafrost  table vary with the o r i e n t a t i o n  of 
the embankments 



2 14 

shady s l a p r  
sunny slop. 

Figure 4. The permafrost table goes upward beneath t h e  shady s ide  of the embankment 
where cold wind always blows ser ious ly  

than t h a t  on the o t h e r   s i d e  of t he  embankment. 
The Luenl in   l ine  a t  a c e r t a i n   p o i n t  i s  l oca t ed  
where  northwester ly   winds  are   s t rongest  and most 
in tense .  The shaded  windward d o p e  has no hea t  
i s o l a t i o n  berm a t  t h e   f o o t  o f  the   s lope.  Here 
t h e   p e r m a f r o s t   t a b l e   r i s e   i n t o   t h e  embankment 
f i l l i n g  s o i l  is as high as '1.5 meters. It is 
obvious  that   nor thwester ly  wind is  stopped on 
the  shaded  side of t he   s lope ,   p l ay ing   an  impor- 
t a n t  part i n  has t en ing   t he   d i s s ipa t ion  of heat ,  
86 shown in Figure 4. 

Effec t  of the Heiffht o f  Embankment 

The permafrost  table var ies   wide ly  below em- 
bankments of d i f f e r e n t   h e i g h t s ,   I n   t h e  c a m  of 
embankments of   ordinary  height ,  once p r o t e a t i o n  
i s  taken, i t  is p o s s i b l e   t o   s t a b i l i z e  the perma- 
f r o s t   t a b l e  i n  l ine with  the n a t u r a l  table, 
sometimes  showing a a l i g h t  rise. T h i s   l e v e l  i s  
g e n e r a l l y   c l o s e   t o  the o r i g i n a l  ground, o r  rises 
s l i g h t l y   i n t o   t h e  embankment f i l l i n g   s o i l   ( w i t h  
the  except ion of the eone a d j a c e n t   t o   t h e  sou- 
t he rn  boundary). In case of f a i l u r e   t o   t a k e  
h e a t   i s o l a t i o n  measures on the sunny side,  the 
permafroitf table on t h i s   s i d e   o f t e n  drops t o  a 
c e r t a i n   e x t e n t .  

Low-fill embankment (usua l ly   he ights  of less 
than 1.0-1.5 m). Due .to compression of s u r f a c e  
vege ta t ion   and   pea t  layer, t h e r e  is P reduct ion  
i n  the  heat   conduct ivi ty .   Both  the  radiat ion 
hea t  of t h e  sun and t h e   k i n e t i c  energy of the  
moving t r a i n   a r e  easily t r ansmi t t ed  downward, 
r e s u l t i n g  i n  a stronger heat  exchange  than i s  
t h e  case with  embankments of more height ,  
causing the permafros t   t ab le   to   d rop ,  In a sur- 
vey of the  Yal in   l ine,   conducted  in  1965 on th 
lowering o f  permafros t   t ab le  a t  16 p o i n t s  Qf 
the   foundat ion  ( the  height  df511 at11 p laces  is 

4 1.5 m, while at 5 p laces   the   he ight  of f i l l  
is 6 q.0 m),  a genera l   d rop   in   permafros t  table 
was observed.  This means t h a t  i f  t he  embankment 
is t o o  law, it is not advantageous for t he  main- 
t a i n i n g  of the   permafros t   t ab le .  Figure 5 shows 
t h e   s e c t i o n s  o f  two adjacent LOW f i l l  embank- 
meats somewhere  on the   Yal in  l i ne  ( loca ted  i n  a 
discont inuous  permafrost  zone). In both cases, 

t h e r e  is n drop i n  the   pe rmaf ros t   t ab l e .   In  a 
low fill with a small area exposed t o   h e a t  i n  
t h e   e n t i r e  embankmeat, t h e   d i f f e r e n c e  between 
t h e  amount of s o l a r   r a d i a t i o n   a b s o r b e d  on each 
s i d e  i s  no t  very great, r e s u l t i n g  in l i t t l e  va- 
r i a t i o n  i n  permafrost   table  on bo th   s ides  of 
the  foundat ioa.  The genera l   observa t ion  i s ;  t h e  
lower  the f i l l ,  t h e  mare l i ke ly   t he   pe rmaf ros t  
t a b l e  will drop. Among the   d i f fe ren t   permafros t  
zones, the  drop i s  most l i k e l y   t o  occur i n  t h e  
permafrost  zone o f  small sca t t e red   i s l ands .  

PmbaaLrsnts with  a high fill (usua l ly  
he igh t s  of aver ' IO m). In   such   ca ses ,   t he re  i s  
an  obvious drop of the   permafros t   t ab le  i n  the 
foundation. Where the   he ight  of ambankmat 
does  not  exceed 18 m, the  range  of  decline i s  
about 1.0-2.5 m i n  permafrost zoaes  of small 
sca t t e red   i s l ands .  When the   d i f f e rence  i n  the 
lwd o f  t he   pe rmaf ros t   t ab l e   i n   t he   founda t i an  
i s  obvious  between th sunny and shaded  slopes,  
dec l ine  of the   permafros t   t ab le  on the shaded 
side is less than that on t h e  sunny s ide .  When 

sunny slop. shady slope 
7* 6* 5* 4* J* 2* I #  

Figure 5. Low-filling embankments cause perma- 
frost  tab le  of the foundation t o  decline 
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the   d i f f e rence  between  the two sides is no t  Sig- 
n i f i c a n t ,   d e c l i n e  of the permafros t   t ab le  on 
both  s ides   in   approximately  the same. The de- 
c l i n e  of t he   pe rmaf ros t   t ab l e  below high embank- 
ments i s  due  mainly  to   the  construct ion  usual ly  
b e i n g   c a r r i e d   o u t   a f t e r   t h e  sariag thaw, when 
embankment f i l l i n g   c a r r i e s   w i t h  it a largs 
amount of heat which is  cont inuously  emit ted 
toward  the  foundation. I n  winter,   though  the 
embankment su r face  is frozen, its i n t e r i o r  18- 
mains as h o s e   s o i l   v h i c h   m a i n t a i n s  a tempera- 
ture   a lways  above  the  f reezing  point   throughout  
the  year .   Since  the frozen s o i l  of t h e  founda- 
tion cont inua l ly   absorbs   hea t   re leased  by t h e  
embankment so i l ,   t he   pe rmaf ros t   t ab l e   g radua l ly  
dec l ines   unde r   t he   e f f ec t  of heat  exchange,  and 
t h e n   s t a b i l i z e s  at  a c e r t a i n   d e p t h   a f t e r  it baa 
reached a new s t a t e  o f  thermal   equi l ibr ium.  In  
addi t ion ,   the   p ressure  o f  a high embankment a b  
has  a c e r t a i n   e f f e c t  on thawing of f r o z e n   s o i l .  
Once t h e   u p p e r   c r i t i c a l   h e i g h t   h a s  been  exceed- 
e d ,   t h e   h i g h e r   t h e   f i l l ,   t h e   g r e a t e r   t h e  decline 
of the  permafrost   table .  Among t h e   d i f f e r e n t  
permafrost zones, a zone  of small s c a t t e r e d  i s -  
l ands  shows t h e   g r e a t e s t   d e c l i n e  of t he  parma- 
f r o s t   t a b l e .  The permafros t   t ab le  will dec l ine  
more when the  embankment is c o n s t r u c t e d   d u r i a g a  
varm season  than  during a cold  season. 

E f fec t  of t he  Type o f  Fi l l i nR  S o i l  

Thero are d i f f e r e n t   t y p e s  of f i l l i n g   s o i l  for 
embankments,  each  having a d i f f e r e n t   h e a t  con- 
duct iv i ty .   This   d i f fe rence   dapends  on the  in- 
cons is tency  of the thermal   phys ica l   condi t ion  of 
the  soil. Fox example, when clayey  loam soil is 
used,  the f i l l  is usua l ly  more compact  and has 
a small a i r  volume. Heat  conduction is essen- 
t i a l l y   c a r r i e d  on by g r a i n s  o f  t h e  soil, and the 
rate o f  heat   conduct ion is BLOW. On the   o the r  
hand,  vhen  coarse-grained s o i l  is used f o r  f i l l ,  
t he   po ros i ty  is usual ly   higher .  Air i n  the   c re -  
vices   easi ly   produces  convect ion  and  thus en- 
hances   thermal   conduct iv i ty ,   resu l t ing   in   the  
t ransmiss ion  of thermal energy t o  a g r e a t e r  
depth.   Tests  of embankments &owtb@ befcllpr .Aug~mB 
i n   t h e  second year of s o i l   f i l l i n g ,   t h a w i n g  oc- 
c u r s  i n  the   sandy  so i l   each  month t o   t h e   e x t e n t  
of 1.0-1.4 a, while  thawing  in  the  sandy loam 
s o i l  is 0.4-1.3 m. The monthly r a t e  o f  freezing 
i n  win ter  is 1.0-1.5 m f o r  sandy s o i l ,  and 0.5- 
1.1 m for sandy loam soi l .   Temperature  is also 
lower i n  loam s o i l   t h a n   i n   s a n d y   s o i l .  The per- 
mafros t   t ab l e  will rise again  more obvious ly   in  
a loam s o i l   f i l l   t h a n  i n  a sandy   so i l  fill. 
Where poor  drainage  leads  to  seepage  through  the 
foundat ion,   the  use Qf s o i l  f o r  fill may prevent 
or reduce  -page of surface  water   into  the  foun-  
c ia t ion,   thus   protect ing  permafrost   soi l   f rom  the 
e f f e c t  of water  seepage. However, when dra inage  
i s  good and  under  the  combined  effect  of o the r  
f ac to r s ,   t he   pe rmaf ros t   t ab l e  below d i f f e r e n t  
types of s o i l  for embankmnt~  o f  ord inary  height 
may be s t ab i l i zed   i n   c lo se   p rox imi ty  of t h e  na- 
t u r a l   t a b l e ,  or with a s l i g h t  rise above it* 

/* P* J* .4- 

Figure 6 .  The difference of permafrost table 
depth between the embankments equipped w i t h  
and without isolat ion berm 

Effec t  of  Heat I s o l a t i o n  Berm 

The func t ion  of h e a t   i s o l a t i o n  berm is t o  re- 
duce   t he   e f f ec t  o f  temperature  produced by ther -  
mal conduction to permafrost s o i l ,   p r e v e n t  de- 
c l i n e  of   permafrost   table  on t he  sunny s ide ,  
moderate   the  r is ing  of   permafrost   table ,   and 
prevent damage t o   t h e  surface at t h e   f o o t  o f  
t h e  embankment s lope  by human a c t i v i t y .  

Sec t ions  of two permafrost  soil embankments 
at  a c e r t a i n   p o i n t  on the   Luen l in   l i ne ,  one with  
h e a t   i s o l a t i o n  berm and t h e  other  without,  are 
compared i n  Figure 6. They are l o c a t e d   i n   t h e  
permafrost  zane o f  small s c a t t e r e d  Ssl.ands, se- 
para ted  by a d is tance   o f  96 me te r s ,   e s sen t i a l ly  
similar i n  geo1ogi :a l   condi t ion,   f i l l ing soil, 
and  running   d i rec t ion  o f  t he  l ine.  The d i f f e r -  
ence   in   permafros t   t ab le  o f  the  foundation  on 
the   shaded   s lope   s ide  of t h e  two s e c t i o n s  is: 
t he  one with  berm rises 1.5 m and  the one with- 
out berm r i ses  0.7 m. On the  sunny  side,   the 
one wi th  berm r i s e s  0*2 m and the  one without 
berm drops 1.3 m. This  shows t h a t   h e a t  iso- 
l a t i o n  berm h a s   t h e   e f f e c t  of p reven t ing   t he  
dec l ine  o f  permafros t   t ab le   in   the   foundat ion .  

E f fec t  o f  Veaetation  Peat  Layer 

The vege ta t ion  atxi pea t   l aye r  is a good hea t  
i s o l a t i o n   m a t e r i a l ,  Under na tu ra l   oond i t ions  
it has   an   obvious   e f fec t   on   the   so i l   f reez ing  
and  thawing  death. It d imin i shes   t he   e f f ec t  of 
a i r  on soil sur face ,   reduces   the  amount of hea t  
en te r ing   i n to   t he   so i l   l aye r ,   t hus   g iv inp :p ro tec -  
t ion   to   the   permafros t .   Therefore ,  damage t o  
the   vege ta t ion  and peat l aye r  near the f o o t  o f  
slope and  foundation, o r  compression of its 
th i ckness  by the  embankment, i n  a d d i t i o n   t o   t h e  
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peat layer  for  hea t   i so l a t ion  i n  the  foundation, 
will cause   va r i a t ions   i n  the permafrost   table.  
When t h e  surface vegetat ion and peat layer i s  
damaged or removed, permafrost   table   decl ines .  
After   construct ion o f  the embankment, the vege- 
t a t i o n  and  peat  layer i s  sub jec t ed   t o  compres- 
sion and thus  becomes thinner  and more compact 
with  lower  porosity. T h i s  condi t ion is not 
favorable   for   p reserva t ion  of the permafrost, 
since the pea t   l ayer   hea t   i so la t ion   p roper t ies  
are greatly  reduced. 

CONCLUSIONS 

I ,  When embankment construct ion is ca r r i ed  
on during the thawing season, t h e   n a t u r a l  per- 
mafros t   t ab le   dec l ines   to   the  maximum thawing 
depth. I n  the  second  year, a t  the  Center  and 
on the shaded  slope sida, permafrost table be- 
gins t o  rise, while  there is s t i l l  some s l i g h t  
decl ine on t h e  sunny side o f  t he  slope. In t he  
t h i r d  year, permafrost   table  shows an o v e r a l l  
rise. After a period of 5-6 years, the perma- 
frost table has become r e l a t i v e l y  stable. 

2. Var i a t ions   i n  the permafrost table of the 
embankment foundation are c l o s e l y   r e l a t e d   t o  la- 
t i t u d i n a l   z o n a l i t y  and are dependent on t h e  
he ight ,   o r ien ta t ion ,  thermal physical  proper- 
t i e s  of the f i l l  mater ia l ,   hea t   i so la t ion  mea- 
sures   adopted,   surface  formation  af ter  con- 
st ruct ion,   hydrologic   condi t ions,   character is-  
t ics  of frost s o i l  medium, etc .  

3. Water accumulated a t  the   foo t  of embank- 
ment slopes  and  intense human a c t i v i t i e s  are 
thg  main causes  of considerable  decline of 
p#TlaafrOst table i n   t h e  embankment foundation 
and the  continuous  sinking of the embankment. 
Therefore, the p r inc ip l e s  of design for preser- 
va t ion  o f  permafrost s o i l  is t o  make surface 
drainage more e f f e c t i v e  and t o   p r o t e c t  the  na- 
tural   permafrost   table   near   the f o o t  of embank- 
ment slopes. 

4. The permafrost   table can r i s e  into t h e  
embankment f i l l i n g   s o i l   o n l y  a small distance.  
While it rises on $he shaded side of ths   s lope,  
it drops on tha sunny side of the  slope.  
Therefore ,   spec ia l   a t ten t ion  should be pa id   t o  
hea t   i so l a t ion  on t he  sunny slope s ide ,  for 
which the primary  approach is t o   bu i ld  a heat  
i s o l a t i o n  berm. 

5. Both low axld high embankments cause perma- 
f r o s t  table i n  the  foundation  to  decline,  The 
h igher   the   f i l l ,   the   g rea te r   the   dec l ine .  To 
prevent  the  permafrost  table from  degradation, 
t he  lower c r i t i c a l   h e i g h t  of  the  embaakaent I s  
l.5-2,O a. The upper c r i t i c a l   h e i g h t  of the 
embankment should be determined based OD l o c a l  
temperature, f i l l  material, mean annual ground 
temperature,  ana  construction  technologyo 
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A comprehensive  procedure  was  used  to  study  the  mechanisms of the  transformation 
of  unconsolidated  rocks  as  the  result of repeated  freeze-thaw  (up  to 1,000 cycles) 
under  various  external  thermodynamic  conditions.  The  latte+  ensured  freezing of 
samples  from  both  one  side  and  from  all  sides  and  also  the  formation of various 
types of cryogenic  textures.  It  was  possible  to  establish  trends  with  regard  to 
changes in dispersivity,  chemical  and  mineral  composition of the  materials,  cryo- 
genic  Structure,  plasticity  and  mechanical  properties,  depending on their  original 
composition  and  structure.  It  was  demonstrated  that  a  reduction  in  the  dispersivity 
of clay  soils  occurs  with  an  increase  in  freeze-thaw  cycles  due  to  an  increase  in 
the  amount of secondary  silt  and  secondary  sand  particles.  The  most  pronounced 
structural  changes  are  associated  with  the  differentiation of the  frozen  material 
into  ice  and  mineral  material,  thus  greatly  enhancing  the  material's  heterogeneity. 
This  leads  to  the  formation of a  specific  structure  in  terms of porosity  and 
encourages  changes  in  the  content o f  liquid H,O, lowers  the  strength  and  conductivity 
of the  material  and  increases  its  susceptibility  to  saturation  and  erosion. 

The problem of cryogenic  transformation of 
rocks  has long  been of profound  interest  to 
researchers.  This  is  understandable  when  one  con- 
siders  that  solution of the  problem  will  provide 
the key  to the  long-term  forecasting of cryogenic 
processes  and  phenomena.  Transformation of dis- 
persed  rock/soil  under  conditions of multiple 
freeze-melt  cycles  occurs  when  interrelated 
physical,  physico-chemical,  and  chemical  processes 
take  place  simultaneously,  accompanied  by  changes 
in  the  dispersivity,  in  the  chemical  and  mineral 
composition of rocks,  and  in  their  structure  and 
properties.  Conflicting  experimental  evidence 
shows  that  the  problem  is  complex,  and  that  the 
physico-chemical  and  chemical  aspects of cryogenic 
weathering  have  not  been  adequately  investigated, 

Results of an  all-around  cyclical  freezing  and 
melting of dispersed  rocks  and  soils  have  revealed 
specific  transformation  features of sand  and  clay 
soils,  Water-saturated  sands  are  transformed  by 
physical  disintegration,  which  increases  the  dis- 
persivity,  the  specific  active  surface,  and  the 
stability of the  system.  It  has  been  established 
that  repeated  freezing  and  melting  tends to  reduce 
the  heterogeneity of bi-  and  poly-dispersed  sands, 
while  the  non-homogeneity of mono-dispersed  sands 
increases. For example,  clean  fine-to-medium 
grained  quartz  water-saturated  sand  (sampled  at 
Lyubertzy,  Moscow  Region)  after 50 freeze-melt 
cycles  becomes medium-to-fine grained  and  does  not 
change  again,  even  after 1,000 cycles. The average 
size of sand  particle ( E )  becomes  smaller,  from 400 
to 250 p, whereas  the  root-mean-square  variation  in 
the  size  distribution of particles (0) increases 
from  0.23 to 0.32,  indicating  the  greater  hetero- 
geneity of the  material. The  intensity of disper- 
sion  is  much  higher  at  the  early  stages of the 
test,  demonstrating the subsiding  nature of the 
process of disintegration  and  points  to  the  forma- 

mation of a  near-uniform  size o f  quartz  grains 
under  the  given  thermodynamic  conditions,  It  has 
taken  artifically  prepared  clean  mono-dispersed 
water-saturated  fine-grained  quartz  sand  almost  as 
many  cycles (887) to  become  coarse  dust  (Minervin 
and  Komissarova, 1979).  Many researchers  claim 
that  this  particle  size  is  critical for quartz, 
being  resistant  to  cryogenic  exposure. 

A critical  size of cryogenically  disintegrated 
minerals is determined  by  their  crystallo-chemical 
structure,  and,  according to Konischev (1981), 
these  sizes  can  be  arranged  in a single  series: 
minimum  size-amphiboles,  pyroxenes  and  quartz; 
maximum  size-biotite  and  muscovite;  medium  size- 
feldspars;  this  series  indicates  the  changing 
degree of dispersion of rocks  and  soils  due  to 
freeze-melt  cycles. 

This series  is  consistent  with  the  predominance 
of quartz  particles  (0.05-0.01 mm) in  cryogenic 
eluvium.  Quartz  particles  that  are  smaller  display 
relative  resistance  to  physical  disintegration  and 
function  as  centres of  cryogenic  aggregation  in 
clay  soils,  producing  secondary  silty  particles 
(Poltev,  1972). 

Cryogenic  aggregation of silty,  clay,  and 
colloidal  particles,  resulting  in  an  accumulation 
of secondary  particles o f  a size  smaller  than  sand, 
plays  a  dominant  role  in  changing  the  degree of 
dispersion of water-saturated  clay  soils  as a 
result of freeze-melt  cycles  (Figure 1). A good 
illustration of this  effect  is  the  change  in  the 
degree  of  dispersion of a  polymineralic  clay 
(m P, kv), which,  in  the  course of repeated  Exeez- 
ing  and  melting,  showed  an  increase  in  the 
quantity of particles  the  size of fine  sand  to 
coarse  dust.  Also,  medium  sized  particles  in- 
creased  from 61.1 to 1 3 ~  while  the  r.m.s.  variations 
decrease.  These  results  indicate  that  the  particle 
size  becomes  more  homogeneous. The  dispersion 
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transformation, as a function of the  frequency of 
freeze-mclt  cycles,  is  also of  a subsiding  nature. 
Thus,  rock  (soil) as a system  rcaches a state of 
equilibrium  with  the  thermodynamic  conditions of 
the  cnvironment;  i.e. a composition of rock re- 
sistant  to  further  cyclical  cryogenic  effects 
develops. 

We  have  applied  methods of mathematic  statis- 
tics to process  the  results of our  research  and  the 
findings of some  foreign  authors.  Figure 1 shows 
the  dircction o f  change  in  the  dispersion of rock 
(soil)  resulting  from  repeated  freezing  and  melt- 
ing.  Tho  graph  clcarly  indicates  that  the  partic- 
les of most  sandy  and  clay  soils  tend  to  develop a 
mean  diameter of about 10-30 p and an r.m.s. varia- 
tion  close t o  0.7, which  is  typical of loess  soils. 
This is  further  evidence  that  cryogenic  weathering 
of dispersed  material  leads  to  the  formation of 
loess. 

Heavy  monomineralic  clays  such  as  bentonite  and 
kaolin  occupy a special  position.  For  example,  the 
degree of kaolin  dispersion (eN) increases i n  
response  to  an  increasc  in  homogcneity of  granulo- 
metric  compositions,  characterized  by a reduction 
of the  r.m.s.  variation  from 0 . 7 2  to 0.64. The 
change  in  granulomctric  composition  between 0 and 
150 cycles  consists of a substantial  decline of the 
coarse  dust  fraction  (up to 40%) owing  to  its  reduc- 
tion  to  the  size of a clay  fraction. On  the  whole, 
kaolin  dispersion  may be describcd  as a character- 
istic  transformation,  i.e.  the  growth of  the  clay 
fraction. 

Easily-soluble  compounds  that  form  part of rock 
(soil)  are  subject  to  fundamental  changes  as a 
result of multiplc  freeze-mclt  cycles.  When  judged 
by  the  degree of salinity,  evaluated on the  basis 
of the  dry  residue  in  the  water  extract,  evcn  the 
classification of the  matcrial  may  change.  For 
example,  non-saline  kaolin  subjected  to  six  frceze- 
melt  cycles  becomes  slightly  saline; a similar 
treatment  turns  heavily  saline  bentonitc  to  exces- 
sively  saline,  while  sca  clay  registers a transi- 
tion  from  heavily-  to  moderately  saline. 

of  their direction ox sign  can be  said to subside 
in  proportion  to  the  content of unfrozen  watcr  in 
the  material,  together  with a decline  in  salinity 
and a reduction  in  thc  specific  active  surface  area, 
in  accordance  with  the  mineral  composition of the 
matcrial:  montmorillonite ? hydromica > kaolinite. 
The  dynamics of these  changes  corresponds to that 
of chemical  reactions  occurring  in  the  material, 
and  is  determincd  by  the  tendency of rocks  (soils) 
to  enhance  their  resistance to freeze-melt  exposure. 
As  with  most  chemical  reactions  and  solutions,  the 
rate  decreases  as  the  steady  state is approached. 
These  effects  were  clearly  manifested  in  the 
materials  studies, in  which  the  rate o f  thc  water- 
extract  dry  residue  transformation  during  the  first 
six  freeze-melt  cycles  was  found  to  be 10 o r  more 
times  the  rate  recorded  in  subsequent  cycles. 

When  considering  the  direction of changes  in 
the  content of easily-soluble  compounds,  one  should 
note  the  growth of  such  compounds  in  monomi,neralic 
heavy  clay  soils  increasing  the  salinity,  whereas 
in  other  materials  there  is a steady  decrease  from 
cycle  to  cycle.  This  decreasc  in  the  majority of 
soils  is  caused  by  sevcral  factors.  One  factor  is 
the  formation of a sizable  quantity of crystal 

In general,  the  quantitative  changes  regardless 

hydrates  that  accompanies  the  freezing of moisture. 
For  example,  the  formation of gypsum  from  anhydrous 
calcium  sulfate,  as  in  thc  case of polpineralic 
sea  clay (m P, kv), leads  to a further  reduction 
of sulfate  ions  and  calcium  cations  in  the  water 
extract,  Another  factor  is  the  aggregation of 
colloidal  particles  at  the  expense of a reduced 
thickness of unfrozen  water  film.  Because  the 
solubility of such  aggregates  is  diminished,  they 
are  not  present  to a large  degree  in  the  water 
extract. 

In hcavy  monomineralic  clays  aggregation  may 
result  in  increased  salinity  because of the  very 
small  thicknesses of films of unfrozen  water,  which 
facilitates  active  water  flow.  Positively-charged 
salt  colloids,  present  in  an  aggregated  statc,  are 
only  slightly  soluble.  However,  as  pH  goes  down 
and  thc  temperature  in  the  negative  region  decreas- 
es, the  colloids  increase  their  charge  and  disperse, 
bccoming  more  soluble.  Thus,  differences  in  the 
thickness of unfrozen  water  films  owing  to  differ- 
ent  particlc  sizes  appear  to  lead  to  qualitative 
changes  in  the  chemical  and  mineral  composition of 
rocks  and  soils  which  are  subjected  to  cyclical 
freezing  and  melting. 

composition of the  clay  fraction.  X-ray  diffrac- 
tion  analysis  and  thcrmoanalysis  indicate  that 
after 5 and 50 freeze-melt  cycles  montmorillonite, 
hydromica,  and  kaolinite  undergo a fundamental 
structural  transformation  in  which  mixed-layers 
and  minerals  with a mobile  crystal  lattice  are 
produced.  With  montmorillonite,  interlayer  spaces 
d(001) become  larger.  Montmorillonite  that  forms 
part of the  clay  fraction of polymineralic  sea  clay 
(m P, kv), shows  an  increase of thc  inter-layer 
space  from 1.227 to  1.550  nm as cations of  Na+ are 
substituted  by Cat cations. 

considerable  transformations.  For  example, 
following a repeatcd  freezing  and  melting of poly- 
mincralic  sea  clay,  thc  pore  spacc of the  frozen 
material i s  differentiated  owing  to  the  significant 
growth of the  volume of micropores  whose  radius 
measures  below 0 . 2  and  over 0.5 p. Thc  number of 
pores  within  this  band  increases,  with  the  mean 
size of the  intraaggregate  pores  diminishing  from 
0.20  to 0.15 and  the  homogeneity  increasing.  The 
contraction of the  intraaggregatc  pores i s  due  to 
the  "compaction" of clay  aggregates  and  to  strongcr 
structural  bonds  between  the  particles  that  con- 
stitute  the  aggregates.  The  size of large  pores, 
that  belong  to  interaggregate  porosity,  is a  func- 
tion of the  size of  the  microaggregates  themselves. 
An  observed  growth of the  volume of  the  pores  with 
a radius  over  0.5 11, and  the  increase of their 
percentage in total  porosity,  are  accounted  for  by 
the  growth  of  the number of  medium-size  particles, 
by  more  cven  distribution of microaggregates,  and 
by  wcak  bonds  cxisting  between  them. 

structure of polpineralic sca  clay (m P, kv)  is 
characterized  by  the  presence  of  aggregates  con- 
sisting of  dispersed  particles  measuring  from 2 to 
5 p that  are  uniformly  scattered  throughout  the 
volume. The degree of aggregation  is  not high, the 
aggregates  being  scparated  from  one  another  by  ice; 
yet  there  arc  no  clear  inclusions o f  ice, which 
would  be  represented  by  fine  dispersed  particles 

Substantial  changes  may  occur  in  the  mineral 

The  structure of  soils  (rocks)  also  undcrgoes 

Before  freeze-mclt  cycle  treatment,  the  micro- 
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less  than 1 p in  size.  It  takes  only  5  freeze-melt 
cycles  for  the  mineral  particle  aggregates to grow 
to 30 1-1. A process  is  taking  place  whercin  the  ice 
rids  itself of the  finely-dispersed  mineral  partic- 
les  diffused  in  it,  i.e.  the  ice  undergoes  puri- 
fication. A similar  transformation o f  micro- 
structure  occurs  with  other  kinds of polymincralic 
and  monomineralic  frozen  rock (soil). Whatever  the 
material,  a  process of matter  differentiation  is 
always  involved  which  is due, on the  onc hand, to 
increasing  aggregation of the  soils  and  the  elimina- 
tion of  ice  inclusions  from  thc  aggregates  as  they 
undergo  compaction. On the  other  hand,  the  process 
involves  ice  concentration,  with  the  number  and 
size of ice  sections  and  crystals  increasing. 
Because of the  differentiation  into  ground  and  ice, 
the  heterogeneity of frozen  rock  (soil) as a system 
increascs. 

The above-described  transformations of material 
composition  and of the  porous  space  structure  lead 
to  observable  changes  in  the  content  of  unfrozen 
water in dispersed  rocks  (soil)  (Vrachev  and  Datsko, 
1980). The amount o f  unfrozen  water  in  the  tempera- 
ture  range  from -1 to  -1OOC  increases,  while  below 
-10°C  it  decreases.  These  changes are caused  by 
the  contraction of intraaggregate  porous  space 
which  determines,  along  with  the  specific  active 
surface,  the  content o f  the  liquid  phase of mois- 
ture  in  frozen  material.  The  watcr  contained  with- 
in  interaggregate  pores  (those  over 0.5 p in  radius) 
freezes  at  negative  temperatures  above -0.3'C. It 
follows,  therefore,  that  an  expansion o f  the  inter- 
aggregate  pore  volume  by  multiple  freezing  and 
melting of  the  material  results  in  the  freezing-out 
of water  contained  in  these  pores  even  at -0.3'C, 
resulting  in a smaller  quantity of unfrozen  watcr 
at  temperatures  ranging  from -0.3 to -1'C. 

chemico-mineral  composition  affccts  the  plasticity 
properties of clays. Thus, it  was  typical of all 
clay  soils  analyzed  (Figure 2)  that  moisture con- 
tent  in  the  upper  plasticity  range  was  reduced  by 
3  and 7% for  sand  loam  and  loam,  respectively,  and 
by 12% for  clay.  At  the  same  time,  the  plasticity 
index f o r  loam  decreased  from 17 to 10%; in  the 
case of  sand  loam  this  index  was  approximately 
halvcd. 

structure  impairs  the  strength  characteristics. 
The  strength o f  melted  samples of polpineralic sea 
clay (m P, kv)  decreases  from  0.14  MPa  to 0.09 MPa 
when  the  number of freeze-melt  cyclcs  rcaches 50. 
In  this  case,  the  coefficient of aggregation of 
particles  smaller  than 0.001 mm in  size  has  been 
found  to  increase  from  1.4  to  1.7,  and  for  particles 
smaller  than 0.005 mm it  has  increased  from  3.1  to 
3.8.  Such  changes of natural  dispersivity  deter- 
mine  the  minimum  strength  of  mslted  ground  after  it 
has  been  repeatedly  subjected to freezing  and 
melting. 

The  nature of contact  interaction  influences 
strength  also.  The  intraaggregate  contacts  deter- 
mine  only  the  strength of particular  aggregates  and 
their  water-resistance  characteristics.  The 
strength of the  disperse  system as a  whole  depends 
on  the  stability of molecular  and  elcctrostatic 
bonding  betwecn  the  aggregates.  Therefore,  the 
main  type of contact  in  this  case  is  by  coagula- 
tion. As the  frequency of freeze-melt  cyclcs 

Transformation of  clay  soil  dispersivity  and 

Transformation of rock  (soil)  composition  and 

in lcrea ses, the  number of  such  cont acts  reduces 
because of the  larger  size of aggregates  and  even- 
tually  leads  to a decreased  strength of the  rock 
(soil) in a  melted  state.  There is also a lowering 
of the  strength of  frozen  material  (Vrachev  and 
Datsko, 1980) due  both  to  the  increased  content of 
unfrozen  water  and  to  the  specific  transformation 
of the  frozen  microstructure. 

detcrrnined  by  the  inherent  and  external  thermo- 
dynamic  conditions. For example,  the  intensity of 
transformation of dispersivity of polymineral sea 
clay (m P, kv)  with  diffcrent  initial  moisture 
contents  increases  progressively  from Wr to 1.5W~. 
The  most  intensive  dispersion  occurs  in  samples 
having  maximum  moisture  content  because  changes  in 
the  thicknesses of adsorbed  and  unfrozen  moisture 
films  in  the  course of freezing  and  melting  are  the 
greatest.  On  the  other  hand,  in  water-saturated 
rocks  (soils)  most of the  water  turns  to  ice, 
whereby  maximum  crystallization  pressure  develops 
which  encourages  irrcversible  coagulation, 

Clay  soils  were  tested  in  the  tcmpcrature  range 
from  -5  to  +20"C  for 48 hours,  and  in  the  tcmpera- 
ture  range  from  -50  to  +5OoC for  12 hours.  Observ- 
ed  changes of dispersivity  indicate  that  the  nature 
of granulometric  composition  transformation is 
similar  in  clays  and  in  rocks  (soils). 

The  data  showed  that  a  repeated  alternation  of 
freezing  and  melting  processes  results in the for- 
mation of lens-type  textures  in  clays  and  solid 
cryogenic  textures in rocks  (soils),  while  quali- 
tative  trends  govcrning  the  transformation of the 
material  composition  and  structure  are  basically 
the samc. Thc intensity of transformations  is 
more  pronounced  in  the  formation o f  lens-type 
textures as in  this  case  a  high  rate o f  moisture- 
and  mass-transfer i s  involved. 

The  intensity of rock  (soil)  transformations  is 
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FIGURE 1  Transformation of dispersion OF rocks FIGURE 2 Dynamics o f  transformation of plasticity 
(soils)  subjected to multiple  (from 50 to 1,000 indices in multiple  freezing  and  melting o f  dis- 
cycles)  freezing and melting,  using  the  following  persed soils: clays (m P, kv)- 1 ,  loam  (Ag 11)-  2 ,  
sources: 1-Mazurov, G. P., Tikhonova, E. S. sand loam (gm III1). 
(1964); 2 - our  research; 3 -  Konischev, V. N. (1981); 
4-Minervin, A. V., Komissarova, N. N. (1979); 
5-Morozov. S. S. et  al. (1973) .  



PHYSICAL NATURE OF FROST PROCESSES 
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The frost  process,  which includes  changes i n  temperature and molsture  f ields,   the 
formation of ice layers, and frost  heave,  develops under certain  natural  condi- 
t ions,  forming geological  and geomorphological phenomena i n  frozen ground 
regions. The quantitative  study of frost  processes  involves  three  aspects:  the 
determination  of  state  parameters,  the  establishment o f  a mathematical model by 
model test or system analysis ,  and the resolution of the  numerical or approximate 

' solutions  to  the model. Based on a group of combination  equations  related  to  heat 
and moisture  flow,  the  frost-heave  process, and the  heat-water  balance at the thaw 
interface,  and on the  principles of thermodynamics and the  mathematical model, the 
author  presents  approximate  solutions €or calculating  the  depth of frost  penetra- 
tion,  the amount of migrating  water,  unfrozen  water  content, and the amount of 
frost  heave. 

T h e   p r e r e q u i s i t e   f o r   t h e   d e v e l o p m e n t  o f  
f u r t h e r   s t u d y i n g   t h e   f r o s t   p r o c e s s   q u a n t i -  
, t a t i v e l y   a n d   e x p e r i m e n t a l 1 . y  i s  t.o r e v e a l  
i t s  p h y s i c a l   n a t u r e .   T h e   f r o s t   p r o c e s s  i s  
c o m p o s e d  o f  s o m e   c o m p r e h e n s i v e   p h y s i c a l  
p r o c e s s e s   i n t e r r e l a t e d   t o   e a c h   o t h e r  
c l o s e l y ,  SO t h a t  i t  m u s t   b e   d c s c r i b e d   b y  
a g r o u p  o f  c o m b i n a t i o n   e q u a t i o n s .   M o d e l l -  
i n y  t e s t  m u s t   f o l l o w   s i m i l a r   c o n d i t i o n s  o f  
t h e   p h y s i c a l   p r o c e s s e s ,  s o  i t  i s  necessary  
f o r  u s  t o  set; up s i m i l i t u d e  c r i t e r i a  r o m -  
p l e t e l y .  

A t  p r e s e n t ,   t h e   a p p r o x i m a t e   a n a l y s i s  
s o l u t i o n  s t i l l  h a s  i t s  l i f e   i n   t h e   s t u d y  
o f  f r o s t  p r o c e s s e s ,   e s p e c i a l l y  f o r  t h c  
o p e n   s y s t e m .  

t o   t h e   a p p l i c a t i o n  o f  t h e r m o d y n a r n l r s   t o  
t h e   s t u d y  o f  f r o s t   p r o c e s s e s   b e c a u s e   o f  
i t s  a d v a n t a g e s   i n   t h e   c a l c u l a t i o n  o f  t h e  
s u b j e c t   w i t h   p h a s e   c h a n y e   a n d   f r o s t   h e a v e .  

I t  i s  w o r t h   w h i l e   t o   g i v c   m o r e   a t t e n t i o n  

PHYSICAL N A T U R E  IN FROST PROCESSES 

T h e   e x c h a n g e   o f   e n e r g y   a n d   m a s s  i s  a c -  
t i v e l y   u n d e r t a k e n   b e t w e e n   t h e   s u r f a c e  
l a y e r  o f  t h e   e a r t h ' s  c r u s t  a n d   t h p   a t m o s -  
p h e r e ,   a n d   b e t w e e n   t h a t   a n d   t h e   u n d e r l y i n q  
l i t h o s p h e r e ,   g o v e r n i n g   t h e   t h e r m o d y n a m i c  
c o n d i t i o n  o f  t h e   s u r f a c e   l a y e r   i t s e l f .  As 
t h e   e x c h a n g e  r e a c h e s  a c r i t i c a l  s t a t e ,  t h e  
s u r f a c e   l a y e r  g o e s  i n t , o  a f r o z e n  s t a t e ,  
a n d   c o n s e q u e n t l y   f o r m s  a f r o z e n  surf a c e  
l a y e r   a n d  a s e r i e s  o f  p h e n o m e n a   c a u s e d   b y  
f r e e z i n g ,   T h e r e f o r e   t h e   f r o z e n   s u r f a c e  
l a y e r  i s  a g e o l o g i c a l   a n d   g e o g r a p h i c a l  
system. 

F r o z e n  so i1 . s  a r e  m a i n l y   c o m p o s e d  o f  
m i n e r a l   p a r t i r l e s ,   u n f r o z e n   w a t e r ,  i c e  
( w i t h   p l a s t i c i t y )   a n d   g a s .   A l l   t h e   c o m -  
p o n c n t s   a r e   i n t e r r e l a t e d  a n d  i n t e r a c t   w i t h  
each  other  c l o s e l y ,  r e s u l t i n g   i n  a non- 
h o m o g e n e o u s   c a p i l   l a r y - p o r o r ~ s   t e x t u r e .  
E s p e c i a l l y ,   a s  t h e r e  a r e  f i n e   g r ~ i n s ,  f r e e  

i o n s ,   p o l a r i z e d   w a t e r   m o l e c ~ l l e s ,   a n d  i c e  
c r y s t a l s   i n   f r o z e n   s o i l s ,  s o  we c a n  c o n -  
s i d e r   t h e   f r o z e n   s o i l s  a s  a p h y s i c a l -  
chemical   system. 

F r o s t   a c t i o n  i s  a c o m p r e h e n s i v e 1 . y   p h y s -  
i c a l   a n d   c h e m i c a l   p r o c e s s .   C o n s i d e r i n g  
t h e   c h e m i c a l   t r a n s f o r m a t i o n  i n  s o i l s   d u r i n g  
f r e e z i n q   b e i n g   i n s i g n i f i c a n t ,   t h e   a u t h o r  
c o n s i d e r s   t h e  f r o s t  p r o c e s s  a s  o n l y  a 
c o m p r e h e n s i v e l y   p h y s i c a l   p r o c e s s ,   w h j c h  
i n c l u d e s   t h e   t r a n s f o r m a t i o n   o f   h e a t ,   t h e  
p h a s e   c h a n g e   o f   w a t e r ,   w a t e r   m i g r a t , i o n ,  a s  
well a s  v a r i o u s   m e c h a n i c a l   p r o c e s s e s   u n d e r  
c e r t a i n   c o n d i t i o n s  o f  l o a d i n g ,   t e m p e r a t u r e ,  
a n d   m o i s t u r e .  Among w h i c h ,   t h e   e x c h a n g e  
o f   h e a t .   a n d   t h e   p h a s e   t r a n s i t i o n  a r e  p r i -  
m a r y .  Each p r o c e s s  i s  i n d e p e n d e n t ,   a n d  
t h e   l a w   o f  i t s  c h a n g e   d e p e n d s   u p o n  i t s  
i n t r i n s i c   p r o p e r t i e s .  T h e  i m p o r t a n t   t h i n g ,  
h o w o v e r ,  i . s  t h a t   t h e s e   p r o c e s s e s  a r e  i n -  
t e r r e l a t e d   t o   e a c h   o t h e r ,   r e s u l t i n y   i n  a 
c o m p l i c a t e d   f e e d b a c k   s y s t e m ,   a n d   g o v e r n i n g  
t h e   c h a r a c t e r i s t i c s  o f  t h e   w h o l e   s o i l  
l a y e r .   G e n e r a l l y   s p e a k i n g ,   i n t e r a c t i o n s  
w i t h i n  a p r o c e s s   t e n d  t,o k e e p  iCs b a l a n c e :  
o n  t h e  c o n t r a r y ,   t h e   a c t i o n s   o u t s i . d e   t h e  
p r o c e s s   t e n d   t o   d e s t r o y   t h e   b a l a n c e .  As 
a r e s u l t ,   f r o s t   p r o c e s s e s   i r r e v e r s i b l y  
e v o l v e   t o   a n   a d v a n c e d   s t a g e .  

t h r e e   m a i n   a s p e c t s ,  i . e . ,  t h e   p o w e r   o r  
m e c h a n i s m ,   t h e   s t a t e   p a r a m e t e r s   a n d   d e t e r -  
m i n a t i o n  o f  t h e i r   v a l u e s ,   a n d   t h e   m a i n  
l a w s  o r  n a t u r e s   o f   t h e   p r o c e s s .   A b o v e  
a l l ,   f r o s t   a c t i o n  i s  a n a t u r a l - h i s t o r i c a l  
p r o c e s s ,  i . e . ,  t h e   f r o s t   p r o c e s s e s   p r o c e e d  
u n d e r  a c e r t a i n   n a t u r a l - h i s t o r i c a l   c o n d i -  
t i o n ,   r e s u l t i n g  i n  f o r m i n g   t h e   g e o l o g i c a l  
a n d   g e o m o r p h o l o g i c a l   p h e n o m e n a  i n  a f r o z e n  
g r o u n d   r e g i o n .   F o r  a s e a s o n a l l y   f r o z e n  
l a y e r ,   t h e   f r o s t   p r o c e s s e s   i n c l u d e   t h e  
c h a n g e s   o f   t e m p e r a t u r e   a n d   m o i s t u r e   f i e l . d ,  
t h e  f o r m a t i o n   o f  t h e  i c e  l a y e r ,   a n d   t h e  
f r o s t   h e a v e   p r o c e s s .  

T h e   s t u d y   o f   f r o s t   p r o c e s s e s   i n c l u d e s  

O n e   o f   t h e   m o s t   i m p o r t a n t   a d v a n c e s   o f  
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c u r r e n t   s t u d i e s   o n   c r y o p c d o l o g y  i s  t o  
s t u d y  f r o s ~  p r o c e s s e s   q u a n t i t a t i v e l y   a n d  
e x p e r i m e n t a l l y .   T h e   s t u d y   m e t h o d s  a r e  .as 
f o l l o w s :   F i r s t l . y ,   t h e  s t a t e  p a r a m e t e r s  
o f  t h e   p r o c c s s   s h o u l d   b e   d e t e r m i n e d .  F o r  
e x a m p l e ,   a c c o r d i n g  t o  t h e  t h e r m o d y n a m i c s  
v i e w ,   t h c   p a r a m e t e r s  o f  P ,  V ,  N, ar ld  T 
s h o r r l d  bc d e t e r m i n e d  If we d o   n n t   t a k e  
i n t o   c o n s i d e r a t i o n  external  e l e c t r i c a l  
( o r  m a g n e t i c )   f i e l d   a c t i o n .   S r c n n d l  y ,  t ,hr  
m a t h e m a t i c a l   m o d e l   h a s  Lo b e   e s t a h l l s h e d ,  
i . e . ,  t h e   r e l a t i o n s h i p   b e t w e e n   t h e  t;.ime- 
a n d   s p a c e - d e p e n d e n t   p a r a m e t e r s   a n d  t h e i r  
i n f l u e n c e d   f a c t o r s  m i l s t  be  c s t a b l   i , s h e d   b y  
m e a n s  o f  t h e   p h y s i c a l - m e c h a n i c a l  l aws  s o  
a s  t ,o  r o u n d  a s e t  o f  c o m b i n i n g   e q u a t i o n s .  
And f i n a l l y ,   o n c   h a s   t n   w o r k  o u t  t h e  
s o l u t i o n s   b y   r x p e r i m e n t s   a n d   a n a l y t , i c a l  
m e t h o d s .  

f rozc r l  l a y e r ,  we y i v e   t h e   f o l l o w i n g   o q u a -  
t i o n s ,  Among w h i c h ,   t h e   e q u a t i o n s  r e -  
f e r r i n g  t o  t h e   h e a t   a n d  moist;rrre c h a n g e s ,  
r c s p e c t i , v c l y ,  a r c  

T o r  t h e  f r o s t  p r o c e s s c s   o f  a s e a s o n a l   l y  

t h e   c q u a t i o n  to t h e  p h a s c '   t r a n s i t i o r l  o f  
w a t e r ,  a n d  t o  i c p  o r  t o  t h e   c ' h a n g e  of  
u n f r o z e n   w a t e r   c o n t e n t  i s  

d g l  = dLl* ( 3 )  

a n d   t h e   e q u a l i o n  t o  t h e   f r o s t   h e a v e  p r o -  
c e s s  o r  t h e   a m o u n t  of f r o s t  h r a v e  Is 

d Q  7 d u  + p d v  ( 4 )  

w h e r e  g r  Q, a n d  u a r e  a l l   f u n c t i o n s  of L 
a n d  w ,  and t h e   r e l a t i o n s  between t a n d  w 
c a n   b e   e x p r e s s e d  b y  t h e  h e a t - w a t e r   b a l a n c e  
c q u a t i o n s  a t  t h e   f r o s t - t h a w   i n t e r f d c e .  

The r o m p r e h e n s i v c   p r o c e s s e s   d i . s c u s s e d  
a b o v c   c a n n o t   b e   d e a l t  w i t h  b y   a n   a n a l y t . i r ,  
m e t h o d ,  but, t h e   m o d e l  Lrst i s  a v a i l a b l e .  
I n   t h e   l i g h t  o f  t h e   n a t , u r e  o f  f r o s t  p r o -  
c e s s ,  t h e  L h c o r y  o f  s y s t e m   a n a l y s i s  i s  
p e r h a p s   t h e  m o s t  p r o s p c c t i v e .  A t ,  p r e s e r ~ t .  
a m o n g  t h e  a n a l y t i c   w a y s   w i t h   w h i c h  t h c !  
v a r j , o u s   p r o c e s s e s  can b e  d e a l t  w i t h   i n -  
d e p e n d e n t l y ,   b a t h   t h e   a p p r o x i - m a t e   s o l u t i o n  
a n d   n u m e r i c a l .   s o l u t i o n  a r c  o f  g r ~ a l .  i m -  
p o r t a n c e .   T h e   a p p 1 i c a t i . o n  or a p p r o x i m a t e  
s o l u t i o n  w i l l  b e   d i s c u s s e d   i n   t h c   n e x t  
s e c t i o n .  

F r o m  c q s  1 a n d  2 ,  we o b t a i n  a . r / L  = 
i d e m ;  k .c /L2  :: i d e m   a r r d   f r n r n   e q s  5 a n d  
4 ,  we have  X t - r / L r w L 2  = i d e m .   p / l . . r w  - i d e m .  

s i o n a l   a n a l y s i s ,   t h e r e   a r e   n i n e   p h y s i c a l  

2 

A c c o r d i n g  t o  t h e  " 1 ~ "  t h e o r e m   o n   d i m e n -  

q u a n t i . t i c s   a n d   r i v e   d i m e n s i o n s  
i n   t h e   a b o v e  c q u a t l o n s  a l t o g e t h e r ,   a n d ,  
t h e r e f o r e ,  t h e  f o u r  c r i t , e r i a  above a r c  
c o m p l c t e   a n d   i n d e p e n d e n t .   F r o m   t h e  c r i -  
t e r i a ,  wc c a n   o b t a i n  t h e  f o l l o w i n g   e q u a -  
t i o n s  of  s i m i l j t u d e   m u l t i p l e :  

B e c a u s e  o r  t h c   a b o v e  f o u r  r e s t r a i n i n g  
c o n d i t i o n s ,   t h c   s i m i l i t u d e   m u l t i p l e s   h a v e  
0 n l . y   f i v e   v a r i a b l e s ,   a n d   t h e   o t h e r   t h r e e  
a r c   d e t e r m i n e d   b y   t h r   a b o v e - m c n t i o n e d  
c o n d i t i o n s .  

o n   t h e   u n d i s t u r b e d  s o i l  s a m p l e s ,   t h e n  we 
h a v c  

If t h e   m o d e l .   c x p e r i m c n t s   a r e   p e r f o r m e d  

a n d   f r o m   t h e   a b o v e ,  we o b t a i n  

c t  = 1 ,  c, -: I ,  c, = c; . 
T h e  oI :her  s i m i l i t u d e   m u l t i p l e s   c a n   b e  

d e t e r m i n r d   b y  k h e  d i m c n s i o n a l   c o m b i n a t i o n  
m e t h o d .  Here,  we o n l y   g i v e   t h c  s imilar  
m r l l  t i p l e   f o r  s t r c s s  C p . ; l ,  a n d   t h a t  f o r  
water fJ .nw Ci-:1/cL. 

T H E  APPROXIMATt C A L C U L A T I O N  OF r R O S T  
HEAVE 

If we t a k e  a s e c t i o n  o f  s o i l  l a y e r s  
f r n m   t h r   q r o u n d   s u r f  a cc  ( X = O )  t o  t h e   t o p  
o f  q r o u n d  water c a p i l l a r y   z o n e   ( X - H )  a s  a 
s y s t e m ,   t h e n ,   a c c o r d i n g  t o  t h e   n a t u r e  o f  
t r a n s f e r r i n g   h e a t   a n d   m o i s t u r e   i , n   t h e  
s y s t e m ,  i t  c a n   b e   d i v i d e d   i . n t o   t h c   t h r e c  
i n t e r r e l a t e d   s u b s y s t e m s ,  i . e , ,  t h e   f r o z e n  
s o i l  s e c t i o n  (X=X ),  t h e   f r c e z i n q  s o i l  
s c c t i o n   ( X k - h )   a n 5   L h e   t h a w e d  s o i l  s e c t i o n  
( h - H ) .  

To m a k e  the  s u b j e c t   s i m p l e ,   t h e   a u t h o r  

1. T h e   w h o l e   s y s t e m  i s  h o m o g e n e o u s ,   t h e  
p r o p o s e s  t h c  p r e m i s e s  a s  f o l l o w s  

h e a t   t r a n s m i s s i o n   t a k e s   c o n d u c t i o n  a s  t h e  
m a i n   w a y ,   t h e   t h e r m a l  e f f e c t  d u r i n g  water  
m i g r a t i o n  i .s  r e f l e c t e d   o n l y  i n  t h e   L a t e n t  
h e a t  o f  p h d s e   t r a n s i t i o n  of  w a t e r ,   a n d ,  a t  
t h e  same t ime,  t h e   h e a t   e x c h a n g e   w i t h i n  
the  f r o z e n  s o i l s  i s  t a k e n   i n t o   c o n s i d e r a -  
t i o n .  

7.  The temperatures a t  the upper  a n d  
l o w e r  b o u n d a r y  o r  t h e   s y s t e m ,  to  a n d  t H ,  
a r e  t a k c n   t h e i " r   a v e r a g e   v a l . u c s   d u r i n g   t h e  
f r e e z i n g   p r o c e s s ;   t h e   t e m p c r a t u r e  a t  t h e  
f r e e z i . n g   f r o n t , t h ,  i s  o o c ,  a n d   t h e   c h a n g e  
o f  t e m p e r a t u r e   i n   b o t h   t h e   f r o z e n   a n d  
t h a w e d   r e g i o n s   ( t -   a n d   t ' )  f o l l o w  t h e  
] . ; . n e a r  1-aws: 

t -  : - t , / h .   ( x - h ) ;  
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3 .  M o i s t u r e   m i y r a t i o n  t a k e s  p l a c e   i n  
b o t h   t h e   f r e e z i n q   a n d   t h a w e d  s o i l  r e y i o n s .  
T h e   u p p e r   b o u n d a r y   o f   1 : h r   f r e e z i n g   r e g i o n ,  
x k ,  i s  d e t . e r m i n e d  b y  t h e   l c v e l  o f  t.he 
t e m p e r a t u r e  Z,k, w h i c h   c o r r e s p o n d s  t o  
t h e  c r i . t i c a 1   v a l u e  (w,) o f  u n f r o z e n   w a t , e r  
i n   t h e   t e m p e r a L u r e   f i e l d  

T h e  wa te r  c o n t e n t   ( W H )   a t ,  the  l o w p r  
b o u n d a r y  i.s a c o n s t a n t ,  <lnd t h e  w a t e r  
c o n t e n t   a t   f r e e L i . n g   f r o n i  i s  w h - w o - w ' ,  
w h e r e  w o  i s  t h e   i n i t i a l   w a t , ? r   c o n L p n t ,   a n d  
w '  t h e  a m o u n t  o f  w a t e r   f l o w i n g  ou!. o f  t hc  
s y s t e m   d u r i . n p   t , h a w i n a .   T h e   b o n d i n q   w a t e r  
c o n t , e n t   ( w k p )  of  I.he s o i l s  i .s s u b t r a c t e d  
f r o m  t h e   t o l a l   w a t e r   c o n t e n l .   T h e  water  
c o n t e n t s   i n  t h e  two r e q i o n s ,  w -  a n d  w + .  
c h a n g e  1 i n e a r l y  a s  f o l l o w s  

W -  z Wk + (wh - w k ) / ( h  - x k ) * ( x  x k ) ;  

w +  WH - ( W H  - Wh)/( !d  - h ) * ( H  - x ) .  (8) 

' J n d c r   t h e  a b o v e  p r e m i s e s ,   t h e   b a l a n c e  
o f  h e a t  a n d  m o i s l , u r ~   a t ,  t ,he f r e e z i n g   f r o n t  
c a n  be d e s c r i b e d  b y  t . h e  e q u a t i . o n s  

c o n s i d e r i n g  e q s  1 ,  a n d  2 ,  a n d   l e t t i n g  

I n t e q r a t i n q   e q  1.1, W P  o b t a i n  1 . h ~  e q u d -  
t , i o n  f o r  d e t e r n i n i n q  tlhe d e ; ) I : ~  o f  f r o s t ,  
p e n c t r a t , i o n  

a n d   t h a t  f o r  d e t e r m i n i n g   t h e   a m o u n t  o r  
m i y r   a t  1 n g  wdl-er 

F r o m  e q s  9 a n d  10 ,  i t  c a n  
a p p l i c a b l e  r a n g c   o f  c q s  1 2  

( 1  3 )  

b e   s e e n   t h a t  t h e  
a n d  1 3  i.s 

If H i s  v e r y   y r c a l .   a n d   t h e   m o i s t u r e  
m i g r a t i o n   i n   t h e   f r e e z i n g   r e g i o n  i s  n o t  
L a k e n   i n t o   c o n s i d e r a t i - o n ,  we h a v e   t h e  
r e v i s e d  S t e p h e n  f o r m u l d :  

T h e   c o n d i t i o n   f o r m i n g   t h e  i c e  l a y c r  
c a n  he a n a l y s e d   b y  e q s  1 2  a n d  1 3 .  F r o m  
t h e   f u l l   C Q r l d i . t i o n   r o r m i n g   t h c  i c e  l a y e r ,  
rowt,iQ&rowb, we c a n   o b t a i n   t h e   l o c a t i o n  
w h e r e   t h e  ~ c e  l a y e r  i s  f o r m e d .  

a n d ,   f u r t h e r m o r e ,   o b t a i n   t h e   t h i c k n e s s  
o f   t h e   f o r m e d  i c c  l a y e r  

D q L e r m i n a t L o n   o f   U n f r o z e n  Water C o n t e s  
- a n d  Amount-of F r o s t  Heave 

As f o r  t h e   p r o b l c m   o f   p h a s c   c h a n g e  o f  
w a t e r  in f r o s t  p r o c e s s ,   f r o m   t h e   p o i n t  
o f  v i e w  o f  c r y o p e d o l o y y ,  i t  i s  c o n s i d e r c d  
a s  t h e   p r o b l e m   o f   t h e   f o r m a t i o n   a n d   d i s -  
t r i b u t i o n  o f  i c e ,  a n d  f rom t h a t  of  
p h y s i c s ,  i t  i s  c o n s i d c r e d  a s  t h e   p r o b l . e m  
o f   t h e   b a l a n c e   a n d   t r a n s f o r m a t i o n  o f  
b o n d i n g   w a t e r ,   u n f r o z e n  water  a n d  I'ce i n  
t h e  s o i l  s y s t e m .   T h i s   p r o b l e m  i s  d i . s -  
ccrsscd u n d e r   f o l l o w i n g   p r c m i s e s :  S o i  1 s 
s y s t e m  i s  h o m o g e n e o u s ,  i c e  j s  t r a n s f o r m e d  
r r o m  p u r e  w a t e r   ( i n c l u d i n g   t h e   m i g r a t i n g  
wal ,e r  1, a n d   t h e   c h d n y e   o f  g a s s e s  i n   t h i s  

p o r e s   o f  t h i s   s y s t e m  possesses t h e  same 
p r o c c s s  i s  negligible. So t h e  i c e  i n  

p r o p e r L i e s   w h e n  i .t  i s  i n   t h e  f r e e  s t a t e .  
T h e  n a t u r e  o f  u n f r o z e n  watcr i s  g o v e r n c d  
b y  t h e  f e a t u r e s  o f  p a r t i c l e   s u r f a c e ,   a n d  
i s  c h a r a c t e r i 7 e d   b y   m a g n e t i c   ( L h e r m o d y -  
n a m i c )   p a r a m c l c r s .  Therefore, t h e   d i s -  
cussed p r o b l e m  i.s t u r r l c d   i n t o  thc! p r o -  
b l e m  o f  p h a s c  t r a n s f o r m a t i o n  o f   w a t e r -  
t o - i r e   i n  t h i s  c a s e  w i t h o u t  e x t e r n a l  : 
e l e c t r j c a l  o r  m a g n e t i c   f i e l d .  

i n g  r e  I. a t i o n ,  
A c c o r d i n g  Lo eq 3 ,  wc h a v e   t h e   f o l l o w -  

A c c o r d i n g  t o  t h e  we I 1  - k n o w n   t h c r m o d y -  
n a m i c   r e l a l i o n ,  eq 1 8  c a n   b e   w r i t t c n  a s  
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F o r   t h e   t e m p e r a t u r e   a n d   a p p l i e d   p r e s -  
s u r e   b e i n g   c o n s t a n t ,  we h a v e  

( a N / a P ) T  = ( V 1 - V 2 ) / ( ~  2 - u l )  .- - A V / A u ;  ( 2 0 )  

( a N / a T ) p  = (52-51 ) / ( ! - i 2 - U 1 )  ns/Au ( 2 1 )  

S i n c e  AS = A H / T ,  a n d  A u  = R T  c n ( P 2 / P 1 ) ,  
we o b t a i n  

<a N/a T ) p  = A H / R T  L , ( P ~ / P I  ); 
2 

( 2 2  ) 

( a N / a P I T  = - A V / R T  L n ( P 2 / P I )  ( 2 3 )  

I n   e q s  2 2  a n d   2 3 ,   b e c a u s e  of  M < O ,  
P 2 C P   a n d  A V > 0 ,  so  (8 N/a T ) p > O ,  ( a . N / a P ) T  
0. t A u s ,   u n f r o z e n   w a t e r   c o n t e n t   i n c r e a s e s  
w i t h   t h e   t e m p e r a t , u r e  o r  p r e s s u r e   i n c r e a s -  
i n g ,  i . e . ,  i n   t h i s  c a s e  i c e  i s  t , r a n s f o r m -  
e d   i n t o   u n f r o z e n  water .  

I n t e g r a t i n g   e q s  2 2  a n d  2 3 ,  we c a n  
o b t a i n   t , h e   r e l a t i o n s  f o r  d e t e r m i n i n g   t h e  
u n f r o z e n  water c o n t e n t  ( o r  Lce c o n t e n t )  
i n  s o i l s  a t  a c e r t a i n  t e m p e r a t u r e   a n d  
p r e s s u r e .  A t  p r e s e n t ,   h o w e v r r ,  t h e r e  a r e  
some d i f f i c u l t i e s   i n   t h e   e x p e r i m e n t a l  
d e t e r m i n a t i o n s  o f  a f e w   n e c e s s a r y  
p a r a m e t e r s .  

b e c a u s e  of  t h e   m o i s t u r e   r e d i s t r i b u t i o n  
( m i g r a t i o n )   a n d  I c e  f o r m a t i o n ,   t h e   v o l u m e  
a n d   d e n s i t y  o f  t h e  s o i l  l a y e r   m u s t   h a v e  
changed .  It i s   c a l l e d   t h e   f r o s t   h e a v e  o f  
s o i l s ,  a n d   t h e   c o r r e s p o n d i n g  f r o s t  h e a v e  
i n c r e m e n t   i n  t h e  v e r t i c a l   d i r e c t i o n  i s  
s o - c a l l e d   t h e   a m o u n t  o f  f r o s t  h e a v e .  

T h e   i n c r e a s e  o f  i c e  v o l u m e  is t h e  
n e c e s s a r y   c o n d i t i o n   f o r   p r o d u c i n g  
f r o s t  h e a v e ,   a n d   t h e   f u l l   c o n d i t i o n  i s  
t h a t   t h e   i n c r e a s e  of  i c e  v o l u m e   m u s t   b e  
g r e a t e r   t h a n   t h e   s u m  of  t h e  d e c r e a s e  of  
p o r e   v o l u m e   i n   t h e  s o i l  a n d  t hP  c o m p r e s -  
s i v e   a m o u n t  o f  t h e  u n d c r l y i n g   t h a w e d  
s o i l s  d u r i n g   f r e e z i n g .  

F o r  a s e m i - i n f i n i t e   g r o u n d   b o d y   s u f  - 
f e r e d   a n   e x t e r n a l  l o a d  o f  P ,  i f  we t a k e  
t h e  i c e  w i t h i n   t h e  s o i l .  l a y e r   w i t h  t h e  
t h i c k n e s s  o f  d h ,  w h i c h  i s  t a k i n g   p l a c e   t h e  
p h a s e   c h a n g e   a s  a s y s t e m ,   a n d   t h e   u p p e r  
a n d  lower s o i l  l a y e r s   a s   s u r r o u n d i n g s ,  
t h e  f i r s t  t h e r m o d y n a m i c  l aw m u s t   t a k e  
t h e  f o r m  of  e q  4. 

w h e r e   d u  = A u r o  (w, + A w )  d h  ( 2 4 )  

i n   w h i c h ,  Au i s  t h e  i n t r i n s i c   e n e r g y  
i n c r e m e n t  of t h e   u n i t   w e i g h t  of w a t e r  
d u r i n g   p h a s e  c h a n g e . ;  

a n d   d B  = bHro ( w h  + A w )  d h  ( 2 5 )  

i n   w h i c h ,  A H  i s  t h e   e n t r o p y   i n c r e m e n t  o f  
u n i t   w e i g h t   o f  water d u r i n g   p h a s e   c h a n g e .  

s i o n   w o r k ,   a n d  it, i n c l u d e s   t h e   f o l l o w i n g  

If a s o i l  l a y e r   s u f f e r e d  t o  f r e e z i n g ,  

CpdV i s  t h e   s u m  o f  t h e   v o l u m e   e x p a n -  

w o r k  o f  t h e  
t h e   s o i l   w e i g h  

t w o  p a r t s :  
p l d V  i s  t h e   e x p a n s i o n  

s y s t e m   h o n e   b y   o v e r c o m i n g  
t h e   a p p l i e d ,   l o d d ,   i n c l u d  
p r e s s i v e   d e f o r m a t i o n   w o r k  

i n g   t h e -  com- 
o f  t h e   u n d e r l y -  

i n g  so il l a y e r .  I t  t a k e s   t h e  f o r m  of  

i n   w h i c h ,  R i s   t h e   d e f o r m a t i o n  o f  t h e   S o i l  
l a y e r ,  i . e . ,  t h e   a m o u n t  o f  f r o s t  h e a v e  o f  
t h e  s o i l  l a y e r .  

P 2 d V 2  i s   t h e   e x p a n s i o n   w o r k  o f  t h e  , 

s y s t e m   d o n e   b y   e x p a n d i n g  t o  t h e   p o r e  07 
s o i l .  I t  s t a t e s  

P 2 d V Z  = ( P + r o  (Hwh + A w  ) ) A n d h  

i n   w h i c h ,  An i s  t h e   c h a n g e  o f  p o r e   v o l u m e  
o f  t h e  s o i l  d u r i n g   f r e e z i n g ,   a n d  we h a v e  

An = - ( R / h  - (1..09AW f 0 . 0 9 w h ) )  

S u b s t i t u t i n g  e q s  2 4  - 2 7  i n  eq 
( l - 4 ) ,  we o b t a i n   t h ?   r e l a t i o n  f o r  d e t e r -  
m i n i n g   t h e   f r o s t - h e a v i n g  r a t e .  

0 . 0 9 W h )  ( 2 8 )  

I n t e g r a t i n g   t h e   a b o v e   r e l a t i o n ,  we 
o b t a i n   t h e   e q u a t i o n  f o r  d e t e r m i n i n g   t h e  
a m o u n t  o f  f r o s t  h e a v e  

k = k  - d h  h dR 
d h  

I f  i t  i s  known  how w v a r i e s   w i t h  
d e p t h ,   t h e   a b o v e   e q u a t i o n   c a n   b e   s o l v e d .  

F o r  s a t u r a t e d  s o i l s  ( h = O ) ,   t h e   a m o u n t  
o f  m i g r a t i n g  water i s  a c o n s t a n t ,   a n d   t h e n  
t h e   a m o u n t  of f r o s t  h e a v e   c a n   b e   c a l c u l a t -  
e d   b y  

AU-AH R = -" 
+Wh+AW L n  ( 1 ( 3 0 )  

P + ( l + W h +  W )  r o h  

P 

CONCLUSIONS 

I n   t h i s   p a p e r  a m a t h e m a t i c a l   m o d e l  
d e s c r i b i n g   t h e  f r o s t  p r o c e s s e s   i n   p r i n c i -  
p l e  h a s   b e e n   p r e s e n t e d  a f t e r  t h e   a n a l y s i , ~  
o f  p h y s i c a l   n a t u r e   i n  f r o s t  p r o c e s s e s .  
T h i s   m o d e l   h a s   b e e n   f o u n d e d   o n   t h e   b a s i s  
o f  a g r o u p  o f  e q u a t i o n s .   T h e   r e l a t i o n s h i p  
o f  s i m i l i t u d e   m u l t i p l e ,   w h i c h  i s  u s e d  f o r  
u n d i s t u r b e d  s o i l s  i n   m o d e l l i n g  t e s t s ,  h a s  
a l s o   b e e n   g i v e n .  

u n d e r g r o u n d   w a t e r   l e v e l ,   t h e   o b t a i n e d  
a p p r o x i m a t i v e   s o l u t i o n ,   w h i c h  i s  u s e d  f o r  
c a l c u l a t i n g   t h e   f r e e z i n g   p e n e t r a t i o n   d e p t h  
a n d   t h e   q u a n t i t y  o f  m o i s t u r e   m i g r a t i o n ,  i s  
c l e a r  i n   p h y s i c a l   c o n c e p t i o n .   T h e   f o r m u l a  
f o r  c a l c u l a t i n g   u n f r o z e n  water c o n t e n t ,  ob- 
t a i n e d   b y  t h e r m o d y n a m i c   m e t h o d ,   c a n  
r e f l e c t  t h e  e f f e c t s  o f  t e m p e r a t u r e ,   p r e s -  
s u r e   a n d  s o i l  p r o p e r t i e s ,  a n d   t h e   f o r m u l a  
f o r  c a l c u l a t i n g   t h e   a m o u n t  o f  f r o s t  
h e a v e   b y   t h e  same m e t h o d  is f o u n d e d   u n d e r  
t h e   c o n s i d e r a t i o n  of f a c t o r s  s u c h  a s  
p o r o s i t y   c h a n g e ,   s o l i d i f i c a t i o n  of u n d e r -  . 
l y i n g  s o i l s ,  e t c .  

F o r  t h e   o p e n   s y s t e m   w i t h   t h e   c o n s t a n t  
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X :  

T: 
r o  : 
r :  
t :  
T :  

A :  
a :  

C :  
L :  

W :  
A w  : 

k :  
9 :  
u :  
Q. : 
H: 
U:  
S :  
P :  

2 :  
N: 
R :  

NOMENCLATURE 

c o o r d i n a t e  o f  a g i v e n  s o i l  l a y e r ,  
w h i c h   o r i g i n a l   p o i n t  i s  a t  t h e   g r o u n d  
s u r f   a c e  ( m  ) ;  
t ime ( h r ) ;  
d r y   d e n s l t y  o f  so i3 . s  ( k g / m 3 ) ;  
b u l k  d e n s i t y   o f  s o i l s  ( k g / m 3 ) ;  
t e m p e r a t u r e   i n  s o i l s  ( O c  ); 
a b s o l u t e   t e m p e r a t u r e  ( O C  ); 
t h e r m a l   d i f f u s i v i t y  o f  s o i l s  ( M  / h , , ) ;  
t h e r m a l   c o n d u c t i v i t y  o f  s o i l s  

2 

( k   a l . / m * h r .  O C ) ;  

v o y u m i n a l   s p e c i f i c   h e a t  ( k p a l .  /m3 .OC) ;  

CL : g e o m e t r i c   p r o p o r t i o n   c o e f f i c i e n t ;  
1: q u a n t i t y  o f  f i n a l i z i n g   g e o m e t r i c   t y p e ;  
-,+: s u b s c r i p t s   r e f e r r i n g  t o  t h e   f r o z e n   a n d  

1 , 2 :  s u b s c r i p t s  r e f e r r i n g  t o  t h e   p h a s e  of  
t h a w e d   s t a t e  o f  s o i l s ;  

u n f r o z e n  water a n d  i c e .  
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A STUDY OF HORIZONTAL FROST-WEAVING FORCES 

Ding Jingkang 

Northwest I n s t i t u t e  of the  Chinese Academy of Railway  Sciences 
Lanzhou,  People's  Republic of China 

To i n v e s t i g a t e  the horizontal   frost-heaving  forces  that   act  on s t r u c t u r e s ,  an ex- 
perimental and a model re inforced   concre te   re ta in ing  wall were constructed at  t h e  
Fenghou-Shan Field  Research  Stat ion on the  Qinghai-Xizang  Plateau i n  1976. The 
experimental   re ta lning wall was 15 m long and 4-5 m high,  and  the model wal l  was 
3 m long and 1.2 m high.   Invest igat ions  conducted  during  three  winters  (1976-78) 
indicated  that   the   magni tude and d i s t r i b u t i o n  of horizontal   frost-heaving  forces 
are s u b s t a n t i a l l y  governed by the   mater ia l   p roper t les  of t h e   b a c k f i l l  and t h e  
displacement of the  walls.  For  clayey so i l  b a c k f i l l ,   t h e  maximum h o r i z o n t a l  
frost-heaving  force was 1.4 kg/cm2 and acted upon the  middle  or  lower  middle  part 
of the   wal l ,   whi le  for g r a v e l   b a c k f i l l  i t  was 0.76 kg/cmz and acted upon the  
lower  part of the  wall. Rased on t h e   d i s t r i b u t i o n  of frost-heaving  forces  along 
r e t a in ing   wa l l s ,   t he   au tho r   p re sen t s   t h ree   bas i c  models fo r   ca l cu la t ing   t he   ho r i -  
zontal   f rost-heaving  forces   act lng on s t ruc tures   accord ing  t o  t h e   d i f f e r e n t  
working  conditions o f  t he   s t ruc tu res .  

Horizontal  frost  heaving; pressure i s  one of 
t h e  frost  heaving  pressures which act upon foun- 
dation of structures  during  the  freezing of 
soils. According  to  the  condition of smorging 
and  features of functioning,  it can be classi- 
fied  into  two  types---symmetrical  horizontal 
frost  heaving  pressure  and  nonsymmetricnl  hori- 
zontal frost heaving  pressure (see Fipre  1). 

The action o f  symmetrical  frost  heaving pres- 
sures  on  foundation i s  the  same as that of h y b  
static  uater pressure so as not to yield direct 
effect on the  stability cf foundations.  However, 
because of the  symmetrical  frost heave pressure 
the  shearing-resistant strength of the  interface 
between  permafrost  and  foundation  will be in- 
creased, i.e, the tangential frost heaving. 
pressure  exerting  on  foundation  will  increase 
and bring  about  an  indirect  influence over the 
stability o f  foundation, 

NonsymmetricaX horizontal frost  heaving pres- 
sure is the  main pressure system  aEting  upon  re- 
taining  structures in permafrost  areas. It is 
several  times,  and  even  tens of "y; as  high as 
that o f  Coulombls  ground pressure see Figure 
2). It is, therefore, o f  great  significance  to 
study  the  magnitude of nonsymmetrical  horizontal 
frost heaving  pressure,  the  law of distribution 
as wall a6 the  condition  for  emergence  while de- 
signing and calculatine  retaining structures in 
permafrost  areas. 

To study the problems  mentioned above, teste 
were made on experimental  and  model  retaining 
walls at site of Qinghai-Xizang  Plateau. The 
experime~tal retaining walls investigated  were 
reinforced  concrete  L-shaped ones withba  height 
of 4 m and 5 m respectively  and a length o f  15m. 
The soil placed behind  the 4 m retaining  wall WE& 
f ind  granular soil  and that  behind the 5 m one 
was  coarse granular  soil. The model  retainiug 
Wall was a  multi-layered one made of xeinforced 
concrete  with a length of 3 m and a total  height 

I .I I ( h l  

FIGURE I Symmetrical and aonsymmetrical  frost 

( B )  Symmetrical frost heaving pressure; 
(a) Nonsymmekrical.  frost  hearing  pressure. 

heaving pressure. 

horizontal frost heauine 
pressure kg/cm' 

FIGURE 2 Comparison of ground pressure and 
horizontal  frost heaving pressure. 
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of 1.2 m, the  height of each l ap r  being 0.2 m. 
F i n e   g r a n u b r   s o i l  was placed behind the wall, 

INITIATION OF HORIZONTAL FROST 
HEAVING PRESSURE 

It is well-known that   dur ing freezing, soil 16 
accompanied by an expansion of  volume, i.e. fro- 
st heaving.  Frost  heaving of s o i l  and the re- 
s i s t ance  of r e t a i n i n g   s t r u c t u r e s   t o   h o r i z o n t a l  
loads a r e  necessary f o r  horizontal   frost   heaving 
pressures  to  occur.   Horizontal  frost heaving 
pressure  will   not  develop  unless f r o s t  heaving 
occurs  during  freezing of s o i l  behind  the  re- 
t a in ing   s t ruc tu re ,  ox r e t a in ing   s t ruc tu re   can  
deform freely  without  preventing.  frost heaving. 
The  two conditions above, however can ba hardly 
s a t i s f i e d  under  normal s i t ua t ions ,  and ds a re- 
su l t ,   hor izonta l  f r o s t  heaving pressures canrot& 
avoided  during Preeeing o f  t h e   s o i l  behind a re- 
t a in ing  wall. 

DEVELOPMENT OF HORIZONTAL FROST 
HEAVING PRESSURE 

How does horizontal  frost heaving  pressure 
emerge am3 develop i n  the  course o f  s o i l  freez- 
ing? Figure 3 gives the  displacement E U F V ~  of 
top of the L-shaped r e t a in ing  wall during freez- 
ing, and Figure 4 presents  the  developing  aurve 
of hor izonta l   f ros t   heaving   pressure   a t   d i f fe r -  
ent depths on the  back of the model r e t a in ing  
wall. 

I t  i s  seen from Figure 3 t h a t   s o i l  body COR- 
t rac ts  and the ground pressure fa l l s  a t  tho be- 
ginning of freezing  because of  decreasing of the 
s o i l  temperature. The wall d e f l e c t s  towards  the 
f i l l  behind the  L-shaped r e t a i n i n g  wall (nega- 
t i v e  displacement) and reaches a maximum (Figure 
3 po in t   a )  when the ground pressure is raduaed 
t o  a minimum and the   horizontal   f rost   heaving 
pressure has not yet developed. During t h i s  
period,  the ground sur face   t ends   to  be s t ab ly  
frozen througk  oxchange o f  Pxeez;ing and thawing. 

-1 : , b b  date nn 

FIGURE 3 The displacemnt  curve o f  top of L- 
shaped re ta in ing   wal l  i n  the  freezing. 

After the emergonce o f  a s t ab ly  frosea state, 
the  horizontal  froat  heaving  pressure  develops 
and increases  with  depth of freezitrg. Under 
the   ac t ion  of the  horizontal   frost   heaving  pres- 
sure, the   re ta in ing  wall d e f l e c t s  away from the 
f i l l   (pos i t ive   d iap lacement ) .  The curve  r ises  
t o   po in t  b when the  frozen  depth  reaches the 
seasonally thawed depth. As freezing  progresses, 
the  horizontal   f rost   heavihg  pressure  s teadi ly  
increases,   the curve has an increasing  slope 
f rom point b t o  c ,  which means tha t   the  h o r i z o e  
t a l   f r o s t  heaving  pressure  r ises  rapidly  along 
with decrease of temperature of  frozen  layer.  
The curve runs smoothly from c t o  d, which i m -  
p l i e s   t h a t  a basic   equi l ibr ium  exis ts  between 
the  increase and the   re laxa t ion  of the  horizon- 
t a l  froat  heaving  pressure;   the  horizorrtal  
f r o s t  heaving  pressure  reaching i ts  maximum a t  
t h i s  time, 

ta in ing   wal l   dur ing   f reez ing   re f lec ts   the  pro- 
cess of  the emergence and development of the 
ho r i zon ta l   f ro s t  heaving pressure. Through Suc- 
cessive  observations f o r  three  years  an analo- 
gous  curve wa6 obtained. 

The above ana lys i s  i s  i l l u s t r a t e d  by the da- 
veloping  curvesof  horizontal  frost  heaving pres- 
sure  shown i n  Figure 4. In. Figure 4, the  hori-  
zontal  frost  heaving  pressure  developed  along 
with  appearance of s tably  f rozen state. With 
the  seasonally thawed layer   f reezing  gradual ly  
from the  beginning of October t o  mid-November, 
the   hor izonta l   f ros t   hewing   pressure   g radual ly  
rises (seasonally thawed layer is completely 
frozen i n  mid-November). From mid-November t o  
the end of December, horizontal  f r o s t  hsavihg 
pressure rises r a p i d l y   t o  a maximum along with 
the  decrease of temperature o f  the  frozen 
ground. From the  end o f  December to mld- 
January,  despite the continuous decrease of 
frozen ground temperature,  the increasing and 
re laxing o f  horizontal   f rost   heaving  pressures  
basically  reaches  an  equilibrium, the curve 
f luc tua t ing   wi th in  B s l i g h t  range. 

The course o f  def l ec t ion  of the L-shaped re- 

It can be seen from the above ana lys i s   t ha t  

FIGURE 4 The developing  curves of horizontal  
frost heaving  pressure on the  back of 
model re ta ining  wal l .  
Six layers were tes ted;  
(1) is the top layer. 
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the   ac t ion  o f  horizontal  fr os t  he aving  pressure 
is ndt synchronous  with  that of ground pressure.  
Ground pressure can be considered as zero as 
horizontal   frost   heaving  pressure  develops.  

DISTRIBUTION OF HORIZONTAL FROST 
HEAVING PRESSURE 

The d i s t r i b u t i o n  of horizontal   f rost   heaving 
pressure along the  back of re ta in ing   wal l  i s  un- 
even. Figure 5 gives a d is t r ibu t ion   curve  o f  
horizontal   f rost   heaving  pressure  a long back of 
L-shaped re ta in ing   wal l ,  and Figure 6 that   a long 
back of a model re ta ining  wal l .  It is seen  from 
Figure 5 and 6 that   the   horizontal   f rost   heaving 
pressure  mainly  distributes  along  the  middle and 
lower parts of the wall. The magnitude o f  hori- 

Figure 5 Distribution of  horizontal  frost  heaving 
pressure  along back of a L-shaped retain- 
ing wall. Ll, L2, L3, L4 a re  the number 
of test ing walls. 

depth 0 

Figure 6 Distribution of horizontal frOsK heaving 
pressure  along back of a model retaining 
wall. 

zontal  frost heaving  pressure is less along the 
upper pas t ,  and i t s  maximum appears a t  d i f f e r e n t  
places depending upon the fill material  used, 
f ino  or coaxse granular   so i l ,  The maximum hori-  
zontal   f rost   heaving  pressure  occurs  at the mld- 
d l e  o r  lower  middle p a r t  of the wall with f i n e  
granular s o i l  as 53.11 material, and at the  lower 
p a r t  of the wall for coarse granular soil. 

The d i s t r i b u t i o n  of  the horizontal frost 
heaving  pressure i e  determined by the  following 
f ac to r s .  

Heat Flow Variations 

After   the  re ta ining  wal l  i s  establ ished,   the  
condition for heat   rad ia t ion  during f reezing of 
the s o i l  mass changes t o  a two-dimensional pro- 
blem. Figure 7 shows the   d i s t r ibu t ion  cuxve o f  

distance m 

Figure 7 The distribution  curve of temperature 
f i e ld  along back of the model retaining 
wall. (October 28, 1978). 

temperature   f ie ld   a long  the back o f  the model 
re ta ining  wal l  during seasonal freezing. 

It i s  seen  from Figure 7 that   dur ing  the 
ear ly   s tage o f  freezing  the  isotherms  slope np- 
ward from upper p a r t  of  Che wall. T h i s  shows 
t h a t   s o i l  body f reezes  i n  two dimensions, at- 
t a in ing  a maximum r a t e  o f  freezing. Below the 
middle of the   wal l   the   i so therms  a re   l ike ly   to  
be pa ra l l e l   t o   wa l l   su r f ace ,  which ind ica t e s  
tha t   the  middle p a r t  of  the s o i l  mass approxima. 
t e s  one-dimensional f reezing,  i t s  freezing rate 
beiag similar t o   t h a t  of the na tu ra l  ground 
surface.  During freezing the thermal  radiation 
conditions f o r  the s o i l  mass located behind tho 
lower p a r t  of the r e t a in ing  v a l l  (corresponding 
t o  the soil mass beneath ground s u r f a c e   i n  
f r o n t  of  the  wal l )  are poor, thus it f r e e z e s   a t  
a Low ra t e .  Such f r eez ing   f ac to r s  of the s o i l  
mass behind a retaining  wall   determine the, con- 
ditioas o f  moisture flow and i c e  segregation, 

RydroloEic and GeoloRic Variations 

After a r e t a i n i n g  wall i s  b u i l t ,  a new perma- 
frost t ab l e   i nc l in ing  coward the wall forms. As 
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depth m 

Figure  8 Distribution of water content in soi l .  
f i l l e d  up behind model retaining w a l l  
versus  depth. 

a result, suprapermafrost water convooargssi toward 
back of t he   r e t a in ing  wall above the  permafrost 
t ab l e ,  causing an  increase o f  water  content i n  
t h e   s o i l  behind  the  wall, 

On the   other  hand, the   water   in   the   so i l  be- 
hind  the wall moves  downward under  the  influewe 
of gravi ty ,  which l e a d s   t o  a moisture  distribu- 
tion where the  upper part of  the f i l l   c o n t a i n s  
less  water,   while  the middle and lower p a r t s  
contain more (Figure 8). 

Moisture  Migration During Freezinq 

While f ine  granular  s o i l  is freezing,  water 
migrates  toward  the  freezing  front.   This  leads 
to   the  increase o f  water   conten t   in   so i l  mass 
near   f reezing  f ront .  However, during  the 
f r eez ing  of  coarse  granular  soil,   water  flowa 
away from the  EreeEing  front, and am a r e s u l t ,  
a decrease i n  the water content in t h e   s o i l  
near   the   f reez ing   f ront   t ends  t o  occur. 

bution of t he   ho r i zon ta l   f ro s t   heav iw   p re s su re  
along back 3 f  a retaining  wal l .  With fine gra- 
nular s o i l  as f i l l  material, the  water  content 
behind  the upper p a r t  of wall is the  lowest and 
t he   f r eez ing   r a t e  i s  the  highest,  the  water m i -  
g r a t i o n   r a t e  is s l i g h t ,  and the   d i rec t ion  of ictv 
c rys t a l   s epa ra t ion  slope upward Coward r e t a in ing  
wall. This   resul ts   in   the  lowest   horizontal  
f r o s t  heaving  pressures  acting upon upper p a r t  
of r e t a i n i n g  wall. A t  mid depth  behind a re- 
ta in ing   wal l ,   the   f reez ing   ra te  is similar t o  
t h a t  o f  na tu ra l  ground  surface,  because of mode- 
rate  water  content.  This  increases  the flow of 
water  toward ther f reez ing   f ront .   F ina l ly ,  be- 
cause of unfavorable  aonditioas  for  thermal ra- 
d i a t i o n  from the  base of a r e t a i n i n g  wall, 
f r eez ing  lag8 behind  that o f  the s o i l  a t  mid 
depth so t h a t   t h e r e  i s  suf f ic ien t   t ime  for   the  
water i n  lower s o i l   t o  migrate t o   t h o  mid 
depth  freezing  front.  Therefore,  the  freezing 
process at mid depth is analogous t o   t h a t  for 
an open system  having an external  water  supply. 
Furthermore,  the  ice  lenses are almost   paral le l  
t o  wall so that   the   horizontal   f rost   heaving 
pressure   y ie lded   tends   to  be the  highest .  AB 
f o r  lower s o i l  mass, the water content decreaass 
because o f  moisture loss during  f reezing.   In  
addi t ion,   the   thickness  o f  lower   f rozen  soi l  
mass decreases 60 t h a t  a smaller   horizontal  
f rost   heaving pressure O C C U ~ G .  

The above th ree   f ac to r s   de t e rmine   t he   d i s t rb  

When coarse   g ranular   so i l  i s  used a s  f i l l  ma- 
terial ,  the  development of hor izonta l   f ros t  
heaving  pressure is dependent upon moisture flow 
from freezing front downward during  the course 
of f reezing,  and therafore   the maximum horizon- 
t a l  frost heaving  pressure  occurs a t  the lower 
p a r t  of the  wall. 

Main Factors  Affecting  Horizontal  Frost  Heaving 
Pressuro 

It is evident from the   ana lys i s  of horizolstal 
f r o s t  heaving pressure t ha t   t he  main f a c t o r s  
t h a t   a f i e a t  it can be c l a s s i f i e d   i n t o  two s o r b :  
fir let ,   those  determining  the  heaving  properties 
o f  f i l l   m a t e r i a l s ,  and second,  those  deciding 
the  deformation  property  of  the  retaining wall. 
The f i r s t  is mainly r e l a t ed   t o   d i f f e ren t   t ypes  
o f  soil, water  content,  temperature, and freez- 
ing rate,  etc.,   while  the  second is primari ly  
r e l a t e d  t o  the  type of re ta ining  wal l .  

Different   types o f  s o i l  have d i f f e r e n t  heav- 
in$ properties.  Under t,he same boundary condi- 
t ions,  f i n e  granular   soi ls  heave more than  coarse 
s o i l s ,  and  therefora   higher   horizontal   f rost  
heaving  pressures  occur i n  the  former. It can 
be seen  from  Figure 5 that   both  the maximum and 
mean values o f  horizontal  frost  heaving  pressure 
of f i ne   g ranu la r   so i l  are Larger than  those i n  
the  coarse   grqnular   soi l .  

Tha d is t r ibu t ion   curve  o f  hor i zon ta l   f ro s t  
heaving  pressure i n  Figure 5 also r e f l e c t s   t h e  
e f f e c t s  of water  content. Water content i s  lov  
behind  the upper par t  of the wall and high  in  
the  middle and lower. Correspondingly,  the ho- 
r izontal   f rost   heaving  pressuresare  lower  behind 
the upper part o f  the  wall. 

Horizontal   f rost   heaving  pressures   r ise   with 
decrease of ground  temperature. From Figure 4, 
we can see the   increasing  t rend of t h e   f r o s t  
heave pressure is nearly  to  the  negative in- 
creasir.E trend of the  temperature. 

The magnitude of the   re ta in ing   wal l  deforma- 
b i l i t y  i s  manifested  in terms o f  i ts  r e s i s t i n g  
e f f e c t  on heaving. The higher  the  deformabili- 
ty,   the lower t h e   r e s i s t i n g   e f f e c t ,  namely, t he  
less the   horizontal   f rost   heaving pressure pro- 
ducad. 

Distr ibut ion o f  Horizontal   Frost  Heaving  Pres- 
sure  - 

It i s  seen f r o m  the  observation of the  dis-  
t r i b u t i o n  of horizontal   f rost   heaving  pressure 
behind  retaining wall that  under similar condi- 
t ioas ,   the  frost heave pressures  are always low 
in   the   upper   par t  and high i n  the  lower,  appro- 
ximating a t r i angu la r   d i s t r ibu t ion .  Beaause 
the   loca t ions  o f  the  maximum hor i zon ta l   f ro s t  
hear ing  pressure in f ine and coarse  granular 
soil a r e   d i f f e r a n t ,   t h e   d i s t r i b u t i o n  of hori-  
zontal   f rost   heaving  pressure can be simplif ied 
us ing   d i f fe ren t   t r iangles   (F igure  9). For 
coarse granular   so i l ,   the   t r iangular   d i s t r ibu-  
t ion  pat tern  (Figure 9-3) is adequate  for  use 
regardless  of  buried  depth of  re ta ining  wal l ,  
while for f i n e  granular s o i l ,   d i f f e r e n t   d i s t r i -  
bution  patterns---Figure 9-1 o r  Figurs 9-2 are 
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adapted  in   accordance with the p r a c t i c a l  bury- 
ing condi t ions  of r e t a i n i n g  wall, 

Option of Horizontal Frost BeavinR Pressure  

The hor ieonta l   f ros t   heaving   pressure   ob ta in-  
ed by means of  multi-layered model r e t a i n i n g  
wal l  and t he  maximum hor izonta l   f ros t   heaving  
pressures oa lcu la t ed  i n  a c c o r d a c e  with t he  
p a t t e r n s  of wall deformation  in   Figure 9 axe 

(1) 121 ( 3 )  l i s t e d  in Table I and 2 respec t ive ly .  
From the t a b l e s ,  it is seen, the maximum 

Figure  9 C a l c u l a t i n g   p a t t e r n s  of h o r i z o n t a l   f r o s t  ho r i zon ta l  frost heaving ressure  f o x  s a t u r a t e d  
heaving pressure d i s t r i b u t e d   a l o n g   r e t a i n -  gravel S o i l  is 0.76 k d C m  3 9 while t h a t  Of fin@ 
i n g  wall back. 
( l ) ,  (2)  a r e   t h e   f i n e   g r a n u l a r  soil. 
(3 )  i s  t h e   c o a r s e   g r a n u l a r   s o i l .  

g r a n u l a r   s o i l  whose water con ten t  i s  close t o  
the  lower limit o f  p l a s t i c i t y  is 1.4 kg/cm2. 

The maximum hor i zon ta l  f ros t  heaving pxes- 

TABLE I The Measure Value o f  Horizontal Frost Heaving Pressure by Model Retaining Wall. 

ter con- 

fo re  
freezing,$ 

T: I Maximum hor izonta l .   f ros t   heaving  I Hor izonta l  

Bstainixlg wall built 

of ground s o i l  

Retaining wall b u i l t  

p o u n d  soil 

I .40 0.65 d i r e c t l y  on foundation 

"- 
0.50 0.40 0.47 on 0.3 m foundat ioa  of 

-~,- 

I L2 
Clayey 1976 18.9 
Soil '1977 21 -5 

0.80 
0*90 

LI 

L3 

Gravel 1976 42.1 0.76 
,I 977 

0.38 
Soil 24.1  0.43 0.22 

I- Gravel 197 
'1977 

0.21 
soil '19.2 0.35 0.18 

1978 28.1 0.50 0.25 
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s u r e s  of f i n e  g ranu la r  s o i l  were obta ined  by 
means of  a model r e t a i n i n g  wall, The deforma- 
t i o n  o f  t h e  model r e t a i n i n g  wall mas as small as 
about 0.4 nun, while,  i n  gene ra l ,   t he  deforma- 
t i o n s  of real r e t a i n i n g  wall a r e   l a r g e r   t h a n  
this value. Under i d e n t i c a l   c o n d i t i o n s ,  the ma- 
ximum h o r i z o n t a l  f r o s t  heaving   pressure  i n  a 
fine granular  soil a c t i n g  upon a r e t a i n i n g  wall 
will be generally less than  '1.4 k,g//cd, It  is ,  
t he re fo re ,  proper t o  choose 1.5 kg/cm2 a6 the 
upper limit o f  maximum h o r i z o n t a l   f r o s t   h e a v i n g  
pressure ,  

The m a x i m u m  h o r i z o n t a l   f r o s t   h e a v i n g   p r e s -  
s u r e s  of s a t u r a t e d   g r a v e l  s o i l  were obta ined  
from experimental r e t a i n i n g  wall, i n  which the  
f i n s   c l a y e y   p a r t i c l e   c o n t e n t  was 5.9%. There- 
fore, a maximum h o r i z o n t a l  frost heaving pres- 
sure of  1 kg/cmz is  adequate f o r   c o a r s e  granu- 
lar soil on account of t h e   p o s s i b l e  maximum 
con ten t  of f i n s  Rnd c l a y e y   p a r t i c l e s .  

Based on the above results,  it i s  suggested 
tha t   under  normal c o n d i t i o n s   t h e  maximum hori- 
z o n t a l  f ros t  heaving  preswures o f  1-1.5 kg/cm2 
and 0.5-1.0 kg/cm2 be adopted for  f i n e  and 
coarse granular  s o i l  r e spec t ive ly   p rov ided  t*t 
t h e   c a l c u l a t i o n   a r e  made w i t h   t r i a n g u l a r   d i s t r i -  
b u t i o n   p a t t e r n s  f o r  frost heave  pressures.  

Based on t h e  above d i scuss ion ,  we can  con- 
clude the   fol lowings:  

1. T h e r e   e x i s t s  a h o r i z o n t a l  f r o s t  heaving 
p r e s s u r e   d u r i n g   f r e e z i n g  o f  s o i l  behind  the re- 
taining wall.. It is the  main pressure  system 
a c t i n g  upon r e t a i n i n g  wall i n  permafrost   areas .  
It is seve ra l   t imes ,  and w e n  tens o f  times as 
high  as t h a t  of Coulombts  ground p res su re .  

s u r e  i s  only r e l a t e d  t o  t h e   h e a v i n g   p r o p e r t i e s  
of s o i l ,  and the deformation  propert ies  of the 
r e t a i n i n g  wall are unchanged, i r r e l e v a n t   t o  
t h e   h e i g h t  of r e t a i n i n g  wall. 

3. The a c t i o n  of h o r i z o n t a l  frost heaving 
heaving  pressure is not   synchronous   wi th   tha t  o f  
ground prsssure .  Ground pressure can be consi-  
dered as zero  as h o r i z o n t a l  f r o s t  heaving pres- 
sure develops. 

2. The size o f  h o r i z o n t a l   f r o s t   h e a v i n g  pres- 
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A  "reaction  beam"  type  pile load test was  conducted in ice-rich silt  at Kipnuk, Alaska 
to  determine  the load capacity of driven H-piles at the  edge of the  continuous 
permafrost  region in the  Yukon-Kuskokwim Delta. Field test results  are  compared  to 
existing  theories  on  the  design o f  pile  foundations in frozen ground. Additionally, 
information  regarding  site  conditions,  pile  installation  methods,  equipment and 
construction  problems  are  discussed for the  pile  foundations of water tanks and 
auxiliary  structures  designed and installed in this  region  at  the  Eskimo  Villages  of 
Kotlik, Hooper Bay, Chevak, Newtok, Tuntutuliak, and Kipnuk. These water tanks  ranged 
from 45,000 to 910,000 liters with accompanying  loads  of up to 115 kN/pile. Subsoil 
conditions varied from ice-rich organic silt, and silty  sands  to  poorly  graded  frozen 
fine  sand with low  moisture content. 

INTRODUCTION 

The  Alaska  Area  Native  Health  Service  designed 
and constructed water storage  facilities,  an 
essential  component of most  public water supply 
systems, in the  Eskimo  villages of Kotlik, Hooper 
Bay, Chevak, Newtok, Tuntutuliak,  and Kipnuk. The 
design-was based on the adfreeze  strength  method 
and test results o f  a  pile load test conducted at 
Kipnuk on driven  steel €I-piles  in ice-rich silt, 
This paper presents  the  pile load test results 
along  with  theories  regarding  pile  design in 
permafrost and provides  additional  information 
regarding  site conditions, methods of pile 
installation, construction problems, and design 
parameters at several  locations in the 
Yukon-Kuskokwim  Delta  of Alaska. 

village  population, water availability, and 
quality. Driven Or slurried  pile  foundations  were 
installed  to  support water storage  tanks varying 
in size from 45,000-910,000 liters  with 
accompanying  loads of up  to 115 kN per  pile. 

This paper addresses  site  conditions and 
construction  consideration  that  influenced  the 
design and construction of tanks In the  region and 
then  will  address  the  pile load test results 
obtained  at Kipnuk. 

Required water tank capacity  was  determined  on 

SITE CONDITIONS 

The Yukon-Kuskokwim Delta is located near the 
southern  boundary of the  continuous  permafrost 
region of Alaska. The  mean  annual air temperature 
is about -1.7OC. The  depth of frozen ground, 
determined  from water well logs, was 30-75 m in 
the six coastal  Native  villages  where  pile 
foundations  were installed. These  villages  span 

the vast almost  flat, fan-shaped delta as shown on 
the key map  (Figure 1). Many meandering  streams, 
sloughs, and shallow  lakes cover the  area,  which 
is a  complex of river, marine, and windblown 
deposits. The  ground  surface is generally  covered 
with a wet organic mat, coincidental  with  the 
active layer, 0.3-0.6 m thick, composed  of  a  wide 
variety of low-growing shrubs, grasses, and sedges 

""_ MEAN  ANNUAL 
TEMPERATURE 

[OC-DAYSDESIGN FREEZING INDEX 
(*COAYS) DESIGN THAWING INDEX 

FIGURE 1 Key Map. 

232 



233 

rooted  in mosses and  lichens. Soils typically 
consist of fine-grained  ice-rich silts and sands 
to the depths investigated ( 8  m). Soil layers are 
well defined, ranging from a few centimeters to 
many meters thick. Typical soil and temperature 
profiles found at the sites  are presented in 
Figure 2 .  So i l s  ranged from well to  poorly 
bonded. Nonvisible and visible ice,  both 
stratified and nonstratified was found. 
Multi-layer  ice  lensing with discrete ice lenses 
of  up  to 7.5 cm thick was encountered: more 
massive formations, however, are known to  exist. 

DEPTH SOIL FROZEN GROUND TEMPERATURE (OC) 

(m) TYPE SOIL - 2  - I  0 

FIGURE 2 Composite Soil Profile and Typical 
Thermal Regime. 
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FIGURE 3 Kipnuk Dlow Count Record 
(Drive Energy-2,000  kg-m). 

CONSTRUCTION CONSIDERATIONS 

Factors such as local transportation, 
construction season, pile type,  and available 
equipment influence pile foundation installations 
in this region. Common modes of commercial 
transportation are barge and  airfreight. Overland 
hauling across frozen trails and rivers can also 
be used,  however, thin ice and severe storms make 
this method potentially hazardous. 

Piling materials are shipped from the 
Continental U.S. West coast by barge to village 
beaches or river  bank  sites. Pile installation 
equipment  is shipped in  a  simlar  manner from 
Bethel, the transportation center  for the region. 

Most village gravel runways cannot accommadate 
large cargo aircraft, Because the thawed active 
layer is too soft and fragile to support 
conventional construction equipment during the 
summer, pile installation normally begins after 
freezeup in  November  and can continue until 
breakup in May. Shipping and construction periods 
are well defined and, if missed, work can be 
delayed as much as a  year. 

used: (1) driving and (2) slurry back. The piles 
were either driven direct or an undersized 
predrilled  holes. Slurry back piles were 
installed in an oversized hole and  backfilled  with 
a  sand-water  slurry.  Installed costs varied from 
$2,000 to $4,000 (U.S.A. 1982) per  pile. 
Production rates varied from 2 piles/hour (driven 
H-piles) to 1 pile/5 hours (slurry back  piles). 

compared  with the other installation methods 
used, driving HP 10x42 piles at Kipnuk  required 
heavier equipment, An  open-end diesel hammer 
rated at 2 # 0 0 0  kg-m  for 1.5 m stroke height was 
used. Difficulties were encountered  in starting 
and  running the hammer at cold air temperatures, 

The plot of blow counts versus depth for two 
pile configurations at Kipnuk reflects the  winter 
Soil temperature whiplash curve (Figure 3 ) .  Blow 
counts increased linearly with depth i n  the 
constant temperature region below 4.5 m. Driving 
resistance was low, and no significant pile 
deformation was noticed on any aboveground 
portions of the piles.  However,  a bent flange was 
observed  after excavating the colder surface soils 
around the test pile. 

The use of cable tool well drilling equipment 
was used to drill and drive pipe piles in the same 
manner as well casing and was capable of  
delivering 520 m-kg of force.  A hole smaller  than 
the diameter of the pipe was drilled 1-3 m deep 
and the pile then driven to the same depth. The 
drilling  and driving process was repeated 
continuously until the desired depth was reached. 
The use of a pilot hole allows driving by  smaller 
and more mobile equipment.  Water  and  a  bailer was 
used  to remove cuttings from the hole. Time 
between driving cycles must be short to avoid 
higher driving resistance and excessive heat 
addition, The use of a  pilot hole allaws driving 
by  smaller  and more mobile equipment. 

The slurry back  method of pile installation 
requires more attention during  construction. The 
hole  diameter must be large enough  to accept the 
backfill  and allow compaction of the slurry with a 
concrete type vibrator. A fine sand  either 
imported or mined locally and saturated with t 4 ' C  
water was used as  the slurry materal. 
Considerable difficulty was experienced when using 
a  solid flight auger  to drill to depths below 6 
m. Air  rotary drilling with Compressed  air to 
remove the cuttings proved  to be more successful, 
however, the need  for an air  compressor added to 
the logistics problem.  Early pile loading was 
made possible by freezing the slurry with 
refrigeration equipment. 

Two general methods of pile installation were 
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PILE LOAD TEST 

Few pile load tests in North America have been 
conducted  in frozen ground, especially ice-rich 
"warm" permafrost. The paucity of data can be 
attributed to testing costs, instrumentation 
problems, and suitable procedures.  In  order  to 
obtain better data for  design purposes,  an axial 
compression pile load  test on driven steel H-piles 
was performed  at  Kipnuk during the  winter of 1981 
at the site where the  water  tank was planned. 
Other  data on the effects of tensile and lateral 
loading on driven H-piles were also collected  and 
investigated  but are not  discussed in this paper. 

Load Test Equipment and Instrumentation 

A "reaction beam" type load  test setup was 
designed and  built of HP 10x42 piles as shown in 
Figure 4 .  Two stiffened pile sections welded 
together  and  pin connected to the outside support 
piles formed  the reaction beam. The compression 
test pile was instrumented with 34 thermisters, 5 

FIGURE 4 Kipnuk Pile Load Test Setup. 

vibrating strain gauges , and 4 telltales. 
Protection and access to vibrating strain gages, 
thermisters and an inclinometer  tube on the test 
piles were provided  by welding angles parallel to 
the  H-pile web. Two reference beams for 
deflection measurement datums were supported by 
three additional piles. The test facility was 
covered with a  plywood frame building with 
insulated floor and oil stove. 

Vibratins strain gages were accurate to & 1 
micrometer. Immediately after driving, measured 
residual strains indicated  a probable 3 . 8  cm 
misalignment  in the compression test pile at  a 
depth of 6 m. Dial gages supported by adjustable 
pipe  and accurate to t .03 mm, were used  to 
measure deflection. Clip angles welded to the 
test pile provided a deflection measurement 
bench. Errors caused by surface roughness under 
the gages were reduced after small mirrors were 
set and  plumbed on each measurement bench. 
Shelter  air temperature was held constant to limit 
expansion and contraction of gage pipe supports. 
Pile cap settlement for  the compression test was 
measured  by  four gages placed symmetrically around 
the  pile. 

Loads were applied by  a 900 kN hydraulic jack 
with  a 5.7 cm cylinder stroke and calibrated to an 
accuracy of +ZOO0 N. The stroke length  proved 
sufficient for the axial load  test, but it was too 
short  to  apply the necessary load  during both the 
tension  and lateral tests, Compressive axial 
loads became execessively eccentric above 800 kN 
and the reaction beam  twisted  beyond the stroke 
length. 

Test Procedure and Results 

Axial compressive loads were applied to the 
instrumented  test pile in 45 k N  increments and 
relieved  in 90 kN increments. Six cycles of 
loading  and unloading were made.  Load cycles I 
and I1 were to 130 kN, 111 and fV to 260 kN, and V 
and VI to 800 kN. Pile cap deflections were read 
at frequent intervals immediately following 
application of each load. Pile strain and 
temperature readings were also recorded, Loads 
were  increased  after pile strain and pile cap 
settlement rates remained constant. 
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FIGURE 5 Pile  Cap Displacement and Shaft 
Compression for  Kipnuk Load Cycle IV. 
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Measured p i le   d i sp lacements  and computed p i l e  
shaf t   compression  during  load  cycle  I V  a r e  
presented  in   Figure 5 .  Measured p i l e   s h a f t  
s t r a i n s  found for  t h e  same load   cyc le   a re  
i l l u s t r a t e d  i n  Figure 6. Shaft  compression  and 
cap  displacement  behavior  under  higher  loads 
( c y c l e s  V and fV) a r e  shown i n  Figure 7 .  A s  
expected, t h e  magnitude  of  shaft  compression is 
genera l ly  lower  than p i le   cap   d i sp lacement .  I t  is 
i n t e r e s t i n g   t o   n o t e   t h a t   t h e   p i l e   c a p   c o n t i n u e s   t o  
se t t le  while  shaft   compression is complete. 

MICROSTRAIN (m/m x 1 0 - 7  
0 I .o 2.0 3.0 4.0 

FIGRW 6 Measured P i l e   s h a f t   S t r a i n  
(Kipnuk Load c y c l e  I V ) .  

T I M E  ( H R S )  

0 1  2 3 4 5 6 7 8  

FIGURE 7 Short  Term P i l e  Load Tes t  R e s u l t s ,  
Kipnuk. 

FILE FOUNDATION DESIGN 

The des ign   o f   p i l e   founda t ions   i n   i ce - r i ch  
"warm" permafrost  has grown from  an empir ica l  
s ta t ic   ana lys i s   approach   based  on adf reeze  
s t r -ength   to  a more r a t i o n a l   c o n s i d e r a t i o n   o f  
load-pi19  displacement  behavior  based on 
theoret ical   creep  law  models .   At tempts   to   quant i fy  
driven  pile  performance  and  load  capacity  in  these 
so i l s   based  on dynamic cons idera t ions  ( s u c h  a s  
wave e q u a t i o n   a n a l y s i s )   l a c k   s u f f i c i e n t   d a t a  on 
a p p r o p r i a t e   s o i l   s t r e n g t h   p r o p e r t i e s  and t h e i r  
creep  deformation  re la t ionships .  

Adfreeze  Strength Approach 

This method is analogous t o  tha t   used   for  
unfrozen  cohesive  soi ls ;  i t  is t y p i f i e d  by a 
" f l o a t i n g "   p i l e   a n a l y s i s ,  makes broad u s e  o f  
engineering  judgement  and  experience,  and  employs 
l a r g e r   f a c t o r s  of s a f e t y .  Piles a r e  assumed non 
end bea r ing   un le s s   s i t e   cond i t ions   r evea l  
otherwise:  group effects a r e   a l s o   l a r g e l y  
ignored. Besides appl ied   load ,   addi t iona l   loading  
d u e  t o   a c t i v e   l a y e r  downdrag and f r o s t   h e a v i n g   a r e  
considered. 

Known adf reeze   s t rengths   based  on load  tests 
elsewhere  (for  example  Linell  e t .  a l .   1 9 8 0 ) ,   a r e  
appl ied  to   thermally  def ined  increments   of   depth,  
and summed t o  determine  capacity.   Figure 8 d i s -  
p lays  t h i s  approach   for   the   load   tes t .  The 
circumscribed  area of t h e  €I-pile was used  i n  t h i s  
computation t o   a r r i v e   a t  a short   term  capacity  of 
680kN. 

P i l e   capac i ty  may a l s o  be a s s e s s e d   d i r e c t l y  
from shor t   t e rm  incrementa l   load   tes t  results 
(which is conven t iona l ly   t he   bas i s  for  determining 
un i t   ad f reeze   s t r eng th   va lues ) .   u s ing  t h e  method 
of i n t e r sec t ing   t angen t s ,  t h e  es t imated  short   term 
capacity  found from  load  cycle V is 650 kN,  a6 
shown in   F igure  9. 

680 kN - CALCULATED ADFREEZE 
PILE CAPACITY DURING TEST 

( O C )  

SHORTTERM ADFREEZE ( LlNELL et. a l ,  1980) MP, 
0 0.05 0.10 

FIGURE 8 Kipnuk Load Test Short  Term P i l e   capac i ty  
Estimated by t h e  Adfreeze  Strength 
Approach Method. 
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There has been l i t t l e   d e f i n i t i v e  work  on the 
fac tors  of safety  necessary  for  pile  designs  based 
on adfreeze  strength i n  ice-rich  permafrost, 
especially when addressing  long term creep.  There 
is a lack of consensus  on, and understanding of 
the   t ransferab i l i ty  of information  interpreted 
from a few load  tes ts   appl ied  to  sites elsewhere, 
and to   d i f f e r ing   p i l e   ma te r i a l s  and geometries. 
For instance,  the  greater  surface  area of H-piles 
does  not r e su l t  i n  proportionally  greater  pile 
load  capacity. Between the  f langes  there is an 
interaction of shear and adfreeze  strength  that  is 
not  clearly  understood. 

However, it is known tha t   p i le   capac i t ies  may 
be increased by mobilizing  additional  soil 
shear ing  s t ress  through the  use of protruberances 
( r ings ,   p la tes ,  f i n s ,  e t c , )  or through  active or 
passive ground ch i l l ing  schemes (Long, 1973). 
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FIGURE 9 Interpretation of Kipnuk Short Term F i l e  
Capacity. 

RUPTURE 

KIPNUK ICE RICH 

POWER FUNCTION 

NEAR  RELATIONSHIP 
F STRAIN WITH  TIME. 

FIGURE 1 0  Generalized Creep Behavior of Ice-Rich 
Frozen Soil .  

F ' i le   Veloci ty  Approach 

Eased on observations,   the  elastic-plastic 
response of frozen s o i l s  t o   s t r e s s  can be 
schematically  represented by Figure 10. F u l l  
s c a l e   f i e l d   t e s t s  on p i l e s  have shown similar 
behavior (Markin e t .   a l . ,  1973). I n  *warm* 
ice-rich silts, practical  designs will operate on 
the  dominating  secondary  creep  surface. 

Power flow  laws have been proposed to  describe 
steady  state  creep i n  incompressible  materials  at 
constant  temperature  as a function of multiaxial  
s t r e s s .  Applied t o  permafrost, t h i s  re la t ionship  
has been more simply  stated (Vyalov, 1965). 

where is secondary  creep  rate, 0 is the  level  of 
a genera l   s ta te  of s t r e s s ,  and p and n a r e  
temperature  dependent  constants  unique  to  the 
frozen soil. The secondary  creep  constants  for 
Kipnuk ice-rich si l t  a s  determined from laboratory 
uniaxial  compression  tests  are shown i n  Figure 11. 

Equation 1 has been transformed and applied  to 
the  idealized  shearing of concentric  cylinders t o  
a r r i v e   a t  an equation  describing  pile  cap  velocity 
(Ladanyi, 1972). 

n- 1 

Where u,is s teady   s ta te   p i le   ve loc i ty ,  a is t h e  
p i l e   r a d i w T , i s  shear  stress,  and and n a r e  
temperature  dependent  constants  determined from 
uniaxial  creep  data  for  the frozen soil i n  
question. T h i s  equation is insensi t ive  to  changes 
i n  normal s t r e s s  on the  la teral   surfaces  of t h e  
p i l e   ( i - e . ,  overburden  pressure) and t o  p i l e  
compressibility. I t  assumes tha t   so i l   p roper t ies  
a re  homogeneous and i so t ropic  w i t h  depth and tha t  
there is no s l ip   a t   t he   p i l e - so i l   i n t e r f ace   ( i . e . ,  
t angent ia l   s t ress  is leas  than  adfreeze 
s t rength) .  Equation 2 may be algebraically 
rearranged and applied  incrementally  to  account 
for  variations i n  soi l   creep  propert ies  w i t h  
depth. T h i s  allows  investigation of velocity-load 
relationships under different  thermal  regimes. 
Equation 2 has been further modified t o  account 
for  pile  compressibil i ty (Nixon and McRoberts, 
1976) as  shown below: 

With equation 3 ,  t h e  fundamental relationship 
between p i l e   s t r a i n  and sha f t   s t r e s s  over  time may 
be explored i n  terms of p i l e  cap  settlement. T h i s  
information is most helpful i n  interpret ing  short  
term load  test   data.  It  is generally assumed tha t  
when creep  data  for a par t icular   ice-r ich  soi l   are  
lacking,  the  use of pure  ice  constants  instead 
will yield a safe  design. (Nixon and McRoberts, 
1976;  Morgenstern e t .   a l . ,  1982). 
Calculated  theoretical   creep  rates for a 10.5 m 
p i l e   a t  Kipnuk (using  Equation 2 w i t h  s i t e  
specific  secondary  creep  constants)  are shown i n  
Figure 11. However, the  ult imate  pile  capacity 
muet be determined from f i e ld   t e s t ing ,  
Character is t ical ly ,   p i le   surfaces  have l i t t l e  
e f fec t  on displacement  response a t  low s t r e s s  
levels.  Rough p i l e s  will mobilize more tangential  



a d f r e e z e   s h e a r i n g   s t r e n g t h   b e f o r e  s h a f t  s l i p  
beg ins   t o   domina te   s e t t l emen t   behav io r   and  t h e  
p i l e   p l u n g e s .  

IO0 680 1000 

PILE LOAD ( k N )  

Figure  11 Comparison of T h e o r e t i c a l   a n d  Measured 
P i l e  Cap V e l o c i t i e s  for Kipnuk. 

P i l e  c r e e p  may be  addressed e m p i r i c a l l y  by 
long-term s t a t i c  p i l e   l o a d  tests. These are 
usua l ly   conduc ted  a t  h i g h e r   t h a n   a n t i c i p a t e d  
des ign  stress l e v e l s   t o   f o r c e  measurable 
s e t t l e m e n t   o v e r   p r a c t i c a l  time p e r i o d s .  A method 
o f   e x t r a p o l a t i n g  t h e  r e s u l t s   t o   l o w e r  stress 
l e v e l s  is by e x t e n d i n g   t h e   l i n e a r   r e l a t i o n s h i p  of 
l og   l ong- t e rm  c reep  r a t e  v e r s u s   l o g   p i l e - l o a d .  
The  l o a d   c y c l e  V d a t a   ( F i g u r e  7 )  is p l o t t e d   i n  
t h i s  way i n   F i g u r e  11. Because t h e  test was of 
s h o r t   d u r a t i o n ,  it is n o t  known w h e t h e r   t h e   p i l e  
r e sponse  is in   s econda ry   c r eep  a t  a l l  l oads .   Th i s  
may be indica ted   by  t h e  s l i g h t   c u r v e ,   t h o u g h t  t o  
r e p r e s e n t  a pr imary t o  s e c o n d a r y   c r e e p   t r a n s i t i o n  
d u r i n g  t h e  e a r l y   l i g h t   l o a d s .   F u r t h e r   d e v i a t i o n  
can  be  expected when t h e   p i l e   e v e n t u a l l y   p l u n g e s  
a t  loads   h igher   than   reached   dur ing  t h e  test. An 
a d d i t i o n a l   p r o b l e m   w i t h   i n t e r p e t a t i o n  of a n y   p i l e  
l o a d  tes t  in permaf ros t  is t h e  assessment  of c r e e p  
s e a s o n a l i t y .   S h o r t  term tests y i e l d   e x p l i c i t  
behav io r   fo r  a s i n g l e   s o i l   t e m p e r a t u r e   p r o f i l e .  
Long term tests t e n d   t o  meld t h e   p i l e  
s e t t l e m e n t - l o a d   r e l a t i o n s h i p  w i t h  changing s o i l  
t he rma l   cond i t ions  a t  t h e  si te.  C r e e p   s e a s o n a l i t y  
is more s i g n i f i c a n t  a t  t h e  f r i n g e s   o f   p e r m a f r o s t  
r e g i o n s   w h e r e   s o i l   t e m p e r a t u r e   v a r i a t i o n s  are 
l a rge r   and   ex tend  t o  g r e a t e r   d e p t h s .  

CONCLUSIONS 

1. The e a r l y   s p r i n g   s h o r t  term c a p a c i t y  for a 10.5 
m p i l e   u s i n g   p u b l i s h e d   e m p i r i c a l   a d f r e e z e  
s t r e n g t h s   a n d  Kipnuk s o i l  t empera tu res  is 680 
kN. T h e o r e t i c a l l y ,   f o r  t h e  same l oad ,  t h e  
c a l c u l a t e d   c r e e p  r a t e  limits u s i n g  Kipnuk s o i l  
s e c o n d a r y   c r e e p   c o n s t a n t s   a n d   e q u a t i o n   ( 2 )  a re  
0.17 mfyear a t  e a r l y  s p r i n g  and 0.80 m/year a t  
l a te  summer. 
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2 .  The p r e d i c t i o n  of s e t t l e m e n t   u s i n g   p i l e  
v e l o c i t y   t h e o r i e s   w i t h   s e c o n d a r y   c r e e p  
c o n s t a n t s   f o r  i ce  is conse rva t ive   i n   compar i son  
t o  t h e   p i l e   l o a d  test for Kipnuk, 

3 .  The p r e d i c t i o n  of s e t t l e m e n t   u s i n g   p i l e  
v e l o c i t y  theories w i t h  s econdary   c r eep  
c o n s t a n t s   f o r  ice-rich silts (Kipnuk)   appears  
t o   h a v e  a similar t r e n d  as t h e   p l o t t e d  LOAD TEST 
r e s u l t s ;  however, the magnitude o f  S e t t l e m e n t  
was found t o  be less. 

4 .  H-piles may b e   d r i v e n   s u c c e s s f u l l y   i n  'warm" 
ice-rich silts and   sands .   The   pr inc ipa l  
advantages are speed of i n s t a l l a t i o n ,   i n c r e a s e d  
p r a c t i c a l  embedment l e n g t h ,  minimal d i s t u r b a n c e  
t o   t h e   e n v i r o n m e n t ,  and immediate load ing .  

5 .  Kipnuk test r e s u l t s  show t h a t  more f i e l d   p i l e  
l o a d  tes ts  a re  n e c e s s a r y   t o  better understand 
t h e  b e h a v i o r   o f   p i l e s   i n  ice-rich f r o z e n   s o i l s .  
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CKEEP BEHIVIOR OF FROZEN SALINE SILT UNDER ISOTROPIC COMPRESSION 

L. Domaschuk, C . - S .  Man, D.H. Shields, and E .  Yona 

Department o f  Civil Engineering, The University of Manitoba 
Winnipea, Manitoba, Canada R3T 2N2 

Isotropic compression creep tests were conducted on a prepared frozen sandy  silt 
with a pore-fluid salinity of about 60 parts  per  thousand before freezing. 
Single-step and multi-step loadings of pressure  from 711 to 700 kPa were appli.ed 
to soil samples at  three  different temperatures (T = -lS°C, -lO°C, -5OC). From 
our results we observed  the  following: ( 1 )  Samples originally in equilibrium 
underwent attenuating creep upon compression by a superimposed hvdrostatic stress; 
over 70% of the ultimate volume change  occurred within the  first few hours; a 
substantial portion of  the  volume change was not recovered upon unloading. The 
level of ultimate volume change  indicated  that volume change during creep could 
he a significant  factor  in  some  problems. ( 2 )  A history of loading  and recovery 
had a strain-hardening effect on the frozen soil; so did a history of incremental 
loading. ( 3 )  At -5OC the  saline soil was non-bonded but  its response to  isotropic 
compression did not seem to  be  qualitatively  different  from  the wav it  behaved when 
it was ice-bonded. This study is part of a broader investigation into the long-term 
multiaxial creep behavior of frozen saline s o i l s  that simulate those beneath the 
Beaufort  Sea. 

INTRODUCTION 

Frozen soils under conditions of creep are 
often idealized  as incompressible at  low 
temperatures such  as  in many artifj.cia1 
ground-freezing situations (Vyalov, 1962; Klein 
and Jessberger, 1979; Klein, 1981). For an 
incompressible material, a superimposed 
hydrostatic pressure  should  have no effect on 
deformation and  flow. For some  frozen soils 
at higher temperatures, experiments indicate 
that  the  mean normal stress does have a pronounced 
effect on creep; yet it is still not uncommon 
to assume that  creep deformation is approximately 
isochoric, and volume change under creep is 
neglected. (See, for example, Sayles, 1973; 
Vyalov  et al., 1979.) Perhaps because of this 
(sometimes  implicit) assumption, which we shall 
hereinafter call  the assumption of isochoric 
creep, many a "general creep equation"  in  the 
literature delivers zero strain when the stress 
is hydrostatic. (See, for example, Ladanyi 
1981, Equation (5): Diekmann and Jessberger 
1982, Equation ( 3 1 . )  The recent  study  of Bragg 
and Andersland (19821, however, shows clearly 
that  the assumption of  isochoric  creep may have 
a rather restricted domain of validity. Rraqg 
and Andersland conducted constant-stress uniaxial 
creep tests on a frozen sand  at -CIoC, and  they 
measured  both  the axial and  the  volumetric strain 
developed in the  samples. Their results  showed 
that vhile the volumetric strain was quite  small 
when the axial straih was under 2%, it could 
approach half the value of the axial strain 
when  that value was above 5%. 

Our team at  the University of Manitoba  is 
currently engaged in a research  program  to  study 
the long-term multiaxial creep behavior of rela- 
tively warm saline  frozen soils that simulate 
those  beneath  the  Beaufort  Sea. In our  program 

we will study creep behavior at relatively large 
deformations (stretch ratio above 5%). For 
such deformations we  questi.on  the validity of 
the following two a Driori hypotheses common 
in works on the multiaxial creep of frozen soils, 
namely (1) "the assumption of small deformations" 
under which the infinitesimal strain tensor 
could he used exclusively as  the  measure of 
"strain"  and  the  stretching  tensor  could  be 
replaced  by  the  time rate of the  infinitesimal 
strain tensor  and ( 2 )  the assumption of  isochoric 
cr'eep. 

In our program we have completed several 
isotropic compression tests. Data from  isotroDic 
compression tests  are necessary hoth  for our 
viscoelastic modeling and  for  use  in  Domaschuk's 
method of estimating settlement of  artificial 
is1ands.l Our resulcs show that frozen soils 
could experience moderately large volume change 
even for creep under pure hydrostatic pressure. 
Thus many "general creep equations" in the  litera- 
ture are in  fact  severely  restricted  in scope, 
and  the asumption of isochoric creep once again 
exhibits its  limitations.  Because o f  all  these 
implications, and because, as  far  as  we  are 
aware, isotropic compression tests on saline 
frozen soils have never been  conducted before, 
we are communicating these  results  before  the 
completion of our program. 

This method is an extension of  that which 
Domaschuk and Valliappan (1975)  developed  to 
provide a nonlinear approximate solution to 
the ultimate settlement of structures resting 
on clay. That solution required an isotropic 
stress - volumetric stra4.n relationship. 
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EXPERIMENTAL INVESTIGATION 

Sample Preparation 

A non-plastic, highly frost-susceptible silt 
consisting of 34% sand, 56% silt, and 10% clay 
was used in the study, Sodium chloride was 
added  to  the  soil  to produce a pore-fluid salinity 
o f  about 60 parts  per  thousand. 

Samples for  testing  .were  formed  in  a 
cylindrical, split  plexiqlass mold, 76 mm in 
diameter and 200 mm high. The silt was placed 
in 25 mm layers  at  Standard Proctor optimum 
moisture content  and was compacted by tamping. 
An attempt was made to saturate the samples 
under vacuum. 

The samples were frozen unidirectionally 
at an approximate rate of 25 mm per  day  by using 
the  procedure  adopted by Baker ( 1 9 7 6 ) .  After 
the samoles were frozen, the  portion  of  the 
top  that  had  dried  out by sublimation was trimmed 

The water contents, dry  unit weights, void 
ratios, and  degrees of saturation of  the samples 
after compaction, after freezing, and  at  the 

~ off. 

1 end of the  tests  are given in Table 1. 

Equipment and Testing Procedure 

Isotropic compression tests were carried 
out  in  a double-walled triaxial  cell similar 
to  that  developed by Mitchell and  Burn (1971) 
and  later  modified hy Baker et  al.  (1982). In 
such  a cell, the  change  in volume of the sample 
is  measured  by  a corresponding change in the 
volume of  fluid in the  inner  cell. 

Two single-step constant-stress isotropic- 
compression creep tests were carried  out  at 
-15'C on sample A07 and sample A08 at  a stress 
level of 350  kPa and 700 kPa, respectively. 
One multi-step creep test was conducted on another 
sample (A021  at -15"C, using  ten 
stress increments of magnitude 70 kPa each. 
Before the application of each additional pressure 
increment, the  sample was allowed  to compress 
until no further volume change (within  an accuracy 
of  +0.05 c.c.) occurred within a  period of 
at  least 8 hours.  After  the multi-step test 
on sample A02 at  -15°C was completed, the  sample 
was unloaded, allowed  to recover and  brought 
to  -lO°C. Then another multi-step creep test 
which followed  the procedure of the -15OC test 
was conducted on sample A02 at  -lO°C, after 
which another multi-step test was repeated on 
sample A02 at -5"C, using  the  same  procedure. 
In what follows  we  shall refer to each  test 
by a five-digit code:  the  first  three digits 
identify  the sample, the  last  two digits the 
temperature of the  test. For example, A0210 
refers to  the multi-step test on sample A02 
at -10'~. 

TEST RESULTS AND INTERPRETATION 

In each  test volume changes were recorded 
at regular time  intervals for each  stress incre- 
ment. A  glance  at Table 1 reveals that  some 
water was squeezed  out  from  the  samples during 
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compression. Thus a sample during creep, strictly 
speaking, could  not he taken as  a  "body"  in 
the  sense of ordinary continuum mechanics. As 
a simple and convenient way to represent our 
data, we define for each stress increment  the 
incremental volumetric strain 

here t denotes the  time  elapsed since the  incre- 
ment of stress in question, V(t) is the volume 
of  the  sample  at  time t, and V(0-J is  the volume 
of the  sample  just  before  the  increment of stress. 
Here we want to emphasize that we define the 
quantlty E$ only as a convenient device to repres- 
ent our data; although we call Ei the  "incremen- 
tal volumetric strain",  it carrles no further 
meaning other than that which is  defined by 
(1).  In particular, the reader should not confuse 
it with the  "dilatation" or the  trace of the 
infinitesimal strain tensor. We make no hypo- 
thesis  on  the magnitude of the incremental volume 
change V(O-) - V(t). 

The "incrmental volumetric strain"  time graphs 
o f  the  two single-step tests (isotropic  stress 
increment AUm = 350, 700 kPa, respectivelv; 
temperature T = -15OC)  and  the  first  step of 
the multi-step test  at T = -15°C (no, = 70 kPa) 
are  plotted  in Figure 1. Althoqh the 70 kPa 
test appears to  be of extremely short duration, 
when the results of  this  test  are  plotted under 
an exaanded scale (Figure 3 1 ,  it  is clear that 
a  very  low  rate  of  "incremental volumetric strain" 
had  been achieved before  the  next stress increment 
was applied. 

Similar "incremental volumetric strain"  time 
graphs were obtained  for  each  step of the multi- 
step tests. All the  "incremental voluiletric 
strain"  time curves are characterized hy an 
"instantaneous" component, a relatively short 
period of time  during which there is a  rapid 
decrease in the rate of "incremental  volumetric 
strain,"  followed hy an attenuating creep at 
a  very low rate.  Except  for  the  first  few hours 
after increment of pressure, all the curves 
are  fairly well fitted  by an appropriate hyper- 
bolic function of  the  form 

<(t) = t/(a + h t )  ( 2 )  

here a  and b are constants to he determined 
empirically  for  each curve; h is  the reciprocal 
of  the ultimate value of E:. As examples, the 
"incremental volumetric strain"  time graphs 
of  the  two single-step tests are  exhibited with 
their hyperbolic functi-on in Figure 2 ;  the 
corresponding curve-fitting for  the  first step 
of the  three multi-stea tests on sample A02 
(aum = 70 kPa; temuerature  at -15"C, -lO°C, 
and -Sac, respectivelv) are shown in Figure 
3 .  Examples from later steps o f  the multi-step 
tests  are shown in Figure 4 .  "Being  the kth 
step o f  a  test"  is  identCfied in the  figures 
by  the caption "n = k." 

A comparison of the  three curves in Figure 
3 indicates  that  sample A02 developed  much larger 
incremental volumetric strains at  the  test  temuer- 
ature of -15OC than at  the other two warmer 
temperatures. This is contrary to  the  intuitive 

v 
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expectation that warmer soil would  be  more com- 
pressible. This apparent anomaly  could  be attri- 
buted  to  the  fact  that sample A02 had  been subiec- 
ted  to a history of loading  and  recovery  before 
it was tested  at  the  two warmer temperatures. 
One effect of that history of  loading  and recovery 
was that  some water and solute were squeezed 
out  during compression; this  amount of water 
and solute was never recovered. Another manifes- 
tation of the loading-recovery history was the 
strain-hardening effect, which gave  rise  to  the 
apparent anomaly  above.  In  light  of  this 
strain-hardening effect, no conclusion could 
be drawn from our results regarding  the  influence 
of temperature on  the compressibility of frozen 
soils undergoing isotropic  compression. 

An examination of  the  "incremental  volumetric 
strain"  time curves indicates that a major portion 
of the volume change  that  would  result  from an 
increment of hydrostatic stress occurred within 
the  first  few hours after the  load  increment. 
If we are  interested only in the  behavior  beyond 
this brief period  instead of the  function E$(t), 
a knowledge of the ultimate value of "incremental 
volumetric strain'' should suffice. Since the 
"incremental volumetric strain" is defined only 
for a specific  stress increment, another quantity 
should  be  defined for an arbitrary loading history. 
The ultimate volumetric strain E: of a sample 
is  defined  here  for any loading  history  from 
time t = 0 to  time t = T as 

where Vo is  the original volume of the  sample 
before  loading  at t = 0, and V, is the ultimate 
volume should  the  load  at  time T be maintained 
constant from t = r to t = m  . We present, our 
data o f  E: for  the  three multi-step tests  in 
Figure 5. Here we treat A0215,  A0210, and A0205 
as if they were tests on three  different  samples. 
In other words, sample A 0 2 1 0  at  time zero was 
simply sample A 0 2  after it had  been  subjected 
to  the multi-step test  at -15'C, allowed  to recover 
and  brought tow - 1 0 ° C .  In Figure 5 ,  for  instance, 
the value of E V  at Om = 350 kPa for  sample A 0 2 1 5  
is  the ultimate volumetric  strain of -the  sample 
in question after five increments of pressure, 
each of which is of magnitude 7 0  kPa. The  data 
presented  in Figure 5 further corroborates the 
strain-hardening effect  incurred on sample A02 
by a previous history o f  loading  and recovery. 

In the definition of &:, the  sample in question 
is  supposed  to have been subjected  to a history 
of loading  that  has  the  following  property: for 
the  entire  interval [O, m ] of  time  under  load 
the  isotropic  stress  takes  some  constant value 

,except perhaps  for  some  finite  interval of 
%me [ O , T  1 just  after  loading. For such a loading 
history we define the ultimate (secant)  bulk 
modulus K" of the  sample in question by the 
expression 

Values  of KOD for our tests A0215, A 0 7 1 5 ,  and 
A0315 are  shown  in Figure 6 .  In aeneral, rc" 
as defined by ( 4 )  depends  not  only  on  the ultjmate 
pressure om but  also on that  part of the  loading 

history before  the isotropic stress is kept at 
the constant value om. In Figure 6 ,  however, 
P has more o r  less a constant value. This 
suggests that  as  far as the value of Km is 
concerned a single-step loading  and a multi-step 
monotonic-increasing loadingwith the same ultimate 
value of Om might have an  almost identical effect; 
likewise, slightly different samples do not 
seem  to make much difference. Yet our data 
are too  scanty to support  anv definite conclusion. 
We hope we can clear up this  point with further 
work. 

When sample A02 was allowed  to recover after 
the completion of a multi-step test, only about 
SO% to 7 0 %  of the volume change was recovered. 
We  present  the data regarding volume recoverv 
in Table 2. That a significant portion of  the 
volume change was permanent suggests that  sample 
A02 could not be  treated  as a body  of material 
with fading  memorv. If this  fact  could he 
generalized, it would have important implications 
for  any attempt at a viscoelastic modeling of 
saline frozen  soils. For example, a simple 
nonlinear hereditary creep  consti.tutive equation 
(e.g., Vyalov, lQ62, Equation ( 1 - 4 7 ' ) )  that 
ties up attenuatinE creep under constant stress 
with ultimate complete recovery after unloading 
would he inadequate. 

When the  temperature of sample A02 was 
increased  to -5 'C,  it was noted  that  the  sample 
was no longer ice-bonded. Nonetheless, the 
behavior of  the  sample under isotropic compression 
was not substantially different from its hehavior 
at  the  lower  temperatures.  The implication 
is  that under isotropic compression the  response 
of warm non-bonded permafrost, which we often 
encounter in the Beaufort Sea sediments, might 
be similar to  that of  its ice-bonded counterpart. 
From our results, of course, we cannot draw 
any conclusion on the response of non-honded 
and ice-bonded permafrost  to stresses other 
than  hydrostatic. 

CONCLUSIONS 

1. Each of our frozen saline silt  samples 
underwent attenuating creep upon compression 
by a constant hydrostatic stress.  Except  for 
the  first  few hours of loading, the creep curve 
could  be well approximated  by an appropriate 
hyperbolic function of the  form given in ( 2 )  
above. Over 70% of the ultimate volume change 
occurred within the  first few hours of loading. 
The level of ultimate volume change (which came 
near to 4% of the original volume for our sample 
AOR at 703 kPa and  -15°C)  indicated  that volume 
change during creep could  be a significant  factor 
in problems involving thick deposits. 

2 .  When an additional hydrostatic stress 
was superimposed on a sample  that was approaching 
equilibrium  after creep under an  isotropic stress, 
the soil underwent a new attenuating creep with 
characteristics substantially the  same  as  those 
described in the  preceding  paragraph. 

3 .  When  the  frozen saline silt was allowed 
to recover after a historv  of isotropic-stress 
loading, it  could ultimately recover on ly  part 
of the volume change occurred  during  the  previous 



loading. Our test  results  showed  that up to 
50% of  the volume change could remain after 
recovery. This fact has important  implications 
for any attempt at  a viscoelastic modeling. 
A simple nonlinear hereditary creep constitutive 
equation that  ties  up attenuating creep  at con- 
stant stress with ultimate complete recovery 
after unloading would  be  inadequate. 

4. A history of  loading  and  recovery  had 
a strain-hardening effect on the  frozen saline 
soil; so did  a  history o f  incremental  loading. 

5 .  At -5'C the  saline soil was non-bonded, 
but  the nature of  its  volumetric strain-time 
response to  isotropic compression did not seem 
to  be  qualitati.vely different from  the way it 
behaved when it was ice-bonded. 

6 .  Even at  a  temperature  as low as -15'C, 
water was squeezed  out when the  soil underwent 
creep under isotropic  compression. This suggests 
that in modeling the creep behavior of frozen 
saline soils  a  quasi one-phase approach might 
be altogether inadequate; mixture theories 
should  be  considered. 
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1 2 2 

We discuss two rmin types of mntrol M the  -thering of rocks by frat 
shattering.  External controls are those concerned w i t h  temperature  cyclirq which 
the rocks experience together with associated rmisture variations. With data €ran 
Iceland, he shw conditions under which air temperatures are a poor indicators of 
rock tmperatures. Rmk surfaces o n  be warmer than the air, even i f   t h e  latter is 
k1w OOC; or colder than the air. I f  snaw or ice mer the rock surface  freezing 
in t ens i ty  can be dampea. A knowledge of rock properties (internal m n t r o l s  1 is 
important bemuse water may f reeze  at  a temperature other  than a t  0' C. This 
temperature  nay bz d i f f e ren t   fo r   d i f f e ren t  rocks. In  the pres of an Icelandic 
hya loc las t i te  water f roze  a t  about -Q°CI water in  rock cracks may f reeze  a t  ra ther  
higher temperatures than this; tests in  'cracks '   in  plastic blocks  suggest a b u t  
-2 Oc. 

INJROD.ICTLON 

Fros t   sha t te r ing  is central to a consideration 
of nany pe r ig l ac i a l  phencmena (W8shburn11979) and 
has  t radi t ional ly  been considered to be the main 
process responsible for rock hreakdawn i n  cold 
(h igh   a l t i t ude  and l a t i t u h )  regions. There is 
increas ing   in te res t   in  the geanorphic effects of 
f ros t   sha t t e r i rg  and s a  gecanorphologists are 
beginning to challenge  conventional  beliefs (e.g. 
White 1976,  Thorn  1979) tiere rr~e ccmnent gn curren t  
knowledge of m n t r o l s  on the operation of f r o s t  
s h a t t e r i q .  We iL3 not examine actual mechanism of 
rock keakdown since  these are considered  elsewhere 
(MoGreevy 1981). Rather, w= discuss controls M 
the  mchanisms  thich WE have divided into two 
categories; external ( tapratwe and moisture 
r e g h  at a lccal l e v e l )  and in te rna l  (properties 
of the rock) .  illustrate spec i f i c  p o i n t s  we 
draw on wrk conducted cn rocks fran Iceland. 
Attention has been focused upon a rock which is 
cannon on I ce l and ic   c l i f f s  ht which,  unlike 
basalt, is porous ra ther  than jointed. 

GENERAL CON SIDE RATIO^ 

Gearorpholcgists have adopted tm approaches in 
attempting to assess the   geamrphic   s ignif icance o€ 
f ros t   sha t t e r ing .   F i r s t ,  an essentially  geographic 
mthoQlcgy has aimed at establ ishing  global  and 
continental  zonations of f ros t   sha t t e r ing   i n t ens i ty  
on the basis of gross c l h t i c  plrameters such as 
mean annual or monthly t q a t u r e s  or 
prec ip i ta t ion  (e.g.  P e l t i e r  1950, BTcchu 1964). An 
extensim of t h i s  approach is the use of standard 
mteoro logica l   da ta  to expla in   p l t te rns  of rock 
breakdam e.g., small scale rockfa l l s  (Church et al 
1979 ) , larger scale, perhaps seasonal events 
(Bjerrum an3 Jarrstad 1957) , or even longer term 
cl imat ic  effects (Grove 1972). I n  such cases, 
f r e e z e t h w  frequency (as evaluated by recourse to 
air tempratwe data)  has been d i r e c t l y  related to 
i n t ens i ty  of rock breakdclwn, presumably by frost 
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shattering. Hmever, although rmkfalls nay be 
associated w i t h  freeze-thaw cyc le s   t h i s  does not 
necessarily indicate that such cycles are ac tua l ly  
causing  rock breakdown; it m y  k that pre-loosened 
blocks are k i n g  released by the ice fo rmt ion .  The 
d i s t inc t ion  betwsen weatheriw of a rock (its 
separation f ran  the rock mss) and the actual 
removal of a weathered rock is ra re ly  made. 

The second area concerns w p r b n t a l  
determinations of micro-climatic  controls  fran 
laboratory tests ( s e e  Mdreevy (1981 1 for review). 
I n  its simplest f m ,  t h i s   i nvo lve   p l ac ing  rocks 
i n  wter, a l te rna t ing  the tanperature a b v e  and 
helm ooc and observirq the results te.g. Martini 
1967). Such investigations tell us sanething about 
the temperature  and moisture conditions most 
conducive to f r a t  shattering.  This  approach to0 
has its limitations.  There is no general  agreement 
on t e s t ing  procedures and various w r k e r s  or 
laboratories employ different  experimental 
conditions  mking  oonparison of results difficult. 
I n  addition, test conditions,   al though  replicable 
m y  be unrepresentative of those experienced by 
rocks in  the f ie ld .  Far instance, should the rock 
under test be of a ce r t a in   s i ze ,  be cut i n  a 
particular way? Should it be sa tura ted  w i t h  water 
under pressure? There is a pressing need to l i n k  
f i e l d  observations Era various environments to 
laboratory tests. Thorn (1979 ) has recently 
indicated that application of ' Icelandic '  or 
'Siberian'  tanperature cycles (Tricart 1956) i n  
experimental s tudies  may be grcssly  misleading. 
Hawever, f u r t h e r   m r k  is  mded to define the 
extent  of  discrepancies between f ie ld  and 
laboratory  freezing  patterns.  

Both external ( rak ,  intensi ty ,   durat icn and 
frequency of freezing) and internal  (rock 
prcperties) controls on rock breakdown by frost 
sha t t e r ing   mhan i sms  are anly  r o w  being fu l ly  
investigated  (Lautridou a d  Ozouf 1982). We 
consider this to be an important  dist inction as it 
helps to separae the canplex  factors  involved  in 
rock &eak&wn. 
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FIGURE 1 Rock surface, crack and air temperatures fran Esja,  Iceland. 

EXESNRL (MEXFOROUXICAL AND CLIMATIC) CONIRXS 

It has been realized for saw time that air 
temperature data derived  frun standard 
meteorological station observations do not  provide 
good indications of local climatic conditions 
(washburn 1979). Several workers  have identified 
difficulties i n  relating  air tgnperature  cycles to 
ground  temperatures (e.g. Fahey 1973, Fraser 1959). 
Nevertheless, sane authors still use temperature 
data fran meteorological stations to in fe r  
processes s a  distance away (e.g. Church e t  a1 
1979). mta fran Iceland  (obtained over a twa year 
period and including  continuous rerords over a  four 
month w i n t e r  period) illustrate sane of these 
difficulties, even w i t h  air tanpertures being 
measured adjacent to the rock surface. Figures 1 
and 2 show relationships between rock surface, 
crack and air tanperatwe variations over selected 
periods, and il1wtrate wys i n  which air 
temperature data can provide  misleading  information 
about  rock  temperatures.  Figure 1 shows a south- 
facing roek surface a t  a site in Iceland (Esja, 
20km N-E of  Reykjavik, 650 m a.s.1.) undergoing 
tempexature fluctuations above and below O°C i n  the 
presence of negative air tanperatures. The crack 
temperature regime reflects changes experienced at 
the r d  surface and aoeS not appear to be closely 
related to  air tanperatme. Here the use of air 
tempexahre to indicate the rock. 'frost c l h t e '  
would underesthte the frequency of rock freezing 
and  thawing. Figure 2 shows the converse: air 
temperature fluctuates around O°C quite frequently 
over a short  time whilst the rock surface remains 
below 0 O C. A i r  tanperatwe data therefore 
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2. Ice (verglas)  covering  the  rock  surface 
i n  certain  canditions even where the air temp 
erature i s  several degrees above 0% 

3. Conditions where ice or snow does not 
cover the rock and there is relat ively  f ree  heat 
exchange between rwk, air and available liquid 
water. 

Rock temperatures are damped with respect to  air 
temperatures i n   t h e   f i r s t  two cases and  exaggerated 
in   the  last. 

It should be noted that existing data on air 
and rock tenperatwe variations relate to short  
time periods. A t  present, there is no assessment 
of their variabi l i ty  over several years. 
Furthermore, we still require knowledge of 
antecedent conditions which allow freezing waves to 
penetrate  into  the  rocks  and  not just fluctuate at  
or just below the surface  (e.g. i n  Figure 2). 
Little i s  known about  the moisture content of 
rocks. White (1976) has drawn at tent ion  to   possible  
relationships kt- weathering and misture 
content. He ventured to question whether rocks i n  
natural situations  could  ever beccme >50% saturated 
with water and then  experience  freezing. A t  present 
we have no data f ran   the  sites we are examining i n  
Iceland. Howwer, sune preliminary data from a site 
a t  850 m a l t i tude i n  Central  Scotland (McGreevy 
1982)  suggests t h a t  a high ( u p  to  92%) degree of 
mturation can be attained by rocks &ich are 
l ike ly  to  be subjected to  freezing  conditions. It 
is certainly  significant  that  mo3t  talus prduct ion  
f run   c l i f f s  ved to frost-shattering agencies 
canes fran gully ar couloir systa-m. It is under 
these conditions that water penetration in to  rocks 
is l ike ly  to be highest. m e  a c l i f f  has a 
coating of ice (verglas 1 then  this is l ikely to  
reduce the amount of them1 change as wll as 
water saturation it can receive. In a codoir 
however, mximun quantit ies of free water are 
available and, hence, f rost   shat ter ing is also 
l ike ly  to  be greatest   for  a given  rock  type. 

INmRN7Ab (ROCK PRoPJmTY) (mmRou 
It has been pointed out ( W r e e v y  1981, McGreevy 

and Whalley 1982) that most laboratory experiments 
use rather -11 pieces of rock which may not be at 
a l l  representative of field  conditions. The 
samples used (the intact rock'  of A t t e w s l l  and 
Farmer (1976)) axe l ike ly  to  be q u i t e  different  
fran the  'massive rock' (the rock i n  its & 
state). Tested samples are rarely > l oan  cubes yet 
t h i s  m y  be the  size of material which, when seen 
in   the  f ie ld ,  is that which has already been 
weathered  and transported €ran t h e   i n   s i t u  p i t i o n  
on a c l i f f  . Therefore, such tzteignore the 
importance of discontinuities such as joints,  
bedding planes,  cleavage and schistosity,  a l l  of 
which provide planar weaknesses on which f r o s t  
shattering mechanisms can aperate. Thus the  use of 
-11 laboratory-tested  rock samples my  ind ica te  a 
much greater resistance to freezethaw i n  the 
laboratory than i f  it were possible to test a whole 
section of c l i f f .   W t i n g  mall blocks of rock may 
yield  inappropriate data on which to danonstrate 
the environmental controls of f r a t  shattering. 
The tes t ing of large  blocks is very d i f f i c u l t  and 
m y  not be possible  for mssive rocks. 

It should be appreciated that the  f rost  
shattering  process depends upon water in a rock 
being  frozen  (excluding  here the hypotheses  of 
hydration  shattering or ordered w a t e r  (White 1976) 
although these still reguire water to be i n  the 
rock).  In this context it has beMne evident that 
there is a d i f f icu l ty  i n  accepting 0 C as a 
critical temperature which m u s t  be crossed before 
water w i l l  freeze  within rocks. Several workers 
have shown tha t  water may not freeze unt i l   severa l  
degrees below OOC i n  rocks and other mterials. 
V a r i o u s  threshold  freezing  temperatures have heen 
suggested &tween -2 and -10 C (see McGreevy and 
Whalley (1982) for  details and discussion). Our own 
investigations have provided saw further data. I n  
particular we have d n e d  a rock  called *mberg'; 
t h i s  is an hyaloclastite, a subglacially-erupted 
tuff (Saanundsson 1979, Allen et a1 1981).  This 
type of rock is often of great  thickness  in the 
geological  succession and is thus well exposed on 
cl i f f   sect ions i n  Iceland. 

Samples of moberg, taken fran  near ow 
temperature  recording site at  Esja, were tested 
for  freezing  point depression characterist ics.  A 
small core of saturated m b q  was contained i n  a 
brass capsule and placed i n  a freezing  cabinet. 
The temperatures of both rock and capsule w e  
monitored  continuously  using  thermorouples and a 
data logger. Evolution  of  heat as water freezes  in 
pores is indicated by a rock  temperature increase 
(c.f. Davison and Sereda 1978, W r e e v y  and  whalley 
1982).  Figure 3 shows an instance of water 
freezing a t  -3.8 OC. Over f ive  tests, the results 
showed a freezing  threshold of - 3 . 8 O C  f 0.5 O C. 
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FIGURE 3 Graph of tenperatwe of a saturated 
sample of moberg during  freezing  versus tine. (The 
time axis has an   a rb i t r a ry   s t a r t i ng   p in t . )  
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FIGURE 4 Graph of water f r e e z i q   i n  a hole in a 
plastic  block, 0.3m diarneter hole, versus time. 
(The time axis has an a rb i t r a ry   s t a r t i ng   p in t . )  

The inference is that   the  rock  temperature, at  a 
given  depth, m u s t  f a l l  to at least -3 O C before 
the hater osn freeze.  Swh tests however say 
nothirq a b u t  haw the presence of cracks which may 
inflwnce, mt cnly the rock vater a n t e n t ,  ht 
also the possibly increased susceptibil i ty to 
a g e  by vir tue of the crack i t s e l f .  Indeed w= cb 
not knm h m  the  presence of crach at  variotrs 
scales affects the keakdown of rocks (again,  this 
is a size  problan). 

The c l i f f   face  at Esja also wntains  nany 
basalt lava flows as well as moberg. The tm rccks 
differ   in  tern of the  discontinuities  within them. 
The moberg generally lacks a l l  but the regional 
joint  system and m h a n i c a l  breakdown occurs 
through the release of srall granules of material. 
T k  basalt heaks dbwn through the release of 
blocks of rock, the sizes of which are determined 
by the  heirarchy of discontinuities (faults, joints  
and microcracks)  within the rock mass (whalley et 
al 1982 ). Thus in mberg, mter is held and 
f r e e z e  in pores vhilst in basalt ,  cracks of a 
variety o€ sizes  are m e  relevant. water freezing 
within the moberg can therefore be studied M sm11 
samples. As argued els&ere (MGreevy and Whalley 
19821, wata freezing to release blocks of basalt 
is mt likely to ke assmiated with larger cracks 
and fractures rather than f ine  microcracb. 
Handling large samples is d i f f i c u l t  so we have used 
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a simple d l  to obtain sane information on the 
freezing of water i n  cracks. 

Instead of using basalt q l e s  a m c h i n d  
perspex ( luc i te )  block (5.5 x 8 x 12 an) enbedded 
i n  a 5an thick jacket of expanded polystyrene w s  
employed. Four holes (0.2, 0.3, 0.4 a d  0.5a 
d h t e r  and 5an length) e r e  drilled into one 
face the face  containiq the holes rerrraining exposed. The holes =re Eilled  with wter and the 
block placd in  a freezing  mbinet. Thermocouples 
inserted into the  wter-fi l led  holes  povided 
continuous temperature readings and, as w i t h  the 
mooberg (Figure 31, showed the tanperatwe increase 
due to water freezing. 

The temperature curves obtained  (Figure 4 is one 
example) show that freezirg is in i t ia ted  between - 
0 . 6 O C  and -2.5OC. The freezing of mter in rock 
joints  wnuld therefore appear to occur at higher 
temperatures than in microcracks and pores. 
Clearly, the use of notches and holes  in perspa as 
a -1 of rock oversinplifies  the  si tuation. For 
instance, the  presencs of clay minerals along  crack 
-11s could  significantly  reduce the freezing p i n t  
of water (Anderson et a1 1974). In  addition, SEM 
studies  (e.g. S ~ ~ u n t  and Brace 1974) show that  
crack rarely,  if  ever, cccw in  isolation, and 
usually ccmprise me element in an intricate 
network of cracks of vaxying shapes and siz-. 
H o e ~ e v e r ,  continued  experimentation with sinple 
models may thrw SCCE l igh t  an the effects  of 
freezing  in rocks so long as such possible 
cmplications are brne in mind. 

coNCLuDIN= RE"s 

Field a d  laboratory studies of f rost   shat ter ing 
m u s t  be viewed as cunplementary i f  its geanorphic 
significance i s  to be prcperly assessed. The 
degree to vhich  mnclusions based M laboratory 
studies can be extended to comnent cn rock 
wathering behaviour under mtural a n d i t i o n s  
depends upcn the  degree to which simulated 
conditions apprmrimate thcse experienced in nature. 
This m u s t  apply to bth external and i n t e r m l  
conditions as far as possible. Only by mnitoring 
rock temperature and rroisture regimes in  situations 
of geonorphic i n t e r e s t  (around snow p t c h e s ,  for 
example) a d  subjecting rocks to than can the i r  
geanorphic  significance be evaluated.  Ultimately, 
the  heathering  effects of tenperatwe and misture 
variations upon the properties of the  rocks 
under consideraticm. For t h i s  reasm it is 
important to acquire sane howledge of rock 
properties which are critical i n  determining the 
dficacy of frost   shattering. 

The relevant  l i terature  dealirq with  cold 
climate rock  weathering leaves undefined the 
relationships between the variables of climate and 
rock properties. It is certain that mmh needs to 
be done to c lar i fy  the exact nature of such 
relationships. 
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HYDROLOGY OF NORTH SLOPE COASTAL PLAIN STREAMS 
Brent  Drage,  Jeff'rey F. Gilman,  David Hoch, Leslie G r i f f i t h s  

Peratrovich,  Nottingham L Drage,  Inc.,  Anchorage,  Alaska 99503, USA 

This   paper   presents   general   hydrologic   character is t ics  of coastal p l a i n  streams 
looated  between  the  Sagavanirktok  River  and  the  Colvil le  River on Alaska's  North 
Slope. Data presented were gathered over t h e  l a s t  f ive f i e l d   s e a s o n s  by t h e  
authors   and  others  while working  under  contract   with ARC0 Alaska,  Inc.  Following 
a genera l   d i scuss ion  of the  geographic  and climatic s e t t i n g   f o r  these streams, 
t h e r e  is a discuss ion  of several  important  hydrologic  parameters  which  define  the 
uniqueness  of streams flowing  in  the  permafrost   environment.   Permafrost  is a key 
f a c t o r   i n  - defining  drainage  basins .  From discharge  measurements,   values for  
t y p i c a l  slopes, Manning ' s   roughness   fac tors ,   and   Cor io l i s   energy   coef f ic ien ts ,a re  
presented.   Final ly ,  a flood  frequenoy  analysi 's   for these streams has  been 
developed  using a Log Pearson Type 111 d i s t r i b u t i o n   i n   c o n j u n o t i o n   w i t h  a r e g i o n a l  
skew weighting  analysis.  The reg iona l  skew weight ing  analysis  is based on s t a t i o n  
skews f o r  a l l  gaged streams i n  Alaska  north  of 64O N l a t i t u d e ,  a region 
approximately  coterminous  with  the  region  underlain by continuous  permafroat. 

CLIMATE AND GEOGRAPHY 

The arct ic  climate and low relief o f  Alaska's 
North  Slope are two of t h e  dominant  independent 
va r i ab le s   con t ro l l i ng   t he   evo lu t ion   o f   t he   l and  
surSace  and +its hydrology.  These  strongly 
inf luenoe  runoff  and  sediment  yield  which i n  t u r n  
affect  the drainage  network  and  ohannel  shape. 
The l a r g e r   d r a i n a g e s   o r i g i n a t e   i n  the northern 
f o o t h i l l s   o f   t h e  Brooks Range. The drainage 
d i v i d e s  are e a s i l y   d e f i n a b l e  and t h e  streams form 
a d e n d r i t i c   p a t t e r n .  Moving from t h e   f o o t h i l l s  
r eg ion   t o   t he  low relief c o a s t a l   p l a i n ,   d r a i n a g e  
b a s i n s  and stream p a t t e r n s  become poorly 
defined.  Continuous  permafrost  and  ground ice 
play a s i g n i f i c a n t   r o l e   i n   d e t e r m i n i n g   t h e  
hydrologic   regime  of   the  coastal   p la in .   Surface 
f e a t u r e s  and materials are i n  a continuous state 
of change,  being  incorporated  into the c y c l e  of 
thaw-lake  development  and ice wedge polygon 
format ion ,   resu l t ing  from  changes i n  ground ice 
volume. 

During  the  short  summer season,  the  land 
s u r f a c e  is dominated by l a k e s  and  drained or 
par t i a l ly   d ra ined   l ake   bas ins .  These  flooded 
depressions and shallow l a k e s  rimmed with  sedge 
provide  approximately  one half of the wetland 
area s u i t a b l e   f o r   a q u a t i c   h a b i t a t .  

There is continuous  daylight a t  t h i s  l a t i t u d e  
from  mid-April  through the end of  August. Direct 
so la r   r ad ia t ion   t hus   i nc reases   d rama t i ca l ly   i n  
t h e  months prior t o  breakup. 

Mean annual  temperature  ranges  from -16' t o  
-9OC. The monthly mean temperatures  range  from 
-34' t o  10°C. The pronounced  temperature 
g rad ien t   w i th   l a t i t ude  found on the  North  Slope 
can  influence  the  t iming  of  breakup.  Streams 
with headwaters i n   t h e  Brooks Range f o o t h i l l s  
begin t o  breakup  several  weeks before  streams 
o r i g i n a t i n g   i n   t h e  coastal p la in .  

P r e c i p i t a t i o n  is extremely  l ight   a long  the 
coas t ,   gene ra l ly  between 10 - 15 cm, bu t   a l so  
shows a d i s t i n c t   g r a d i e n t   w i t h   a l t i t u d e   t o   h i g h e r  
p r e c i p i t a t i o n   i n   t h e  Brooks Range. Approximately 
half   of   the   annual  amount f a l l s  as snow from 
September  through May. Snowmelt runoff is 
concen t r a t ed   i n   t he   pe r iod   o f  late May and e a r l y  
June.  Surface  winds are s t rong   a long  the c o a s t  
but  decrease  inland.  During the ice-free months, 
the  predominant wind d i r e c t i o n  is from the 
east. Walker e t  a l  ( 1980) is a standard 
r e f e r e n c e   f o r  climatic parameters of t h e  
region. 

GENERAL HYDROLOGY 

Eight small streams between the Kuparuk River 
and C o l v i l l e  River have  been  studied.  These are 
shown i n   F i g u r e  1 and l i s t e d   i n  Table 1, with 
se l ec t ed   hydrau l i c  parameters. 

The d i f f i c u l t y  of defining  hydrologic 
parameters  for  North  Slope streams is  i l l u s t r a t e d  
by t h e   u n c e r t a i n t i e s   a t t a c h e d   t o   d e l i n e a t i n g  
drainage areas. The g e n e r a l   t e r r a i n  has l i t t l e  
relief and it is e x t r e m e l y   d i f f i c u l t   t o   d e l i n e a t e  
drainage  basins  on USGS topographic  maps. This 
is p a r t i c u l a r l y   t r u e   f o r   t h e  streams i n   t h e  
e a s t e r n  part of   the   s tudy  area. The cyc le   o f  
thaw-lake  development  and  polygon  formation 
s t rong ly   i n f luence  the drainage  network  shape; 
and  due t o  t h e  dynamic na ture   o f   these   p rocesses ,  
t h e r e  is evidence   tha t   the   d ra inage   pa t te rns  
i n t e r m i t t e n t l y  change.  Because of t h i s  inherent  
problem,  such c h a r a c t e r i s t i c s  as uni t   runoff   lose  
some of   the i r   accuracy .  
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Characteristics of Larger  Rivers 

Three  major  drainages  fall within the 
geographic area of this  study; the Sagavanirktok 
River,  the  Kuparuk  River,  and  the  Colville 
River. These  rivers differ from the smaller 
coastal plain  streams in that their headwaters 
are in  the  northern  Brooks Range. Approximately 
50j of the Sagavanirktok drainage  and less than 
10% of the Kuparuk  drainage  lie above 600 m 
elevation.  This  characteristic often gives these 
drainages a hydrological  behavior  very  different 
from  the  adjacent  coastal  plain  streams. 

Of these  three  drainages, the Colville is by 
far  the  largest  with  an area of 60,000 h2. The 
Sa avanirktok an the Kuparuk follow with 14,898 
km and 9802 km , respectively. Spring breakup 
on  these rivers generally  occurs  before the 
breakup o f  the  coastal  plain  streams. This 
characteristic i s  due  to the location of their 
headwaters in the Brooks  Range  foothills.  The 
breakup  front  begins in this relatively  warm  and 
sunny region  and  proceeds  northward  at 
approximately 0.5 - I hdhour. Like the smaller 
coastal plain  streams,  the hydrographs of these 
rivers peak  sharply  during  breakup. The majority 
of the year's discharge occurs at this  time,  with 
flows  falling off dramatically for the remainder 
of the  summer.  It has been  estimated  that 78% of 
the Kuparuk's annual discharge occurs during the 
month of June, with flows  decreasing dramatically 
for the remainder  of the summer; 342 of the 
Sagavanirktok's  discharge  (at  the Sagwon gaging 
station) occurs during June (Peterson, 1983). 
The decrease of the s m e r  flow in  the 
Sagavanirktok is  more gradual than in the 
Kuparuk. 

Freezeup  occurs in late September or early 
October with  little  to  no  flow  being  recorded  by 
January.  Although channel flow is essentially 
halted by freezing, it is believed  that  some  flow 
continues through  the  unfrozen  riverbed gravels 
during  the  winter. 

Characteristics of Coastal Streams 

5 B 

Morphology of the coastal plain streams is 
controlled by permafrost  and  ground ice. In 
tundra regions with  high  ice  content  and  ice 
wedge formation, a beaded stream pattern is 
common which i s  typically  composed of deep thaw 
pools  connected by shallow channels (Figure 2). 
Pools form in Localized areas where the ground 
has a very high ice  content or disruption of the 
tundra has allowed  greater  depth of thaw. If the 
pool is large enough,  permafrost  beneath  and 
along the sides thaws, pools deepen  and  expand. 
Water  depth  up  to 6 meters has  been  measured  in 
some of these  pools. In the connecting channels 
depths typically range  from 0.2 - 0.3 meter. 
During freezeup of the streams, the  deep,  low 
velocity  pools form an  ice  cover  first,  and  it 
can reach thicknesses of 2 meters by the end of 
winter. It is  within the beaded pools that 
relatively large  and  thick  ice floes can  be 
generated  during the winter  and  flushed  down the 
streams during  breakup. 

The  coastal streams are frozen for  all  but 3 
or 4 months of the year. The flowing water 
freezes in September or  October,  and  drifting 
snow makes the drainages virtually 
indistiguishable from the surrounding country 
until the end of May  or  early June when "breakup" 
occurs. 

Coastal  plain streams generally break  up  after 
the recession of the Kuparuk, Sagavanirktok, and 
Colville river  hydrographs.  Due  to the lack of a 
long-term  data  base,  it  is diff'icult to formulate 
general statements about the timing of this 
process.  This  aspect of the breakup  phenomenon, 
along with the concomitant potential for flood 
frequency  prediction, is a facet of arctic 
hydrology requiring additional data acquisition 
and  analysis. 

The  breakup of coastal plain streams can  be 
characterized as a sudden event of short  duration 
(Figure 3). Observations made  over  the  past 4 
years indicate the average length of a breakup 
event  to  be 10-12 days. Peak discharge is 
generally  reached within 4-5 days after initial 
flou,  giving  the typical hydrograph  an 
asymmetrical, right-skewed shape. The incre se 
in discharge  from  virtually zero up to 1OOm 2 /s 
within a 2- to 5-day  period can give  the  left 
limb o f  this hydrograph an  extremely steep 
slope.  While  bimodal-shaped  curves  have  been 
observed  on  the coastal plain streams, this 
multi-peaked behavior appears to be  relatively 
unusual;  breakup,  once  it  occurs,  generally 
advances  to a single peak discharge and concludes 
with a smooth recessional phase o f  slightly 
longer  duration than the rise. 

Breakup  proceeds in a south-to-north direction 
starting  with the upper reaches of the streams 
and  proceeding  downstream. Pushing slush ice 
before  it,  the  breakup  front  has  been  observed  to 
advance  at a rate of up  to 1 - 2 m/s. The 
drainage  basins of these streams are  choked  with 
deep snow at the time o f  breakup  and  the  presence 
of this snow greatly influences the breakup 
behavior  (Figure 4). In its south-to-north 
migration, the breakup can best  be  described  as a 
series of surging events:  periods of backwater 
and  ponding as water is impounded  behind 
snowdrifts,  ice jams, or  man-made obstructions 
(e .g. ,  culverts) alternating with events of 
relatively rapid advance as flood waters incise 
and  undercut these constrictions (Figure 5). 
Channel  geometry is continuously changing as  both 
the snow and the bottomfast  ice is eroded and/or 
melted by the  flood (Figures 6 and 7). Water 
surface elevation, channel cross sectional area, 
bed roughness, watep velocity,  ice  load,  and 
backwater  effects  can change continuously during 
the  dynamic  breakup  period.  The  recession of the 
hydrograph  brings the streams back  into their 
banks,  and hydrologic parameters attain a 
stability  for the remainder of the ice-free 
season (Figure 8 and 9 ) .  

All coastal plain streams carry  an  ice  load 
during  breakup, although the quantity of this 
load  can  vary greatly from  drainage to 
drainage. Likewise, the year-to-year change 
within a single stream is highly  variable. 
However,  in general, the only ice observed o f  



s i g n i f i c a n t   s t r e n g t h  and t h i c k n e s s   o r i g i n a t e s  
from t h e  deep  pools. It was observed  during  the 
1981 study that the  four  major  western  drainages 
(East  Kalubik  Creek,  Kalubik  Creak,  Miluveach 
River,  and Kachemach River)  maintained a very 
s i g n i f i c a n t  snow cover  (Figure 7). The p e r i o d i c  
ca lv ing   of   these   format ions   can  add g r e a t l y   t o  
t h e  ice load  of   these streams, although it  should 
be  noted  that   such  s lush  f loes  are considerably 
s o f t e r   t h a n  bottom i c e h u r f a c e  ice floes. Bottom 
ice has been  observed  to  be  present i n   t h e   b e d s  
of a l l  c o a s t a l   p l a i n  streams throughout   the 
breakup  period,  although it is observed  to  
d iminish   s ign i f icant ly   th roughout   the  10- t o  12- 
day  breakup  period. 

An extremely  valuable   parameter   for   future  
s tudy and engineering  design is t h e  Mannings *nn 
value,  or roughness   factor .  Based on 
measurements  taken  during  the 1981  and 1982 f i e l d  
season,  nnn  values were ca lcu la t ed   fo r   t he  
streams observed  during  breakup. These are 
presented   in   Table  1. An i n t e r e s t i n g  phenomenon 
is the r e l a t i v e l y  low va lues   ca l cu la t ed   fo r  the 
peak  f lows,   and  the  higher   values   for   the  r is ing 
and f a l l i n g   l i m b s  of the hydrograph. One 
poss ib le   explana t ion  for t h i s  might  be  the 
roughness  induced by snowdrifts,   channel ice, and 
tussock   f loodpla in ,  so that the n e t  effect would 
be a higher  W 1  value when t h e  stream is wi th in  
its banks  or  covering the f loodpla in   wi th  depths  
small r e l a t i v e   t o  the tussock  heights .  The  **nrr 
value is continuously  changing  due  to snowpack 
melt along stream boundaries,  calving  from 
snowbanks,  and the  melting  and release of 
bottom-fast ice. 

The cons is tency   of   the  computed ttntt  values 
(Table  1) and t h e  computed ene rgy   coe i f i c i en t s  
for each stream below demonstrate a reasonable  
l e v e l   o f   r e l i a b i l i t y   f o r   t h e   d a t a   g a t h e r e d   t h u s  
f a r .  The energy   coef f ic ien t  is a measure o f  
v e l o c i t y   d i s t r i b u t i o n   o v e r  a channel  section. 
According  to Chow (1959), experimental data 
ind ica t e   t ha t   t he   va lue   o f  the energy   coef f ic ien t  
v a r i e s  from about 1.03 t o  1.36 for  uniform 
na tura l   channels .  The value is genera l ly   h igher  
f o r  small channels  such as t h o s e   c h a r a c t e r i s t i c  
of coastal streams and lower fo r   l a rge r ,   deepe r  
streams. 

ENERGY COEFFICIENTS FOR  COASTAL PLAIN STREAMS 

Stream  Stream  Average 

Kup T r i b  1 1.73 
Sakonowyak 1.25 
East Creek 1.48 
Ugnuravik 1.86 

FLOOD  FREQUENCY  ANALYSIS 

As a d d i t i o n a l   d a t a  and observa t ions  of c o a s t a l  
stream behavior are acquired,  it is appropr ia te  
to  review  previous  f lood  frequency  analyses and 
r e v i s e  them i f  t h e  new data  warrant.  

Prev ious   ana lyses   u t i l i zed  a regional  approach 
based on h i s t o r i c a l   d a t a   g a t h e r e d  by the  United 
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S t a t e s  Geological Survey a t  t h e   P u t u l i  ayuk  River 
near  Deadhorse  (drainage area 456 km'), y a v a k  
Creek near  Barrow  (drainage area = 7.23 km 1, and 
Happy Creek a t  Happy p l l e y  Camp near  Sagwon 
(drainage .area = 89.4 Ian 1. U t i l i z i n g  a modified 
Log Pearson Type III Flood  Frequency  methodology, 
unit;  runoff  values f o r  each   recur renoe   in te rva l  
were determined  and  multiplied time8 the   d ra inage  
area of  each stream t o  compute the   f lood  
magnitudes a t  each  reourrence  interval .  

It uas decided  to  compute new frequency  curves 
using  data  from  Putuligayuk, Kuparuk Trib. 1 ,  
East and Ugnuravik. Nunavak Creek  and Happy 
Creek were el iminated from the   ana lys i s   because  
o f  t h e i r   d i s t a n c e  from the   s tudy  area and 
different   hydrological   regime.  

The la tes t  Water Resources  Council method as 
d e s c r i b e d   i n   t h e i r   B u l l e t i n  178 "Guidel ines   for  
Determining  Flood Flow Frequency"  (Sept.  1981) 
was used   for   the   ana lys i s .   This   t echnique   has  
been recommended by the   Counci l   for   use   in  a l l  
Fede ra l   p ro j ec t s   i nvo lv ing  water and  re la ted  land 
use and has a l s o  been recommended fo r  S t a t e  and 
pr iva te   o rganiza t ions .  Even though  one  technique 
may not   be  appl icable   to  a l l  t h e  var ious 
geographical  regions  within  the U n i t e d  S t a t e s ,  
uniformity o i  u t i l i z i n g   t h i s   t e c h n i q u e   f o r  
comparison with other   regions,   coupled  with  our  
r e l a t i v e   s p a r s e   d a t a   b a s e  which makes i t  
d i f f i c u l t   t o  test the technique,  it is reasonable  
t o  use the Water Resources  Council method at  t h i s  
time. 

S t a t i o n  skews were computed  based on each 
stream's h i s to r i ca l   r eco rd .  These s t a t i o n  skews 
were weighted with a reg iona l  skew of  0.0117 
based on a mean o f  s t a t i o n   s k e w  for 60 USGS 
gaged streams nor th  of 64O l a t i t u d e .  The 
weighted  s ta t ion skews were used i n  a frequency 
a n a l y s i s   f o r   t h e   f o u r  area streams. 

Because the   focus   o f  the monitoring  program 
has  b en on streams with  drainage areas between 
75 km and 500 l a 2 ,  un i t   runof f   va lues  have  been 
def ined   on ly   for  t h i s  range.  Because streams 
with smaller drainage areas have d i f f e r e n t   b a s i n  
cha rac t e r i s t i c s ,   va lues   p re sen ted  here should  not 
be  extrapolated fo r  comput ing   coas ta l   p la in  
stream f l o  d magnitudes  with a drainage area less 
than 75 km . 

The upper  and  lower  confidence limits f o r  
l e v e l s   o f   s i g n i f i c a n c e   o f  5 and  95% are computed 
by the   p rocedures   ou t l ined   in  Appendix 9 o f  
B u l l e t i n  17B. The confidence limits are 
expressed   in  terms o f   e r ro r   r anges  in Table 2. 
The 95% confidence limits are excessive  due  to  
t h e  small data  base.  

3 

8 

CLOSURE 

The problems i n  def in ing   the   hydro logic  
c h a r a c t e r i s t i c s   o f   t h e   c o a s t a l  streams discussed 
i n   t h i s   p a p e r   o n l y   t y p i f y   t h e   g e n e r a l   l a c k  o f  
d e t a i l e d  arctic hydrological   data .  However, with 
t h e   e x i s t i n g  data in-hand,  one  can  gain  an 
understanding  of   the  general   hydrological  
characteristics of t h e   c o a s t a l   p l a i n  streams. 
Expanded monitoring  programs  carried  out  over a 
per iod  of   years  may answer some of the more 
perplexing  problems,  and  further  refinements of 
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the   f lood   reourrence   in te rva ls  w i l l  be 
poss ib le .  It i s  hoped t h a t   t h e   d a t a   p r e s e n t e d   i n  
t h i s  paper will serve as a base l ine  for f u t u r e  
hydrologic   s tudies   in   permafrost   dominated 
reg ions  auoh as Alaska's  North  Slope. 
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TABLE 1 1981 Hydraulic  Parameters: Coastal P la in   S t r eam 

STREAM 

Kup Trib 1  6/07/81 5.2 x 10-4 0.040 13 
88 

DISCHARGE 
DATE 9 (cm/s) 

S L O P V ~  
SQ 

5.4 x 10-4  0.028 
39  6.5 x 10-4 0.029 
94 6.6 x lod4 

CALCULATED 
PUNNINGS "n" 

6/09/81 
6/11/81 
6/10/82 
6/13/82 
6/16/82 

17 
0.021 
0.054 U 

- 

East  Kalubik 

Kalubik 

Hiluveach 

Kachemach 

Sakonowyak 6/09/81 
6/11/81 
6/11/82 
6/14/82 
6/18/82 

East Creek 6/05/81 

6/ 12/8  1 
6/11/82 
6/13/82 

Ugnuravik  River 
6/18/82 
6/04/81 
6/09/81 
6/12/81 

6/15/82 
6/16/82 
6/10/81 
6/12/81 
6/12/82 

6/18/02 
6/14/82 

6/08/81 

6/10/81 

6/11/82 

6/11/81 
6/12/81 

6/14/82 
6/18/82 
6/08/81 
6/11/81 

6/12/82 

6/12/81 
6/08/81 
6/11/81 
6/12/81 

33 
16 
12 

8.8 - 
3.9 
23 
12 

5.3 
6.0 

5.4 

5.7 
18 

3.8 
7.5 

11 
8.3 
4.4 
4.6 

8.8 

- 

- 

- 
5.1 
3.4 
2.9 
3 - 0  " - - 
38 

32 
45 

32 
45 

19 

I 

4.7 x 10-4 
1.1 x 10-3 
6.0 x 10-4 

7.2 x 10-4 

7.8 x 10-4 

7.8 x 

Not Availabl 

1.5 x 10-3 
1.3 x 10-1 

1.4 x 10-3 

0.023 
0.034 
0.027 
0.029 

0.051 
0.029 
0.033 
0.046 
0.030 

- 

0.045 
0.051 
0.062 
0.042 - 

I. 
rn 

0.038 
0.029 

t -.- -- .- 
2.4 x 10-3 
1.0 x 10-3 0.030 

2.3 x 10-5 
7.5 x 10-4 0.026 
7.7 x 10-4 
7.2 x 10-4 
9.3 x 10-4 0.01 9 
5.6 x 10-4  0.023 
5.2 x 10-4 0.029 

- l - 

0.020 
0.019 

**slopes were not measurad i n  1982 on same dates diJQharg0 meaauramsnts were taken. 
+Due to  backwater From anow d r i f t a ,  Manninga 'nt values a m  not  representative.  

Slopes used to   oalculate   roughness   Factor   are   averages of 1981 and 1982 measured  slopes. 

TABLE 2 Kuparuk Development  Area  Frequency Analyses 

Putuligayuk  River Kuparuk Tributary 1 
near  Deadhorse  near  Spine Road near  Spine Road near Spine Road 

East  Creek  Ugnuravik  River 

Return  Intervals  cm/s c m / d  m/s .xu/& 
166 0.70 

205 0.46 212 0.89 
10 -0.37 " m/a c m / d  om/s c m / d  ~ 0 . S l "  
25 94 0.77 

72 0.86 
108 1.28 

Drainage A r e a  456 km2 241 lrm2 
Yeara of Usable  Record 
S t a t i o n  Skew 
Weighted S ta t ion   Skw 
COrdidOnQe L i m i t s  

124 km2 
6 6 

-0.2609 0.0666 
8 

85 k d  
5 

-0.2485  0.0697 
-0.2 0.1 -0.2 0.1 

25 yr.  
10 yr. 

-29 to  108% 
-27 t o  82% 

-36 t o  2815 
-32 t o  182% -51 t o  414% -45 t o  291% 

-55 t o  6591 -49 t o  470% 
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VIBRATORY MODEL PILE  DRIVING IN FROZEN SAND 
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Laboratory  modeling  of  vlbratory  pile  driving in permafrost has shown that the strength 

occur. This  is  contrary to the view  that  melting of the soil at the pile  tip dominates 
of the material at the tip has to be  overcome by plastic  yielding for penetration to 

the  process.  Various factors  influencing  pile  penetration have  been studied, and the 
energy balance of the pile  penetration mechanism has been  developed. 

INTRODUCTION 

Vibratory  driving in permafrost has been 
applied in the Soviet  Union  for several years. In 
North America, vibratory  driving was studied in the 
late 1960s as  an alternate piling  method  on a pipeline 
project IHuck and Hull, 1971; Hull, 1977). In  both these 
studies and Soviet  work  (Vyalov and Targulyan, 1968; 
Vyalov  et al., 1969) melting of permafrost was 
observed around the pile when  driving.  and it was 
concluded that  penetration  was a consequence of soil 
melting  at the tip. Resonant vibratory driving, as used 

efficient  method of transforming mechanical  energy 
in  North America, was  singled out as the most 

hence pile penetration. 
into thermal energy at pile  tips to allow  melting and 

energy at the pile  tips  is at best unclear. Hence,  an 
experimental  program  was  developed to  model 
vibratory  driving  of  piles in permafrost. The 
objectives of the program  were to  f ind the 
penetration mechanism of  piles  driven  by  vibrations 
into  permafrost and to  study the influence of the 
following variables on the penetration  rate (rp): (1) 
bias surcharge (ms) (i.e., the dead weight, not  acting 
dynamically and sitting  on  top of the driver); (2) 
drlving  fre uency (f): (3) soil temperature (0): (4) soil 
density (pd s . 
procedures and then  presents experimental  results and 

This paper first describes  the experimental 

conclusions. 

The mechanism  that allows  transformation of 

EXPERIMENTAL PROCEDURES 

Experimental  Facilities 

The tests  were conducted in a 3.35 x 4.0 m 

fan-operated  refrigeration  units capable of maintaining 
insulated  cold  room  that was kept cool by two 

the  air  temperature within 0.8T of the required 
temperature. The room  could  be  kept as low as 

accidental defrosting  of the facility. Access to the 
-2OOC. A 24-hour electrlcal  alarm  system  prevented 

reduces inflow  of  warm alr from  outside  in order to 
cold  room was  through  a  double door air  lock, which 

minimize the  temperature variation  within the cold 
room. 

The electronic equipment controls  were  kept 
outside the cold room, from  which  visual access to 
the test set-up was  gained through a double 
thermal-pane window. 

A -  buttress support system for the vibratory 
exciter and a sample  pedestal were  supported  directly 
an the concrete floor rather  than on the insulated 
false floor (see Figure 1). A 12.5 mm thick aluminum 
plate  was  placed  on the concrete  sample  pedestal to 
ensure a smooth surface. Finally,  a cooling  coil  was 
embedded into the  concrete  pedestal near the surface. 
The coil  is intended to circulate a refrigerant to form 
a barrier to the heat f low emanating from the 
concrete floor below. 

vibration  exciter  type 4812 mounted on body 4801s 
as made by Bruei 81 Kjaer. The exciter was bolted 
upside down to a piston  passing through a guiding 
box  coated  with  teflon to reduce friction. A 76 mm 
wide Webb beit  was attached to the top  of the 
piston on one side and, after  travelling  over the two 
rollers, t o  a counterweight support. The details Of the 
system are shown in Figure 2. 

exciter  core  of the  exciter, a 9.5 mm  thick rubber 
pad  was  placed  between the exciter table and the 
pile attachment  plate. An  electric  load  cell  is used to 
attach the model  pile  to the  attachment plate, which 
is  bolted ta the exciter table. Because of the small 
diameter of the model pile (25.4 mm), the 
accelerometer used to measure pile  acceleration Was 
placed near the edge of the  aluminum  plate. 

7003. was used to  record the test signals for 
subsequent analysis. The channels were used as 
follows: (1) to  monitor the pile acceleration: (2) to  

through  the  sample from a triaxial accelerometer 
monitor the pile load: (3) to  monitor the body  waves 

embedded into the  sample. 
Thermocouples were used to  monitor the 

temperature within the sample. Platinum  thermistors 
monitored  pile  tip temperatures  during driving. A data 
logger  was used to  record the vertical  pile 
displacement as measured by using a  linear voltage 
displacement transducer. 

Finally. a two-channel  oscilloscope  displayed 
the load and acceleration traces of the pile during 
the experiment, A Polaroid Land camera provided 
photographs of the waves  directly  from the 
oscilloscope screen at appropriate time  intervals 
during an experiment. 

The model  pile  driver  was an electromagnetic 

In order to minimize  intolerable  loads  on  the 

A four-channel FM recorder, Bruel & Kjaer type 
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Experimental Material 

Ottawa snnd was used as the  experimental 
material because of its  known  properties. The 

simply  by changing  the water  content and the 
material  was  placed in a loose and dense state 

placement technique. A typical  grain size  curve is 
given  in Figure 3. The samples. 500 mm  in diameter 

from the bottom  upward under a  high  temperature 
and 400 mm In height, were  frozen  uni-dimensionally 

gradient by  placing  dry  ice beneath the  sample (see 
Dufour, 1981 for a complete account of the technique 

the ice  distribution and physical character o f  the 
and apparatus). This technique ensures uniformity  of 

sample. 

pile  was tubular and made of steel  with a wall 
long  at the start o f  the experimental program. The 

thickness of 1.3 mm and an outside diameter of 
25.4 mm. The end of the tube was  trimmed  flat and 
was not reinforced. 

Driving 

The pile used in the experiments was 300 mm 

upon the  compressional  wave  velocity in the pile and 
the  length of the pile (Bernhard, 1967: Kovacs  and 
Michitti, 1970). Hence a model  pile  would have a 
resonance frequency in excess of 3000 Hz. The bast 

pile-soil resonance. This is called  rigid  body  type 
driving  was achieved in the laboratory  at the 

and has been described by Schmid (1969). Smart 
(1969) also  found that piles  essentially behave as 
rigid  bodies  at frequencies less than 25% of 
resonance frequency. 

density, temperature, bias surcharge (m ), and driver 
frequency) were changed to  study the influence of 
each on the pile  penetration  rate (rp). Thirty-two 

experimental program. 
model  pile  driving  tests  were  carried  out  for  this 

The resonant  frequency of piles Is dependent 

The four parameters  that  can be controlled (i.e., 

EXPERIMENTAL RESULTS 

Observations 

On the average. loose samples had a dry 

19.7%. while dense samples  had a dry  density and 
density and water content of 1.66 tonneslm' and 

water  content of 1.80 tonnes/m3 and 11.7%. The total 
density of all samples  was 2.00 tonneslm3. 

of the pile  was  worn so as to form a sharp edge. 
After driving, i t  was noticed that  the outside 

There was  no evidence of excessive wear on the 

abraded in length by 2 to 3 mm during  about 25 
inside o f  the pile  tip.  It  is  estimated that the pile 

driving tests. 

the outside and the inside of the pile. This f i lm was 
In all tests, a  thawed zone formed around both 

contaminated by steel dust produced by the abrasive 

dust gave the thawed zone a  grey color that allowed 
action of sand on the oscillating  model  pile. The 

This is  illustrated  on Figure 4. The melted zone 
easy  measurement of the extent o f  the melted zone. 

varies in thickness from 1.5 to 2.5 mm. The 
maximum temperature  recorded at the film-pile 
interface  was +doc. The average temperature was 
around +2T. The f i lm temperature  was  constant 
throughout the length of the pile.  It  is  interesting to  
note  on Figure 4 that there  was no apparent 
disturbance of the  soil ahead of the  pile tip. It was 
also  noted that in addition to very fine steel dust in 
the  thawed film, there was a considerable  amount of 
crushed sand particles. Grain size  analyses performed 
on  representative samples of thawed f i lm material, 
presented in Figure 3, show that 12% of the sand 
grains were crushed. 

Pile  Acceleration and Sol1 Response Load 

as Previously explained, the load signal recorded at 
Since  the model  plle behaved as a rigid body, 

the top  of the pile corresponds to the soil response 
at the pile tip.  Typical  soil response  signals on the 
oscilloscope are basically  composed .of sharp impact 
peaks separated by periods of negliglble  force 
applied to the soil, see Figure 5. The pile 
acceleration signals are also composed of sharp 

peaks. Between acceleration  impact peaks, there is a 
impact peaks occurring at the same time as the load 

sine  wave  corresponds to the upward  motion of the 
slightly  distorted  half sine wave. This distorted  half 

pile, during which the pile  loses contact with the 
soil. Those two wave  forms are characteristic o f  the 

maximum tip resistance is  reached (see Schmid. 1969). 
Instability  Domain of driving  force in which the 

Hence driving  is due to an elasto-plastic  deformation 
of rhe soil at the pile tip rather than to melting, 
which  would then  occur after penetration. The same 
conclusions  developed by  Littlejohn and Rodger (1980) 
for unfrozen soils  apply to  frozen  soils:  penetration 
wil l  occur as long as the total dynamic and 

Previous  observations regarding crushed sand particles 
surcharge forces are larger than the soil  resistmce. 

failure in the frozen  soil at the pile tip. No evidence 
and pile wear suggest  a bearing-capacity  type o f  

of melting  or  soil disturbance  was apparent ahead of 
the pile tip.  This  evidence  supports the yield  theory 
as the cause o f  penetration. 

Penetration 

versus time curves. The curves exhibit in general a 
Figures 6 and 7 show  typical  penetration 

constant penetration  rate (rp). Tests  were  stopped 
either because the pile had  penetrated its full length 

were  sufficient to prevent penetration. The 
or because soil  reactions  developed at the pile  tip 

development of resistance is due mainly to an 
increase in  side  friction caused by either a change in 
pile alignment or by damping of vibrations.  Details of 
all  tests are given  in Dufour (1981). 

Effect of Bias Surcharge 

penetration rate (rp) is summarized In Figure 8. There 
The effect  of bias surcharge (ms) on 

is a minimum  bias surcharge (m,) below  which  no 
penetration can occur. Since impact peaks do  not 
develop  on the soil response curve, insufficient 
energy is delivered to the soil  to  initiate  yielding. A s  
the bias surcharge (m,) increases, more energy is 
transferred to the soil and the plastic  work done on 
the soil increases as impact peaks grow. After an 
optimum  bias surcharge (m,) for a given  combination 
of soil and frequency  is reached, a decrease in 
penetration  rate (rp) is observed.  This decrease is 
associated with a decrease in  driver  efficiency. The 

contact  with the soil. 
vibration  amplitude dampens as the pile  is  held in 

Effect of Soil Temperature 

rate (rp) is summarized in Figure 9. The penetration 
The effect of soil temperature on  penetration 

rate (rp) generally decreases as the sol1 temperature 
is  lowered because strength increases with decreasing 
temperature.  Depending  upon the  combination of 
parameters, the soil can Inhibit  plastic  deformation 
and hence penetration  rate (rp) converges toward zero. 

Effect o f  Driving Frequency 

The effect of driving  frequency  on  penetration 
is summarlzed in Figure 10. There is a  frequency 
below  which no penetration will occur because the 
bias surcharge (m ) becomes too high for the 
displacement amplitude. A s  the frequency decreases, 
the displacement  increases but  the  acceleration 
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decreases. Hence, the load  carrying  ability  of the 

that the force  threshold  described  by Ghahramani 
driver is reduced. This is also  reflected in the fact 

(1967) varies wlth  frequency for a given  soil and pile. 
If at the lower  frequency  threshold the bias surcharge 
(m 1 is reduced to  al low vibrations to occur, impact 
spikes in the load versus time plot do  not  develop 
and no penetratlon occurs. If all  variables are held 
constant  and the frequency is  increased, the 
penetration  rate increases to  a maximum and then 
decreases as the frequency increases. Displacements 
at frequencies higher than this upper threshold are 
too small to allow for transfer of sufficient energy 
to the sol1 and,  as a result,  the pile will not 
penetrate. Also,  impact peaks do  not  develop at 
higher frequencies. 

Effect of Soil  Density 

Because of  small  density  variation no influence 
of density on penetration  rate (rp) was detected. 
When one analyzes the soil response signals, as will 
be  discussed later. i t  turns  out  that penetration in 
dense frozen  soil  required more energy  than 
penetration in loose frozen  soil. 

ENERGY  REQUIRED TO CREATE 
A PERMANENT  DEFORMATION 

of the plle  was due to an elasto-plastic  deformation 
of the soil beneath the pile  tip. If a force 
deformation  relationship  is  known or assumed, plastic 
work can be  estimated. 

The amount of energy spent to  penetrate  the 
pile 1 cm can be calculated as a function of the soil 
response load. From an analysis of the wave form 
data Dufour (1981) has shown that 

It has been shown  previously that penetration 

E, = JllOO 

E, = energy spent to penetrate  the pile 

100 = constant  (cmlm). (1) 

Hence, the curves on Figure 11 demonstrate that dense 
frozen  soil requires more energy to be penetrated 
than loose  frozen  soil.  According to the  "melting 
theory." dense frozen sand should  have  required  less 
energy since  its  ice  content  is  half that of loose 
frozen sand. 

in the soil-pile  system  is not simple. Input from the 
Analysis  reveals  that the distribution of energy 

driver is used for  strain energy, plastic work. grain 

to steel  friction, and elastic  excitation o f  the soil 
crushing, thermal losses from grain to grain  and  grain 

Nevertheless. it is apparent that plastic  deformation  at 
mass. Some of these  features are interactive. 

the pile  tip  is  essential to achieve practical 
pile-driving in permafrost, 

where 
J soil response load (N) 

1 cm  (Joule/cm) 

CONCLUSION 

This  study  reveals the  dominant  mechanism for 
piles  vibrated  into  permafrost. Several factors 

also examined. Only one  requirement for penetration 
affecting the elasto-plastic  reaction.  at the tip  were 

transpires  from  all  the studies: the strength o f  the 
material has to  be  overcome  by  yielding of frozen 
ground. 

provide  good engineering prediction  methods  for 
vibratory  plle  driving  in permafrost.  A theoretical 

not there will  be  penetration  would  allow design of 
model  that  would  facilitate  prediction o f  whether or 

equipment for large  scale piling  in  offshore 

The purpose of further research is  ultimately  to 

conditions  for example.  Understanding of the 

further  work on a theoretical basis. The importance 
mechanics of penetration is  now  sufficient  to  allow 

of gathering more  experimental data should  not be 
overlooked, and every  possible  field case must be 

understanding of vibratory  driving of piles in 
studied to provide a wider base to  the present 

permafrost. 
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FIGURE 1 Side view of the testing 
apparatus. 

m 

FIGURE 3 Grain size of t e s t  material. 

FIGURE 2 Front view of the testing 
apparatus.  
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FIGURE 6 Penetration v e r s u s  time curve ,  
Test DS1-3. 
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FIGURE 7 Penetration versus  time  curve, 
Test LS2-1. 
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FIGURE 5 Typical recorded data. 

FIGURE 10 Effect of driving  frequency  on 
penetration  rate ( r p ) .  
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FIGURE 9 E f f e c t  of soil temperature  on 
penetration  rate ( r p ) .  
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FIGURE 8 Effect of bias surcharge (m,) on 
penetration  rate (rp). 
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FIGURE 1 1  Plastic work done on soil to 
achieve 1 cm of penetration, 



PRINCIPLES OF COMPILING MAPS FOR THE CONSERVATION  OF THE 
GEOLOGICAL  ENVIRONMENT I N  THE PERMAFROST  REGIONS 

Y e .  N.  Dunayeva and A. V. Gavri lov 

Geology  Department 
Moscow S t a t e   U n i v e r s i t y ,  USSR 

The pape r   desc r ibes  the p r inc ip l e s   o f   compi l a t ion  and c o n t e n t s  of a geo log ica l  
environment   conservat ion map of   the   c ryol i thosphere ,   based  on s tudies   o f   the   reg ime 
of  the  permafrost   and  of i t s  predicted  changes.  The  most  important  components  of 
t h e  map a r e :  the  s t a b i l i t y  o f  natural   complexes  and  permafrost-engineer ing-geological  
cond i t ions   and   t he i r   r eac t ion   t o   t echnogen ic   d i s tu rbances ;   a l l owab le   eng inee r ing   l oads ;  
and  recommendat ions  €or   the  conservat ion  and  opt imizat ion  of   the  geological   environment  
i n  terms of its fu tu re   u se .  The e v a l u a t i o n   o f   s t a b i l i t y  is preceded by a c l a s s i f i c a -  
t i o n  of  technogenic   d i s turbances   o f  the geological  environment,  t h i s  e v a l u a t i o n  i s  
based on f o r e c a s t s  o f  the   permafrost-geological   processes   induced by t h e s e   d i s t u r b a n c e s .  
The r e su l t s   ob ta ined   a l low  c l a s s i f i ca t ion   o f   pe rmaf ros t - eng inee r ing -geo log ica l  sites 
i n  terms of  response of the   geologica l   envi ronment   to   var ious   t echnogenic   d i s turbances .  
The r e s u l t i n g   c l a s s i f i c a t i o n  is used   t o   subd iv ide  these sites i n  terms of   a l lowable  
eng inee r ing   l oads .   Th i s ,   i n   t u rn ,   a l l ows   compi l a t ion  of t h e  map, w h i c h   r e f l e c t s  recom- 
mendat ions   for   conserva t ion   and   op t imal   use   o f   the   geologica l   envi ronment   and   ident i f ies  
zones  and s i t e s  w h i c h   r e q u i r e   s p e c i f i c   p r o t e c t i o n .  The model   of   the   geological   environ-  
ment conse rva t ion  map of t h e   c r y l i t h o s p h e r e  so produced is presented as an  example. 

Problems  of  geological  environment  conservation 
and   the   p r inc ip les   o f   compi l ing   re levant  maps are 
f a s t  becoming  very  important, as engineering-eco- 
nomic a c t i v i t i e s   i n  areas unde r l a in  by permafrost  
i nc rease .  The p r inc ip l e s   o f   compi l a t ion  and t h e  
conten ts   o f  a small-scale  map f o r  t h e  conse rva t ion  
of   the  geological   environment ,   us ing  the  example  of  
t h e   f i r s t - p r i o r i t y   d e v e l o p m e n t  of the  South-Yakutian 
t e r r i t o r i a l   i n d u s t r i a l  complex, were t h e  basis f o r  
development of a methodology  for  the  compilation of 
permafrost-engineer ing  geological  maps used   t o  se- 
l e c t  sites fo r   l a rge   i ndus t r i a l   complexes   and   fo r  
development of t h e   d e t a i l e d   f o l l o w  up research   pro-  
grams r e q u i r e d   f o r   t h e   c o n s t r u c t i o n   o f   t e r r i t o r i a l -  
i ndus t r i a l   complexes   a long   t he  Baikal-Amur  Railway 
Corr idor .   This  map completed a series of maps 
which  include  permafrost-hydrogeological  and perma- 
frost-engineer ing-geological  maps, a set of  perma- 
f r o s t   p r e d i c t i o n  maps and a map o f  permafrosr- 
engineer ing-geologica l   appra isa l  o f  a n   a r e a  f o r  l and  
cons t ruc t ion .  The c o n d i t i o n s   l e a d i n g   t o   t h e  forma- 
t i o n  of permafrost   and its predicted  changes,   which 
a r e  needed  to   solve  the  problems  of   geological  en- 
v i ronment   conserva t ion   in   the   c ryol i th ic   zone ,  were 
i n c l u d e d   i n   t h e  map. Although  the map of the geo- 
log ica l   envi ronment   conserva t ion  may a p p l y   o n l y   t o  
c l o s e l y   r e l a t e d   f i e l d s ,   i n v e s t i g a t i o n s   h a v e   i n d i -  
c a t e d   t h a t   t h e   b a s i c  elements of t h i s  map should be 
the   reac t ion   of   geosys tems  (na tura l   complexes ,   l and-  
scape)   and   of   permafros t   to   t echnogenic   d i s tur -  
bances;   a l lowable  engineer ing  Loads on the   geo log i -  
cal   environment  and  recommendations  for i ts  conser- 
v a t i o n  in r e l a t i o n   t o  man's  economic a c t i v i t y .  
This  map s h o u l d   a l s o  show changes i n   t h e   g e o l o g i c a l  
environment  induced  by  economic  development, perma- 
f r o s t - g e o l o g i c a l   p r o c e s s e s   t r i g g e r e d  by t h e s e  
changes  and  the  protected  zones and o b j e c t s .  

o f   permafros t   as  a r e l a t ive ly   pe rmanen t   na tu ra l  
The au thors   v iew the s t a b i l i t y  of  geosystems  and 

complex tha t   inc ludes   rock   condi t ion ,   composi t ion  
and propert ies ,   and  the  dynamics  of   permafrost-  
g e o l o g i c a l   p r o c e s s e s   a c t i n g   d u r i n g   t h e   n a t u r a l   a n d  
h is tor ica l   deve lopment  of t h e   a r e a .  The s t a b i l i t y  
of geosystems  and  permafrost-engineering-geological 
conditions  (Garagulya  and  Parmuzin, 1978; Maximova, 
1978) depend  on t h e i r   s e l f - r e g u l a t o r y   c a p a b i l i t i e s .  
The e f f e c t s  of technogenic   d i s turbances  are con- 
s ide red   nega t ive  when they   cause   changes   i n  a land- 
s c a p e   c o n t r a r y   t o  i t s  natural   development .  The 
typical   example i s  the degradat ion  of   thermokarst  
as a r e s u l t  of a snow cover  removal i n  areas com- 
posed of ice-rich  rocks  which  then  undergo  thermo- 
ka r s t - r e l a t ed   changes   o f   t he i r   p rope r t i e s  and compo- 
s i t i o n .  When the   changes  of geosystems  and perma- 
f ros t - eng inee r ing   geo log ica l   cond i t ions   caused  by 
technogenic   and  natural  and h i s t o r i c a l   f a c t o r s  act 
i n   a c c o r d ,  their  e f f e c t s  are cons idered .   This  
p o s i t i v e   r e a c t i o n   t o   t e c h n o g e n i c   d i s t u r b a n c e s   d e t e r -  
mine   the   p rogress   o f   c ryogenic   p rocesses ,   s ince  the 
natural   evolut ionary  tendency  of   geosystems  becomes 
enhanced  by  these  dis turbances.   Thus,   vegetat ion 
d e s t r u c t i o n   i n   t h e  areas composed  of ice- r ich   rocks  
will iden t i fy   t he   t he rmokar s t   deg rada t ion .  Such 
landscapes may become u n s t a b l e   d u e   t o   v e g e t a t i o n  
des t ruc t ion   and   o the r   changes   caus ing   i nc reased  
summer heat  exchange  and, on the contrary,   remain 
s t a b l e   a f t e r   t e c h n o g e n i c   d i s t u r b a n c e s   r e s u l t i n g   i n  
the   i nc reased   w in te r   hea t   exchange  i n  rocks  have 
b e e n   i n f l i c t e d .  

In orde r  t o  e v a l u a t e   t h e   r e a c t i o n  of geosystems 
and   pe rmaf ros t - eng inee r ing   geo log ica l   cond i t ions   t o  
technogenic   d i s turbances ,  i t  is n e c e s s a r y   t o   c l a s -  
s i f y   t h e s e   d i s t u r b a n c e s ,   t o   p r e d i c t  the  r e l a t e d  
geoc ryo log ica l   changes   and   t o   c l a s s i fy   t he   p red ic t ed  
p r o c e s s e s   u s i n g   t h e   c h a r a c t e r  and degree  of changes 
in t roduced   i n to   t he   l andscape  and  permafrost. 
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CLASSIFICATION OF TECHNOGENIC DISTURBANCES 

Two fac to r s   gove rn   t he   r eac t ion  of  geosystems 
and  permafrost-engineering  geological  conditions t o  
technogenic  disturbances:   the  inter-component  and 
inter-system  relat ions  and  the  type  of  a techno- 
genic   d i s turbances   respons ib le   for   the i r   changes .  
Thus,  changes of inter-component  relations i n  a 
geosystem  caused by the  destruct ion  of   vegetat ion 
on ice- r ich   rocks   o r  on s lopes  may bring  about 
i r revers ible   changes  in   geosystems,  e.$. thermo- 
k a r s t  development  followed by t h e   g r a v i t a t i o n a l  
processes .   Similar   react ions are l i k e l y  t o  occur 
when the   in te r -sys tem  re la t ions  are af fec ted ,   e .$ .  
changes i n  a n a t u r a l  complex on the  upper   par t   of  a 
slope  can  cause  changes  in its lower  part.  These 
examples   demonstrate   the  need  for   c lass i f icat ion  of  
technogenic  disturbances t o  the  natural   environment  
based on the  changes  in  inter-component  and  inter-  
system  relat ions.  The c l a s s i f i c a t i o n   o f   d i s t u r -  
bances,  obtained  for  the  Aldan-Stanovoi  Region, 
include  the  following  (Table 1): changes i n   t h e  
rock  thermal  conditions  caused by the   increased  
w i n t e r   o r  summer heat  exchange  (by  e.g.: snow 
packing o r  removal o r  by vegetation  removal);  
changes  caused by the  groundwater rise and  flooding 
(such a6 embankment cons t ruc t ion ,   f i l l i ng   ope ra -  
r ions);  changes i n  the  groundwater  regime  (excava- 
t i o n  of  c u t s  and  foundat ions,   ins ta l la t ion of 
drainage  systems);  changes i n  t he   su r f ace  water 
f low  ( l and   l eve l l i ng ) ;   changes   i n   t he  s ta te  of 
stress of rocks on s lopes   ( s lope   cu ts ,   excavat ions  
and s l o p e  angle  changes).  

Af te r   the   types  of  technogenic  disturbances  and 
t h e   n a t u r a l  and h i s t o r i c a l   c o n d i t i o n s  were i d e n t i -  
f ied ,   the   permafros t   p red ic t ion  was done  using  the 
methodology  developed a t  the  Permafrost   Studies  
Department, Moscow University  (Kudryavtsev, 1974) .  
Forecasts  of a temperature   f ie ld   and  the  depths  of 
seasonal   f reezing and  thawing are e s s e n t i a l   f o r  
predicting  permafrost-gealogical  processes  induced 
by technogenic  disturbances.  I n  turn,   these  pre-  
d i c t i o n s  are h e l p f u l   i n   a s s e s s i n g   t h e   s t a b i l i t y  o f  
the  geosystems. The i d e n t i f i c a t i o n  o f  the  assess- 
ment c r i t e r i a  is espec ia l ly   impor tan t  fo r  small- 
sca le   surveys  when l a r g e   a r e a s   a r e  mapped and  pre- 
d i c t i o n s   f o r   e v e r y   n a t u r a l  complex r e q u i r e  a l a r g e  
e f f o r t .  I t  is therefore   necessary  to   subdivide  the 
predicted  processes  by t h e i r   p o t e n t i a l   e f f e c t  on t h e  
landscape* When the  Vegetation is  removed o r  o ther  
dis turbances are i n f l i c t e d  on f l a t   r i v e r   t e r r a c e s  
or   water   d iv ides ,   the  summer heat  exchange  of  rocks 
increases ;  as a resul t   the   increased  depth  of   sea-  
sonal  multi-year thaw, seasonal   f ros t   heave  o r  
thermokarst  development may beg in   (o r   i n t ens i fy ) .  
The former  has a seasonal  rhythm  and it e.ffect  on a 
landscape is  l i m i t e d .  I n  terms  of  predicted 
changes ,   the   seasonal   f ros t   heave   should   be   c lass i -  
f i e d   a s  a process  not  leading  to  landscape  changes.  
However, when the  permafrost   condi t ions  are  most 
conducive  to  the  development of thermokarst ,   other 
e f f e c t s  may be  expected.  Then, i f   the   thermokars t  
progresses   as   predicte-d,   the   process  is c l a s s i f i e d  
as landscape-changing. The conditions  Favouring 
t h e   i n i t i a t i o n  and  development  of  progressive 
thermokarst may b e  considered as c r i t e r i a   f o r   e v a l u -  
a t ing  the  react ion  of   geosystems t o  d i s turbances  
which r e s u l t   i n   t h e   i n c r e a s e d  summer hear  exchange 
of  rocks,   These  conditions  are  (Table 1): presence 

of l a r g e  monomineral i c e   i n c l u s i o n s   o r   d e p o s i t s  
with a high  excess   ice   content ;   predicted  seasonal  
thaw deeper  than  the  depth o f  subsur face   i ce   o r  
ice-rich  horizons; and t h e   p o s s i b i l i t y  of  undrained 
depress ions   rep lac ing   the  thawed ice .   Therefore ,  
da ta  on t h e  ice content   in   rocks  and subsurface 
i ce ,   t he   dep th  of  the i r   occur rence   and   the i r   th ick-  
ness,   the  predicted  depth  of  seasonal  and  multi-  
year thaw and the   su r f ace  morphology a r e   t h e  most 
impor t an t   f ac to r s   fo r   a s ses s ing   t he   r eac t ion  of the  
geosystems  to  disturbances  which  involve  high sum- 
mer heat  exchange  of  rocks. 

and p e r m a f r o s t   s t a b i l i t y .  To c l a s s i f y   t h e   n a t u r a l  
complexes  with  varying  potentials  for  change,  the 
ex ten t  of rhe   p red ic ted   p rocesses  was considered 
( l o c a l   o r   a r e a l ) .  The degree  or   extent   of   the  
na tu ra l   cond i t ions  which were potent ia l   procees-  
fosming f a c t o r s   w i t h i n   t h e  limits of t h e   i d e n t i f i e d  
geosys tem  were   used   to   c la r i fy   th i s   c lass i f ica t ion .  

The r e s u l t s  of severa l   e tud ies   have   ind ica ted  
tha t   wh i l e  some geosystems  and  permafrost  are 
s t a b l e   a f t e r   t h e  ground  regime  changes  and show 
i n s t a b i l i t y  when rhe  winter  heat  exchange o f  rocks 
i n c r e a s e s ,   o t h e r s   r e a c t   j u s t   t h e   o p p o s i t e  way. 
Consequently,  before a map of a geological  environ- 
ment conservat ion i s  compiled,  natural  complexes 
should   be   c lass i f ied   accord ing  t o  t h e i r   r e a c t i o n  t o  
var ious  technogenic   dis turbances.  The map prepared 
f o r   t h e   f i r s t - p r i o r i t y  development  South-Yakutian 
t e r r i t o r i a l - i n d u s t r i a l  complex ( t h e  model i s  given 
in   F igure  1) d i s t ingu i shes   f i ve   g roups  of land- 
scapes   d i f f e r ing   i n   t he i r   r e sponses   t o   va r ious  
dis turbances.   These  groups  are   presented  in   the 
map legend  (Table 1).  

mendations f o r  the  optimum conservat ion of the  
geological  environment  during i t s  economic u s e .  It 
i s  di .vided  into  three  sect ions.  The f i r s t   s e c t i o n  
characterizes  the  al . lowable  engineering  loads on 
the  geological  environment  (Table 2 ) ,  thus   de te r -  
mining  the  degree of s u i t a b i l i t y  of the  geosystems 
and  permafrost € o r  development  (Golodkovskaya, 
Uemidyuk, et  a l . ,  1975) .  The map shows groups of 
geosystems  with minimum, average  and maximum 
recommended loads. The f i r s t  group i s  highly un- 
s t a b l e  when subjec ted   to   the   t echnogenic   d i s tur -  
bances and may b e  used on ly  i n  case  of extreme 
need,   preferably o n l y  f o r   p o i n t   o r   l i n e a r   o b j e c t s  
with a localized  development  zone;  the  second  group 
has a l i m i t e d   s u i t a b i l i t y  f o r  development;  the. 
third  group i s  s u i t a b l e  f o r  any  type  of  development. 
The cons t ruc t ion   p r inc ip l e s  recommended a re   g iven  
for  each  group,  based on the  Construction Norms and 
Standards. 

measures   in   re la t ion   to   the  economic  development  of 
t he   a r ea .  

and o b j e c t s .  They are   divided,   based on reasons 
f o r   t h e i r   p r o t e c t i o n ,   i n t o   n a t u r a l  complexes whose 
d i s t u r b a n c e   c a n   i n i t i a t e  or  suddenly  act ivate  perma- 
f ros t -geologica l   p rocesses  of a d i sa s t rous   na tu re ;  
n a t u r a l  complexes whose development may cause 
gr0undwate.r po l lu t ion ;   sp r ings  o€ balneologica l  
s igni , f icance;  and n a t u r a l  monuments. 

geological  environment  caused by development 
a c t i v i t y  and the  re la ted  permafrost-engineer ing 

Table 1 presents   the  assessment  o f  the  geosystems 

The second p a r t  of  rhe map legend  contains recom- 

The second  section  includes  nature  conservarion 

The third  sect ion  descr ibes   conservat ion  zones 

The map a l s o  shows contemporary  changes i n   t h e  
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TABLE 1 S t a b i l i t y   o f   n a t u r a l   c o m p l e x e s   w i t h   r e s p e c t   t o   t e c h n o g e n i c   d i s t u r b a n c e  o f  t h e   g e o l o g i c a l   e n v i r o n -  
ment i n  terms of   economic   deve lopmen t   ( i ndus t r i , a l ,   c iv i l   and  l i nea r  c o n s t r u c t i o n ) .  

- 
S t a b i l i t y  of  na tu ra l   complexes   sub jec t ed   t o   t echnogen ic   d i s tu rbances  

T 
S t a b i l i t y  
c a t e g o r i e  
of  n a t u r a  
complexes 

F a c t o r s  
i n i t i a t i n g  
p rocesses  
caused by 
technogenic  
d i s t u r b a n c e s  
( c r i t e r i a  o f  
p o t e n t i a l  
l andscape  
c h a n g e a b i l i t y )  

I 

T e c r e a s e d   s l o p e  
t a b i l i t y   a t  
hou lde r s  of 
mbankments  and 
xcavat ions,   bank 
tour ing   of  
e s e r v o i r s ,  ctc.  

Changes i n   t h e   h e a t   b a l a n c e  
of rocks  Changes in S u r f a c e  Flow "- 

)ue t o  in- 
: reased   win ter  
)eat exchange 
iol lowing snow 
removal. o r  
)acking  of  snoa 
lur ing   pre-  
: o n s t r u c t i o n  
; t ag@,  c tc .  

Due t o  ground- 
dater r ise  and 
f looding   dur ins  
c o n s t r u c t i o n  oi 
embankments, 
f i l l s ,  reser- 
v o i r s ,  e tc .  

- 
h e  t o   i n -  
:reased summer 
leat exchange 
Eol lowing  vege 
t a t i o n   d e s t r u c ,  
t i on  d u r i n g  
3 recons t ruc t io -  
s t a g e ,   e t c .  

lue t o   v e g e t a -  
ion removal 
u r i n g   s u r f a c e  
r ad ing   and  
t h e r   a c t i v -  
t ies .  

+ 
- .- 

Absent 

E l u v i a l / d i l u -  
v i a l   s a n d s   a n d  
loamy sands  on 
e r o d a b l e  
weathered 
sands tones  

I 

2 

t. + 
+ 

+ 
+ + , i n e a r   e r o s i o n  

scour  chan- 
els,  r a v i n e s ,  
t c . )  

+ 

3 S a t u r a t e d ,  
thawed  bio- 
g e n i c  loamy 
sands and 
s a n d y   l o a m  

4ul t i -year  
i reezing,   heav-  
ing  (mounds, 
I tc . )   and 
i rost- induced 
: racking 

-+ + 

+ n r e n s i f i e d  s l o p e  
r o c e s s e s  : 
a) s o l o f l u c t i o n ,  
l o c k   s l i d i n g ,  
ock streams. 

ha 4b (a) Disaggre- 
g a t e d   d i l u -  
v i a l - c o l l u v i a l  
sandy loams 
and  loamy 
sands,   on 
s l o p e s  >5", 
d i l u v i a l  
b locks ,   rock  
d e b r i s  of rock 
streams and 
s t r u c t u r a l  
s l o p e s  215'; 

( b )   l a n d s l i d e  
a n d   t a l u s  
b locks ,   rock  
debr i s   and  
g r u s  a n  s l o p e s  
>25" 

+ + c 

b )  ava lanches ,  
alus, s l i d e s  

Multi-year 
thawing, 
thermokarst  
(wa te r   l ogg ing  
depres s ions ,  
l a k e s ) .  

+ t. 5a 5b miluvial, 
l l u v i a l -  
i l u v i a l   a n d  
lluvial bio-  
e n i c  ice- 
i c h ,   p e a t y ,  
ands,  loamy 
ands  and 
andy  loams, 
) <3-5m t h i c k  
) 13-5m t h i c k  

J i r h o u t  
s t r a t i f i c a t i o n  
m d  ice  wedges 

+ 
J i t h  
s t r a t i f i c a t i o n  
md ice  wedges 

-I- 

" 

4a 6b :herma1 e ros ion  
:scour  chan- 
l e k ,  r a v i n e s )  

Note: + i n d i c a t e s   n a t u r a l   c o m p l e x  i s  s r a b l e  when sub jec t ed   t o   t echnogen ic   d i s t rubances .  
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l o a d s  on the   geologica l   envi ronment .  

Groups  Category Permafros t -engineer ing   geologica l  A p p r o p r i a t e   p r i n c i p a l   u s e s   o f  
from s t a b i l i t y  of natural   complexes  and f rozen   ground  for   bu i ld ing   and  
Table 1 t h e i r   s u i t a b i l i t y   f o r   d e v e l o p m e n t  c o n s t r u c t i o n   ( a c c o r d i n g   t o   t h e  

Cons t ruc t ion  Norms and  Standards) 

3,  4b, minimum H i g h l y   u n s t a b l e ;   s u i t a b l e   f o r   p o i n t  I 
5b, 6b o r   l i n e a r   o b j e c t s   w i t h  a l o c a l i z e d  

development zone 

4a,   5a ,   average Uns tab le ;   su i t ab le   fo r   l imi t ed   ma in ly  I ,  sometimes I1 
6a development 

1, 2 maximum S t a b l e ;   s u i t a b l e   f o r   o v e r a l l  I1 
development 

FIGURE 1 Model of   the  Geological   Environment  Con- 
s e r v a t i o n  Map. D e s c r i p t i o n   o f   s t a b i l i t y  of n a t u r a l  
complexes   sub jec t ed   t o   t echnogen ic   d i s tu rbances   and  
a l lowable   engineer ing   loads   on   the   geologica l   envi -  
ronment ( p o i n t s  1-6) are g iven   i n   Tab le s  1 and 2. 
Measu res   fo r   na tu re   conse rva t ion   i n   t e rms   o f   t he  
area of  development: 7 - c o n t r o l   o r   p r e v e n t i o n   o f  

thermokarst  o r  thermoeros ipna l :   main ta in ing   rocks  
i n  a f r o z e n   s t a t e ;   s u r f a c e   d r a i n a g e ;   f u l l   o r   p a r t i a l  
replacement of i c y   r o c k s ;   b i o l o g i c a l   a n d   t e c h n i c a l  
r e c u l t i v a t i o n ;  8 - e ros ion   con t ro l :   min imiz ing   a r ea  
v e g e t a t i o n   d e g r a d a t i o n ;   s u r f a c e   d r a i n a g e ;   l a n d  
s t a b i l i z a t i o n ;   b i o l o g i c a l   a n d   t e c h n i c a l   r e c u l t i v a -  
t i o n ;  9 - f r o s t   h e a v e   c o n t r o l :   m a i n t a i n i n g   r o c k s   i n  
a f r o z e n   s t a t e ;   r e g u l a t i o n   o f   t h e   r a t e  of  f r e e z i n g ;  
s u r f a c e   d r a i n a g e ;   g r o u t   c u r t a i n s ;   f u l l   o r   p a r t i a l  
rep lacement   o f   heave   suscept ib le   rocks ;  10 - i c i n g  
cont ro l :   g roundwater   lower ing   and   land   dra inage ,  
g roundwate r   d ive r s ion ;   exp los ion   works ;   a r t i f i c i a l  
thawing of i c e ;   f r e e z i n g  of  groundwater   aqui fe rs ;  
11 - l a n d s l i d e   a n d   r o c k   s t r e a m   c o n t r o l :   m a i n t a i n i n g  
r o c k s   i n  a f r o z e n  s ta te ;  sur face   d ra inage ;   mechani -  
ca l   l ands l ide -con t ro l   measu res ;   s lope   t r ans fo rmar ion ;  
12 - s l i d e  a n d   t a l u s   c o n t r o l :   s l o p e   s t a b i l i z a t i o n ;  
s l o p e  t ransformat ion;   induced   cav ing;   t rapping   and  
d i v e r s i o n   s t r u c t u r e s .  
Zones  and ob jec t s   unde r   p ro t ec t ion :  4b, 5b, 6b - 
n a t u r a l   c o m p l e x e s   w h i c h ,   i f   a f f e c t e d ,   t r i g g e r  
i n t e n s i f i e d   p e r m a f r o s t   e n g i n e e r i n g   g e o l o g i c a l  
p rocesses   o f  a d i s a s t r o u s   n a t u r e ;   a r e a s   w h i c h ,  when 
developed may cause:  13 - p o l l u t i o n  o f  groundwater- 
s e e p a g e   t a l i k s ;  14 - p o l l u t i o n   o r   f r e e z i n g  of  
g r o u n d w a t e r   r e c h a r g e   a r e a s   o r   i n f l u e n t   t a l i k s ;  
15 - s p r i n g s  o f  balneologica l   impor tance .  
O b j e c t s   o f   a e s t h e t i c   v a l u e   ( n a t u r a l  monuments): 
16 - l andscape   o f   g roundwate r   d i scha rge   a r eas  
( spr ings)   and  rare communities  and  species o f  
p l a n t s ;  17 - i c i n g s ;   1 8  - s u i t a b l e   f o r   r e c r e a t i o n ;  
19 - p i c t u r e s q u e   g e o l o g i c a l   o u t c r o p s .  
Geological  environment  changes  caused  by  economic 
a c t i v i t y :  20 - b o r d e r   d i v i d i n g   c o n d i t i o n a l l y  
unchangeable   and   s l igh t ly-changeable   na tura l  com- 
p l e x e s  from highly-changeable   ( the  mark i s  d i r e c t e d  
t o   t h e   l a t t e r ) .  
Major   development   projects :  21 - towns  and s e t t l e -  
ments; 22 - r o a d s ;   m i n e r a l   d e p o s i t s   i n   t h e   s t a g e  
o f :  23 - i n d u s t r i a l   e x p l o r a t i o n ;  24 - i n d u s t r i a l  
development 
B u i l d i n g   m a t e r i a l   d e p o s i t s :  25 - g r a v e l ;  26 - s tone .  
Engineer ing   geologica l   p rocesses :  27 - thermokarst  
and water logging;  28 - heaving  and  uneven  subsidence; 
29 - e ros ion ;  30 - i c i n g ;  31 - i nc reased   mob i l i t y  
of  rock  streams. 
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g e o l o g i c a l   p r o c e s s e s   ( F i g u r e  1). The s u b d i v i s i o n s  REFERENCES 
of   geosys tems,   based   on   the   major   economic   p ro jec ts  
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r e s u l t s   o b t a i n e d   i n   t h i s   s t u d y  w i l l  c o n t r i b u t e  to rnent of m i n e r a l   d e p o s i t s .  Moscow,  Moscow 
f u r t h e r  improvement of the   conten t   and   methodology  Univers i ty   Press .  
o f   compi la t ion  of the   na tura l   envi ronment   conserva-   I sachenko,  A . G . ,  1976, Applied  Landscape  Studies.  
t i o n  maps of the   c ryol i thosphere .   Leningrad ,   Leningrad   Univers i ty  Press. 

Kudryavtsev, E.A.,  ( e d i t o r ) ,  1974, Fundamentals  of 
Pe rmaf ros t   P red ic t ions   fo r   Eng inee r ing -Geo log ica l  
I n v e s t i g a t i o n s .  Moscow, Moscow Unive r s i ty   P re s s .  

Maximova, L.N., 1978, On t h e   p s s s i b i l i t y  of evalu- 
a t i n g   t h e   s t a b i l i t y  of geoc ryo log ica l   cond i t ions  
and na tura l   Landscapes   by   s tudy   of   the   types   o f  
s easona l  thaw  (and  f reezing)   of   soi ls   and  rocks;  
Merz lo tnye   i s s l edovan iya   (Pe rmaf ros t   S tud ie s ) ,  
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Thirty  years  after  abandonment of Oumalik  Test Well, vigorous  stands  of grasses 
(Arctagrostis latifolia, & arctica)  and  erect  willows  (Salix glauca, 2, 
planifolia, 5. lanata, 5. ala= dominate the  mesic  disturbed  areas. We 
hypothesized  that  the  existence of these  communities  was  due to a  higher  nutrient 
availability  created  by  greater  decomposition  rates in  these warm, well-drained 
sites.  Weight  108s  from  three  types of materials  placed 10 cm deep in disturbed 
and undisturbed  sites  for  periods  of 12 and 13 months  showed  that decomposition 
rates in disturbed  plots were significantly  greater (p < 0,02) than in undisturbed 
plots.  Stepwise  multiple  regression  showed  that  the  most  important  measured 
environmental  factors in explaining  the  variation in decomposition rates  were  soil 
temperature  (positively  correlated  with decomposition rate)  and  soil moisture 
(negatively correlated). The greater  rates of decomposition  presumably  indicate 
increased  availability  of  nutrients  which is known to  favor  species  with  high 
rates of turnover  such  as  the  grasses  and  willows. As long as  the  abiotic 
conditions  favoring  high decomposition rates  persist,  nutrient  availability  will 
stay high.  We  expect  that  the  present  communities  will  not  be  replaced  with 
communities  similar  to  those  of  the  surrounding  undisturbed  tundra  for several 
hundred  years. 

INTRODUCTION 

Organic  matter  decomposes  slowly in arctic 
tundra environments. Low temperature is  the 
primary  limiting  factor,  and  moisture  is 
secondarily limiting  with  decomposition  rates 
being  greatest in  mesic  sites  and  becoming  less in 
both  dry  and  wet  sites  (Heal  and  French  1974). 
The  low  rates  of  decomposition  make  nutrient 
cycling slow and  produce  a system in which 
nutrient  availability  limits  plant  productivity 
and controls species  composition  (Haag 1974, 
Challinor and Gersper 1975, McKendrick et al. 
1975, Ulrich and Gersper, 1978). 

Disturbance to  the tundra  surface  and 
vegetation would be expected to  affect 
decomposition  rates  since  disturbed  areas have 
alrered  temperature and moisture  regimes. Damage 
or destruction  of the vegetation  layer and  peat 
reduces their  insulating  value and decreases  the 
albedo of  the  surface  (Brown and Grave 1979). 
This raises the  Soil  temperature  and  presumably 
increases  the  rate  of decomposition (Chapin and 
Van  Cleve 1978).  In some  cases  disturbance 
improves the drainage o f  formerly  water-logged 
soils which also  would  be  expected to increase 
decomposition  rates.  The  work  presented  here  is 
part of a  Larger  study on the  recovery of 
vegetation following a 30-year-old disturbance, 
The increased  abundance and vigor  of  erect  willows 
(Salix glauca, S .  planifolia s s p .  pulchra, 2. 
lanata  ssp. ricxardsonii, and 2. alaxensis s s p .  
alaxensis) a v e r  abundance of 
nutrient-loving  grasses  (Arctagrostis  latifolia 
var.  latifolia, A. latifolia  var. arundinacea, and 

" 
Poa arctica  ssp.  arctica) on mesic  areas o f  the 
disturbance relative to  mesic  undisturbed  areas 
prompted us  to hypothesize that nutrient 
availablity in these  areas is increased  due  to 
enhanced decomposition caused by disturbance. 
This paper  presents  the  results o f  the study to 
test  this  hypothesis  and  interprets  the 
development and future of the  plant communities on 
the  mesic  disturbed  areas in light o f  these 
results. 

SITE DESCRIPTION 

The  study  was done at Oumalik  Test  Well  No. 1 ,  
which is located  about 125 km from  the  Arctic 
Ocean at  69'50'N,  155'59'W on the  Arctic Coastal 
Plain of Alaska  (Wahrhaftig 1965).  It lies in the 
subarctic  tundra  subzone of Aleksandrova (1980) 
and  in  the  low  arctic  zone of Polunin (1951). 
The  mean  July  temperatures in 1979  (apparently an 
unusually  warm  summer) and 1980 at Oumalik  were 
14.4"C and 9.4'C, respectively  (Haugen  1982 and 
unpublished data). 

containing about 50-90% ice  by volume  (Lawson 
1983,  this volume). The  flatness of the terrain 
and  the  presence of permafrost  create  poor 
drainage, and  most  of  the  area  is  sedge  marsh with 
water-logged  soils. The few  upland  areas  are 
covered  with  tussock-dwarf  shrub  tundra. Even 
these  areas  are  quite wet, and  strong  gleying of 
the  soil  indicates  anaerobic  conditions  below  the 
upper  layers. 

Permafrost is continuous with  the  upper 3-4 m 

The Oumalik  well was drilled in 1949-1950  as 

266 
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part  of  the  oil exploration in  the  Naval Petroleum 
Reserve No. 4 (now  the  National Petroleum 
Reserve-Alaska). The site  was  abandoned  in 1950 
and  not disturbed  again  until  work  crews  removed 
solid debris in 1980. tawson et  al. (1978) have 
described  a  similar  site at Fish  Creek.  All 
damage to  the  surface or vegetation tended  to 
cause  melting of subsurface  ice. Vehicles were 
driven extensively  on  the  tundra  around  the well 
site.  Their  tracks  broke  the vegetation mat  and 
damaged  the peat  layer. Species diversity  on 
these  areas  was  decreased due to the elimination 
of many  species. The new cover is composed  of 
original  species  which  responded  favorably  to  the 
new environment and species, especially  those 
listed  below,  which  were not on the  site  before. 
Bulldozing of the  tundra  surface was common in  the 
immediate  area  around  the  well  and  caused  the  most 
severe  disturbance.  Areas  lowered by bulldozing 
now frequently  have  standing water and  have  been 
recolonized  primarily by  the  sedges Carex 
aquatilis and Eriophorum angustifolium ssp. 
subarcticum. Mounds of  soil  created by the 
bulldozing  and  slopes  reworked  by  bulldozing were 
colonized  primarily by  the willows Salix glauca, 
- S. planifolia ssp. pulchra, 2. lanata ssp. 
richardsonii, and 2. alaxensis  ssp.  alaxensis  and 
the grasses ArctaRrostis latifolia  var. Zatifolia, 
A .  latifolia var. arundinacea, and Poa arctica 
ssp.  arctica.  The  dominance of the  grasses  and 
willows and  the extreme  vigor of the  willows  are 
unusual  relative to the  surrounding  undisturbed 
tundra. 

- 

METHODS 

To test  the hypothesis that disturbance 
increased decomposition rates in these sites, we 
used  weight loss of introduced substrates as a 
simple, integrating  measure. Three types of 
decomposition samples were placed  into 9 disturbed 
and 16 undisturbed  plots  selected to represent  the 
range  of decomposition environments at Oumalik 
(Table 1). The three  types  were (1) 2.00 g of 
sropyron cristatum stems  from  wasteland  in 
Boulder, Colorado, in a 10 x 10 cm nylon net  bag 
whose  largest holes were  about 0.7 x 0 .3  mm, ( 2 )  
one cellulose  filter  paper  weighing  about 0.56 g 
in a similar  bag, and ( 3 )  birch  wood  tongue 
depressors weighing 2.4-3.1 g. On July 6 ,  1980, 
samples were placed  into  each of the  plots at a 
depth of 10 cm. The samples were  placed  at  depth 
because in this  study  the decomposition of 
interest  occurs  in  the  organic  matter  mixed  into 
the  soil by disturbance  rather  than  in  litter on 
the  surface. Ten cm  was  chosen as the  depth of 
most  abundant  roots.  Each  plot  contained  four 
replicates of each  of  the  three  types  of 
decomposition samples. Two replicates of  each 
type  were  removed 1 year  after emplacement, and 
two  were  retrieved at the  end of the maximum time 
available for  the  experiment on August 3,  1981, 
which  was  equivalent  to  approximately 1.5 growing 
seasons. 

After  removal  the  samples were dried  in  the 
field. In the  laboratory  the  tongue depressors 
and  filter  papers  were  rinsed  with  cold running 
water  to  remove  adhering  mineral  soil.  The grass 

was  not  washed  because  of  the  significant  water- 
soluble  fraction (15-19%) it contains. The 
samples were  oven  dried and reweighed to determine 
weight  loss.  Representative  used and  unused 
samples of each  type o f  sample  were  ashed  (450°C 
for 2 hr). The  differences  in  the  weight  of  ash 
between used  and  unused samples were  used  to 
correct  weight loss of all samples for  adhering 
soil, After correction, the  percent  weight loss 
was  calculated  and  used  as  the  basis for the 
numerical analysis. 

A  soil  sample  from 10 cm  in  each  plot was 
analyzed for pH,  organic matter, carbonates, water 
absorption, hygroscopic water, wilting  point, 
field  capacity, cation exchange capacity, and 
total  available ammonium, nitrate, potassium, 
phosphorus, calcium, and magnesium.  Soil 
temperature, depth of thaw, and date  of snow 
meltout were  determined for each  plot  (Table 2 ) .  

RESULTS AND DISCUSSION 

Despite the  limitation of the  small  sample 
size, differences  between  disturbed  and 
undisturbed  sites  are  sharp.  The hypothesis 
that  decomposition  is  greater on bulldozed  slopes 
and in mounds of bladed  material  than in 
undisturbed  areas is supported by  the ANOVA 

TABLE 1 .  Plots  Classified  by Microrelief/ 
Vegetation Type. Plots in numbered  types  do  not 
sum to 25 since  not  all  plots  fit  into  the 
categories listed. 

Code No. of Plots Description 

3 9 Disturbed 
U 16 UndisKurbed 

1 3 mounds of  bladed  material: 
dominated by Arctagrostis 
latifolia 

2 3 mounds o f  bladed  material; 
dominated by SaZix spp. 
and Arctagrostis latifolia 

3 2 

4 2 

5 3 

undisturbed  palsas and 
high-centered  polygon 
centers; dominated by Betula 
nana  and Ledum palustre 

undisturbed  reticulate- 
patterned ground; 
dominated by Dryas 
integrifolia and Carex 
bigelowii 

undisturbed marshes; 
dominated by Carex spp.  
and Eriophorum spp. 

- 

6 2 undisturbed  tussok  tundra; 
dominated  by E. vaginatum 
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TABLE 2 .  Means and Standard Errors of Selected  Abiotic  Variables. 
T&' :oil temp, S o i l  mois.*  Soil  r n ~ i r . ~  Thaw, cmG pH Meltout'  NHr. ppn 

0 8.52 0.5 139.6f 36.0 5.7 f 0.2 58.3 f 3.6 7.31 t 0.20 8.3 t 1.6 18.2 * 2.9 

U 5.4'0.6 145.8'39.6 7.2'0.3 41.31 1.9 6.37'0.17 5.6f 1.3 34.4f 7.9 

1 9.4k 0.8 35.4t 0.7 4.7f0.3 62.0f 12.2 7.72 f 0 . 2 8  1 . O f O . O  9.7 * 2.7 

2 9 . 5 *  0.7 173.1'76.3 6.0f 0.0 59.3'11.4 7.39'0.39 14.01 2.1 217.3f 200.4 

3 3.0 "' 370.2 -- 5.5 f 0.5 29.5 f 1.5 5.42 f 0.04 1.0 + 0.0 28.4 f 6.8 

4 5.2 " 104.4 -- 7.0t 0.0 57.0t 2.0 7 . 4 4 *  0.18 l . O f O . O  7.8f 0.4 

5 5.6 f 1.6 106.3 -- 9.0f 1.0 45.7f 2.9 5.84f.0.55 4.3+ 3.3 30.3'* 4.6 

6 2.4f 0.4 42.0i 4.2 7.0* 0.0 35.5f 5.5 5.70t0.08 9 . O f  7.0 15.3f 0.6 

C 
NO3. Ppm 

16.2 * 4.2 

14.4 f 2.7 

5.2 * 0.9 

96.5 f 72.4 

13.9 1 1.1 

4.8 f 1.4 

16.5 i 1.0 

5.8 * 1.4 

P, Ppn 

9.7 f 3.3 

4.0 f 0.9 

13.3 ' 12.4 
7.9 * 4.4 

5.0 f 3.0 

0.8 * 0.2 

2.8 f 0.2 

1.2 1 0.4 

4360 f 250 14.1 f 4.4 

6600 * 880 46.1 1 7.4 

3750 * 680 5.9 f 0.9 

4460 * 720 17.6 * 7.2 
6880 f 60 65.2 f 2.2 

3790 * 810 8.4 f 4.1 

7080  3380 62.0 f 4.7 

2520 i 460 11.6 f 1.9 

1 

%at 10 cm on June 30, 1980 
,+only  one  measurement so S.E. undefined 
,X of  dry weight, June 30, 1980 

;August 12-14, 1979 

snow 

which shows that  decomposition  rates in disturbed 
plots  were  significantly  greater (p < 0.02) than 
in  undisturbed  plots  for  all  three  types of 
decomposition samples  over both  time  periods 
(Figure 1). Differences between  microrelief/ 
vegetation types  were  not  tested  for significance 
because o f  the  small  sample  size. 

were bulldozed  slopes and mounds  of  bladed 
material  dominated by Salix spp.  and/or 
Arctagrostis latifoliamure 1). These sites 
have  relatively  warm  soil  temperatures (Table 21,  
and  due to their  good drainage, the  soils of these 
sites  are also well aerated, as indicated  by  the 
soil color. The sites  with  the  slowest  rates of 
decomposition were  undisturbed  tussock tundra, 
which has  cold  soil  temperatures  and  anaerobic 
soil  as  evidenced  by  the  strong  gleying. The 
greater rates of decomposition in marshes, which 
also have  highly  anaerobic soils, were  probably 
due to  their  higher  soil temperatures, The 
reticulate-patterned  ground and  the areas 
dominated by Betula nana and Ledum palustre  were 
intermediate  in decomposition rates, aerobicity as 
judged  from  soil  color and moisture, and soil 
temperatures. 

regressions  show that temperature is  the  most 
important  environmental  factor in explaining  the 
variation in decomposition  rates  (Table 3 ) .  Other 
investigations in  the  Arctic  have also  shown  that 
temperature  is  the major limiting  factor  (Weal  and 
French 1974).  Soil  moisture  is  the  second  most 
important  limiting  factor at Oumalik. No samples 
were in  the  rare  dry  sites  in  which  the  lack of 
moisture is limiting so decomposition shows  a 
negative, essentially  linear relationship with 
soil  moisture. In studies  covering  the complete 
moisture gradient, the  response  curve of 
decomposition as a function of moisture  reaches  a 
maximum in  the  mesic  sites  and declines in  both 
dry  and  wet  sites  (Heal  and  French 1974). 

decomposition rate. Phosphorus explains  a 

see  Table 1 

scalar  with 1 = very  dry and 9 = very  wet 

days  after  May 31, 1980, that  plot  was  free o f  

The  plots  with  the  highest decomposition rates 

The  results of  the  stepwise  linear  multiple 

Other  factors  show  weaker relationships to 

significant  part  of  the  variation  and  correlates 
positively  with decomposition rete.  Heal  and 
French (1974) also found  a  positive relationship, 
and Rosswall  (1974)  reported an increase in 
decomposition when  phosphorus  was  added  to  a 
temperate bog. However, at Oumalik  the  increased 
phosphorus  may be an effect,  rather  than  a  cause, 
of  increased decomposition raKes.  Depth  of thaw 
at  the  end of the  growing season also correlates 
positively  with  decomposition  rates.  This  may be 
due primarily to the  significant  positive 
corraiation oi tnaw and soil temperature  and  the 
significant  negative  correlation of thaw and  soil 

I 

CELLULOSE FILTFR 
PAPEH GJuIy 1980-6July  1981 

& 11 9 129 

2 3 4 5 6  

BIRCH WOOD TONGUL 
DEPRESSOR 6 J u I y 1 9 8 0 - 6 J u l y l 9 8 1  

2 RIRCI-I WOOD TONGUE 
PFPRLSSOR 6 Jy y 1909 5 A u g u s i  1981 k 

FIGURE 1 Percent  Weight Loss o f  Decomposition 
Substrates.  Plot  types are  listed  in  Table 1. 
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moisture. Plots that  become  free o f  snow  later 
have  a  weak  tendency to have  greater decomposition 
rates. One would  expect  the oposite; that  is, 
plots  with an earlier  meltout  would  have greater 
decomposition rates. This apparent  incongruiry 
may  be  due  to  the  later  meltout of high- 
decomposition disturbed  plots  which accumulate 
more snow due to increased  surface roughness and 
greater willow height  and  fensity. 

regressions indicate  that  45-78% o f  the variation 
in decomposition rates  is  explained  with  the 
varia ion in  the  environmental factors measured. 
The  r values tended  to  be  greater  for  the  longer 

The magnitude o f  the  r values €or  the 

d 

TABLE 3.  Results of Stepwise Multiple 
Regressions. 

Grass 6 July 1980 - 6 July 1981 
step variable entered 
1  soil  temperature 
2 P  
3 PH 
4 rime of meltout 

Grass 6 July 1980 - 3 August 1981 
variable ente* 
soil moisture 

2 soil  temperature 
3 thaw 
4 Ca 

Filter paper 6 July 1980 - 6 July 1981 
step variable entered 
1 thaw 
2 soil  temperature 
3 P  
4 soil moisture 

Filter paper 6 July  1980 - 3 August 1981 
variable entered 
soil moisture 

2 S o i l  temperature 
3 P  
4 time  of  meltout 

Tongue depressor 6 July 
variable entered 
soil  temperature 

1980 - 6 July 1981 

2 thaw 
3 time o f  meltout 

+ Tongue depressor 6 July 1980 - 3 August 1981 
ste variable entered 

soil  temperature 
2 soil moisture 
3 thaw 
4 Ca 

2 - 
0.43 
0 .46  
0.50 
0.56 
2 
- 
0 . 2 4  
0 .36 
0.53 
0.59 

2 - 
0.30 
0.36 
0.39 
0.45 

2 r 

0.33 
0.43 
0.50 
0.58 

- 

2 r 

0.16 
0.40 
0.45 
2 

- 

- 
0 . 2 6  
0 . 4 5  
0 . 6 3  
0.78 

Each step represents a  separate  equation which 
includes the  variable  listed  for  that step and the 
previous  steps. The r value is  for  the equation 
through  that  step. 

2 

periol d c  If time, pel rhaps  indicating  that  the  longer 
period  of  time gave a  more  accurate measure of 
decomposition potentials of  the  plots. Possible 
sources of the variation unaccounted  for  are 
nonlinear responses of decomposirion rate to 
variation in  environmental factors, interactions 
among environmental factors i n  their  effect on 
decomposition, and  random variation in 
decomposition potential  or  measured  environmental 
factors on a microscale within a  plot  or habitat 
type. 

Differences between  the 12- and  13-month 
losses varied  with  the  type o f  decomposition 
sample  (Figure 1). The  grass  showed only slightly 
greater losses  over  the  longer  time period, 
azparently  because  the  easily  leached  or 
decomposed  fraction was gone within  the  first 
year, leaving  only  the  more  resistant  components. 
Filter paper  and  birch wood losses  tended to 
increase  slightly  to  substantially  in  the 
additional  month. Colonization by decomposers may 
have taken  longer in these  substrates  compared  to 
the  grass  in  which decomposers were  probably 
already  resident. 

The  greater decomposition rates in disturbed 
areas  presumably  create  a  higher  availability of 
nutrients in a system  in  which  production is 
limited  by nutrients, especially nitrogen and 
phosphorus  (Haag 1974, McKendrick et  al. 1975, 
Ulrich and Gersper 1978, Chapin and Van Cleve 
1978,  Shaver and Chapin 1980). Other studies in 
the  Alaskan  Arctic have shown that  enhancing  the 
nutrient  regime  also changes species composition 
by differentially favoring  the  growth of 
high-turnover  species  (McKendrick  and  Mitchell 
1978,  McKendrick  et al. 1975, 1980,  Shaver  and 
Chapin 1980, Chapin  and  Shaver 1981). Thus, the 
enhanced  nutrient  regime  at  Oumalik  seems to 
provide  a  partial explanation for the  presence and 
vigor of the grass and willow communities on  the 
disturbance. The hypothesis to explain the 
increased decomposition and  the  presence  and 
abundance of  the willows and grasses  is  presented 
in  Figure 2 .  

The grasses and willows are  preadapted to 
natural disturbances and  originated on the 
anthropogenic  disturbance  from  their  abundant , 
wind-dispersed  seeds. Once established, these 
high-turnover species probably  quickly  formed 
dense  stands  in  response to the  favorable  nutrient 
regimes. The dense communities tend  to  inhibit 
colonization by other species, especially the 
slower-growing dominants of the  undisturbed 
tundra.  Thirty years afrer disturbance there  is 
little, if any, evidence that species from the 
next  successional  stage  are  invading  these grass 
and willow communities. As long  as  the  nutrient 
regime  remains  enhanced  by  the  rapid decomposition 
created  by  good drainage and  high  soil 
temperatures,  the  present communities will 
persist. Since there  is no indication that  the 
factors  creating  high decomposition rates  will 
change, replacing the grasses and willows with 
communities resembling  those  in  the  undisturbed 
tundra  is  predicted to take  several  hundred  years. 
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Cha llinor, J .  L. an’ d P. L. Gersper, 1975, Vehicle 

INCREASED RATE OF 

INCREASED  ABUNDANCE 

FIGURE 2 Hypothesis to Explain the  Increased 
Decomposition Rates and Increased Abundance of 
Grasses and Willows o f  Mesic  Disturbed Areas, 

SUMMARY AND CONCLUSIONS 

Decomposition rates  in  mesic  disturbed areas 
at Oumalik are  significantly  greater  than  in 
undisturbed  areas.  Increased  soil  temperature  and 
decreased soil  moisture  are  the  most  important 
factors  accounting  for  the  increase. The 
increased  nutrient  availability  caused by  the 
greater  decomposition rates provides  a  plausible 
explanation for  the  persistence of vigorous stands 
of  grasses and willows on the  disturbed  areas. We 
predict  that  the  elevated decomposition rates will 
continue for an  extended  time  and allow the 
persistence of these communities for many years. 
In  a  system  such  as  wet  low  arctic tundra, in 
which nutrients are  accumulated  in  organic  matter 
in  the  soil  and  in  which  the slow rate of cycling 
o f  these  essential elements limits  primary 
productivity and controls  species composition, 
disturbance can enhance  the  nutrient  regime  and 
increase  the  abundance  and  vigor of certain plants 
at  the  expense  of  others. 
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Over t h e   y e a r s   e l e c t r i c a l  and e lect romagnet ic  methods  have  been s u c c e s s f u l   i n  
mapp ing   the   la te ra l  and ver t ica l   boundar ies  o f   permafrost   over   the  land.   Of fshore  most  
e l e c t r i c a l  and electromagnetic methods  cannot map top and bottom  of  permafrost,  because 
o f   t h e  low r e s i s t i v i t y   o f   t h e   b r i n e   s a t u r a t e d ,   u n f r o z e n   s e d i m e n t s   o v e r l a y i n g   o f f s h o r e  
pe rmaf ros t .   T rans ien t   e lec t romagne t i c   exp lo ra t i on   i s  a method o f   e l e c t r i c a l   r e s i s t i v i t y  
mapping  that.  can de tec t   res is t i ve   layers   under   h igh ly   conduct ive   sed iments .  

I n   t h e   w i n t e r   o f  1983 a large  survey was conducted on l ines   onshore  and o f f s h o r e  i n  
areas  west  of  Prudhoe Bay, Alaska. Over land  the  bot tom of permafrost   which  general ly 
occu rs   a t  a depth  less  than 650111 (2000 ft) was mapped w i t h  good accuracy.   Offshore  top 
and bo t tom  o f   permaf ros t  was  mapped under as much as 250m o f  unfrozen,  saturated 
sediments. 

r e s o l u t i o n   t h a n   o t h e r   e l e c t r i c a l  methods. For example, f o r  a permafrost   sect ion  over   the 
land,  where a r e s i s t i v e   l a y e r   ( p e r m a f r o s t )   o v e r l i e s  a conduct ive  layer  (unfrozen  ground) 
a 10 percent  change i n   t h i c k n e s s  o f  permafrost  causes a 30 percent  change i n  measured 
s i g n a l .   S i m i l a r   s e n s i t i v i t i e s   a r e   n o t   a v a i l a b l e   i n   d i r e c t   c u r r e n t ,   m a g n e t o t e l l u r i c ,   o r  
harmonic  frequency  methods. 

For many g e o e l e c t r i c   s e c t i o n s   t r a n s i e n t  EM has a h i g h e r   l a t e r a l  and v e r t i c a l  

INTRODUCTION 

E l e c t r i c a l  methods t o  map t h e   d i s t r i b u t i o n  
o f   permaf ros t   have been  used f o r  a long  t ime. They 
r e l y  on t h e   f a c t   t h a t   f r o z e n  and unfrozen  ground 
have l a r g e   d i f f e r e n c e s   i n   e l e c t r i c a l   r e s i s t i v i t y .  
I n  Canada and the  Uni ted  States  the  two  major 
c o n t r i b u t i o n s   f o r  deep permafrost mapping a re   by  
Danie ls ,   e t   a l .   (11,  who used  harmonic  frequency 
soundings on the  Nor th  S lope  o f   A laska,  and by  
Koz ia r  and Strangway  (21, who employed  magnetb- 
t e l l u r i c  methods i n   t h e  MacKenzie D e l t a  i n  Canada. 

I n   t h i s  paper   the   app l i ca t ion  o f  t r a n s i e n t  
e lect romagnet ic   soundings,   wi th   smal l   t ransmi t ter -  
receiver   separat ions  (near-zone) ,  t o  permafrost  
mapping j s  discussed.  This method t o  a l a r g e  
ex ten t  has  been developed i n   t h e  USSR (3,4). 
Al though   seve ra l   case   h i s to r i es   o f   t he   use   o f   t h i s  
method are  publ ished (5,6), there  appear  to  be no 
p u b l i s h e d   r e p o r t s   o f   i t s   a p p l i c a t i o n   t o   p e r m a f r o s t  
mapping i n   t h e  USSR. U.S. t r e a t i s e s  on the   t heo ry  
o f   t rans ien t   e lec t romagne t i c   exp lo ra t i on   a re   f ound  
in   the   papers   by   Nab igh ian  (71 ,  and K e l l e r   ( 8 ) .  

Since  the  main  purpose  of   th is  paper i s   t o  
i l l u s t r a t e   t h e   a p p l i c a t i o n   o f   t r a n s i e n t   s o u n d i n g s  
to   permafrost  mapping, t h e   t h e o r y   o f   t h e  method i s  
d i scussed   i n  an i l l u s t r a t i v e  manner. The r e s u l t s  
shown i n  t h i s  paper   a re   se lec ted   t yp i ca l  examples 
of a large  survey  over   l ines  onshore and o f f s h o r e  
west o f  Prudhoe B a y ,  Alaska. The survey was per-  
formed i n   t h e   w i n t e r  o f  1982. 

PHYSICAL  PRINCIPLES 

F i r s t ,   t h e   p h y s i c a l   b a s i s   o f   t h e  method i s  
explained. A t rans ien t   sys tem  cons is t s   o f  a 
t r a n s m i t t e r  and a rece ive r .  The t r a n s m i t t e r  
conf igurat ion  can  be a non-grounded  loop  or a 
grounded l i n e .  The c o n f i g u r a t i o n  used i n  most o f  
our work  has  been the  non-grounded  loop. The 
sensors, i n   t h e  Geonics EM37 used in   our   surveys ,  
a r e   m u l t i - t u r n   c o j l s   w i t h   e f f e c t i v e   a r e a s   v a r y i n g  
f rom 32 t o  1,000 m2. F igu re  1 shows the   t rans -  
mit ter-receiver  arrangements used f o r   t r a n s i e n t  
soundings. 

The c u r r e n t   g e n e r a t e d   i n   t h e   t r a n s m i t t e r   i s  
shown i n   F i g u r e  2. There  are  two  per iods  of   t ime, 
time-on and t ime-o f f .  Measurements a re  made o n l y  
dur ing   t ime-o f f .   In   accordance  w i th   Faraday 's  law, 
an electromagnet ic  induct ion  appears when t h e  
c u r r e n t   i n   t h e   t r a n s m i t t e r   v a r i e s   w i t h   t i m e .  When 
t h e   t u r n - o f f  ramp i s   l i nea r ,   t he   i nduced   e lec t ro -  
m o t i v e   f o r c e   i s  a rectangular   pu lse.  

c u r r e n t s   i n   t h e  ground.  These  induced  currents  are 
t ime-va r ian t  and cause a t ime-varying  secondary 
magnet ic   f ie ld ,   wh ich   i s  measured as an e l e c t r o -  
m o t i v e   f o r c e   i n   t h e   r e c e i v e r   c o i l .  I t  has  been 
shown tha t   the   induced  cur ren ts   a re   hor izon ta l  
c l o s e d   r i n g s   i n   t h e   a b s e n c e   o f   l a t e r a l  inhomo- 
g e n e i t i e s .   T h e r e   i s  no v e r t i c a l  component o f  
cu r ren t   f l ow .  

The e lec t romagnet ic   induc t ion   c rea tes  eddy 

F igu re  3 s c h e m a t i c a l l y   i l l u s t r a t e s   t h e  

21 2 
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distribution  of  eddy  currents as a  function of 
depth at different times. This  figure  shows  that 
current  maxima  move  down  with  increasing time. It 
must be understood  that  the  currents  not  only  move 
down, but also out. The  current  expansion  can  be 
described by a  diffusion  type equation. 

The ehctromotive  force measured by the 
receiver c o i l  i s  the result of the change of 
current  flow with time. A measurement a t  time 
to w i l l  mainly be sensit ive  to   the  resist ivity 
of near-surface  layers. With increasing  time, 
the current maxima di f fuse  d m ,  and the  electro- 
motive force w i l l  progressively become m o r e  sensi- 
tive to  the  properties of deeper layers. mere- 
fore, by making measurements as a function  of 
time, information about the  geoelectric  section 
is obtained, In transient  soundings,  effective 
exploration depth is  dominantly a function of time. 

BEHAVIOR OF THE FIELD 

In transient  soundings,  generally  only the 
time  derivative  of  the  vertical  component  of  the 
magnetic  field, Bz,  is measured. To  understand 
the  procedures  of  data  processing and interpre- 
tation,  the  general  behavior  of  the  measured field 
in the  center of a  transmitter loop over two- 
layered ground will be  briefly  discussed. In 
Figure 4 the  measured si  nal  is plotted  versus the 
dimensionless parameter,+ % . 
The  parameter , i s  given by: 

and '1 is the  resistivity  of  the  first and & is 
time  after turn-off. For  a  certain  geologic 
setting  the  parameter, 7 is, thus,  proportional  to 
the  root  of time. 

Several  stages  of  time  can  be  distinguished 
in the  behavior  of  the  electromotive  force (emf). 
At  early  time  the emf is independent o f  time;  then 
there is  an intermediate  range  of  time in which  the 
emf rapidly  decreases  with  time, and a  late  range 
of time in which  the emf falls  off as e -512 . 

Figure 4 shows  the  behavior  of  the  field  for 
two-layered  sections with large  differences in the 
resistivity o f  the  second layer. Yet is it evident 
that it is very difficult to visualize  the  geo- 
electric  section  from  these data. From  the  diff- 
erent  curves it  is difficult to tell which  curves 
have  a  resistive  basement and which  ones  a  con- 
ductive basement. 

r ,= &+3 

APPARENT  RESISTIVITY 

In all geophysical  uses  of  electrical and 
electromagnetic  methods it has been found  con- 
venient  to  transform  the  field  measured  into 
apparent  resistivities, so as to  better  visualize 
how  the  behavior  of  the  field  measured  differs  from 
the  behavior  of  the  field  over  uniform half-space. 
Transient  soundings  are no exception. 

response of uniform  half-space it is necessary  to 
briefly  consider  the  fjeld  behavior  of  uniform 
half-space. At all times  the  behavior  of  the 
field, E, over  uniform  half-space is described by 
equation ( 1). 

To compare  the  measured  response  with  the 

WHERE r = t ronrrnl f tw - r tcelvcr  
soporation 

P ground  ratinfivity 

t 9 fig* after   turn-off  

M = tranrmlttcr  moment 

p = error  function 

At "early  stage" and "late  stage"  the  field 
can be closely  approximated by the  asymptotic 
expressions  of  equations (2) and ( 3 ) .  

It  is evident  that  the  field at late  stage 
is more  sensitive to the  geoelectric  section;  the 
field is proportional to yfq. 
useful in defining  apparent  resistivity.  For 
practical  purposes,  two  definitions  have  been found 
convenient in our work: 

1. A definition  of  apparent  resistivity 
based on the  early  stage  asymptotic expression. 

2. A  definition  of  apparent  resistivity 
based on the  late  stage  asymptotic expression. 

In equations (4) and (5 )  apparent  res- 
istivities based on early  stage and late  stage  are 
defined based on asymptotic  expressions  for  the 
field  given by equations (2) and (31, respec- 
tively: 

The  asymptotic  expressions  have been found 

Po a - E 2 r r  4 
3 M  

When  the  measured emf corresponds  to  late 
stage behavior  of  the  field in the  first layer over 
the  crjtical  range o f  time, it i s  best  to  use  the 
definition based on late stage. In cases  where 
measurements  correspond  to  early  stage  behavior in 
the  first layer, it may  be  more  diagnostic  to  use 
the  definition based on early stage. This  sit- 
uation,  for  exdmple,  arose  when  measurements  were 
made  over  a  section  with  a thick, very  conductive 
surface layer.  It could  also  occur  when  measure- 
ments are made at large  transmitter-receiver 
separations. 

Figure 5 shows  the  apparent  resistivity 
curves based on the  late  stage  behavior  for  the 
same  sections as used in Figure 4. The  apparent 
resistivity  curves  are plotted in terms  of  the 
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dimensionless  parameters P a / P  1 and 
7 l / h l .  It is   ev iden t   t ha t   f rom  these   cu rves  
the   genera l   geoe lec t r i c   sec t ion  can  be  v isual ized. 
The f i g u r e  shows tha t ,   a t   l a te r   t imes ,   t he   apparen t  
r e s i s t i v i t y  a p p r o a c h e s   t h e   t r u e   r e s i s t i v i t y   o f   t h e  
basement. A t  in termediate  va lues  o f   t ime,   the 
v a l u e s   o f   a p p a r e n t   r e s i s t i v i t y   i n c r e a s e  when 
P 2 / 4 1  > 1 and decrease  when/2//1 (1, so 
t h a t   f r o m   t h e   b e h a v i o r   o f   t h e   a p p a r e n t   r e s i s t i v i t y  
curves,   the  genera l   geoelect r ic   sect ion can  be 
immed ia te l y   v i sua l i zed .   Th i s   i s   t he   pu rpose   o f  
i n t r o d u c i n g   a p p a r e n t   r e s i s t i v i t i e s   i n   e l e c t r i c a l  
prospect ing.  

i n t o  one cor respond ing   to   the   behav io r   o f   the   f ie ld  
o f   u n i f o r m   h a l f - s p a c e   o f   r e s i s t i v i t y 4 .  The 
b e h a v i o r   o f   t h i s   p a r t  o f  t h e   c u r v e   i s   t h e o r e t i c a l l y  
f u l l y   d e f i n e d   b y   e q u a t i o n  (11, and the   va lue  o f 4  
can  be  obta ined  f rom  th is   par t   o f   the  curve.  

F igu re  5 has an i l l u s t r a t i o n  of  two l a y e r  
apparen t   res i s t i v i t y   cu rves .   Seve ra l  albums o f  3, 
4, and 5 l aye red   apparen t   res i s t i v i t y   cu rves   a re  
a v a i l a b l e   f r o m   t h e   S o v i e t   l i t e r a t u r e  and we have 
t h e   a b i l i t y   t o   f o r w a r d  model  any  n-layered, 
ho r i zon ta l   sec t i ons .  

I n t e r p r e t a t i o n   o f   t r a n s i e n t   s o u n d i n g s   f r o m  
a p p a r e n t   r e s i s t i v i t y   c u r v e s  based  on e a r l y   o r   l a t e  
stage  proceeds i n  a manner s i m i l a r   t o   t h e   i n t e r -  
p r e t a t i o n   o f   a p p a r e n t   r e s i s t i v i t y   c u r v e s  o f  mag- 
n e t o t e l l u r i c   o r   d i r e c t   c u r r e n t  soundings. I n t e r -  
p r e t a t i o n  can  be  done by  matching  experimental  data 
wi th   master   curves,   or   by  inverse  so lu t ions.   For  
t rans ient   soundings a d e t a i l e d   i n t e r p r e t a t i o n  
manual  has  been publ ished  by  Rabinovich (9) .  

A t  smal l   va lues  o f  r/hl, a l l  curves merge 

FIELD SURVEYS AND RESULTS 

A l a r g e  number of soundings  were  conducted on 
the  Nor th  S lope  o f   A laska  west   o f   IPrudhoe Bay, 
Alaska. Measurements  were made bath  onshore  over 
the  tundra,  and of fshore  over   the sea ice. In a l l  
these measurements the   t ransmi t te   cons i s ted  o f  500 
m by 500 m non-grounded loop o f  2rgauge  wire. The 
peak cur ren t   d r iven   th rough  the   loop  was about 20 
am eres so t h a t   t h e   d i p o l e  moment  was about 5 x 
J O E  ampdres - m2. 

EM37, which  allowed measurements over a range o f  
t ime  f rom  about  0.1 t o  800 ms i n  40 t ime  gates 
equa l l y  spaced on a loga r i t hm ic   sca le  o f  time. I n  
t h e  Geonics EM37 t h e   r e c e i v e r s   a r e   m u l t i - t u r n   a i r  
c o i l s  and t h e   e f f e c t i v e   a r e a s   o f   t h e   a i r   c o i l s  used 
var ied   f rom 32 t o  1,000 mz. It was found  tha t  
w i t h   t h i s  s stem i n   t h e   A r c t i c ,   n o i s e  was about 0.2 
x IO -9 v/m 1 . 

A ve ry   l a rge  number o f  soundings  were made i n  
the   w in te r  o f  1982. From t h e   l a r g e   q u a n t i t y   o f  
survey  data a sec t i on  has  been s e l e c t e d   f o r   i l l u s -  
t r a t i o n  and d iscuss ion of t he   da ta   co l l ec ted .  
F igu re  6 shows a geoe lec t r i c   sec t i on   ove r  a survey 
pe rpend icu la r   t o   t he   coas t   l i ne   a t   P rudhoe  Bay, 
Alaska. Above the   geoe lec t r i c   sec t i on ,   t h ree  
t y p i c a l   a p p a r e n t   r e s i s t i v i t y   c u r v e s   a r e  shown, 
These curves will be  discussed in more d e t a i l  
below.  From  about s t a t i o n  3900s t h e   s u r v e y   l i n e  
runs  over  the sea ice.  The water  depth  below  the 
sea i ce   g radua l l y   i nc reases   t o   t he   no r th ,   bu t   neve r  
exceeded 10 m a long   t he   p ro f i l e .  Over land  the 
g e o e l e c t r i c   s e c t i o n  can  be  described  by  two  layers 

The equipment  used was a modif ied  Geonics 

c o n s i s t i n g   o f   f r o z e n   g r o u n d   w i t h   r e s i s t i v i t i e s  
exceeding 200 ohm-m under la in   by  unf rozen  ground o f  
a r e s i s t i v i t y  o f  2.5  ohm-m. Over the  bay  the geo- 
e l e c t r i c   s e c t i o n   c o n s i s t s   o f   u n f r o z e n ,   b r i n e  
s a t u r a t e d   s e d i m e n t s   w i t h   r e s i s t i v i t i e s   g e n e r a l l y  
less  than 2 ohm-m, f rozen  g round  o f   h igh   res is -  
t i v i t i es ,   under la in   aga in   by   un f rozen   g round   o f  a 
r e s i s t i v i t y   o f  3.0 ohm-m. The p r o f i l e  shows the  
top   t o   t he   pe rmaf ros t   t o   rap id l y   dec rease   w i th  
d is tance  f rom  the   shore   l ine .  

shown above the   sec t i on  have d i f f e ren t   behav io rs ,  
and the   behav io r   o f  two  of  these  curves will be 
discussed  next, The exper imenta l   apparent   res is-  
t i v i t y   d a t a   a r e  superimposed on a bes t  f i t  master 
curve.   For   s ta t ion A the  best  f i t  i s   f o r  a f i r s t  
l a y e r   w i t h  a r e s i s t i v i t y  o f  400 ohm-m, and a 
th i ckness   o f  600 m, t h e   r e s i s t i v i t y   o f   t h e   u n d e r -  
ly ing  unfrozen  ground i s  3 ohm-m. The Manual o f  
I n te rp re ta t i on   by   Rab inov i ch  (9 )  shows t h a t   f o r  
sect ions,  such as  shown f o r   s t a t i o n  A ,  t he   dep th   t o  
the   conductor   in   k i lometers ,  Hk,, can  be de r i ved  
f rom  the   le f t   descend ing   b ranch  o f   the   curve   by  
equation ( 6 ) .  

The t w o   t r a n s i e n t   a p p a r e n t   r e s i s t i v i t y   c u r v e s  

p, 4'9 . p "9 (-) '019 
A k m =  

b 

3.36 r 

WHERE Pa = apparent  resistivity 

P,, = busement resistivity 

I 

t = time 

= transmitter-  receiver 
separation 

Equation (6) i l l u s t r a t e s   s e v e r a l   i m p o r t a n t  
advantages o f   t rans ien t   sound ings   w i th   smal l  
t ransmi t te r - rece iver   separa t ion .  These  advantages 
are: 

p r  p r t i o n a l   t o   t h e   f i e l d  measured, E, as 
E-312. Combining  equ.ations (6) and (41, i t  
i s   e v i d e n t   t h a t  6 = E"/*7 , where 8 i s  a 
constant.  Therefore, a 10% change i n   d e p t h   t o   t h e  
conductor will cause  about a 30% change i n  measured 
f i e l d .  That i s  a s e n s i t i v i t y   a b o u t  3 three  t imes 
higher  than  can be o b t a i n e d   i n  any o t h e r   e l e c t r i c a l  
method. 

2. The depth  to   the  conductor  ( H h m  i s  
p r o p o r t i a n a l   t o   t h e  basement r e s i s t i v i t y  t o  t h e  
power Pb"' , o r  a 100% e r r o r   i n  basement 
r e s i s t i v i t y  will cause only   about  a 10% e r r o r   i n  
the  va lue  o f  H k m  . That i s  important  because i n  
a l l  geophysical methods i t  i s   d i f f i c u l t  t o  ob ta in  
r e l i a b l e  measurements o f  basement r e s i s t i v i t y .  
Measurements  must  be made t o   v e r y   l a r g e   s p a c i n g  
( d i r e c t   c u r r e n t ) ,   o r   t o   v e r y  low  frequencies 
( m a g n e t o t e l l u r i c ) ,   o r   t o   l a t e   t i m e   ( t r a n s i e n t )   t o  
o b t a i n  a good v a l u e   o f  basement r e s i s t i v i t y .  

S t a t i o n  B i s  a cu rve   f o r   abou t   s ta t i on  500s 
a l o n g   t h e   p r o f i l e  of F igu re  6. Again  the  exper i -  
mental  data  are  superimposed on a bes t  f i t  master 
curve. The da ta  now must  be f i t t e d   t o  a th ree  
l a y e r   s e c t i o n   w i t h  a f i r s t   l a y e r   ( u n f r o z e n   g r o u n d )  
w i t h  a r e s i s t i v i t y   o f  2 ohm-m and a t h i c k n e s s   o f  
200 m; t he  second l a y e r  has a h i g h   r e s i s t i v i t y  
(frozen  ground) and a t h i c k n e s s   o f  350 m; t h e   t h i r d  

1. Equation (5) shows t h a t 6   i s  
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layer  (unfrozen  ground) has a r e s i s t i v i t y   o f  2.50 
ohm-m. The matching o f   t he   exper imen ta l   da ta  o f  
s t a t i o n  B has a la rger   range  o f   equ iva lence  than 
t h e   s e c t i o n   o f   s t a t i o n  A. The s o l u t i o n   i s   n o t  
s e n s i t i v e   t o  t e value  of P2 b u t   v e r y   s e n s i t i v e  
to   va lues  of 4 and 5 . 

The G u l l   I s l a n d   w e l l   o f f  Prudhoe Bay i s  
located  near   the  sounding  o f   s ta t ion B.  The E-log 
f r o m   t h e   G u l l   I s l a n d   e e l 1  showed t h e   t o p   o f  
permafrost   a t  204 m and the   bo t tom  a t  530 m, i n  
good  agreement w i t h   t h e   i n t e r p r e t a t i o n .  The 
i n t e r p r e t a t i o n s   a l o n g   a l l   l i n e s   c o u l d   b e   v e r i f i e d  
a t   t h r e e   o t h e r   w e l l   l o c a t i o n s .  The agreement a t  
t h ree   we l l s  was good. 

DISCUSSION 

Trans ien t   e lec t romagnet ic   exp lo ra t ion  was 
found  to   be an e f f e c t i v e   t o o l   i n  mapping top  and 
bottom  of  permafrost  onshore and o f f sho re .  
F e a t u r e s   f o u n d   p a r t i c u l a r l y   a t t r a c t i v e  o f  t h e  
method  are: 

La tera l   Reso lu t ion  

The  measurements  were made w i t h  a r e c e i v e r   i n  
the   cen te r   o f  a 500 m by  500 m t ransmi t te r   loop .  
Depth o f   e x p l o r a t i o n  i s  main ly  a f u n c t i o n   o f   t i m e  
ra the r   t han   t ransmi t te r - rece ive r   separa t i on .  A 
good l a t e r a l   r e s o l u t i o n   i s   m a i n t a i n e d   w i t h  deep 
explorat ion.  

Ve r t i ca l   Reso lu t i on  

I t  was shown t h a t   f o r  a two l a y e r   s e c t i o n   o f  
frozen  ground  underlain  by  unfrozen  ground, a 10% 
change i n  dep th   t o   t he   conduc t i ve  basement  causes 
about a 30% change i n  measured f i e ld .   Th i s   h igh  
s e n s i t i v i t y   t r a n s l a t e s   i n t o  a h i g h e r   v e r t i c a l  
r e s o l u t i o n .  
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OBSERVATIONS OF SOIL AND GROUND ICE I N  PIPELINE TRENCH EXCAVATIONS 
I N  THE SOUTH YUKON 
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D u r i n g   t h e   w i n t e r   o f  1980-1981, F o o t h i l l s   P i p e   L i n e s  (Yukon) Ltd.  excavated 
severa l   long   t renches   in   permaf ros t   in   o rder  t o  i n s t a l l   s e c t i o n s   o f  1.22 m 
d i a m e t e r   p i p e l i n e   a t   t h e   Q u i l l  Creek t e s t   f a c i l i t y   i n   t h e  South Yukon. The 
au thors   d i rec ted  a program  of d e t a i l e d   l o g g i n g   o f   t h e   d i f f e r e n t   s o i l   s t r a t a  and 
ground ice  format ions  encountered. A t o t a l   o f  900 l i nea r   me te rs  o f  t rench  was 
excavated  mostly by wheeled d i t c h e r   t o  a minimum depth   o f  2 m. The d i t c h  was 
logged by an exper ienced  technic ian, and several examples of the  logs  are  g iven.  
The v a r i a b i l i t y   i n   s u r f a c e   p e a t   c o v e r ,  sand and g rave l   s t ra ta ,  and a seam o f  
vo lcanic  ash are  clearly  demonstrated. The ash  layer was depos i ted   a t  a 
reasonab ly   we l l -de f ined  da te   in   the   recent   geo log ica l   pas t  and the re fo re   a l l ows  
ra tes   o f .depos i t ion   o r   g rowth   o f   sur face   layers   to  be establ ished.  The l a r g e  
area exposed  by the   t rench  wa l l   a l lowed  observa t ions   o f   d i f fe rences  between 
v i s i b l e   i c e  and excess   i ce   t o  be  made fo r   l ogg ing   i n   coa rse -g ra ined   so i l s .  It i s  
conc luded  tha t  i n e  s o i l   t y p e s  i t  i s   o f t e n   d i f f i c u l t   t o   d i s t i n g u i s h   p o r e   i c e  
i n   t h e   l a r g e   p o r e  spaces,  from  what i s  normally  considered  massive  or  excess  ice. 
Several  photographs  are  presented t o   i l l u s t r a t e   t h e   l o c a t i o n  of t h e   d i f f e r e n t  
s o i l   s t r a t a  and t h e  shapes  of several  massive  ice  features. Some of   the  massive 
i c e  forms  observed i n   t h e   t r e n c h   w a l l s   a r e   b e l i e v e d   t o  be r e l i c t   i c e  wedges. The 
t rench  a l lowed a three-d imensional   impress ion  o f   the  ground  ice  to  be obtained, 
which is   no t   normal ly   poss ib le   f rom  boreho les .  Some addi t ional   observat ions  are 
made r e l a t i n g   t o   t h e  success  of  wheeled d i t c h e r s   i n   t r e n c h i n g   t h e   d i f f e r e n t   s o i l  
t y p e s   a t   t h e   Q u i l l  Creek t e s t   f a c i l i t y .  

INTRODUCTION 

The Q u i l l  Creek t e s t   s i t e   ( F i g u r e  1) i s   l o c a t e d  
approximately 30 km northwest  of  Kluane  Lake i n  
the  southwestern Yukon.  The f a c i l i t y  was con- 
s t r u c t e d   i n  1981  by Foo th i l l s   P ipe   L ines  (Yukon) 
Ltd. t o   t e s t  a v a r i e t y   o f   p i p e l i n e   d e s i g n s ,  
construct ion  procedures,  and s l o p e   s t a b i l i z a t i o n  
methods i n  permaf ros t   te r ra in .  The main p o r t i o n  
o f   t h e   t e s t   s i t e   ( i n c l u d i n g   t h e   a r e a  where t rench -  
i n g  was conducted) i s   l o c a t e d  on a f ine-grained, 
p e a t y   a l l u v i a l   p l a i n   a d j a c e n t  t o  a g r a v e l   a l l u v i a l  
fan  formed  by Q u i l l  Creek as it e x i t s  from t h e  
Kluane Range Mountains in to   the   b road Shakwak 
va l ley.  The e n t i r e   t e s t   s i t e  area i s   u n d e r l a i n  by 
permafrost,  approximately  18 m i n   t h i c k n e s s .  

SITE DESCRIPTION 

The s i t e   i s   l o c a t e d   i n   t h e   s o u t h e r n   d i s c o n t i n -  
uous  zone o f   p e r m a f r o s t ,   i n  a r e g i o n   o f   t h i n  
permafrost and mean ground  temperatures i n   t h e  
range  of 0" t o  -1'C. The a i r   f r e e z i n g   i n d e x   a t  
t h e   n e a r b y   l o c a l i t i e s   o f  Burwash  Landing  and 
Des t ruc t i on  Bay i s  about 300O0C-days, and the  thaw 
index i s  about 1260°C-days. Pre l   iminary  borehole 
d r i l l i n g   i n d i c a t e d   t h e   p r e s e n c e  o f  i c y   s u b s o i l s  
t ha t   wou ld   pe rm i t   s i gn i f i can t   t haw  se t t l emen t   o f  
the  near-sur face  s t ra ta.  The ground  temperature 
and c l imat ic   da ta   con f i rm  the   d iscont inuous   na ture  
o f   pe rmaf ros t   a t   t he   s i t e .  

D u r i n g   c o n s t r u c t i o n   o f   t h e   t e s t   f a c i l i t y ,  900 m 
of d i t c h  was opened u s i n g   e i t h e r  backhoe o r  a 

F igure 1: Q u i l l  Creek Tes t   S i te   Loca t ion  

ro ta ry   bucket  wheel trenching  machine  capable o f  
excavating a t rench  3 m deep and 2.1 m wide. 
These  wide,  deep t renches   requ i   red   f o r   t es t  
s e c t i o n s   o f  1.22 m diameter gas p ipe l i ne   p rov ided  
an idea l   oppor tun i ty   fo r   observa t ions  and d e t a i l e d  
l ogg ing  o f  subsur face  so i l  and ice   cond i t ions .  
The s o i l  and ice  types  were  logged  according  to 
t h e   U n i f i e d   S o i l   C l a s s i f i c a t i o n  System  and t h e  
National  Research  Counci l   of Canada I c e  
C l a s s i f i c a t i o n  System (National  Research  Council 
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of Canada 1955, 1963). A two-d imensional   log  o f  
depth  versus  hor izonta l   d is tance was prepared 
showing s i g n i f i c a n t  changes i n   s t r a t i g r a p h y  and 
ice   type   o r   con ten t   a long one w a l l   o f   t h e   d i t c h .  
Representative samples  were taken  f rom  the   wa l l   o f  
t h e   t r e n c h   d u r i n g   l o g g i n g  and d e l i v e r e d   t o  a 
commercial s o i l s   l a b o r a t o r y   f o r   c l a s s i f i c a t i o n  and 
mois ture  content   test ing.  A genera l ized 
s t r a t i g r a p h i c   p r o f i l e   f o r   t h e   s i t e   i s  shown i n  
F igu re  2 a long  w i th   the   spec i f i c   a reas   t renched.  
Several  boreholes  which were d r i l l e d   d u r i n g  
p r e l i m i n a r y   i n v e s t i g a t i o n s   t o   c o n f i r m   t h e  
s u i t a b i l i t y   o f   t h e   s o i l s   f o r   t e s t  purposes  are 
a l s o  shown p l o t t e d   i n   F i g u r e  2. 

STRATIGRAPHY OBSERVED IN TRENCH EXCAVATIONS 

Volcanic Ash Layers 

Two vo lcanic   ash  layers were i d e n t i f i e d   i n   t h e  
t rench  wa l ls .  The more recent  White  River Ash 
which was desposited  about 1220 years B.P. (Hughes 
e t  a1 . 1972) b l a n k e t s   t h e   e n t i r e   t e s t   s i t e   a r e a  
and i n   t h i s   r e g i o n   i s  120-180 mm i n   t h i c k n e s s .  On 
the  extreme  eastern edge o f   t h e   t e s t   s i t e   t h i s  ash 
i s   o v e r l a i n  by approximately 2.5 m o f  sands  and 
gravels ,   w i th  a th in   peat   cover   forming  the 
present-day  surface. These  sands and gravels   are 
p a r t   o f   t h e   c u r r e n t l y   i n a c t i v e   w e s t e r n  edge o f  t h e  
Q u i l l  Creek a l l u v i a l  fan. 

Across  the  cent ra l  and w e s t e r n   p o r t i o n   o f   t h e  
t e s t   s i t e   t h i s  ash i s   o v e r l a i n  by peat and organic  
s i l t   t o  an average  depth o f  500 mm. I n  the  area 
o f   t he   t rench   des igna ted  12-5, however, t he   ash   i s  
on l y  100-200 mm below  the  ground  surface. 

The e a r l i e r   l a y e r   o f  ash was deposited between 
1850 and 1900 years B.P. (Hughes e t   a l .  1972)  and 
i s  much th inner ,   averaging  on ly  10-20 mm i n  
thickness. The lower ash u n i t  was present  only as 
a d iscont inuous band i n  some o f  t he   t rench   wa l l s  
(see  Figure 3). Where p r e s e n t ,   t h i s   u n i t   i s  
separated frnrr the   Whi te   R iver  Ash by 50-100 mm o f  

peat. It would  appear tha t   the   g rowth   ra te  of t h e  
peat   dur ing  the 650 y e a r   i n t e r v a l  between  the  ash 
l aye rs  was s ign i f i can t l y   s lower   t han  it i s   a t  
present. A de ta i l ed   examina t ion   o f   t he   v i s ib le  
i c e   c o n t e n t   d e s c r i p t i o n s   f o r   t h e   d i t c h   w a l l s   f r o m  
areas 9-1 and 0-2 r e s u l t e d   i n   t h e   i c e   ( m o i s t u r e )  
c o n t e n t   p r o f i l e s  shown i n   F i g u r e  4. A l though  the 
a b s o l u t e   v a l u e   o f   t h e   i c e   c o n t e n t   p r o f i l e   i s  
d i f f e r e n t   i n   t h e  two  t rench  wal ls ,   the shape of 
t h e   p r o f i l e   i s   s i m i l a r   i n  each  case. It c l e a r l y  
shows t h e   p o s i t i o n   o f   t h e   W h i t e   R i v e r  Ash r e l a t i v e  
t o   s i g n i f i c a n t  changes i n   t h e   m o i s t u r e  and thermal 
regime o f   t h e   d e v e l o p i n g   s o i l   p r o f i l e s .  The e a r -  
l i e r  and t h i n n e r  ash l a y e r  does no t   co inc ide   w i th  
any n o t i c e a b l e   e f f e c t  on t h e   i c e   c o n t e n t   p r o f i l e .  
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Figure 4: Ice  content  versus  depth  for   two  areas 
o f   t h e   s i t e  showing s i m i l a r i t y  o f  i c e   p r o f i l e  
above  and  below  the  White  River ash. 

Massive  Ice  Features 

Twenty-one rec tangu la r ,   f l a t - t opped   i ce  wedges 
were  exposed i n   t h e   t r e n c h   w a l l s   d u r i n g   t h e  
d i t ch ing   ope ra t i ons   (F igu re  5) .  All o f  these 
wedges were l o c a t e d   i n  a 370 rn s t r e t c h  o f  t h e  
c e n t r a l   p o r t i o n  o f  t h e   t e s t  area.  Nine o f   t h e  
wedges were greater   than 1.5 m wide, four  were 
between 0.5 and 1.0 m wide and the   remain ing   e igh t  
were less  than 0.3 m i n  width. The f l a t  tops o f  
most o f  these  i ce  wedges were 1.5 2 0.25 m below 
the   g round   su r face   wh i l e   t he   ac t i ve   l aye r   dep th   i n  
t h i s   r e g i o n   i s  between 0.5 and 0.75 m, Except i n  
a very few  cases the  Whi te   River  Ash l a y e r  above 
t h e   i c e  wedges i s  und is tu rbed ,   i nd i ca t i ng   t ha t   t he  
p e r i o d   o f   m a j o r   g r o w t h   o f   t h e   i c e  was p r i o r  t o  
1220 years B.P. Four o f   t h e   i c e  wedges  show s igns 
of   recent   growth and have  smaller wedges o r  
i r r e g u l a r   i c e  masses extending  f rom  the  top o f  t h e  
main wedge t o   t h e  base o f   t h e   c u r r e n t   a c t i v e  
l a y e r ,  as shown i n   F i g u r e  6. 

Figure 5: ~ ~ c ~ a n g ~ ~ a r  i c e  w e ~ g ~  in ~ r ~ n c h  Wall, 

Trench 9-6 was excavated  across an i n t e r m i t t e n t  
stream  course, and a p o r t i o n  of t h e   l o g   a t   t h e   t o p  
o f  the   eas t  bank i s  shown i n   F i g u r e  7. This  area 
contained an i n f i l l e d  stream  channel  (also shown 
i n   F i g u r e  6) as we l l  as a number o f   i r r e g u l a r   i c e  
lenses and massive ice  features  which  were  not  
found a t  any o t h e r   l o c a t i o n   i n   t h e   t e s t   s i t e  area. 
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F igu re  8: Geotechnical Logs from  two  boreholes  at  
s i t e .  

COMPARISON OF BOREHOLE  RESULTS WITH 
DITCH WALL LOGS 

Severa l   exp loratory   borehol  es were d r i  11  ed 
p r i o r   t o   t r e n c h i n g   o p e r a t i o n s ,  and it i s   o f  
i n t e r e s t   t o  compare t h e   f i n d i n g s   o f  a conventional 
d r i l l i n g   i n v e s t i g a t i o n   w i t h   t h e   o b s e r v a t i o n s  made 
from a f r e s h l y  exposed v e r t i c a l   t r e n c h   w a l l .  
F igu re  8 presents  geotechnical  logs from two 
boreholes (78-A-54  and 8 1 4 C - 8 2 )   d r i l l e d   p r i o r   t o  
di tching.  Al though  these  boreholes were not 
l oca ted  on t h e   d i t c h   c e n t e r l i n e ,   t h e y  were c l o s e  
enough t o   i l l u s t r a t e   t h e  comparison  between t h e  
t w o   i n v e s t i g a t i o n  methods. 

genera l   s t ra t i g raphy   i n   t he   a rea  and shows a 1.0 m 
veneer o f   i c y   p e a t  and o rgan ics   ove r l y ing  a 
l aye red  sequence o f  sands  and g rave ls   w i th  
occasional s i l t y   c l a y   l a y e r s .   T h i s  sequence was 
observed i n  many o f   t he   d i t chwa l l   l ogs ,   a l t hough  
l i t t l e   a p p r e c i a t i o n  o f  the  three-dimensional  
nature  o f   subsur face  ice  could be a t t a i n e d   p r i o r  
t o   d i t c h i n g .  However, t h e   o v e r a l l   e s t i m a t e   o f  
so i l  types and i c e   c o n t e n t   i n  most s o i l   l a y e r s  was 
l a t e r   g e n e r a l l y   v e r i f i e d  by d i t chwa l l   l ogg ing .  

same a rea   ( l oca t i on  shown i n   F i g u r e  2 ) ,  massive 
ground i c e   i s  shown from a depth o f  1.8-4.4 m. 
C lea r l y ,   t h i s   bo reho le   l og   i nd i ca tes  an extreme 
subsur face   i ce   cond i t ion ,  and genera l i za t i ons  
based on t h i s   l o g   w o u l d   p r o v e  t o  be completely 

Borehole 78-A-54 i n  F i g u r e  7 i s   t y p i c a l  of t h e  

R e f e r r i n g   t o   b o r e h o l e  81-QC-82, d r i l l e d   i n   t h e  

erroneous.  This becomes very  apparent when t h e  
d i tchwal l   logs  are  consul ted.  Wide, massive 
tabu la r   i ce   bod ies  were not  d iscovered  at  any 
p o i n t   a c r o s s   t h e   t e r r a i n  where t h e   t e s t   p i p e l i n e  
trenches were  excavated t o  depths  of  around 3 m. 
However, l o c a l i z e d   i c e  wedge fea tures   o f   the   o rder  
o f  1 m wide  were  del ineated  at  many loca t i ons .  It 
is   be l ieved,   then,   tha t   the  second borehole 
se lected  here f o r  i l l u s t r a t i v e  purposes  encounter- 
ed an i c e  wedge which  penetrated t o  a depth of a 
l e a s t  4.4 m. Th is   compar ison   i l l us t ra tes   the  
hazards o f   genera l i z i ng   subsu r face   i ce   p roper t i es  
based on a few  widely spaced  boreholes. 
I n t e r p r e t a t i o n s  and genera l i zed   s t ra t i   g raphy  
shou ld   ra the r  be based on a combined apprec ia t i on  
o f  geological   informat ion,   other  exposures,  and a 
knowledge of   geolog ica l   processes  in   the  area as 
we l l  as the  avai lab le  borehole  data base. 

the  presence  o f   ice  in   very   coarse  gra ined  so i ls .  
I n   g rave ls   con ta in ing  a s i g n i f i c a n t   f r a c t i o n  of 
c o b b l e   s i z e   p a r t i c l e s ,   t h e   v e r t i c a l   d i t c h w a l l  
prov ided an e x c e l l e n t   a p p r e c i a t i o n   o f   t h e  
three-d imensional   s t ructures o f  the  ground  ice. 
However, on s i t e   o b s e r v e r s   a t   t h e   t r e n c h i n g  
operat ions showed a s t rong  tendency   to   overes t i -  
mate  the  excess  ice  content  of   the  coarser-grained 
so i l s .   Th is   resu l ted   f rom  the   apparent ly   la rge  
e x t e n t   o f   i c e  exposed i n   t h e   v e r t i c a l   s e c t i o n ,  
which was found t o  be pore   i ce  on c l o s e r  
inspec t ion .   That   i s ,   i ce   in   la rge   pores   migh t  
appear t o  be excess  ice,   ra ther   than  pore  ice,  due 
t o  t h e   l a r g e   s i z e  of t h e   s o i l   p o r e  spaces. 

I n  summary, some advantages  and  disadvantages 
o f   t h e  two methods o f   subsur face   exp lo ra t ion  
should be mentioned.  Boreholes  have  the  advantage 
o f  great ly  reduced expense p e r   u n i t   d e p t h   i n v e s t i -  
g a t e d   b u t   f a i l   t o   p r o v i d e  a f u l l   a p p r e c i a t i o n   o f  
the  three-d imensional   ground  ice  s t ructure.  
Di tchwal l   logs  are  extremely  expensive i f  used 
s o l e l y   f o r   t h e  purposes o f   i n v e s t i g a t i o n  and can 
on ly   penet ra te  a l i m i t e d  depth. However, they  are 
o f   g r e a t   v a l u e   i n   a s s i s t i n g   t h e   e n g i n e e r  and 
g e o l o g i s t   i n   a p p r e c i a t i n g   t h e   o v e r a l l   s t r u c t u r e   o f  
ground  ice  features and  can h e l p   i n   e x p l a i n i n g  
borehole  anomalies and more c o r r e c t l y   g e n e r a l i z i n g  
s o i l  and i c e   s t r a t i g r a p h y .  

Another  important  comparison emerged i n   l o g g i n g  
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P a r t   o f   t h e   o p e r a t i o n s   a t   t h e   t e s t   s i t e  
i n v o l v e d  an examina t ion   o f   ava i l ab le   d i t ch ing  
methods i n  permafrost.  Therefore, it i s   o f  
i n t e r e s t   t o   b r i e f l y   o u t l i n e   t h e  methods  used and 
the  success  attained. One o f   t h e   s e l e c t i o n  
c r i t e r i a  used f o r   t h e   s i t e  was t h a t  i t  should 
e x h i b i t  a w ide   va r ie t y   o f   pe rmaf ros t   so i l  and i c e  
cond i t i ons ,  so t h a t   d i t c h i n g  success  could be 
monitored i n   d i f f e r i n g   s u b s o i l   c o n d i t i o n s .  

A Banis ter  Model 710 wheeled d i t c h e r  was used 
for   the  p ipe  t rench  excavat ions.  The d i t c h  
dimensions  were  approximately 2 m wide and 2-3 m 
deep depending on test   requirements.  The d i t c h  
s idewa l l s  were c lean and v e r t i c a l ,  and the   t rench  
base genera l l y   re f lec ted   the   topography  o f  t h e  
sur face  r ight -of -way.  Most o f   t he   d i t ches  were 
excavated t o   p a r t i a l  depth and then  completed t o  
f u l l  depth by subsequent  passes. Some a d d i t i o n a l  
excavat ion   tes ts   us ing  dr i l l  and b l a s t - a s s i s t e d  
backhoe excavation methods  were a l so   ca r r i ed   ou t .  

Wheel speeds o f   t h e   d i t c h e r  were mainta ined 
around 5 rpm, and the  maximum a v a i l a b l e  power a t  
t h e   d i t c h e r  wheel was 650 kW (870 HP). Average 
r a t e s  o f  progress  varted  from  about 30 m/h i n  
p redominant ly   f rozen  g ranu lar   so i l s   to  40-100 m/h 
i n  predominant ly   f ine-gra ined or o r g a n i c   i c y  
permafrost. These values  are  very dependent on 
the   degree  o f   r igh t -o f -way  p repara t ion ,   the   loca l  
permafrost   soi l   propert ies,   ground  temperatures,  
t he   l ayou t  and me ta l l u rgy   o f   cu t t i ng   t ee th ,   e t c . ,  
there fore   the   ra tes   quoted   here   shou ld   no t  be 
e x t r a p o l a t e d   f o r  use i n   o t h e r  areas  where  these 
fac to rs   a re   no t   we l l   es tab l i shed .  

the   fo rm  o f   i ce   lenses   tended  to   fa i l   th rough  the  
ice   dur ing   the   excavat ion   p rocess .   So i l s   w i th  
substant ia l   excess  ice  content  were t h e r e f o r e  
eas ie r   to   excavate .  When boulders o r  cobbles were 
p r e s e n t ,   t h e   r o c k   p a r t i c l e   f r a c t u r e d   i n  many cases 
be fo re  it became d i s lodged   f rom  the   i n   s i t u   f rozen  
so i l   matr ix .   Frozen sands  caused h ighe r   ra tes   o f  
abras ive wear on the   cu t t i ng   t ee th   t han   occu r red  
i n  f rozen   s i l t s ,   c l ay ,   o r   pea ts .  

It was obse rved   t ha t   so i l s   w i th   excess   i ce   i n  

DISCUSSION AND CONCLUSIONS 

The d i t ch ing ,   l ogg ing ,  and f i e l d   o b s e r v a t i o n s  
o f  near   sur face  permafrost   deposi ts   a t   the  Qui1 1 
Creek t e s t   f a c i l i t y  have prov ided a va luable 
i n s i g h t   i n t o   t h e   s o i l  and i c e   s t r a t i g r a p h y   i n   t h i s  
area  of   the  South Yukon. Of p a r t i c u l a r   i n t e r e s t  
i s   t h e  presence o f   i c e  wedge ground  ice  features.  
The s i t e   i s   l o c a t e d   i n  a discont inuous  permafrost  
area, where i c e  wedges are  not   genera l ly   cons ider-  
ed t o  be ac t i ve l y   f o rm ing   a t   t he   p resen t   t ime .  
I c e  wedges ac t ive ly   fo rm  in   con t inuous   permaf ros t  
areas (Washburn 1973),  or where mean ground 
temperatures  are -2°C o r   c o l d e r  (Romanovski i , 
referenced by Mackay et   a l .   1978) or where mean 
a i r  temperatures  are  colder  than -6" t o  -8°C  (Pewe 
1973). I n   a d d i t i o n ,  Mackay e t  a1 , (1978)   s ta te 
t h a t   i c e  wedges grow on r e c e n t   a l l u v i a l   i s l a n d s   i n  
t h e  Mackenzie  Delta where mean ground  temperatures 
a re  -2" and -3°C. F i n a l l y ,  Pewe (1966) concluded 
t h a t   i c e  wedges i n  Alaska were  most  abundant i n  
areas  of  continuous  permafrost where t h e  mean 

annual  ground  temperature i s  -5°C or   lower .  
None o f  t he   cond i t i ons   ou t1   i ned  above a r e  

r e a l i z e d   f o r   p r e s e n t - d a y   c o n d i t i o n s   a t   t h e   Q u i l l  
Creek s i t e ,  and the  ground  ice  features  are 
i n d i c a t i v e   o f  a s i g n i f i c a n t l y   c o l d e r   c l i m a t e   i n  
the   geo log ica l   pas t .   Th is   i s   no t   surpr is ing ,  as 
Mackay (1975)  and  others  have  inferred a warming 
t rend  in   recent   geo log ica l   t imes from a v a i l a b l e  
evidence. Mackay e t   a l .  (1978)  have  summarized 
the  ev idence  o f   ice wedges i n  many countr ies,  and 
Fukuda (1981) has repor ted   the   p resence  o f   i ce  
wedge cas ts   in   Hokka ido ,  Japan. The i c e  wedge 
f e a t u r e s   d e l i n e a t e d   i n   t h e   t r e n c h   w a l l   l o g s   i n   t h e  
South Yukon appear t o  support   ideas  that   the 
c l i m a t e  has been s i g n i f i c a n t l y   c o l d e r   i n   t h i s  area 
a t  some t i m e   i n   t h e   p a s t .  

area  have  allowed an est imate o f  the   g rowth   o f  
surface  peat.  This  appears t o  be g e n e r a l l y   i n   t h e  
range  o f  0.5 m i n  1,200 years ,   w i th  a somewhat 
s l o w e r   r a t e   p r i o r   t o   t h i s   t i m e .  

Observat ions  of   the  volcanic ash l a y e r   i n   t h i s  

REFERENCES 

National  Research  Counci 1 of Canada, 1955,  Guide 
t o   t h e   f i e l d   d e s c r i p t i o n   o f   s o i l s :  Tech. Memo 
37,  NRC 3813. 

t o  a f i e l d   d e s c r i p t i o n  of permafrost: Tech. 
Memo 79, NRC 7576. 

Fukuda, M., 1981, Fie1 d observations of i c e  wedge 
crack ing  in   the  permafrost   area  near  
Tuktoyaktuk, N.W.T., Canada: Con t r i bu t i on  No. 
2424, I n s t i t u t e   o f  Low Temperature  Science, 
Sapporo,  Japan, p. 45-60. 

Hughes, 0. L., Rampton, V. N., and  Rutter,  N. W . ,  
1972, Quar ternary  geology and geomorphology, 
southern and c e n t r a l  Yukon (no r the rn  Canada): 
X X I V  I n t e r n a t i o n a l  Geol. Congress  Guidebook 
A-11, Montreal. 

Mackay, J. R., 1975, The s t a b i l i t y   o f   p e r m a f r o s t  
and recen t   c l ima t i c  change i n   t h e  Mackenzie 
Valley, N.W.T.: Geological  Survey  of Canada, 
Paper  75-1, Par t  B, p.  173-176. 

Mackay, J. R., Konischev, V ,  N., and Popov, A. I., 
1978, Geologic   cont ro ls  on t h e   o r i g i n ,  
c h a r a c t e r i s t i c s  and d i s t r i b u t i o n   o f  ground  ice, 
Proc. 3 rd   I n t l .   Pe rmaf ros t  Conf., v. 2, p. 
1-18. Edmonton, NRCC No. 16529. 

permaf ros t   d is t r ibu t ion   in   Nor th   Amer ica :  
Geoforum  15, p. 15-26. 

c l a s s i f i c a t i o n ,   d i s t r i b u t i o n ,  and c l i m a t i c  
s i g n i f i c a n c e :  Proc. F i r s t   I n t l .   P e r m a f r o s t ,  
Layfayet te ,  Ind., p. 76-81. 

environments: London, Arnold, p.  320. 

National  Research  Council  of Canada, 1963, Guide 

Pewe, T. L., 1983, I c e  wedge casts  and past  

Pewe, T. L., 1966, I c e  wedges i n  Alaska- 

Washburn, A. L., 1973, Per ig lacial   processes and 



EVALUATION OF EXPERIMENTAL DESIGN FEATURES FOR 
ROADWAY CONSTRUCTION OVER PERMAFROST 

Dav id  C. Esch 

STATE OF ALASKA  DEPARTMENT OF TRANSPORTATION AND PUBLIC FACILITIES 
RESEARCH SECTION - 2301  Peger Road, Fai rbanks,   A laska  99701 

The s i d e   s l o p e s   o f   r o a d w a y  embankments i n  warm pe rmaf ros t   a reas   o f ten   cause  
s e v e r e   p r o b l e m s   f r o m   l o n g - t e r m   t h a w   r e l a t e d   s e t t l e m e n t s .   S o i l s   u n d e r l y i n g   t h e  
s n o w - c o v e r e d   s l o p e s   d o   n o t   t o t a l l y   r e f r e e z e   e a c h   w i n t e r ,   a s   t h e y   n o r m a l l y   d o  
b e n e a t h   t h e   c l e a r e d   p o r t i o n   o f   t h e   r o a d w a y .   T h i s   r e s u l t s   i n   p r o g r e s s i v e   s e t t l e -  
ments o f   t h e   o u t e r  edges o f   t h e  r o a d w a y   a n d   l o n g i t u d i n a l   c r a c k i n g   o f   t h e   r o a d w a y  
s u r f a c e ,   E x p e r i m e n t a l   i n s t a l l a t i o n s   o f   a i r   c o n v e c t i o n   d u c t s ,   i n   c o n j u n c t i o n   w i t h  
i n s u l a t i o n   l a y e r s   a n d  embankment toe  berms,  were made dur ing   1973  and 1974 on a 
n e w l y   c o n s t r u c t e d  7 m h igh   roadway embankment 40 km w e s t   o f   F a i r b a n k s .   P e r f o r m a n c e  
has   been   mon i to red   s ince   t ha t   t ime .   Resu l t s   t h rough   the   t haw ing   season  o f  1982 a r e  
presented .  No c o m b i n a t i o n   o f   f e a t u r e s   t e s t e d  was t o t a l l y   e f f e c t i v e   i n   p r e v e n t i n g  
long- te rm  thaw  and  se t t lements   o f   snow-covered embankment s l o p e s .   R e s u l t s   i n d i c a t e  
tha t   annua l   re f reez ing   benea th   snow-cove red   s ide   s lopes   m igh t   be   ach ieved   by   use  
o f   t h e   a i r - d u c t   m e t h o d .   I n s u l a t i o n   l a y e r s   w e r e   a l s o   i n s t a l l e d   a t   d i f f e r e n t   d e p t h s  
i n  r o a d w a y   c u t   s e c t i o n s   i n   i c e - r i c h   p e r m a f r o s t   a t   s i t e s   a p p r o x i m a t e l y   1 3  km west  
o f   F a i r b a n k s .   T h e s e   i n s t a l l a t i o n s   h a v e   d e m o n s t r a t e d   t h e   b e n e f i t s   o f   p l a c i n g  a 100 
mm t h i c k   i n s u l a t i o n   l a y e r   a t  a d e p t h   o f  1.2 m i n  a 3 m deep  subcut,  as  compared t o  
i n s t a l l i n g  a s i m i l a r   i n s u l a t i o n   l a y e r   a t  a g r e a t e r   d e p t h .  

INTRODUCTION 

P r e v i o u s   s t u d i e s   b y   t h e   A l a s k a   D e p a r t m e n t  o f  
Highways o f  roadways   cons t ruc ted   ove r   pe rmaf ros t  
have  shown t h a t   p r o g r e s s i v e l y   d e e p e r   t h a w i n g  
genera l l y   occu rs   benea th   annua l l y   snow-cove red  
roadway  s ide  s lopes,   even i n  areas   where   the  
embankment t h i c k n e s s   i s   a d e q u a t e   t o   p r e v e n t  
t h a w i n g   i n t o   t h e   u n d e r l y i n g   p e r m a f r o s t   b e n e a t h   t h e  
c leared  roadway  (Esch  1973, 1978). T h i s   s i d e   s l o p e  
t h a w i n g   r e s u l t s   i n   c o n s o l i d a t i o n   a n d   s l o p e   s e t t l e -  
ments i n  thaw  uns tab le   permaf ros t .  Any s e t t l e m e n t  
i n   t h e   s l o p e   a r e a s   r e s u l t s   i n   r o a d w a y   c r a c k i n g  
( F i g u r e  1). To s t u d y   t h e   b e n e f i t s   o f   d i f f e r e n t  
embankment s l o p e   d e s i g n s   i n   c o n t r o l l i n g   t h a w  
b e n e a t h   s i d e   s l o p e s   a n d   t o   e v a l u a t e   a l t e r n a t i v e  
i n s u l a t e d   r o a d w a y   d e s i g n s   f o r   c u t   s e c t i o n s   w h e r e  
t h e   v e g e t a t i o n   m u s t   b e  removed, a r e s e a r c h   p r o j e c t  
was i n i t i a t e d   i n  1973.  Ten d i f f e r e n t   c o m b i n a t i o n s  
o f  i n s u l a t i o n   l a y e r s ,   t o e  berms,  and a i r   d u c t i n g  
sys tems   were   i ns ta l l ed   on   new ly   cons t ruc ted  
h ighway  sec t ions   and  have  been  mon i to red   s ince  
1974. 

SITE LOCATIONS AND DESCRIPTIONS 

The  two s i t e s   s e l e c t e d   a r e   l o c a t e d   a t   A l d e r  
Creek  and  Bonanza  Creek,  approximately 13 and 40 
km w e s t   o f   F a i r b a n k s   o n   t h e   P a r k s   H i g h w a y .   I n  
these  a reas ,  new roadway  segments  were  routed 
a c r o s s   u n d i s t u r b e d   t e r r a i n ,   u n d e r l a i n   b y   i c e - r i c h  
s i l t   p e r m a f r o s t   s o i l s .   A l d e r   C r e e k   s i t e   f r e e z i n g  
and   t haw ing   i nd i ces   and   Fa i rbanks   snowfa l l   r eco rds  
d u r i n g   t h e   t e r m   o f   t h i s   s t u d y   a r e  shown i n   F i g u r e  
2. 

I n   t h e   A l d e r   C r e e k   v a l l e y   t h e  new roadway 
a l i g n m e n t   r e q u i r e d   s h o r t   c u t   s e c t i o n s   n e a r   t h e  
v a l l e y   b o t t o m   a t   t w o   p o i n t s   a p p r o x i m a t e l y  180 m 
eas t   and  360 m w e s t   o f   t h e   c r e e k   c r o s s i n g .  

7 Pavement 

Table Act’ve 

Thaw and 
Consolidation Zones 2 

FIGURE 1 T y p i c a l   r o a d w a y   d i s t r e s s   f r o m   t h a w  
benea th   s ide   s lopes .  

FIGURE 2 C l i m a t o l o g i c a l   d a t a   f r o m   A l d e r   C r e e k  
S i t e .  



S o i l s   w e r e   o r g a n i c   c o l l u v i a l   s i l t s  o f  l o e s s i a l  
o r i g i n ,   w i t h  a b lack   sp ruce   and  sphagnum  moss 
v e g e t a t i o n .   P e r m a f r o s t  was g e n e r a l l y   p r e s e n t  
beneath  a 0.6 m t h i c k   a c t i v e   l a y e r .   M o i s t u r e  
c o n t e n t s   r a n g e d   f r o m  30% t o  90%. M a s s i v e   i c e  was 
encountered  i n   n e a r l y   a l l   b o r i n g s   b e t w e e n   d e p t h s  
o f  4.5 and 14 m. 

I n   t h e   v i c i n i t y   o f  Bonanza  Creek t h e  new 
roadway   a l i gnmen t   requ i red   an  embankment r a n g i n g  
f r o m  6.7 t o  7.6 m i n   h e i g h t   o v e r   f r o z e n  muskeg. 
O v e r l y i n g   t h e   p e r m a f r o s t   a t   t h i s   s i t e   i s  a 0.3-0.6 
m t h i c k   p e a t   a c t i v e   l a y e r   c o v e r e d   w i t h  a su r face  
l a y e r   o f  sphagnum  moss,  and s c a t t e r e d   b l a c k  
s p r u c e .   F r o z e n   o r g a n i c   s i l t s   w e r e   p r e s e n t   b e n e a t h  
t h e   s u r f i c i a l   p e a t   l a y e r .   F r o z e n   w a t e r   c o n t e n t s   o f  
t h e   s i l t   r a n g e d   f r o m   3 0   t o  380%, averag ing   a round  
100%  by  weight .  No m a s s i v e   i c e  was encountered. 

DESIGN OF EMBANKMENTS 

Thermal  analyses o f   t h e   p r o p o s e d  embankments 
u s i n g   t h e   " M o d i f i e d   B e r g g r e n "   c a l c u l a t i o n   a p p r o a c h  
(Department o f   t h e  Army 1 9 6 6 ) ,   i n d i c a t e d   t h a t  
roadway  a rea   thawing   cou ld   reach  to  a depth   o f  
a p p r o x i m a t e l y  4.5 m. The i n s u l a t i o n   u t i l i z e d   i n  
t h i s   s t u d y  was Styrofoam  HI-35,  an  expanded 
p o l y s t y r e n e   f o a m   f r o m  Dow Chemical Company. T h i s  
p r o d u c t   i s   e s s e n t i a l l y   t h e  on ly  r o a d w a y   i n s u l a t i o n  
used in   Nor th   Amer i ca   (W i l l i ams   1968)   and   has  a 
t h e r m a l   c o n d u c t i v i t y   o f  0.029 W/m"C. 

A t   A l d e r   C r e e k   t h e   f i n a l   r o a d w a y   g r a d e  was o n l y  
0.6-1.3 m a b o v e   t h e   o r i g i n a l   g r o u n d   s u r f a c e ,  
n e c e s s i t a t i n g  some e x c a v a t i o n   a n d   r e p l a c e m e n t   o f  
t h e   u n d e r l y i n g   s o i l s   t o   p r e v e n t   s e t t l e m e n t   p r o b -  
lems. U t i l i z i n g  a f i x e d   d e p t h   o f   s u b c u t  o f  abou t  3 
m b e l o w   f i n a l   r o a d w a y   g r a d e ,   t w o   a l t e r n a t i v e  
i n s u l a t i o n   d e p t h s   w e r e   s e l e c t e d   f o r   f i e l d   e v a l u a -  
t i o n .  The f i r s t   d e s i g n   t y p e   i n v o l v e d   p l a c i n g  a 102 
mm t h i c k   i n s u l a t i o n   l a y e r  a s   c l o s e   t o   t h e   r o a d w a y  
s u r f a c e  (1.2 m) a s   p e r m i t t e d   b y   c o n s t r u c t i o n  
equipment   wheel   loadings,   and i s   r e f e r r e d   t o   a s  
t h e   " t o p - i n s u l a t e d "   c u t   ( F i g u r e  3 ) .  T h i s   d e s i g n  
r e s u l t e d   i n  a t h i c k n e s s   o f  1.7 m o f  fill between 
t h e   i n s u l a t i o n   l a y e r   a n d   t h e   p e r m a f r o s t   a t   t h e  
bo t tom o f  the   subcut ,   and was used  f rom 326 t o  426 
m w e s t   o f   A l d e r   C r e e k .  

F o r   c o m p a r i s o n   p u r p o s e s ,   i n s u l a t i o n  was a l s o  
i n s t a l l e d   i n  a s i m i l a r   c u t   a r e a   l o c a t e d   f r o m  326 
t o  426 m e a s t   o f   A l d e r   C r e e k .   I n   t h i s   a r e a   t h e  102 
mm t h i c k   i n s u l a t i o n  was p l a c e d   a t   t h e   b o t t o m   o f  
t h e   s u b c u t ,   d i r e c t l y  on p e r m a f r o s t   a t  a dep th  o f  
3.3 m b e l o w   f i n a l   g r a d e   ( F i g u r e  4) .  

A t  Bonanza  Creek, a 7 m embankment h e i g h t  was 
r e q u i r e d   b e c a u s e   o f   r o a d w a y   g r a d e   r e s t r i c t i o n s ,  
t he rma l l y   more   t han   adequa te   t o   p reven t   seasona l  
t h a w   p e n e t r a t i o n   i n t o   t h e   u n d e r l y i n g   p e r m a f r o s t .  
However,  problems o f   s l o p e   a n d   s h o u l d e r   a r e a  
s e t t l e m e n t s   w e r e   a n t i c i p a t e d .   T h r e e   d i f f e r e n t  
t y p e s   o f   s l o p e   m o d i f i c a t i o n s   w e r e   s e l e c t e d  f o r  
f i e l d   e v a l u a t i o n   t o   r e t a r d   t h i s   s i d p   s l o p e  
t h a w i n g ,   i n c l u d i n g   i n s u l a t i o n   l a y e r s ,   t o e   b e r m s ,  
and a i r   c o n v e c t i o n   c o o l i n g   d u c t s .  

Toe  berms  were  designed f o r  a t h i c k n e s s   o f  
1.8 m o f   s i l t  w a s t e ,   t h e   c a l c u l a t e d   t h i c k n e s s  
r e q u i r e d   t o   p r e v e n t   t h e   f i r s t   y e a r ' s   t h a w   f r o m  
p e n e t r a t i n g   b e n e a t h   t h e  berm.  The f u l l  be rm  w id th  
was s e t   a t  6.1 m, w i t h  a 30.5 m t r a n s i t i o n   l e n g t h  
t o   p e r m i t   s t u d i e s  o f  t h e   e f f e c t   o f  berm  w id th .  

The a i r   c o n v e c t i o n   d u c t s   w e r e   i n c l u d e d   i n   t h i s  
s t u d y   t o   d e t e r m i n e   t h e i r   b e n e f i t s   i n   r e m o v i n g   h e a t  
a n d   r e f r e e z i n g   t h e   s o i l   b e n e a t h   t h e  snow cover .  A 
d e t a i l e d   d i s c u s s i a n  o f  a i r   d u c t s  for b u i l d i n g  
f o u n d a t i o n s   i s   p r e s e n t e d   b y   t h e   D e p a r t m e n t   o f   t h e  
Army ( 1 9 6 6 ) .   T h e   d u c t s   f u n c t i o n   i n   c o n v e c t i o n   o n l y  
i n   w i n t e r .  The a d j a c e n t   s o i l  warms t h e   a i r   i n s i d e  
t h e   d u c t ,   c a u s i n g  i t  t o  expand  and r i s e  u p   t h e  
e x h a u s t   s t a c k ,   a t   t h e  same t i m e   d r a w i n g   i n   c o o l  
a i r   a t   t h e   i n l e t .  Dampers  were  included,  and  are 
m a n u a l l y   c l o s e d  i n  summer. Two d i f f e r e n t   l a y o u t s  
f o r   t h e   d u c t s   w e r e   u t i l i z e d   o n   t h e   n o r t h   a n d   s o u t h  
s i d e s   o f   t h e  embankment,  as  shown i n   F i g u r e  5 .  The 
duc ts   were   cons t ruc ted   f rom 0.2 m d i a m e t e r   c o r -  
r u g a t e d   m e t a l   p i p e ,   i n s t a l l e d   w i t h   t h e   i n l e t   e n d s  
a b o v e   t h e   d e p t h   o f  maximum  snow c o v e r ,   a n d   w i t h  3 
m h i g h   e x h a u s t   s t a c k s .  

CONSTRUCTION  OPERATIONS 

C o n t r a c t   s p e c i f i c a t i o n s   r e q u i r e d   t h a t   e x c a v a -  
t i o n s   i n t o   p e r m a f r o s t   a n d   t h e   p l a c i n g   o f   i n i t i a l  
0.9 m t h i c k   g r a v e l   w o r k i n g   p a d s   t o   b e   p e r f o r m e d  
d u r i n g   t h e   f a l l   s e a s o n   o f  1973.  Ground c o o l i n g   a n d  
t o t a l   r e f r e e z i n g   w e r e   a s s u r e d   b y   p e r i o d i c a l l y  
remov ing   the  snow c o v e r   f r o m   t h e   w o r k i n g   p a d s   i n  
t h e   s t u d y   a r e a s   d u r i n g   t h e   1 9 7 3 - 1 9 7 4   w i n t e r .  

The i n s u l a t i o n   l a y e r   f o r   t h e   b o t t o m  o f  t h e  
s u b c u t   a r e a   a t   A l d e r   C r e e k  was a l s o   p l a c e d   d u r i n g  
t h i s   f a l l   c o n s t r u c t i o n   p e r i o d ,   f o l l o w e d   b y   p l a c e -  
ment o f   t h e   i n i t i a l  1.5 m b a c k f i l l   l a y e r   t o  
c o m p l e t e   t h e   w o r k i n g   p a d   c o n s t r u c t i o n .   I n   a l l  
o the r   s tudy   a reas ,   i nsu la t i on   p lacemen t   and   be rm 
c o n s t r u c t i o n   w e r e   d o n e   e a r l y   i n   t h e   s p r i n g   o f  
1974, f o l l o w e d  by comp le t i on   and   pav ing  i n  1975. 

M a t e r i a l s   u t i l i z e d   a t  Bonanza  Creek  included  an 
i n i t i a l  0.9 m t h i c k   w o r k i n g   p a d  o f  wea the red   rock  
p l a c e d   a t  1,790 kg/m3 and  16%  moisture,   and 
covered  by  a 3.0-3.6 m t h i c k n e s s   o f   s i l t   a t  1,760 
kg/m3 and 10% m o j s t u r e .  The s i l t   s o i l s   i n   t h e  
berms  had a f i n a l   d e n s i t y   o f .   a p p r o x i m a t e l y  1,600 
kg/m3  and a m o i s t u r e   c o n t e n t   o f  15%. 

INSTRUMENTATION DETAILS 

The  thermal   per formance o f  t h e   v a r i o u s   d e s i g n  
f e a t u r e s   i s   e v a l u a t e d   f r o m   m o n t h l y   s u b s u r f a c e  
tempera tures   measured  w i th  a system o f  528 thermo- 
c c u p l e s   a n d   2 7   t h e r m i s t o r s   i n s t a l l e d   i n   1 4   h o r i -  
z o n t a l   s t r i n g s   a n d   i n   2 4   v e r t i c a l   b o r i n g s  made 
t h r o u g h   t h e  embankment. Th ree   bo r ings   were   a l so  
made and  ins t rumented i n  a d j a c e n t   f o r e s t   a r e a s  t o  
p r o v i d e   c o m p a r i s o n s   w i t h   n a t u r a l   c o n d i t i o n s .  

S i t e   a i r   t e m p e r a t u r e s   a r e   o b t a i n e d   b y   b a t t e r y  
opera ted   recorders   housed i n  Weather  Bureau  type 
s h e l t e r s   p l a c e d   n e a r   e a c h   s i t e .   S u r f a c e   t e m p e r a -  
t u r e s  o f  n o r t h   a n d   s o u t h   f a c i n g  embankment s lopes  
and o f   t h e  r o a d w a y   s u r f a c e   a r e   r e c o r d e d   a t   t h e  
Bonanza  Creek s i t e .  

To p r o v i d e  a bas i s   f o r   repea ted   measuremen ts   o f  
s i d e   s l o p e   s e t t l e m e n t s   a n d   l a t e r a l   s p r e a d i n g ,  
c ross -sec t i on   re fe rence   hubs   and   na i l s   were   p laced  
a t   a p p r o x i m a t e l y  3 m i n t e r v a l s   f r o m   t h e   c e n t e r l i n e  
t o  t h e   t o e   o f   t h e  embankment s lopes  on a l l   s t u d y  
s e c t i o n s ,   a n d   r e f e r e n c e d   t o  a non-heaving  hench- 
mark. Thaw depths  i n   t h e   t o e  o f  slope  and  berm 
areas  are  measured  by means o f  hand o r  power 
a s s i s t e d   p r o b i n g   w i t h  12.7 mm d i a m e t e r   s t e e l   r o d s .  
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PERFORMANCE COMPARISONS-INSULATED  CUTS 

The r e l a t i v e   p e r f o r m a n c e   o f   s i m i l a r   s h a l l o w  
roadway c u t   s e c t i o n s  made i n t o   i c e - r i c h  perma- 
f r o s t ,   a n d   i n s u l a t e d   w i t h   p o l y s t y r e n e   f o a m   l a y e r s  
p l a c e d   a t   d i f f e r e n t   d e p t h s ,  was de termined  by  
e x a m i n a t i o n   o f   t h e   A l d e r   C r e e k   i n s u l a t e d   c u t s .  
Data   on   thaw  depths ,   se t t lements ,   and  tempera ture  
changes i n  t h e   u n d e r l y i n g   p e r m a f r o s t   h a v e   b e e n  
o b t a i n e d   o v e r   t h e   s e v e n   y e a r   p e r i o d   s i n c e   c o n -  
s t r u c t i o n .  

The s e c t i o n   d e s i g n e d   a n d   c o n s t r u c t e d   w i t h  102 
mm o f   i n s u l a t i o n   p l a c e d   a t  a d e p t h   o f  1.2 m 
benea th   t he   pavemen t ,   reached   an   apparen t   s ta te   o f  
t h e r m a l   e q u i l i b r i u m   w i t h i n  5 y e a r s   a f t e r   c o n s t r u c -  
t i o n .  Thaw depths  beneath  the  roadway  ranged  f rom 
3.1 t o  3.3 m dur ing   the   1979-1982 summers. T h i s  
annua l   thawing ,   wh ich   reaches   f rom 1.7 t o  1.9 m 
b e n e a t h   t h e   i n s u l a t i o n ,   h a s   b e e n   t o t a l l y   c o n f i n e d  
t o   r o c k  fill p l a c e d   w i t h i n   t h e   s u b c u t .   F u l l   a n n u a l  
r e f r e e z i n g   h a s   a l w a y s   o c c u r r e d   b e n e a t h   t h e   c l e a r e d  
roadway.  However, some p r o g r e s s i v e l y   d e e p e r  
t h a w i n g   h a s   o c c u r r e d   e a c h   y e a r   b e n e a t h   t h e   s i d e  
s lope  and  berm  areas,   and 0.5 m t h i c k   t a l i k  zones 
e x i s t e d   b e n e a t h   t h e s e   s l o p e   a r e a s   b y  1982. Cross- 
- s e c t i o n   s e t t l e m e n t   p r o f i l e s   s i n c e   1 9 7 5   ( F i g u r e  3 )  
i n d i c a t e   t h a t   p r o g r e s s i v e   a n n u a l   s e t t l e m e n t s   a r e  
o c c u r r i n g   i n   s l o p e   a n d   b e r m   a r e a s ,   e x c e e d i n g  0.25 
m and 0.33 m, r e s p e c t i v e l y   i n   t h e  7 y e a r s   s i n c e  
c o n s t r u c t i o n .   H o w e v e r ,   o n l y   m i n o r   s e t t l e m e n t s ,  
t o t a l i n g  58 mm o v e r  7 yea rs ,   have   been   obse rved   a t  
the   roadway  sur face .  Some l o n g i t u d i n a l   s h o u l d e r  
a rea   c racks   have   occu r red   as  a r e s u l t   o f   t h e  
s i d e s l o p e   a n d   b e r m   a r e a s   s e t t l i n g  much more  than 
t h e   r o a d w a y   i t s e l f .  

T h e   b o t t o m   i n s u l a t e d   c u t   s e c t i o n ,   c o n s t r u c t e d  
w i t h  a t h i c k n e s s   o f  102 mm o f   i n s u l a t i o n   p l a c e d  
d i r e c t l y  on t h e   p e r m a f r o s t   a t  a d e p t h   o f  3.2 m, 
demons t ra ted   ve ry   excess i ve   roadway   a rea   se t t l e -  
men ts   (F igu re  4 )  as  compared t o   t h e   n e a r l y   s t a b l e  
" t o p - i n s u l a t e d "   c u t   s e c t i o n   d i s c u s s e d   a b o v e .  The 
r e l a t i v e   p e r f o r m a n c e   o f   t h e s e   t w o   c u t s   i s   c o m p a r e d  
i n   T a b l e  1, a l o n g   w i t h   d a t a   f r o m  an a d j a c e n t  
u n d i s t u r b e d   f o r e s t   s i t e .  The t o p - i n s u l a t e d   c u t  
d e s i g n   r e s u l t e d   i n   l o n g - t e r m   s e t t l e m e n t s   o n l y  8% 
as   g rea t   as   ad jacen t   un insu la ted   roadway   a reas ,  
w h i l e   t h e   b o t t o m   i n s u l a t e d   c u t   s e t t l e m e n t s  was 48% 
o f   t h e   u n i n s u l a t e d   a r e a   s e t t l e m e n t s ,  

The e x c e l l e n t   r o a d w a y   p e r f o r m a n c e   o f   t h e   t o p -  
i n s u l a t e d   s e c t i o n   i n d i c a t e s   t h e   b e n e f i t   o f   p l a c i n g  
i n s u l a t i o n   l a y e r s   a s   n e a r   t o   t h e   s u r f a c e   a s  
p r a c t i c a l   a n d   p r o v i d i n g  a t h i c k n e s s   o f   c o m p a c t e d  
sand o r   g r a v e l   b e n e a t h   t h e   i n s u l a t i o n   s u f f i c i e n t  
t o   c o n t a i n   t h e   a n n u a l   t h a w  z o n e .   B o t h   c u t   s e c t i o n s  
d e s i g n   h a v e   a n n u a l l y   r e f r o z e n   t o   t h e   f u l l   d e p t h  
thawed  beneath  the  pavement   and  shoulder   areas,  

FIGURE 3 C r o s s - S e c t i o n   d e t a i l   a n d   s e t t l e m e n t   p l o t  
f o r   t o p - i n s u l a t e d   c u t   a t   A l d e r   C r e e k .  

FIGURE 4 C r o s s - s e c t i o n   d e t a i l s   a n d   s e t t l e m e n t  
p l o t s   f o r   b o t t o m - i n s u l a t e d   c u t   a t   A l d e r   C r e e k .  

TABLE 1 Comparat ive  Performance o f  Cut Sections  Betrrcen  1975  and 1982. 

C o n d i t i o n   o r  Max. Thaw Permaf ros t   Pe rmaf ros t  Temp. 
I n s u l a t i o n  Thaw i n t o   C e n t e r 1  i ne Temp.  Temp. Reference 
Depth (m) Depth (m) Permaf ros t   (m)   Set t lement   (m)  Change ( " C )  Jan.  1982("C)  Depth (m) 

102 mm @-1.2 m 3.3 0.00 0.06 to. 26 -0.49 -9.4 
102 mm P - 3 . 2  m 4.2 0.70 0.38 +0.12 -0.55 -10.0 
No I n s u l a t i o n  --- "- 0.79 " - "- 
F o r e s t  0.7 0.00 -" +o. 01 -a. 46 -9.1 

-" 



However, t a l i k s  have developed  beneath a l l   s i d e -  
slope and  berm areas,  ranging i n   t h i c k n e s s   f r o m  
0.5 t o  1.0 m a f t e r  7 years. These t a l i k s   a r e  
growing i n   t h i c k n e s s   i n   n e a r l y   e q u a l   a n n u a l  
increments. 

Temperature  trends a t  depths o f  about 10 m be- 
l o w   t h e   o r i g i n a l   p e r m a f r o s t   s u r f a c e s   i n d i c a t e   v e r y  
minor  warming f o r   t h e  subroadway permafrost,  rang- 
ing   f rom 0.12-0.26"C over 7 years.  Temperatures a t  
t h i s   d e p t h   a r e   s t i l l   s l i g h t l y   c o l d e r   t h a n   b e n e a t h  
the   und is tu rbed   f o res t .   Th i s   i nd i ca tes   t he  roadway 
t o  have an average  surface  temperature  very  c lose 
t o   t h e   o r i g i n a l   u n d i s t u r b e d   f o r e s t   c o n d i t i o n ,   a l -  
though  the  annual   temperature  var iat ions and  thaw 
dep ths   f o r   t he  roadway a r e  much g rea te r .  

Embankment Performance--Bonanza  Creek 

The r o a d   r o u t i n g   a t  Bonanza  Creek was essen- 
t i a l l y  east-west, and the   s lope   f ac ing   sou th  was 
most heav i l y   ins t rumented  fa r   tempera tures .   Ma jor  
d i f f e rences   i n   vege ta t i on   dens i t y   have  been noted, 
w i t h  much be t te r   g rowth  on the  south  s lope. 

Cont inuous  recorders  were  instal led i n  1975 t o  
measure the  sur face  temperatures  o f   the pavement 
sur face  and  the  nor th  and sou th   f ac ing  2 : l  s ide -  
slopes.  During 4 years  o f   observat ions  the  average 
surface  temperatures  were 0.5"C f o r   t h e  pavement, 
and 1.9"C and 5.0"C f o r   t h e   n o r t h  and south- fac ing 
slopes,  respect ively.   Surface  thawing season n 
Fac tors   fo r   these  po in ts   were  1.73, 1.02, and 
1.72, respec t i ve l y ,   wh i l e   f reez ing  season n 
Factors  were 1.05, 0.40, and 0.45. The  mean a i r  
tempera ture   over   th is   per iod  was -2.7"C. 

Maximum thaw  depths  observed  beneath  the  road- 
way c e n t e r l i n e   a t   t h r e e   l o c a t i o n s   i n   t h e   s t u d y  em- 
bankment ranged  from 4.1 t o  4.9 m y  averaging 4.6 
m. Th is  was roughly  about 2.5 m above t h e   o r i g i n a l  
ground  surface.  There  were no i n d i c a t i o n s   o f   p r o -  
g ress ive   inc reases   in   thaw  depth   w i th   t ime.  

Thaw depths   a t  a cons tan t   d is tance o f  2.4 m 
i n s i d e   t h e   n o r m a l   p o s i t i o n   o f   t h e   t o e  o f  slope, as 
i f  no  berms  had  been  used, a re   p resen ted   f o r  
comparison in Figure 6. Thawing o f   t h e  embankment 
p e r m a f r o s t   f o u n d a t i o n   s o i l s   a t   t h i s   l o c a t i o n   i s  
cons idered  to  be ve ry   de t r imen ta l   t o   s ides lope  
s tab i l i t y .   Th i s   f i gu re   demons t ra tes  a progress ion 
o f   t h a w i n g   i n   s p i t e   o f   a l l   c o m b i n a t i o n s   o f   t r e a t -  
ments, as we1 1 as p r o g r e s s i v e l y   g r e a t e r   b e n e f i t s  
i n  reduced  thawing   f rom  the   add i t ion   o f  berms, a i r  
coo l ing   duc ts ,  and  berm i n s u l a t i o n   l a y e r s .  The 
embankment sect ions  which  featured  the  combinat ion 
o f   t o e  berms  and i n s u l a t i o n   l a y e r s  were much more 
e f f e c t i v e   t h a n   u n i n s u l a t e d  berms. 

Comparisons o f   t h e   r e l a t i v e   b e n e f i t s   o f   t h e  
d i f ferent   s ides lope  t reatments  can  be made on the  
bas is   o f   severa l   fac to rs ,   inc lud ing   thaw  depths ,  
sur face  set t lements and l a t e r a l   s l o p e  movements. 
Thaw depth changes  beneath  the  side  slopes  over 
the  7 y e a r s   f o l l o w i n g   c o n s t r u c t i o n   a r e  shown i n  
F igu re  7. Data  f rom  years  not  shown on these   p lo t s  
were  in termediate  between  the  years  p lo t ted,  and 
w e r e   o m i t t e d   f o r   c l a r i t y .  

Air Ducts 

Air convec t i on   coo l i ng   duc ts   were   o f   s ign i f i -  
c a n t   b e n e f i t   i n   r e t a r d i n g  thaw o f   t h e   f o u n d a t i o n  
s o i l s ,   p a r t i c u l a r l y  when used i n   c o n j u n c t i o n   w i t h  
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FIGURE 5 Overa l l   v iew  o f   exper imenta l  embankment 
d e t a i l s   a t  Bonanza  Creek. 
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FIGURE 6 Thaw d e p t h s   f o r   d i f f e r e n t  embankment 
des igns ,   a t  2.4 m i n s i d e  normal embankment toe. 

i nsu la t i on   l aye rs   p laced   t o   reduce  summertime heat 
ga ins i n   t h e   s o i l s   c o o l e d   b y   t h e   d u c t  system. 
Exper imental   studies and  subsequent  analyses o f  
these  duc ts   ind ica ted   tha t  a l a rge r   d iamete r   duc t  
would  have been  more e f f e c t i v e ,  and a duct  design 
methodology  has  since  been  developed. Roadway 
sur face and shoulder movements i nd i ca ted   t ha t   t hese  
ducts  were  located t o o  f a r   f r o m   t h e   c e n t e r   o f   t h e  
embankment t o   c o n t r o l   t h o s e  movements. 

Embankment Toe Berms and Insu la t i on   Laye rs  

The use o f   t o e  berms c o n s t r u c t e d   o f   s i l t   o r  
waste  mater ia ls  showed on ly   ve ry   m ino r   bene f i t s  on 
thaw  beneath  the  s ideslopes,  retarding  the  progres- 
s i o n   o f  thaw t o  any  given  depth  by 1-3 years. A 6 m 
berm w i d t h  was s l i g h t l y   s u p e r i o r   t o  a 3 m wide  berm 
on a s h o r t - t e r m   b a s i s ,   b u t   n e i t h e r  berm type 
prevented  long-term  thaw  progressions.  This  might 
be expected, as berms present  increased  areas of 
permafrost   surface  disturbance,  which  are  e levated, 
wel l   dra ined,  and poor ly   vegetated,  and t h e r e f o r e  
warmer t h a n   t h e   o r i g i n a l  muskeg surface  covered  by 
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t h e  berm.  Berms  were m a r g i n a l l y   e f f e c t i v e   i n  
r e d u c i n g   s e t t l e m e n t s   a n d   l a t e r a l   s h e a r - t y p e  
movements o f   t h e   l o w e r  and   m id -s lope   a reas   due   t o  
t h e i r   s u p p o r t i n g   a n d   c o u n t e r b a l a n c i n g   e f f e c t s ,  
b u t   h a d   l i t t l e   o r  n o   b e n e f i t   i n   r e d u c i n g  move- 
ments o f   t h e   c r i t i c a l  roadway  sur face  area.  

I n s u l a t e d   t o e  berms p r o v i d e d  a m a j o r   r e d u c t i o n  
i n  t h a w i n g ,   w i t h   t h a w   p r o g r e s s i o n   i n t o   t h e   u n d e r -  
l y i n g   p e r m a f r o s t   d e l a y e d   b y   a b o u t  4 yea rs   by   use  
o f  51 mm o f  i n s u l a t i o n   a s   c o m p a r e d   t o   s i m i l a r  

...u n insu la ted   be rms .   However ,   t he   l ong - te rm  thaw ing  
t rends   benea th   be rms   and   s lopes   were   no t   a r res ted  
b y   t h e   i n s u l a t i o n   u s a g e ,  The p l a c e m e n t   o f  5 1  mm 
t h i c k  x 4.9 m w i d e   t o e   i n s u l a t i o n   l a y e r s   a t  a 
h e i g h t  o f  1 m a b o v e   t h e   t o e s   o f  a normal  embank- 
ment   w i thout   berms,   p roved o f  no s i g n i f i c a n t  
b e n e f i t   i n   r e t a r d i n g   t h a w   o r   r e l a t e d  movements. 

Observa t ions   on  Embankment  Movements 

All embankment  measurement p o i n t s   w e r e   i n  a 
s t a t e   o f   p r o g r e s s i v e  movement  downward  and  outward 
d u r i n g   t h e  7 y e a r s   o f   o b s e r v a t i o n s .   V e r t i c a l  
s e t t l e m e n t s   o f   t h e   r o a d w a y   c e n t e r l i n e   a v e r a g e d   2 9  
mm/yr, w i t h   l i t t l e   v a r i a t i o n  b e t w e e n   t r e a t m e n t s   o r  
years .   Because  observa t ions  show  no p e r m a f r o s t  
t h a w i n g   b e n e a t h   t h e   c e n t e r   o f   t h e  embankment, t h e  
p o s s i b i l i t y  o f  t hese  movements b e i n g   t h e   r e s u l t  o f  
s t r e s s - r e l a t e d   c r e e p   o f   t h e   u n d e r l y i n g  warm 
(-0.6"C) permaf ros t   must   be   cons idered.  

S i d e s l o p e   v e r t i c a l   a n d   l a t e r a l  movements  have 
been v e r y   g r e a t   a t   t h i s   s i t e ,   w i t h   u p   t o  1 m of 
s e t t l e m e n t   a n d   l a t e r a l  movement o f  some r e f e r e n c e  
p o i n t s   i n   m i d d l e  t o  l o w e r   s l o p e   a r e a s .  Some of 
t h e s e   s l o p e  movements appear t o  b e   r e l a t e d   t o  
a n n u a l   f r o s t   a c t i o n   a n d   s o l i f l u c t i o n   t y p e  mecha- 
n i sms ,   ra the r   t han   t o   pe rmaf ros t   t haw  and   conso l -  
i d a t i o n .   F r o s t   a c t i o n   r e l a t e d  movements  appeared 
p a r t i c u l a r l y   i n t e n s e  on t h e   n o r t h - f a c i n g   s l o p e ,  
pe rhaps   because   t h i s  was t h e   u p s t r e a m   s i d e   o f   t h e  
embankment  and  had  more w a t e r   a v a i l a b i l i t y  due 
t o   p o n d i n g   f r o m   t h e   d i k e   e f f e c t  o f  t h e   f r o z e n  
embankment. V e r t i c a l   s e t t l e m e n t s   a n d   l a t e r a l  
movements o f  t h e   r e f e r e n c e   h u b s   a r e  shown by  
F i g u r e s  8 f o r  a normal embankment s e c t i o n   a n d   f o r  
t h e   f u l l   t r e a t m e n t   s e c t i o n   w h i c h   c o m b i n e d   b e r m s ,  
a i r   d u c t s ,   a n d   i n s u l a t i o n   l a y e r s .   I n t e r m e d i a t e  
l e v e l s  o f  movement  were g e n e r a l l y   n o t e d   f o r   o t h e r  
t r e a t m e n t s   o r   c o m b i n a t i o n s   t h e r e o f .  A t  the  roadway 
s u r f a c e ,   v e r t i c a l   a n d   l a t e r a l  movements r e s u l t e d  
i n   t h e   f o r m a t i o n   o f   c r a c k s   a n d   2 0 - 4 0  mm deep 
r u t t i n g   i n   t h e   o u t e r   w h e e l p a t h s ,   w h i c h   r e q u i r e d  
p a t c h i n g   a n d   l e v e l l i n g  o f  a l l   s e c t i o n s   i n  1981. 
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FIGURE 8 L a t e r a l  and v e r t i c a l  movements o f  normal 
and  bermed, i nsu la ted ,  and ducted embankments, 
f r o m   r e f e r e n c e   p o i n t s   a t   v a r i o u s   d i s t a n c e s   l e f t  
and r i g h t  of roadway c e n t e r l i n e .  

SUMMARY 

S t u d i e s   o f  roadway cu ts  and embankment move- 
ments  and  thermal  changes  have  been made on 10 
instrumented roadway study  sect ions  near  
Fairbanks,  Alaska,  wi th  cont inuous  records  kept 
from 1974 t o  1982. I n   a l l  cases,  the  permafrost 
c o n d i t i o n  has  been mainta ined  beneath  the  c leared 
roadway  and shoulder  areas.  Excessive  thaw-related 
settlements  were  observed i n  a c u t   s e c t i o n   i n s u l a -  
t e d   a t  a depth  o f   3 .2  m, w h i l e  a s i m i l a r   s e c t i o n  
w i t h   t h e   i n s u l a t i o n   p l a c e d   a t  a 1.2 m depth has 
had n e g l i g i b l e   s e t t l e m e n t s .  Roadway s ides lopes 
have  developed  residual   thaw  zones  or  ta l iks i n  
a l l  areas,  and  annually  deepening  thawing  beneath 
the  s lopes has r e s u l t e d   i n   p r o g r e s s i v e   d e f o r m a t i o n  
and   c rack ing   o f   s lopes  and  roadway shoulder  areas. 

The b e n e f i t s  o f  a c o m b i n a t i o n   o f   i n s u l a t i o n  
l a y e r s ,   a i r   c o o l i n g   d u c t s ,  and embankment t o e  
berms  were apparent  f rom  these  studies.  However, 
no combina t ion   o f   t rea tments  was adequate t o  
p revent   the   long- te rm  p rogress ive   degradat ion   o f  
permafrost  beneath embankment slope  areas,  and  the 
e v e n t u a l   d i s t o r t i o n  o f  t h e  roadway s u r f a c e   o f   t h e  
7 m h igh  road embankment. There i s  some hope t h a t  
a c o m b i n a t i o n   o f   i n s u l a t i o n ,  embankment shape,  and 
l a r g e r   a i r   c o o l i n g   d u c t s  may be s u f f i c i e n t   t o  
o f f s e t   t h e  annual  heat  gains o f  s ideslope  areas 
and t o   p r o v i d e  a the rma l l y   s tab le  embankment, even 
f o r  warm (-0.6'C) permaf ros t   cond i t ions .  
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SOLAR SYSTEM ICES AND MARS PEBMAFROST 

Fraser  P. Fanale and Roger 1. Clark 

Planetary  Geosciences  Division, Hawaii I n s t i t u t e  of  Geophysics, 
University  of  Hawaii,  Honolulu, Hawaii 96822 

Infrared  ref lectance  measurements   have  resul ted  in   ident i f icat ion of CB4 ice on 
Pluto and Tr i ton ,  H20 i c e  on satel l i tes  of Uranus,  Saturn  and on t h ree   Jov ian   s a t e l -  
l i t es  (one  of  which may harbor a l i q u i d  H20 zone i n  i t s  crust) .   Frozen SO2 on I o  
and bound H20 on t h e   l a r g e s t   a s t e r o i d  have a l s o  been i d e n t i f i e d .  Such d i v e r s i t y  is  
expl icable  In terms of accret ion  condi t ions,   degassing  his tory and atmospheric w o -  
lu t ion .  Ground H20 ice  appears  abundant in ubiqui tous Mars permafrost  but i t 8  die- ,  
t r i b u t i o n  is  cont rovers ia l ,  A key i ssue  is  how long i c e  which i s  uns tab le   wi th  
respect  to  the  atmosphere  can  be  preserved by so i l   cove r .  We calculate   thermal   his-  
t o r i e s   f o r   t h e   r e g o l i t h   a t   a l l   l a t i t u d e s ,   d e p t h s  and obl iqui t ies   th roughout  Mars' 
history.  Neither  seasonal  nor  obliquity  driven  freeze-thaw of systems  that  are 
s table   with  respect   to   global   condi t ions  can  occur   unless   the  systems have e u t e c t i c s  
<235OK. Ei ther   this   process   does  not   occur  on Mars or   occurs   ra re ly  owing t o  
unusual  brines,   episodic H20 emplacement or  atypical  regional  subsurface  thermal 
regimes. 

ORIGIN OF SURFACE AND NEAR SURFACE ICES: PRINCIPLES 

Formation  of  solid  planets  involved  accretion of 
condensates  from a gaseous  nebula. The condensa- 
t ion   t empera ture   de te rmined   p lane tary   bu lk   vo la t i le  
endowment (Lewis  1974).  Objects formed from  high 
temperature ( > ~ O O O O K )  material a r e  almost v o l a t i l e  
free.   If   condensation  occurred <20O0K, t h e   f i n a l  
o b j e c t s  are icy  because  the  oxygen  abundance i s  
more than  needed t o  make s i l i c a t e s   o r   o x i d i z e  
metal ,  and  combines with  hydrogen t o  make ice   equal  
t o   tw ice   t he   s i l i ca t e   p lus   me ta l  mass. Then forma- 
t i o n  Of m '1I 0 occurs by r e a c t i o n  of M1 wi th  i c e ,  
and CH4'8H320 Is formed, I f   t h e  H 0 i s  hidden 3 in an 
already  accreted  planetary body, %hen  the NH cod- 
denses  as NH i c e  and t h e  CR4 a s  CE4 i c e  ?Lewis 
1972). The d v i a ?   s a t e l l i t e s  Ganymede and C a l l i s t o  
have p "1.6 g cm' , o r  two p a r t s   i c e  and one p a r t  
s i l i c a t e ,  I o  and Europa, t h e  two innermost  large 
satel l i tes  of Jupi te r ,   a re   rocky   becauae   the   ear ly  
s tar- l ike  Jupi ter   d isal lowed  ice   condensat ion  near  
it. Satu n's l a r g e r  sa tel l i tes  have d e n s i t i e s ,  
'1.0 g cm-5 because of condensation  of  other  ices 
below 100%  and  dynamic f r a c t i o n a t i o n  which 
dep le t ed   s i l i ca t e s .   Th i s   r a t io   ( i ce  > rock) is  
also  re levant   to   comets ,   though  these  objects  
include C02 and CO, s u g g e s t i n g   k i n e t i c   b a r r i e r s   a t  
very low T and P. 

I f   p l ane t s  form  from materials  condensing 
between 1000°  and "200°K, they are "rocky"  but  have 
I_ some v o l a t i l e s :  H20 from  hydration  of s i l icates ,  
and P, S, N., etc. from condensed  non-icy m a t e r i a l s  
or   reac t ions   wi th  them (Fegley and Lewis  1980). 
T h i s  is  how v o l a t i l e s  were acquired by Mars, t h e  
Earth, Venus, a s t e r o i d s ,  

In large  bodies,   decay Io of a ~ f l K ~ s ~ ~  23 5u, and232Th 
is  typica l ly   suf f ic ien t   to   induce   mel t ing   (e .g . , '  
Taksoz e t  a l .  1978)  causing  volcanism and degass- 
ing.   Roles   for   accret ional   heat ing  in   ini t ia l  
melting and degassing  (cf.  Fanale  1971,  Wetherill 
1976)  and f o r  a t  from  decay  of  short  Lived 
nuclides  such as "A1 (Lee e t  a l .  1977) are recog- 
nized. The latter is  important  because some 

sublunai-s ized  objects  are d i f f e r e n t i a t e d ,   y e t   a r e  
too  small t o  melt by accre t ion  and lack  the  thermal  
lag  to  accumulate  the  heat  from U, Th, and IC decay. 
Tidal  hearing  causes  current  volcanism on I o  (Peale  
e t  a l .  1979,  Smith e t  a l .  1979). 

Degassing of a body with some water of hydration 
can  produce  an  object  such as Earth,  with i t s  
hydrosphere a few km deep,  or Europa.  Although 
Euro a's c r u s t  is  icy--surface  temperatures  being 
-100 K-- i t  m y  have a l i qu id   zone   benea th   t he   f i r s t  
few km o r   t e n s  of km (Fanale e t  a l .  1977,  Soderblom 
and Luchi t ta  1983,  Squyres e t  a l .  1983). The most 
l ike ly   source  of energy t o  keep  the H20 from freez-  
ing i s  t idal   (Squyres  er at .  1983). Io, c l o s e r   t o  
Jup i t e r ,   r ece ives   vas t ly  more t i d a l   h e a t i n g  and has 
heat  flow similar to   geothermal   areas   in  New Zea- 
land (Mateon e t  a l .  1981).  Volcanism,  atmospheric 
ion iza t ion ,   sput te r ing ,  and o ther  loss t o  space 
r e su l t ed   i n   v i r tua l   dehydra t ion   (Po l l ack  and Fanale 
1982) and Io's sur face   cur ren t ly   conta ins   f rozen  
SO (Panale e t  a l .  1979, Smythe e t  a l .  1979)  and 
su f fu r   a l l o t ropes  (Soderblom e t  al .  1980,  Sagan 
1979) .   I cy   s a t e l l i t e s  have  melting  points so low 
t h a t  a small input  of energy  should  tr igger  core 
formation. Ganymede and some Saturnian satel l i tes  
show t e c t o n i c   f e a t u r e s   a t t r i b u t e d   t o  volume changes 
on freezing  (Smith e t  a l .  1979, Shoemaker e t  a l .  
1982).  Liquid H 0 zones may be  absent  because (1)  
Ganymede and C h l i s t o   ( b e i n g   i c y )   r e c e i v e   l e s s  
radioact ive  heat   per  gram than  Europa, (2)  rece ive  
f a r  less t i d a l   h e a t i n g ,  and ( 3 )  t h e i r   ( > l o 0 0  km) 
i c e   s h e l l s  are amenable to   convect ion  (Cassen  e t  
a l .  1980). 

Condensation  models  yield a range  of H 0 abun- 
dances  for Mars (Anders and Owen 1977,  Mchroy e t  
al .  1979,  Pollack and Black  1979). Combining these  
with  estimates of  degassing  efficiency  based on 
atmospheric  rare gas a n a l y s i s   y i e l d s  a global  H20 
supply   to   the   sur face  of 1 0   t o  100 m with  most 
es t imates   c loser   to   the  Latter, Much must be 
present  as ground ice  (Leighton and Murray 1966, 
Fanale  1976,  Bossbacher and Judson  1981). Thus 
Hars i s  l i ke   t he   Ea r th  and Europa, a rocky body 
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with a o u t e r  H20 s h e l l .  Most of Mars experiences 
n e t  H 0 subl imat ion   in   the   top   meter ,  so t h e  H 2 0  i s  
l a r g e f y   i n v i s i b l e   ( s e e  Mars Permafrost   sect ion 
below). 

V o l a t i l e 8   a r e   s u b j e c t   t o  removal by weathering 
and  exospheric  escape  (see  review by Pol lack and 
Yung 19801, Water d e s t r u c t i o n  by d i s s o c i a t i o n ,  H 
escape  and  oxidation of igneous  rock,  can  destroy a 
hydrosphere,   as it may have on Venus and Io.  I c e ,  
l o s s  by pa r t i c l e   spu t t e r ing   a l so   occu r s  on i c y  
s a t e l l i t e s .  Thus, d i v e r s i t y  of s u r f a c e   v o l a t i l e  
regimes i s  a product   o f   d ivers i ty   in   bu lk   vo la t i le  
conten t ,   degass ing   h i s tor ies ,   and   vo la t i le   loss  
processes. 

TECHNIQUES  FOR IDENTIFICATION OF SURFACE  VOLATILES 

Plane tary   dens i t ies   ind ica te   whether  a plane t  i s  
rocky  or  icy.  Infrared  thermal  measurements  indi- 
c a t e  which i ces   cou ld   be   s t ab le   a t  any site. Since 
ices  produce  landforms,  imaging  plays a r o l e .  
Ult imately,  7-ray measurements  from o r b i t  and d i f -  
fe ren t ia l   scanning   ca lor imet r ic   (and   rad iometr ic )  
measurements  from  landers,   rovers,   and  penetrators 
w i l l  provide  direct   analyses  of  ices.   Imaging 
spectrometers  can  provide  images  with  high  resolu- 
t ion   spec t ra   to   severa l   microns   for   each   p ic ture  
e lement ,   enabl ing  phase  dis t r ibut ion mapping. 
Meantime, t h e  key means of   remote  ident i f icat ion of 
i c e s  is  t e l e scop ic   p l ane ta ry   su r f ace   r e f l ec t ance  
measuremeata i n   t h e   i n f r a r e d .  Sometimes  (e.g., t h e  
ou te r   so l a r   sys t em)   t he   p l ane t  i s  a 'point  of 
l igh t '   y ie ld ing   on ly   hemispher ic   phase   ident i f ica-  
t i on .   In   o the r   ca ses   spa t i a l   r e so lu t ion  is 
obtained.  Combinations  of  molecular  vibrational 
ove r tones   i n   i ce s   r e su l t   i n   i n f r a red   abso rp t ion  
bande  allowing  phase  identification as i n  Figure 1 
where s p e c t r a  of H20, C02,  and CH4 i c e s   a r e  com- 
pared, The p o s i t i o n  of  an  overtone is  cont ro l led  
by molecular  bonds  and  band  strength by the  proba- 
b i l i t y  of photon  absorpt ion  per   uni t   path  length 
and the  total   photon  path  length,   which is  con- 
t r o l l e d  by sca t te r ing .   Sca t te r ing   occurs  when 
t h e r e  i s  a change  in  index  of  refraction,  as a t  an 
ice-vacuum  boundary. Mean path  length is con- 
t r o l l e d  by g r a i n   s i z e  and abso rp t ion   coe f f i c i en t .  
The sma l l e r   t he   g ra in   s i ze ,   t he  more s c a t t e r i n g  and 
t h e  smaller the  photon  path;  hence  weaker  absorp- 
t i o n s .  The g rea t e r   t he   abso rp t ion   coe f f i c i en t ,   t he  
less photons w i l l  be   able  t o  pene t r a t e ,   i nh ib i t i ng  
band  depth.  Higher  overtones are weaker  absorp- 
t i o n s ,  and  probe  deeper. Rock minera ls   genera l ly  
have  higher   absorpt ion  coeff ic ients   than  ices;   thus  
the i r   p re sence   i n   i ce s  i s  eas i ly   de t ec t ed .  In some 
cases, c l a t h r a t e s   a r e   d e t e c t a b l e ,   b u t   s i n c e   t h e  
trapped  gas  has a low abundance compared t o   t h e  
i c e ,  i t s  f e a t u r e s   a r e  weak (Smythe  1979).  Using 
r ad ia t ive   t r ans fe r   mode l s ,  abundance8  of  phases  in 
mixes  can  be  estimated  from  the  reflectance  spec- 
trum. Clark  (1983) reviews s p e c t r a l   p r o p e r t i e s  of 
ice-so i l   mix tures ,   and   techniques   for   ana lys i s  of 
spectra .  

RESULTS 

Appl ica t ion   to   the   so la r   sys tem  has   revea led  a 
v a r i e t y  of sur face   i ces .   P lu to  i s  covered  with CH4 
ice  (Cruikshank  and  Salvaggio  1979).  Methane  gas 

may c o n t r i b u t e   b u t   i f   t h e r e  w 'ere t h a t  much, a t   t h e  
ambient  temperature of 50°K, t h e r e  would be-  CH i c e  
anyway. T h i s   a p p l i e s   t o   T r i t o n   ( a   l a r g e   s a t e h i t e  
of Neptune) a s   we l l .  Long photon  path  lengths are 
indica ted   cons is ten t   wi th   l a rge   g ra ins ,   as   expec ted  
from k ine t i c   t heo ry  o f  ice  grain  growth  (Clark e t  
a l .  1983). Water i c e  is  the   on ly   i ce   de t ec t ed  on 
t h e   U r a n i a n   s a t e l l i t e s  (Brown and  Cruikshank  1983). 
Here t h e   o p t i c a l   p a t h  i s  small ,   since H20 g r a i n  
growth  ra tes   are   s low a t  <90°K. These S a t e l l i t e s  
have low albedo ( -20x1,  i nd ica t ing   o the r  minerals 
mixed with  ice.   Water  ice  dominates  surfaces of 
a l l   S a t u r n i a n   s a t e l l i t e s  whose s p e c t r a  were meas- 
ured  (Fink  et.  al.   1976,  Clark and Owensby 1981). 
Here a l s o   g r a i n   s i z e  i s  small (Clark   e t   a l ,   1983) .  
Saturn's  rings  are  mostly  water  ice--countle s 
' f r o s t   b a l l s '  wi th  o ther   impur i t ies   conta in ing  Fe 9+ 
(Clark 1980) .  

Before   t he   s a t e l l i t e s   o f   Jup i t e r  were seen by 
spacecraf t ,  H20 i c e  was i d e n t i f i e d  on Europa (521, 
Ganymede (53). and Cal l i s to   (541 ,  and i t s  r a r i t y   o r  
absence on I o  was ind ica ted   (P i lcher  e t  al .   1972).  
Clark (1980) showed 53 has  about 90 w t %  water   i ce  
on i t s  surface  (Figure 21, 54  has 30-90 w t % ,  and 
J2's sur face  i s  mo t l y  water   i ce   wi th  some impuri- 
t i e s   con ta in ing  Fe 9+ , e.g. ,   carbonaceous  meteorit ic 
ma te r i a l   ( s ee  S i l l  and Clark  1982). The dominant 
v o l a t i l e  on Io i s  SO2 f r o s t  and adsorbate  (Fanale 
e t  a l .  1979, Smythe e t  al .   1979).  The 1.04-pm 
band depths   in   the  H 0 i c e  on t he   su r f aces  of 52, 
53, and  54  appear t o  f e  ( i f  L - leading  hemisphere 

J3(T) > J2(L) > J3(L) - 54(T) - J4(L). This is 
i n   t h e  s a t e l l i t e  o r b i t  and T = t r a i l i n g )  J2(T) > 

cons is ten t   wi th   the   h ie rarchy  of p a r t i c l e   f l u x e s  
and the   i dea   t ha t   a tomic   pa r t i c l e   spu t t e r ing  
des t roys   sma l l   g ra ins   c r ea t ed  by micrometeorites 
(Clark e t  a l .   1983) .  

J u p i t e r ' s   s a t e l l i t e s  56-514 and  Saturn's small 
s a t e l l i t e s  have  broadband  reflectance8  l ike  carbo- 
naceous  meteorites.  Adequate  data  have  not  been 
obtained.   These  objects  are low i n   r e f l e c t a n c e ,  
but low albedo  surfaces  could  be 99X, or more ice 
( e -g . ,   C la rk ,   i n   t he  volume). 

The only  as teroid  with  deep H 0 bands i s  t h e  
la rges t ,   Ceres   (Lebofsky   e t   a l .  1 9 h ) .  The absorp- 
t i on   nea r  3-pm i s  due t o  bound H20.  An a d d i t i o n a l  
weak absorpt ion was seen a l so  which  Lebofsky e t  a l ,  
(1981)   interpreted as due t o  a small amount  of H p  
ice. This  seems inconsis tent   with  short   subl ima-  

mean T's a r e  -lh°K and maxima a r e  "250°K (Watson 
t i on   t imes   fo r  0 i c e   i n   t h e   a s t e r o i d   b e l t  where 

e t   a l .  19611. The spectrum,  however, shows t h e  

i c e ,  and  too  narrow, so i c e  i s  quest ionable .  
Mars i s  s p e c t r a l l y   s i m i l a r   t o  X-ray amorphous 

weathering  producte of mafic   volcanic   glass   found 
on Mauna Kea, Hawaii  (e.g,,  Singer  1982).  Bright 
region Soils show  weak H20 i c e  bands (McCord e t  a l .  
19821 ,   bu t   s ince   f ros t s   a r e   uns t ab le   a t   t he  time 
t h e   s p e c t r a  were  obtained,   the   ice  must  be in   pore 
s t r u c t u r e  of weathering  products.  However, Mars' 
re idu 1 north  cap  contains  approximately 2 x 
10 8 3  km of i c e ,  and t h i s  i s  H 2 0 ,  not  CO based on 
thermal  measurements  (Kieffer e t   a l .   1 9 3 ) .  

"ice" f e a t u r e  a t  a s l igh t ly   shor te r   wavelength   than  

MARS PERMAFROST 

Even v o l a t i l e - p o o r  models  of Mars suggest  enough 
degassed H20, t o  produce a global  layer  of  ground 



Wavelength (pm) 
FIGURE 1 Spectral   ref lectance of ices. Band posi- 
t ions  ident i fy   the  mater ia l .   Strength of an 
absorption  depends on fundamental  strength of tran- 
s i t i o n ,  photon  path  length, and abundance. Thus, 
grain size   affects   the  appearance of the  spectrum. 
The COP spectrum is from Smythe (19791, and the  H20 
spectrum 18 shown in  Clark (1983)  with f r o s t  spec- 
t r a  of other   grain  s izes .  The CB4 spectrum i s  from 
Brown and Clark  (personal  communication,  1983). 
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FIGURE 2 The spectrum of Ganymede i s  compared t o  
f r o s t  on ice.  The f ros t   l aye r  i s  1 rum deep  over 
i ce ,  which increases  the 1.04 pm i ce  band r e l a t i v e  
t o  op t ica l ly   th ick  frost with  the same 1.5 and 2.0 
pm bands. The strong  ice bands ind ica te   pur i ty  
("90 wtX). Differences,  such as t h  broad  absorp- 
t i o n ,   a r e  due to  minerals  with Pe", typ ica l  of 
carbonaceous  chondrite  meteorite  spectra.  Spectra 
a re   s ca l ed   t o  1.0 a t  1.02 Um (Clark.  1980). 
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FIGURE 3 The Mars rego l i th  thermal  regime below 2 
m. Temperature i s  given as a function o f  l a t i t ude ,  
depth, and obliquity.  Assumptions and associated 
uncertaint ies   are   discussed  in   the  text .  
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i c e  of  10 t o  100 m (Rossbacher  and  Judson  1981). 
I ts  regional  presence Beems necessary  to  produce 
the  larger  outflow  channels  (Carr  1979).   Also,  
"nonlunar" e j ec t a   b l anke t s   a r e   ev iden t ,  which  sug- 
g e s t   f l u i d i z a t i o n  (Carr and  Schaber  1977, 
Mouginis-Mark 1979). A l a t i t u d i n a l  dependence f o r  
these  has  been  suggested  (Johansen  19781,  but many 
v a r i a b l e s  s t i l l  need t o  be  controlled (Mouginis- 
Mark 1979).  There are thermokarst- l ike  features ,  
(Gatto and Anderson  1975)  polygonal  patterned 
ground,   curv i l inear   fea tures ,  and c ra t e r s   w i th  cen- 
t r a l   p i t s  and debris  flows  (Carr  and  Schaber  1977). 
The d i s t r i b u t i o n  of these ,  and t h e   f l u i d i z e d  
e j ec t a ,   has  been  discussed by Rossbacher  and  Judson 
(1981) who show some p i t t e d   t e r r a i n ,   a l i g n e d   p i t s ,  
and cu rv i l i nea r   f ea tu re s   i n   nea r   equa to r i a l  zones. 

Ground i c e  is uns tab le   wi th   respec t  t o  t h e  atmo- 
sphere a t  l a t i t u d e s  <40° (Leighton  and Murray 1966, 
Fanale  1976,  Farmer and Doms 1979). Thus t o  
explain morphology, it was suggested  that   "fossi l"  
i ce   ex i s t s   nea r   t he   equa to r   ( c f .  Smoluchowski 
1968). The r o l e  of so i l   i n   p re se rv ing   bu r i ed  ice 
was reviewed by Cl i f ford  and Ail le l   (1983) .  The 
d i s t r i b u t i o n  of po res   i n   r ea l   so i l s   p rov ides  a much 
g r e a t e r   e f f e c t i v e   p o r e   s i z e   t h a n   i f ,  as in  Smolu- 
chowski  (1968) and Toon e t  a l .  (19801, the   pore  
s i z e  i s  equaled  to   that  of the  smallest gra ins .  
Even a 100 m layer  of over ly ing   so i l  would be 
unable  to  prevent  sublimation of 200m of ground 
ice .  Thus "out l ie rs"  of  ground i c e  i n  low la t i -  
tudes.  This  suggest#  supply of H20 from  depth 
rather   than  preservat ion of i n i t i a l   i c e .  Study o f  
temporal   and  spat ia l   re la t ionships  among channels, 
ground-ice-related  features and regional  volcanism 
will test t h i s .  

The huge s c a l e  of some of t h e  Mars pat terned 
ground f e a t u r e s  may Suggest  driving by long  term 
as t ronomica l ly   induced   inso la t ion   var ia t ions ,   (Car r  
and Schaber  1977,  Rossbacher and Judson  1982, Cora- 
d i n i  and  Flamini  1979). We w i l l  f i r s t   e v a l u a t e  the 
chances  of  periodic  freeze-thaw on seasonal and 
astronomical   (>lo  yr)   t imescales .   Figure 3 shows 
var ia t ion   o f  Mars regol i th   temperature   with  depth,  
l a t i t u d e ,  and obl iqui ty .  Here we assumed (1)  sur- 
face   inso la t ion   var ia t ions   wi th   ob l iqu i ty   cyc le  
given by  Ward e t  a (19741,  (2)  the a1 conduc- 
t i v i t y  of 8 x 10t 'ergs  cml- shl OKy ( for   hard 
f rozen   so i  1, and ( 3  bu k hea t   gene ra t ion   r a t e  of 
2.6 x lo-' e rgs  cm -' s-' (chondr i t ic ) .  We calcu- 
la ted  curves   in   Figure 3 using  computational  pro- 
cedure  given by Fanale e t  al .  (1982~1). The model 
i e   s ens i t i ve   t o   a s sumpt ions :   i ce   f r ee   so i l s   r ange  
in   conduct iv i ty  from x3 grea te r   t o   x3   l e s s   t han  
assumed. Mars' K content  could  be  lower (Andera 
and owen 1977)  which  could  lower  the  gradient 
(angle  between  bundles and a b s c i s s a )  by x2. 

S t i l l ,  we can draw conclusions from Figure 3. 
Coradini and Flamini  (1979) assumed an  approxi- 
mately 20' g loba l   r i s e   i n   t empera tu re   cou ld   r e su l t  
from obl iqui ty  rise, causing  widespread  periodic 
thaw. Our treatment shows tha t   p red ic ted   var ia -  
t ions  based on Ward e t  a l .  (1974) are almost that  
on t he   po le ,  x 4  less a t  60' l a t i t u d e ,   n e g l i g i b l e  a t  
30' l a t i t u d e ,  and of oppos i t e   s ign   a t   t he   equa fo r .  
Where v a r i a t i o n  i s  maximum, near   poles ,  maximum 
temperature i n  t h e   f i r s t  200 m is under -1OoOC. 
Conversely, a t  low l a t i t u d e s ,  where t h e  mean annual 
temperature is  -60' t o  -40°C, the   ob l iqu i ty   cyc le  
does l i t t l e  to   vary  i t ,  Thus q u a n t i t a t i v e   a n a l y s i s  
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of mrs' regol i th   thermal   regime  suggests   obl iqui ty  
driven  freeze-thaw  cycles are implausible. 

h a l o g o u s  argument  can  be made aga ins t  Sea6Onal 
freeze-thaw  cycles. The top of  any i c e  choked 
permafrost on Mars i s  un l ike ly   t o   be  where t h e  
average  temperature '200OK because  there  and above 
net  annual  sublimation i s  p o s i t i v e ,   r e s u l t i n g   i n  
ice   deplet ion  (Leighton and Murray 1966,  Fanale 
1976,  Farmer  and Dons 1979). The Viking  infrared 
thermal mapper showed mean diurna l  T's (appl icable  
'3 cm) t o  be -21Oo-23O0K a t  the  equator   with an 
annual mean of '220°K, A t  mid la t i tude   they   range  
from '170' t o  23OoK with  an  annual mean of "20OoK, 
and a t  p o l a r   l a t i t u d e s ,  from -150' t o  "220°K with 
an  annual mean of "170OK (Kief fer  e t  al .   1977).  
Hence, hard  f rozen  permafrost   cannot   exis t   in  
equilibrium  with  the  atmosphere  in low l a t i t u d e ;  it 
must be  buried  to  damp out   seasonal   var ia t ion a t  
mid-lat i tude,  and it can e x i s t   i n   t h e   d i u r n a l  zone 
only a t   l a t i t u d e s  >75O. Since  the  diurnal  average 
a t   s e a s o n a l  maximum i s  <230°K wherever  frozen  per- 
mafrost   exis ts   in   equi l ibr ium  with  the  a tmosphere 
and s ince  even that  cannot  be  achieved at  t he   t op  
of t h e  ice owing to   thermal   blanket ing,  we conclude 
seasonal  melting,  l ike  diurnal  melting, must  occur 
( i f  at a l l )   a t  <23O0K. Obviously,  periodic 
freeze-thaw  on  timescale i s  a submarginal  pro- 
cess for  pure  water  on Mars. 

It is  a l so   margina l   for   b r ines .  A brine  can  be 
s t a b l e  t o  210°K, with a water  concentration of 70%. 
A more l i k e l y  M g C l  -CaC12-H 0 system or CaC12- 
a l k a l i   c h l o r i d e  syszem woulz have a e u t e c t i c  of  
218OK, and fo r   MgClp lka l i   ch lo r ide   sys t ems  it i s  
238OK. While  such  systems  (barely)  satisfy  our 
requirements  for  freeze-thaw  processes  they a l l  
requi re   equi l ibr ium H20 vapor  pressures  about  the 
same as i c e  a t  any temperature,   This  rules  out 
melting a t  >235'K, s i n c e   t h a t  PH 0 i s  two orders  of 
magnitude  higher  than  Martian a?tmospheric PH20's. 
This is  c r i t i c a l  for the   (shal low)  seasonal   case.  
Final ly ,   ubiqui tous MgSO would r eac t   w i th  any 
C a C l  solut ion  to   produce %gC12 and CaS04 so lu t ions  
f a r  fess e f f e c t i v e  a t  depress ing   the   f reez ing   po in t  
(Clark  and Van Hart, 1981). 

The e f f e c t  of  "circumscribed"  sources  such as 
lava  flows  in  melting  permafrost on Mars has  been 
inves t iga ted  by Coradini  and  Flamini  (19791, who 
found them of l imited  effect iveness   in   space and 
time. Also,  they are not   per iodic .  A convection 
c e l l  of near  global.   proqortions  (e.g. ,   associated 
with  Tharsis)  & conlunc- wi th   ob l iqu i ty   d r iven  
brine  freeze-thaw may s u f f i c e .  Magmatism may a l s o  
emplace i c e  a t  shallow  depths  out of equi l ibr ium 
with  the  a tmosphere.   Also,   pr ior   to   Thareis   the 
ob l iqu i ty   va r i a t ion  might  have  been g r e a t e r  (Ward 
e t  a l .  1979). We p l o t t e d   p o i n t s  ( x ' s )  on Figure 3 
corresponding  to   the enhancement in   t he  T var ia-  
t i o n s   a t  100 m depth   tha t  would r e s u l t .  These do 
not  change  our  conclusions.   Also,   the  solar con- 
s t a n t  was s i g n i f i c a n t l y  lower p r io r   t o   Tha r s i s .  
Other   poss ib i l i t i es   inc lude   per iodic  warming due t o  
continuous  dust  storms  caused by ob l iqu i ty   d r iven  
desorpt ion of Go2 from the   r ego l i th   (Fana le  e t  al. 
1982a) .   Also ,   in   ear l ie r  Mars h i s t o r y  some process 
seemingly  produced a d i f f e r e n t  A20 regime,  since 
h igh ly   d i s sec t ed   t e r r a in  seems r e s t r i c t e d   t o  
anc ien t  Mars h i s t o r y  and some process   ak in   to  sap- 
ping seems involved  (Pieri   1976).  A chronology  of 
t e r r a in   t ypes  and a d i s t i n c t i o n  between those  which 
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require  periodic’  freeze-thaw and those  which do 
not ,  i s  ca l l ed   fo r .  Our d i f f i c u l t y   i n   r a t i o n a l i z -  
ing  periodic  freeze-thaw on Mars, when it is  so 
c ~ m m ~ n  on Earth,  reminds  us  that  comparative  plane- 
tology is  a study  of  differences  as well as simi- 
l a r i t i e s .  
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SUMMER WATER BALANCE OF A H I G H  ARCTIC CATCHMENT AREA WITH UNDERLYING PERMAFROST 
I N  OOBLOYAH VALLEY, N-ELLESMERE  ISLAND, N.W.T . ,  CANADA 

Wolfgang-Albert  Flugel 

Geographisches   Ins t i tu t ,   Univers i ta t   Heide lberg ,  I m  Neuenheimer Feld 348, 
D-6900 Heidelberg,  Federal  Republic  of Germany 

The Water balance o f  Oobloyah  Valley, N-ElLesmere I s l a n d ,  N.W.T., Canada, a high 
arct ic   catchment   area  underlying by permafrost  was inves t iga t ed   du r ing   t he   a r c -  
t i c  summer 1978. The fo l lowing   resu l t s  w i l l  be   presented:  (1) t h r e e  main hydro- 
geologica l   a reas   wi th   d i f fe ren t   sed iments ,   thawing   depths ,   and   so i l   d ra inage  
were seperated;  ( 2 )  most of the   win ter  snow cover   mel ted  unt i l   July  1 ,   thereaf-  
t e r  soil thawing  and i t s  drainage  began; (3 )  the  per iglacial   s t reams  never   had 
a measurable  sediment  load,  not  even  during snow melt ;  ( 4 )  cons ider ing   da i ly  
discharges,  climatic changes  and  soi l   water   balance  the  hydrologic   regimes of 
the  three  invest iyated  s t reams  were  character ized;   and ( 5 )  summer water balance 
must   inc lude   f rozen   so i l   water   s tored   in   the   year (s )   before ;  snow and  ra in   add 
up t o  51 % of t h e   t o t a l   b a l a n c e ,   g l a c i e r s   c o n t r i b u t e  up t o  48 % and  actual   eva-  
po t ranspi ra t ion  i s  only 1 %. 

INTRODUCTION 

During  the "Heidelberg-Ellesmere-Island-Expedi- 
t i o n "   i n  1978 t o  Oobloyah  Valley (81.5O N;83.5O W) 
i n  N-Ellesmere I s l a n d ,  N.W.T. ,  Canada  (Barsch  and 
King,  19811,  hydrologic  studies  were  done  with  the 
fol lowing topics: (1) hydrogeological  areas  and 
the i r   phys i ca l   pa rame te r s ;   (2 )c l ima te   du r ing   f i e ld  
work: (3)   hydrological  dynamic during snow melt ;  
(4) water b a l a n c e   i n   r e p r e s e n t a t i v e   s t a t i o n s ;  (5)  
discharge of streams;  and (6)  summer water balance 
of 1978. A measurement  method  developed  €or tempe- 
ra te   c l imates   (Fl i igel   1979)   based on d a i l y  mea- 
surements Of climatic  parameters,   soil   water  ba- 
lances  computed o u t  of tensiometer  readings  and 
r ive r   d i scha rges .  The importance of s o i l  water 
drainage for  arct ic  water  balances is  known (Nagel 
1979) but   o f ten   no t   cons idered   in   hydro logica l  
s t u d i e s  (Ryden,  1977; Marsh and Woo, 1981). The 
a p p l i c a t i o n  of ca l ib ra t ed   t ens iomete r s   sho r t ly  re- 
por ted  by Fugner  (1966) in   Spi tzbergen was till 
tha t   t ime   no t   t e s t ed   unde r   h igh   a r c t i c   cond i t ions .  
By u s i n g   t h i s  method t h e   r e s u l t s  of the   causa l   in -  
t e r p r e t a t i o n s  of t h e  dependency  between t h e  compo- 
nents  of the   water   ba lance   were   re la ted   to   the   ea-  
s t e r n   p a r t  of Oobloyah  Valley,  which  could  not  be 
invest igated  because  of   technical   reasons.  

INSTALLATIONS,  MEASUREMENTS,  CALIBRATIONS 

The fo l lowing   i n s t a l l a t ions  were done: (1) two 
m e t e o r o l o g i c a l   s t a t i o n s   t o   r e g i s t e r   p r e c i p i t a t i o n ,  
a i r  humidity  and  temperature,   direction  and  velo- 
c i t y  o f  wind; ( 2 )  fou r   t ens iomete r   s t a t ions  on 
t h r e e   d i f f e r e n t  slopes (Table 1) with  tensiometers 
and  temperature cel ls  a t  15-,30-,60-, and 90-cm 
depth  and  each  with 3 evaporimeters 5 cm above t h e  
sur face ;  ( 3 )  one water l e v e l  gauge i n   t h e   p e r i g l a -  
c i a l   P e r i  Creek  with  hourly  regis t ra t ions.  

g l a c i a l  Nukapingwa River,   and  the mixed p e r i g l a -  
Three streams, t h e   p e r i g l a c i a l  P e r i  Creek,   the  

c ia l  Heidelberg  River  were  investigated.  Measure- 
ments of soil   moistures  and  discharges  were  done 
d a i l y   a s   h o u r l y   r e g i s t r a t i o n  w a s  no t   poss ib l e  be- 
cause  of  technical  reasons  and  because a l l  mea- 
surements  had t o   b e  done  only  be  the  author.  The 
streams showed turbulend  f low;  therefore   the  dis-  
t r i b u t i o n  of f low  ve loc i ty  was measured a l l  over 
t h e   c r o s s   s e c t i o n  (if possible)   with a flow  meter 
o u t  of which the   da i ly   d i scha rges  were  computed. 

TABLE 1 Inc l ina t ion   and   exposure   o f   the   s ta t ions  

Station  Slope  Inclination  Exposure 
~~ ~ 

Ten A I 46 % 
Ten B I 26 % 
Ten C 11 13 % 
Ten D I11 6 %  

~~ 

wsw 
w 
S 
E 

To c a l i b r a t e   t h e   t e n s i o m e t e r s ,   u n d i s t u r b e d   s o i l  
samples  from  the  sediments of each  station  were 
d r a i n e d   a f t e r   s a t u r a t i o n   i n  a pressure  apparatus .  
With t h e   r e s u l t e d   e x p o n e n t i a l   c a l i b r a t i o n  equa- 
t i o n s   t h e  measured soil suc t ion   i n  mbar, were con- 
ver ted   to   adequate   so i l   water   conten ts   in  volume 
percent .  

HYDROGEOLOGICAL AREAS AND THEIR 
PHYSICAL PARAMETERS 

Oobloyah Bay i s  a geosyncline  developed  in  Hei- 
berg  Sandstone  (Thorsteinsson,  1971)  si tuated i n  
the   reg ion  of continuous  permafrost.  Therefore 
common groundwater  bodies  are non e x i s t e n t .  The 
hydrogeological  overview  in  Figure 1 shows: 
(1) sandy  debris  of Heiberg  sandstone  covering 
h igh ly   i nc l ined  slopes between Carl T ro l l   G lac i e r  
and Nukapingwa Glac ier ;  ( 2 )  moraine  sediments 
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nor th  of Access Lake with  vegetat ion  covered  drai-  
nage wpys  among them; and ( 3 )  s i l t y   s ed imen t  be- 
tween  Access  Lake, Peri Creek  and  Heidelberg  River 

FIGURE 1 Hydrogeological  overview 

covered  with frost b o i l s  (Tedrow,  1962, p .   342) .  
Each of them was r ep resen ta t ive ly   s tud ied   i n   s lope  
1,II and  slope 111 with mean g r a i n  s i z e  d i s t r i b u -  
t i o n s  shown in  Table  2 .  

TABLE 2 G r a i n   s i z e   d i s t r i b u t i o n s  of t he   s lopes  

Parameter  Slope I Slope 11 Slope 111 

Gravel ( % )  26.6 27.4 0.5 
Sand ( % I  35.9 44.6 3.8 
S i l t  ( % I  28.5 17.1 62.5 
c l a y  ( % )  9.0 10.9 33.2 

The sediments of s lope  I and I1 had  comparable  va- 
lues ,   but   di f ferent   morphological   geneses .  Weathe- 
r i n g  of Heiberg  Sandstone i s  respons ib le  for  t h e  
debr i s   cover  of s lope  I ,  g l a c i a l   t r a n s p o r t  of mo- 
r a i n e s  for t h i s  o f  s lope  I1 (Mausbacher, 1981). 
The high  amounts of c lay  and s i l t  of  slope III a t  
t he   va l l ey   bo t tom  ind ica t e   an   aqua t i c   depos i t i on  
repor ted  by Barsch  (1981) 

CLIMATE DURING FIELD WORK 

The couxse of the  meteorological   parameters   in  
Figure 2 monitors l i t t l e  p r e c i p i t a t i o n  fo r  J u l y ,  
only 3.7 mm dur ing   the  whole  month; bu t   h igh  pre- 
c i p i t a t i o n s   f o r   t h e   f i r s t   d a y s  of August (35.4 mm) 
with a maximum high of 26.2 mm on August 2 .  A i r  
temperatures  never  sank  below 0' C and were i n f l u -  
enced   toge ther   wi th   a i r   humidi t ies  by the  degree 

Figure 2 P l o t  o f  meteorological  parameters 

of c loudiness .  The following  periods w i l l  be  sepe- 
ra ted :  
Radia t ion   per iods :   Ju ly  2-6; J u l y  9-10; J u l y  11-15; 

Cloudy per iods:   June 25- J u l y  1; July 7-8; J u l y  16- 
J u l y  18; J u l y  27-28; J u l y  30-31. 

17;   July 20-22 ;  J u l y  24-25; and 
August 1-8. 

They regulated  the  thawing of g l a c i e r  ice and by 
t h a t   t h e   d i s c h a r g e  of m e l t  water. Between June 24 
and  August 4 we computed 
Mean a i r  temperature, T = 9.4 'C 
Mean a i r  humidity , h = 85.4 B 
Mean wind speed, v = 3.5 m / s  
Sum of p r e c i p i t a t i o n ,  P = 50.4 mm 

HYDROLOGIC DYNAMIC DURING SNOW MELT 

We ar r ived   June  18 i n  Oobloyah  Val ley  short ly   af ter  
snow melt began. The expedi t ion   a rea  was covered 
with a near ly  50-cm t h i c k  snow l a y e r   t h a t   h a d  a wa- 
ter  conten t  of 37 volume percent ,  equal t o  185 mm 
rain.   This   value  corresponds to t h e  mean anual  pre- 
c ip i t a t ion   fo r   no r th   E l l e smere   I s l and  of 200 mm 
repor ted  by  Hattersley-Smith  (1964) , Within two 
weeks, till July  2 n e a r l y   a l l  of t h e  snow melted 
and  discharged.  Afterward  thawing  and  drainage of 
the  f rozen  soi l   began.   Although  the  hydrological  
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dynamic during snow melt was very  complex,  the 
three  hydrogeological   areas  showed s i g n i f i c a n t  
d i f f e r e n c e s ,  which  can  be  described as (1) sur face  
runoff   wi th   so l i fuc t ion  on s t eep   i nc l ined   s lopes  
covered  with  sandy  debsis  of  Heiberg  Sandstone; 
( 2 )  thermokarst phenomena in  slopes  covered  with 
coarse   g ra ined   mora ines   and   in   o lder   t e r races  of 
t h e  Nukapingwa River   resu l ted  by i n f i l t r a t e d   m e l t  
water;   (3)  surface  runoff  of melt water i n  broad 
drainage ways a t  the  val ley  bot tom which a l s o   c o l -  
l e c t e d  water from the  moraines. 

The p e r i g l a c i a l  streams never showed sediment 
t r a n s p o r t ,   n o t  even  suspended  load,  because melt 
water  f lew on the   su r f ace  of the   f rozen  soi l ,  
which was p a r t l y   p r o t e c t e d  by a t h i n   i c e   l a y e r .  
Washout of f ine  sand by in te r f low  (F luge l ,  1979) 
was observed  downslope of the   debr i s   cover   nor th  
of Nukapingwa River. Measurable   sol i f luct ion was 
l i m i t e d   t o   t h e   p e r i o d  of snow melt and  mostly oc- 
cured on s teep   inc l ined   s lopes   wi th  l i t t l e  vegeta- 
t ion  cover .  

SOIL MOISTURE BALANCE 

So i l   t ens ions  were measured  with  calibrated 
t ens iomete r s   i n   fou r   s t a t ions ,   r ep resen ta t ive   fo r  
the  three  invest igated  hydrogeological   areas  re- 
ga rd ind   t he i r   g ra in   s i ze   d i s t r ibu t ions   ( s ee   Tab le  
2 ) .  S o i l   m o i s t u r e   i n   t h e   f o u r   s t a t i o n s  showed de- 
pendency to  s l o p e   i n c l i n a t i o n ,   g r a i n   s i z e   d i s t r i -  
but ion,   and  to   depth  and  re l ief  of the  permafrost  
t a b l e .   S o i l   s u c t i o n s  had c e r t a i n   c h a r a c t e r i s t i c s  
as (1) the   beginning  values  on J u l y  2 were  between 
0 and 20 mbar,  went  up du r ing   t he   d ry   Ju ly   t o  ma- 
xima between 40 and 250 mbar, but  never  reached 
f i e l d   c a p a c i t y  at 300 mbar; ( 2 )  dur ing   the   h igh  
p r e c i p i t a t i o n s  on August 2-4 (35.4 mm) t h e   i n s t r u -  
ments of s t a t i o n  C and D f e l l  down t o  0 mbar ind i -  
c a t i n g  water s a t u r a t i o n  of t h e i r   a c t i v e   l a y e r s ;  
( 3 )  although  water  input w a s  high  enough t o   s a t u -  
rate a l so   the   sed iments  of s t a t i o n  A and E, s o i l  
suctions  reached  only 20 through 50 mbar, indica-  
t i ng   t ha t   d ra inage   occu red   du r ing   r a in   f a l l   r e su l -  
t e d  by s t e e p   i n c l i n a t i o n s .  The s o i l   s u c t i o n s   i n  
each  depth  were  used t o  compute the   ave rgae   so i l  
mois ture   conten t   o f   the   ac t ive   l ayers   o f   each  sta- 
t i o n  as geometric  means, shown i n  Figure 3 .  

Out of Figure 3 and  regarding  the  measured  soil  
suc t ions   the   Eol lowing   resu l t s  w i l l  be   presented:  
(1) Drainage  of  each  active  layer was a lmost   f in i -  
hed a t  J u l y  10. (2) The l i t t l e  p r e c i p i t a t i o n   t h a t  
f e l l   i n   t h e  middle of J u l y  compensated  evapotrans- 

p i r a t ion   and  low drainage.  ( 3 )  Only t h e   a c t i v e  
l a y e r s  of s lope  I1 and 111 were s a t u r a t e d  by t h e  
h igh   p rec ip i t a t ion  on August 2 ,  meanwhile s lope I 
d r a i n e d   a l s o   d u r i n g   t h e   r a i n   f a l l .  (4) A s  f i e l d  
capac i ty  was never  reached  soil   water  always moved 
by gravi ty ,   and  was not   forced by suct ion  gra-  
d i e n t s .  

t r a n s p i r a t i o n .  The l a t t e r  seemed to  be   l imi t ed  t o  
the  upper 15 c m  o f   t he   p ro f i l e s  and was computed 
o u t  o f  t he   da i ly   so i l   mo i s tu re   ba l ance   r ega rd ing  
also t h e  measured soil temperatures   up  to  0.1 mm 
per  day. This was only 20 % of   the  mean p o t e n t i e l  
evaporation  measured  with  the  evaporimeters.  

t o   t he   r ece iv ing   s t r eams   o r   d ra inage  ways (Figure 
l ) ,  bu t  areas covered   wi th   f ros t   bo i l s  showed a 
d i f f e r e n t  dynamic.  Because  under  each f r o s t   b o i l  
a depres s ion   deve loped   i n   t he   r e l i e f  of t h e  perma- 
f r o s t   t a b l e ,   s o i l  water d ra ined   ou t  of t h e   u p l i f -  
ted  sediment  above  flew t o   t h e  bottom  of t h i s  
mould and   couldn ' t   d i scharge .   These   a reas   could  
no t   suppor t   t he i r   s t r eams   w i th   d ra ined   so i l   wa te r ,  
what i s  important for the  computation of t h e   y i e l d  
f a c t o r .  In Table 3 t he   so i l   wa te r   ba l ance  of  each 
a c t i v e   l a y e r  i s  l i s t e d .  

The sediments lost water  by  drainage  and  evapo- 

Most of the   d ra ined  s o i l  water flew  downslope 

TABLE 3 Soi l   water   ba lance   Ju ly  2 - August 2 .  

Parameter Ten A Ten B Ten C Ten D 

Pore volume ( % )  40.2 37.2 38.5 59.3 
F ie ld   capac i ty  ( % )  2 3 . 2  31.3 18.8 44.1 
Active  layer (cm) 100 100 8 0  35 
Drainage i n  July (mm) 40.0 43.0 28.8 13.7 
R e f i l l  i n  August (mm) 19.0 28.0 70.4 38.5 

Table 3 shows, tha t   so i l   water   d ra inage   dur ing   Ju-  
l y  was much h igher   than   the  l i t t l e  p r e c i p i t a t i o n s  
of 3.1 mm i n d i c a t i n g   t h a t   o l d e r   f r o z e n   s o i l   w a t e r  
s to red   i n   t he   yea r ( s )   be fo re   d i scha rged   t oo   and  
had to   be   ca l cu la t ed   a s   an   add i t iona l   wa te r   i npu t .  

DISCHARGE OF STREAMS WITH DIFFERENT  REGIMES 

Three stream (Peri   Creek,  Nukapingwa River,   and 
Heidelberg  River) were inves t iga ted .   Thei r   d ra inage  
b a s i n s  were  planimetered  and  those  of  Peri  Creek 
and Nukapingwa River  were mapped i n  d e t a i l   d u r i n g  
f i e l d  work (see   F igure  1 ) .  They can  be  subdivided 
as shown in   Table  4 .  Thei r   da i ly   d i scharges   (F i -  
gure 4 )  v a r i e d   s i g n i f i c a n t l y   c o r r e s p o n d i n g   t o   t h e i r  
regimes  because  they  had  different  discharge com- 
ponents (melt wa te r ,   so i l  water, and   prec ip i ta -  
t i on   runof f ) .   Rega rd ing   t he   so i l  water balances 
(Table  3) of their   hydrogeological   areas   (Table  4)  
each  discharge  regime w i l l  b e   q u a n t i f i e d .  

P e r i  Creek 

The p e r i g l a c i a l  Creek showed an  exponent ia l   fa l -  
l i n g  of da i ly   d i scharges   dur ing   the   d ry   Ju ly   wi th  a 
l i t t l e  increase  on Ju ly  16 ( 2 . 1  mm p r e c i p i t a t i o n )  . 
The f a l l i n g   v a l u e s   a r e   b e s t   f i t t e d   ( r = 0 . 9 9 )  by t h e  
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TABLE 4 Catchment a reas   o r   t he   t h ree   s t r eams .  

Sediment  Area  Peri  Creek Nukapingwa Heidelberg 
(km2 ) River  River 

Glac ie r ized  0.00 3 . 2 0  38.80 
Sandy d e b r i s  1.70 4 - 3 5 f ollowing 
Moraines  2.90  2.00 a r e a s  a l l  
S i l t  covered by toge ther  

f r o s t   b o i l s  0.90 0.00 135.00 
Drainage ways 0.50 0.00 
Lakes 0.06 0.00 
Total a r e a  6.06 9.55 173.80 

FIGURE 4 Daily d ischarges  of t he   s tud ied  streams. 

"Dry Weather  Discharge  Line" (DWL) i n   F igu re  5 and 
d e s c r i b e s   t h e   r e l a t i o n  between  discharge  and  dura- 
t i o n  of dry weather  without  rain.   Baseflow dis- 
charge   d id   no t  limit t h e  DWL, because  there  was no 
outflowing  groundwater body i n   t h i s   b a s i n   w i t h  un- 
der lying  permafrost .  By comparing t h e  sum o€ t h e  
computed discharge  components  with  the  measured 
value 10.3 % d i f f e r e n c e  was found,  explained by 
e v a p o t r a n s p i r a t i o n .   R e l a t e d   t o   t h e   b a s i n   a r e a   t h i s  

Soi l   water   d ra inage  : 179299 m3 = 88.7 % 

Prec ip i ta t ion   runoff  : 22900 m' = 11.3 % 

Sum o f  discharge  components : 202100 m3 = 100.0 % 
Measured discharge : 181200 m3 = 89.7 % 
Difference : 20300 m' = 10.3 S 

w a s  about  0.1 mm/day and  square  meter  and  corres- 
ponds t o  t h a t   v a l u e   c a l c u l a t e d   o u t  of t h e  s o i l  wa- 
ter balance,  

O l d d a y 1  1 .  
I 

FIGURE 5 DWL of the   Pe r i   Creek  

Nukapingwa River 

The course  of   the   discharge of t h i s   g l a c i a l  
stream is mainly  influenced by t h e   c l i m a t i c  chan- 
ges  between  periods  of  radiation  and  cloudiness.  
They regula ted   the   thawing   of   the   g lac ie r  ice and 
f i rn .   Rad ia t ion   pe r iods   r e su l t ed   i n  an  exponential  
increase   o f   da i ly   d i scharges ,   the  la t ter  i n  a cox- 
responding  decrease. I n  F igure  6 they are c a l l e d  
"Radiation  Weather  Discharge  Line" (RWL) , and 
"Cloudy  Weather  Discharge  Line" (CWL) . RWL and CWL 

FIGURE 6 RWL and CWL of Nukapingwa River 

descr ibe ,  how daily  discharges  went up or   sank down 
i n  dependency  of t he   du ra t ion  of r ad ia t ion   o r   c lou -  
diness.   Baseflow  out oE t h e   g l a c i e r   s t o r a g e   ( c l e f t s  
f i l l e d   w i t h  water; s a t u r a t e d   f i r n )   l i m i t e d   t h e  CWL 
and  supported a minimum discharge from  which t h e  
RWL begins.  Baseflow was ca l cu la t ed   ou t  of  t h e  low 
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water discharges  during  c loudiness  up t o  0.1 m i l l -  
ion  m’/day. By using  the  soi l   water   balances  of   the  
hydrogeological  areas (see Figure 1 and  Table  4) 
the  following  discharge  components were determined: 

Run off from snow melt : 0.255 mi l l ion  m3 = 4.0 % 
S o i l  water drainage : 0.172 mi l l ion  m3 = 2 . 7  % 
Prec ip i ta t ion   runoff  : 0.032 mil l ion  m3 = 0.5 % 

Baseflow  discharge : 3.100 m i l l i o n  m3 = 48.3 % 
Radiat ion  discharge : 2.859 m i l l i o n  ms = 44.5 % 
Total discharge : 6.418 mi l l ion  m3 = 100.0 % 

More than 92 % of t h e   t o t a l  summer discharge was 
cont r ibu ted  by melt   water   f rom  the  glacier ,  which 
holds  water  temperatures  low. 

Heidelberg  River 

The mixed p e r i g l a c i a l - g l a c i a l  stream d r a i n s   t h e  
e a s t e r n   p a r t  of Oobloyah  Valley  and a considerable  
g l a c i e r e d   a r e a  of the  Krieger  Mountains shown i n  
Figure 7 .  The hydrological   regime  includes  per igla-  

FIGURE 7 Drainage  basin of Heidelberg  River 

c i a1   and   g l ac i a l  components. The p e r i g l a c i a l  i n -  
fuence  s tems  f rom  the  discharge  contr ibut ion  of  
t h e   p e r i g l a c i a l   t r i b u t a r i e s   a n d  i s  shown by an  ex- 
ponent ia l   decrease  of  low  water  discharges  during 
July  corresponding t o   t h e  DWL of the   Per i   Creek .  
The g l a c i a l  components a r e   i n d i c a t e d  by an expo- 
nent ia l   increase   and   decrease  o f  discharges  during 
rad ia t ion   and   c loudiness .   Corresponding   to   the  
g l a c i a l  Nukapingwa River a RWL and CWL were  de- 
f ined ,   bo th   l imi ted   by  a baseflow of 0.69 mi l l ion  
m3, which was melt  water c o m i n g   o u t  of t he   s to -  
rage   capac i ty  of the   g l ac i e r i zed   a r eas .   In   o rde r  
t o  c a l c u l a t e   t h e   d i f f e r e n t   d i s c h a r g e  components 
the  fol lowing random condi t ion  was d e f i n e d ,   t h a t  
d i s t r i b u t i o n  and soil water  balance  of  the  hydro- 
geo log ica l   a r eas  of the  Heidelberg  River   corres-  
ponds t o  t h a t  of t h e  Per i  Creek.  This  condition 
can  be  proved by i n t e r p r e t a t i o n s  of a i r  photo- 
graphs of the  val ley  and is  also supported by re- 

p o r t s  of  MIusbacher (1981). Employing t h i s  random 
c o n d i t i o n   s o i l  water d ischarges  of the  Heidelberg 
River were c a l c u l a t e d   o u t  of t he   da i ly   d i scha rges  
of Peri  Creek i n   r e l a t i o n  of   both  land  areas .  The 
q u o t i e n t  between the  remaining  melt  water d i s -  
cherge  and  the  glacier ized  area of Heidelberg R i -  
ver  then i s  approximately  the same a s   t h a t   v a l u e  
computed f o r   t h e  Nukapingwa River.  This  gave an 
a d d i t i o n a l   s u p p o r t   t o   t h e   p r i o r   c a l c u l a t i o n .  
The fo l lowing   r e su l t s  were  computed: 

Runoff  from snow melt  : 5.22  mill ion m3 = 10.6 % 

Soil   water   runoff  : 3 -74  mill ion m3 = 7.6 % 
Prec ip i ta t ion   runoff  : 2.12  million m3 = 4.3 % 
Baseflow  discharge : 21.01 mi l l ion  m’ = 42.7 % 
Radiat ion  discharge : 17.16  million m’ = 34.8 % 
Total   d ischarge : 49.25  mill ion m3 = 100.0 % 

Melt water f rom  the   g l ac i e r s  is about 77 %, l e s s  
t h a n   i n   t h e   g l a c i a l  Nukapingwa River. 

SUMMER WATER BALANCE OF 1978 

The computation  of  the summer water  balance is 
based on t h e   r e s u l t s  of t h e   s i n g l e  water balances 
o f  the   th ree   s tud ied   s t reams  under   the  random con- 
d i t i o n s :  (1) d i s t r i b u t i o n  of snow cover  and summer 
p r e c i p i t a t i o n  i s  nea r ly   t he  same a11  over  Oobloyah 
Valley;  and (2 )  evapora t ion   f rom  the   g lac ie red   a re  
a r e a s  i s  comparable t o   t h e   e v a p o t r a n s p i r a t i o n  es- 
t imated  f rom  the  land  areas .  Due t o  a lack  of d a t a  
f o r   t h e   e a s t e r n   p a r t   o f   t h e   v a l l e y   a n d   t h e  gla- 
c i e r e d   a r e a s  of the  Krieger  Mountains  (see  Figure 
7)  both  had  to   be  def ined.  My own measurements 
only  supported  both  of them for the   s tud ied   reg ion  
with  slope I ,  11, and 111 (see F igure   1 ) .  The ba- 
lance  had to   be   subd iv ided   i n   t he   du ra t ion  o f  snow 
melt   and  the  following summer per iod ,  when the  se-  
diments  thawed  and  drained.  Input was marked with 
a p l u s ,  output with a minus. 

1. Snow melt  (20.6.-1.7.1978): 
Snow cover ,  SC : + 35.04 mi l l ion  m3 
P r e c i p i t a t i o n ,  P : + 2.14 mi l l ion  m3 
Evaporation  (0.1  mm/day), E :  - 31.49 mi l l ion  m3 
Discharge, D : - 31.49 mil l ion  m3 
Balance  computation : + 5.46 mi l l ion  m’ 

The r e s u l t e d   p l u s  was unmelted snow, which was 
brought   into  the  second  balance.  

2 .  Water ba lance   Ju ly  2 through  August 2 :  
Unmelted snow cover ,  SC : + 5.46 mi l l ion  m3 
Frozen s o i l   w a t e r ,  FSW : + 4.09 mil l ion  m3 
P r e c i p i t a t i o n ,  P : + 5.66 mi l l ion  m3 
Snow melt d ischarge ,  SWD : - 5.46  million m3 
Soi l   water   d i scharge ,  SWD : - 4.09  mill ion m’ 
Prec ip i t a t ion   d i scha rge ,  PD: - 2.19  million m3 
Baseflow  discharge,  BD : - 24.11  million m3 
Radiation  discharge,  RD : - 20.02 mi l l ion  m’ 
Evapotranspirat ion,  E : - 0.61  mill ion m’ 
So i l   water  storage,S=P-PD-E: - 2.86 m i l l i o n  m3 
Balance  computation : - 44.13  mil l ion m3 

This  balance shows a minus, r e s u l t e d  by t h e  melt 
water   contr ibut ion of t h e   g l a c i e r s ,  which  brought 
an  add i t iona l ly   ou tpu t  as a minus factor .   Consi-  
d e r i n g   t h e   t o t a l   b a l a n c e  volume input  parameters 
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S C ,  P .  and FSW add  up  to 38.5 %, 8.5 % and 4.5 %. 
As evapotranspiration  is  only  about 1.0 %, and  soil 
water  storage  adds  up to 3.1 8 ,  nearly a l l  of the 
water  input  discharged.  Additionally,  the  ylacie- 
rized  regions  contributed 48.5 % of  melt  water  dis- 
charge to the  summer  water  balance. 
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Physical  and  ecological  features of an atypically  lush  high  arctic  lowland, on 
Ellesmere  Island,  are  described.  Site  topography,  mDisture  supply,  drainage  pat- 
terns  and  radiation  input  combine  favorably  to  create  a  highly  productive  biological 
oasis  amidst  a  polar  desert  setting.  Growing  season  radiation  and  energy  balance 
parameters were higher  than  those of sites  at  similar  latitudes.  Thirteen  distinct- 
ive  lowland  plant  communities were recognized  and  divided  into  a  xeric-mesic t o  mesic 
lichen-heath-cushion  plant  dominated  series  associated  with  a  seasonally  discontin- 
uous  moisture  supply,  and  a  mesic  to  hydric  sedge  dominated  series  associated  with 
a relatively  continuous  moisture  supply.  Community  species  composition,  standing 
crop,  and  primary  production  reflected  changes  in  habitat  moisture  conditions. 

GENERAL 

This  contribution  highlights  some  initial  data 
from  a  team  oriented  three  year  ecological  study 
of a high  arctic  lowland oasis. The project's 
objective  was  to  determine  and  describe  the  under- 
lying  environmental  factor(s)  contributing  to  the 
lowland's  diverse  and  extensive  vegetation  cover 
and  high  productive  capacity.  The  surrounding 
landscape  is  characteristically  a  polar  desert/glac- 
ier  mosaic,  with only 46% of  the  regional  study 
area  (ca.  19000 km2) unglaciated  (Freedman  and 
Svoboda 1981). Extensively  vegetated  oases  cover 
only  1-2%  of  these  glacier  free  sires,  a  cover  per- 
centage  comparable t o  other  high  arctic  regions 
(see  also  Murray 1978; Bliss 1981;  Aleksandrova 
1977). The  studies  focused on: (1) meso-  and 
micro  climate; (2) soil  and  active  layer  features; 
( 3 )  vascular  plant  community  composition,  distrib- 
ution  and  productivity; ( 4 )  autecology  of  dominant 
lowland  species; (5) vascular  plant  responses  to 
nutrient,  mJisrure and  microclimate  enhancement, 
and ( 6 )  breeding  bird  and  invertebrate  population 
dytlamics. This  paper  focuses  specifically on meso 
and  microclimatic  features  and  corresponding  vasc- 
ular  plant  production. 

The  lowland  study  site  is  locared  adjacent  to 
Alexandra  Fiord  (78O53'N,  75055'W),  on  the  eastern 
coast of central  Ellesmere  Island,  Canada. The 
site  is  a  relatively  flat,  roughly  triangular  peri- 
glacial  outwash  plain  covering 8.0 km2. The  low- 
land  is  enclosed  by a glacier  at  its  southern  ex- 
treme; by steep  talus  slopes  and  cliffs  of  a 500 m 
high  eastern  and  western  upland  complex;  and  by  the 
fiord  waters  along  its  northern  margin. 

PHYSICAL  CHARACTERISTICS 

Total  annual  precipitation  in  the  region is less 
than 6 cm  and  typically  less  than 1 cm  during  the 
growing  season  (July - August). The  relatively 
insignificant  annual  moisture  contribution,  coupled 

with  rapid  runoff of snowmelt,  creares  xeric 
growing  conditions on the  bordering  upland  desert 
sites.  The  lowland  has  a  large  influx o f  melt- 
waters  in  the  early  part of the  growing  season, 
the  magnitude of which  is  proportional  to  the 
annual  variation  in  winter  snowpack  accumulation. 
I n  1981, there  was  little  snowpack  accumulation  in 
winter,  and  the  lowland  was  almost  snowfree  by  the 
first  week  of  June. In 1982, with  a  more  typical 
snowpack  regime,  only  6%  of  the  lowland  was  snow 
free  by  May 31;  12% by June 7 ;  47% by June 13; and 
90% (following  a  chinook)  by  June 16. Isolated 
snowbanks  persisted  until  June 25, During  the  re- 
maining  course  of  the  growing  season  a  relatively 
regionalized  but  continuous  moisture  supply  of 
glacial  and  upland  meltwater  origin  prevails. 
Thus, the  lowland  shows  characteristic  features  of 
a  hydrologic  oasis i n  a  polar  desert  setting. 

Based on a  number of energy  budget  parameters, 
the  lowland  also  shows  evidence  of  being  a  thermal 
oasis.  During  the  growing  season  both  mean  daily 
incoming  shortwave  and  longwave radiationwere con- 
siderably  higher at Alexandra  Fiord  than  in  two 
comparable  regional  locations  (Table 1). This  is 
partly  due  to  consistently  clear  skies  associated 
with  the  presence  of  a  persistent  summer  high- 
pressure  zone  over  northern  Greenland  and  north- 
eastern  Ellesmere  Island.  A  small  indirect low- 
land  short-wave  radiation  componenr  was  measured 
from  the  glacial  and  fiord  surfaces.  Similarly, 
the  dark  cliff  walls of the  adjacent  uplands 
contribute an additional  long-wave  radiation 
component  to  the  lowland's  energy  budget.  This 
"oven  effect"  has  been  observed  and  described 
from  a  similar  lowland  setting on northeastern 
Devon  Island  (Courtin  and Labhe 1977). 

in  the  lowland  than  on  either  an  adjacent  upland 
barrens  site  or  a  site  (Eureka) 220 km northwest 
(Table 2). The differences  between  the  Alexandra 
Fiord  lowland  and  upland  are  largely  due  to differ- 

radiation and  albedo  contribute  to the  Alexandra 
ences  in albedo,  while  variations in  both  incoming 

Net  all-wave  radiation  was  consistently  higher 
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Fiord  and  Eureka  differences. 

the  lowland  than  at  the  unvegetated  upland  plateau 
and  adjacent  coastal  lowland  sites  (Table 3). Low 
land  monthly  air  temperatures,  with  the  exception 
of August,  were  higher  than  those  at  Eureka.  Low- 
land  soil  surface  temperatures  were  higher  during 
the  growing  season,  than  in  the  upland  site,  but 
subsurface (-10 cm)  temperatures  were  similar 
(Table 4 ) .  

budget  parameters  in  two  dominant  lowland comun- 
ities - mesic  heath  and  hydric  sedge  meadow.  Use 
of a  roving  meteorological  station  (Campbell 
Scientific  CR-5)  prevented  simultaneous  monitoring 
of both  sites. It is therefore  appropriate  to 
compare  the  relative  partitioning o f  net  radiation 
(9") into  soil  heat  flux (E), latent  heat  flux 
(LE)  and  sensible  heat  flux (a), rather  than  the 
absolute  values  of  these  parameters.  Analysis o f  
the  data  show G to  account f o r  15%  of Q* in  the 
heath  and 11%  in  the  sedge  meadow,  while LE 
accounted  for  26%  and  22%  at  the  two  sites  re- 
spectively,  and H accounted  for  59  and  67%  re- 
spectively.  The  ratio of H and LE (= Bowen  ratio) 
is  typically  high  for  tundra  areas  (Barry  et  al. 
1981;  Ohmura 1982),  and  was 2 .3  for  the  mesic 
heath  and 3.0 for  the  hydric  sedge  meadow. 

Growing  season  air  temperatures  were  higher  in 

Measurements  were  taken o f  significant  energy 

PLANT  ECOLOGICAL  CHARACTERISTICS 

The general  characteristics  of  the  thirteen 
distinctive  lowland  plant  communities  are  summar- 
ized  in  Table 6 .  A similar  series of communities 
has  been  described fo r  another  high  arctic  oasis 
on Devon  Island  (Barrett 1972; Muc  and  Bliss  1977). 
Spatially,  these  cornunities  are  segregated  into  a 
complex  mosaic  according  to  interrelated  patterns 
of microtopography,  drainage,  snow  persistence, 
and  substrate  characteristics. The majority  (70%) 
of  the  lowland  is  covered  by  communities  dominated 
by  lichens,  heaths,  cushion  plants,  and  dwarf 
shrubs.  Soil  moisture  conditions  are  typically 
xeric  to  mesic,  and  mid-July  active  layer  develop- 
ment  (ca. 70% of  peak  season  depth)  averaged 40 cm 
The  dominant  species  are  woody,  long  lived (>lo0 
years), slow  growing,  vegetatively  spreading,  and 
possess  high  proportions  (69% of total  biomass in 
Cassiope  tetragona,  and 81% in  Dryas  inteRrifolia) 
o f  attached  dead  tissue.  The  latter  component  may 
help  maintain  microhabitat  moisture,  and  Sacilit- 
ate  in  situ  nutrient  cycling  (Svoboda  1977).  Total 
vascular  plant  standing  crop  averaged 412 g m-2, 
with  net  production  averaging 18 g  m-2y-le Species 
net  production:  total  biomass  ratios  (P/B)  were 
quite  low:  0.02 for 2. tetragona, 0.02 for 2. 
integrifolia,  0.05  for  Saxifsaga  oppositifolia  and 
0.07 f o r  Vaccinium  uliginosum. 

Approximately 20% of the  lowland  is  covered  by 
sedge  dominated  communities,  and  mosses  are  an 
integral  but  minor  component  in  these.  Sites  range 
from  mesic  to  hydric,  and  mid-July  active  layer 
depths  averaged 37 cm  but  thawed  as  deep  as 80 cm 
by  late  August.  Dominant  species  are  Carex  stans, 
- C.  membranacea, 5. misandra  and  Eriophorum 
angustifolium.  These  perennial,  shorter  lived, 
herbaceous  plants  maintain  the  majority  (81%) of 
their  biomass  below  ground.  Total  aboveground 

standing  crop  avera  ed 337 g m-2 and  net  production 
averaged 27 g K2y-?. Eraminoid P/B ratios  were 
low: 0.18 in 2. stans. 0.17 in C. membranacea, 
0.15 in 2. misandra  and 0.18 in E. angustifolium. 
Although  maintaining  less  aboveground  biomass  than 
drier  tundra  communities,  wet  sedge  meadows  are 
typically more productive  (Babb  and Bliss 1974, 
Muc 1977, Brown  et  al.  1980,  Bliss et al. 1981). 

The  remaining  10% of the  lowland  is  almost 
equally  divided  between  aquatic  (rivers,  streams, 
ponds)  and  ruderal  (human,  water  or  ice  modified) 
habitats.  Aquatic  habitats  possess  little  to  no 
vascular  vegetation.  The  ruderal  sites  are  gen- 
erally  mesic  to  mesic-xeric  in  nature  and  develop 
mid-July  active  layer  depths o f  27 cm.  The  diverse 
vegetation i s  dominated  by  short-lived,  herbaceous 
species  in  which  standing  crop  averages 12 g I U - ~  
and  production  averages 5 g  m-2y-1.  Corresponding 
P/B ratios  are  high:  0.71  in  Cochlearia 
fenestrata, 0.50 in Cerastium  alpinium,  and 0 . 3 5  in 
Draba  groenlandica  (Maessen  et  al.  1983). 

In conclusion,  our  study  demonstrates  that  with- 
in  the  overall  expanse  of  high  arctic  desert, 
relatively  lush  oases can exist.  This  appears  to 
be  caused  by  an  environmental  amelioration  in  terms 
of hydrology  and  meso-  and  microclimate, 
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TABLE L Comparison of Mean  Daily  Incoming  Short-wave  and  Long-wave  Radiation  for  Several 
High  Arctic  Locations. 

Mean  Daily  Short-wave Mean  Daily  LOng-WaVe  Incoming 
Incoming (MJ m-2  d-l (MJ m-2 d-1) 
July  Aug  May  June  July  Aug. 

Alexandra  Fiord (79'N,76'W) 19.4 12 .o 26.9  31.2  32.4  32.4 

Eureka 

Expedition  Fiord (2) (7g0N,92OW) 1 5 . 4  12.1 18.9 23.9  25.7  24.9 

(1) (80°N,850W) 18.8 10.5 " " " " 

(1) After Anonymous (1982). 

(2)  After  Ohmura  (1982). 
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TABLE 2 Comparison of Net All-Wave  Radiation 
Between  the  Alexandra  Fiord  Lowland, a Site  on  the 
Nearby  Upland  Barrens,  and  Eureka  Normals 
(MJ r C 2  d-l). 

1980 1981 
July Aug. June July Bug. 
-.- 

Alexandra  Fiord 13.6 6 . 7  9.7  11.9 9.2 
lowland 

Alexandra  Fiord 9.0 5.5  9.0 9.5 6.5 
upland  polar 
desert 

Eureka  climatic - - 12.6 9.9 4.5 
normals (1) 

(1) After  Anonymous  (1982) 

TABLE 4 1982  Mean  Monthly Soil Temperatures for 
TWO  Sites. 

Site  Depth  June  July  Aug. 

Central surface 8.0 9.5 6.0 
lowland -10 cm 5.8 7 . 7  3.9 

Upland  polar surface 8.0 8.8 3 . 2  
desert -10 cm 5.9 7.9 3.6 

TABLE 3 1982  Mean  Monthly  Air  Temperatures (1.5 m) 
for Several  Sites in the  Vicinity o f  the  Alexandra 
Fiord  Lowland ( O C ) .  

Station  June  July  August 

Central  Lowland 6.0 6.4 2 . 9  

Unvegetated Low- 2.5 4.9 - 
land 

Upland Polar  Desert  3.8  6.1 1.7 

Eureka  normals 1.8 5.4 3.3 (1) 

(1) After  Anonymous (1982). 

TABLE 5 Major  Energy  Budget  Parameters  for  the 
Two  Most  Significant  Plant  Community  Types  in 
the Alexandra  Fiord  Lowland. 

Parameter  Mesic Sedge 
Heath  Meadow 

Absorbed  net 573 748 
all-wave  radiation, Q* 

Soil heat flux, G 86 85 

Latent  heat  flux, LE 149 166 

Sensible  heat  flux, H 336 497 

NOTE: Q*, G, E, and LE were  measured,  while H 
was  calculated by difference. KY I K I - ~  hr-', 
average of several  diurnal  measurements  per  site. 
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A STUDY OF THE EVOLUTIONARY  HISTORY OF PERMAFROST IN NORTHEAST CHINA 
BY A NUMERICAL METHOD 

Fu Liandi,  Ding Dewen, and E w  Dongxin 

Lanzhou I n s t i t u t e  of Glaciology  and  Cryopedology,  Academia  Sinica 
People 's   Republ ic  of China 

Baaed on t h e   e s s e n t i a l   p r i n c i p l e s  of t h e   u n i t y  of formation  and  the  difference of 
e x i s t i n g   c o n d i t i o n s  of permafrost ,   the  comprehensiveness o f  f reez ing   processes  
and the   re la t ive   independence  of e a c h   s u b p r o c e s s ,   t h e   c o n t i n u i t y   ( i r r e v e r s i b i l i t y  
a n d   r e l a t i v e   s t a b i l i t y )  and  rhythm o f  t h e   f r e e z i n g   p r o c e s s ,   t h e   p a r t i c u l a r i t y  of 
c o n t r a d i c t i o n  and the  main c o n t r a d i c t i o n  of f reez ing   processes ,  and t h e   s e l e c t i o n  
of  parameters  and  mathematic  models  for  the  description o f  f reez ing   processes ,  
and t ak ing   con tempora ry   pe rmaf ros t   i n   l a rge   b locks   i n   Nor theas t  China as an 
example ,   t he   au tho r s   quan t i t a t ive ly   r econs t ruc t   t he   evo lu t iona ry   h i s to ry  of 
pe rmaf ros t   i n   Ch ina .   Resu l t s   i nd ica t e   t ha t   t he   ave rage   t h i ckness  o f  permafrost  
i n   l a r g e   b l o c k s  was 120 m in t h e  Gu Xiangtun  per iglacial   age.   Except   in   the 
northern regions, permafrost   d isappeared  during  the  high-temperature   per iod.   The 
average   th ickness  of contemporary  permafrost is  approximately 75 m. The da ta  ob- 
ta ined   f rom  ana lyses  of the   pa leoc l imate  and p a l e o g l a c i a l   r e l i c s  are i d e n t i c a l   t o  
the da ta   ob ta ined   f rom  cu r ren t   f i e ld   exp lo ra t ions .   Th i s  method may a160 be  used 
f o r   o t h e r   t y p e s  o f  permafrost  and regions.  As long as the  change of a i r  tempera- 
t u r e  i s  given  precisely,   the   development  of permafrost   can  be  successfully  pre- 
d i c t ed .  

T H E  ESSENTIAL  PRINCIPLES FOR A N A L Y Z I N G  T H E  
E V O L U T I O N A R Y  HISTORY OF PERMAFROST 

F r o m  t h e   p h y s i c a l   p o i n t   o f   v i e w ,   p e r m a -  
f r o s t  i s  a g e o l o g i c a l - g e o g r a p h i c a l  system 
t h a t   e x i s t s   o n   t h e   s u r f a c e  o f  t h e   e a r t h ' s  
c r u s t   a n d   k e e p s   i n   f r o z e n   s t a t e .  I n  p e r -  
m a f r o s t ,   t h e   p r o c e s s  o f  h e a t   m o t i o n ,   i n -  
c l u d i n g   p h a s e  c h a n g e ,  i s   i n  a s p e c i a l   s t a g e  
t h a t   h a s   a n   i n h e r e n t   f o r m   o f   e n e r g y   c o n -  
s e r v a t i o n   a n d  a d i s t r i b u t i v e   l a w   o f   q u a n -  
t i t y .   T h e   c h a n g e  o f  e n e r g y   w i t h i n  c e r -  
t a i n  limits e v o l v e s   t h e   h i s t o r y   o f   p e r m a -  
f r o s t   a n d   c o r r e s p o n d i n g l y   t h e   c h a n g e   o f  
i t s  r e g l o n a l   d i s t r i b u t i o n ,   i n c l u d i n g   t h e  
c h a n g e  o f  i t s  t h i c k n e s s ,   a n d   o c c u r r e n c e  
a n d   c h a n g e   o f  i t s  p h e n o m e n a .  

A c c o r d i n q   t o   o u r   u n d e r s t a n d i n g ,   a n a -  
l y s e s  o f  t h e   e v o l u t i o n a r y   h i s t o r y   o f   p e r -  
m a f r o s t   s h o u l d   b e   b a s e d   o n   t h e   f o l l o w i n g  
e s s e n t i a l   p r i n c i p l e s   ( D i n g  Dewen  and  Guo 
D o n g x I n  1 9 8 2  ) +  

U N I T Y  OF FORMATION A N D  T H E  DIFFERENCE OF 
EXISTING  CONDITIONS OF PERMAFROST 

When t h e   i n t e r a c t i o n   o f   e n e r g y   a n d  
s u b s t a n c e   b e t w e e n  s o i l s  ( o r   r o c k s )   a n d  
s u r r o u n d i n g s  reaches  a c r i t i c a l  s t a t e ,  o r  
when t h e   a n n u a l   m e a n   g r o u n d   t e m p e r a t u r e  
r e a c h e s   t h e   f r e e z i n g   p o i n t ,   p e r m a f r o s t  
f o r m s .  On t h e   o t h e r   h a n d ,   t h e   a n n u a l   m e a n  
g r o u n d   t e m p e r a t u r e   v a r i e s   w i t h   g e o l o g i c a l ,  
g e o g r a p h i c a l   a n d   g e o p h y s i c a l   c o n d i t i o n s ,  
e v e n   i n   t h e   s a m e   r e g i o n   a n d   w i t h i n   d i f -  
f e r e n t   p e r i o d s ,  o r  i n  d l f f e r e n t  r e g i o n s  
a n d   w i t h i n   t h e  same p e r i o d .  

C O N T I N U I T Y  (IRREVERSIBILITY A N D  
R E L A T I V E  STABILITY) A N D  R H Y T H M  

OF FREEZING  PROCESSES 

I n   p e r m a f r o s t ,   e a c h   s u b s t a n c e   i n   d i f -  
f e r e n t   g r a d e   a n d  i t s  m o t i o n   h a v e   a n   e v o -  
l u t i o n a r y   h i s t o r y   o f   t h e i r  own.  The i n -  
t e r a c t i o n   b e t w e e n   f a c t o r s  o r  p r o c e s s e s  
( i n c l u d i n g   f e e d b a c k )   e v o l v e s   i r r e v e r s i b l y .  
B u t   f r e e z i n g   p r o c e s s e s   h a v e  a r e l a t i v e l y  
s t e a d y   s t a g e   ( c o r r e s p o n d i n g l y   t h e   s t a g e  o f  
q u a n t i t a t i v e   c h a n g e )  a n d  a c e r t a i n   c h a n g e  
o f  r h y t h m   r e g u l a r i t y   ( n o n - p e r i o d i c i t y )  be-  
c a u s e  o f  t h e  c h a n g e   o f   t h e   m a i n   e n e r g y  
s o u r c e   a n d   t h e   c o n t r a d i c t o r y   f e a t u r e   i n  
t h e   i n n e r   s y s t e m ,  

PARTICULARITY OF C O N T H A D I C T I O N  
A N D  T H E  M A I N  C O N T R A D I C T I O N  

OF F R E E Z I E J G  PFIOCESSES 

F r e e z i n g   a c t i o n  i s  o n e  o f  t h e   c h a n g e s  
o c c u r r i n g   o n   t h e   s u r f a c e   o f   t h e   e a r t h ' s  
c r u s t .  I t  b e c o m e s  a s p e c i a l   l i t h i f i c a t i o n  
i n   p e r m a f r o s t   r e g i o n s ,   a n d   p r o d u c e s   s p e -  
c i f i c   p e r m a f r o s t   ( g e o m o r p h o l o g i c a l )   p h e -  
n o m e n a   a n d   c h a r a c t e r i z e s  a s p e c i f i c  g e o -  
g r a p h i c a l   v i e w   ( l a n d s c a p e )   i n   w h i c h   h e a t  
m o t i o n ,   i n c l u d i n g   p h a s e   c h a n g e ,   p l a y s  a 
l e a d i n g   r o l e .   T h e r e f o r e ,   h e a t   m o t i o n   c a n  
b e   c o n s i d e r e d   t o   b e  a p h y s i c a l   p r o c e s s  
( e s p e c i a l l y   t h e   t r a n s p o r t a t i o n )   t h a t  e -  
v o l v e s   u n d e r  a c e r t a i n   n a t u r a l - h i s t o r i c a l  
c o n d i t i o n .  
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SELECTION OF PARAMETERS A N D  MATHE- 
M A T I C A L  MODELS T O  DESCRIBE 

F R E E Z I N G  P R O C E S S E S  

B e c a u s e   f r e e z i n g   p r o c e s s e s   a r e  a c h a i n  
o f  c o n t i n u o u s   c h a n g e s   o f   s t a t e ,  c h o o s i n g  
t h e   t h e r m o d y n a m i c   s t a t e   p a r a m e t e r s  t o  
d e s c r i b e   t h e m  i s  r e a s o n a b l e .   U n d e r   t h e  
c a s e  o f  n o   e x t e r n a l   e l e c t r o m e g n e t i c   f i e l d ,  
c h o o s i n g   t h e   p a r a m e t e r s   o f   p r e s s u r e  (P), 
v o l u m e  ( V ) ,  t e m p e r a t u r e   ( T ) ,   a n d   h u m i d i t y  
(W) is e n o u g h .   F u r t h e r m o r e ,   b e c a u s e   b o t h  
p r o c e s s e s  o f  t e m p e r a t u r e   a n d   p h a s e   p l a y  a 
l e a d i n g  r o l e  i n   t h e   e v o l u t i o n  of p e r m a -  
f r o s t ,  a n d   t h e   p r o c e s s  o f  p h a s e   c h a n g e   c a n  
b e   o b j e c t i v e l y   d e s c r i b e d   b y   i s o t h e r m ,  
f r e e z i n g   p r o c e s s e s   c a n   b e   d e s c r i b e d   b y  
t e m p e r a t u r e   a n d   h u m i d i t y   f i e l d s .   I n   t h e  
c a s e ,  t h e   f o u r   p a r a m e t e r s :   t h e   h y d r a u l i c  
c o n d u c t i v i t y  (K 1, t h e   t h e r m a l   c o n d u c t i v i t y  
( X ) ,  t h e   t h e r m a l   d i f f u s i v i t y   ( a )   a n d   t h e  
v o l u m e t r i c   h e a t   c a p a c i t y   ( C )  a r e  t h e  m a i n  
p a r a m e t e r s .   T h e   m a t h e m a t i c a l   m o d e l s  o f  
p r o c e s s e s   i n   o n e   d i m e n s i o n   c a n   b e   e x p r e s -  
s e d   a s  f o l . l o w s :  

" aMli - K i  ai. ( 2  1 
a~ a x 2  

W h e r e  X i s  t h e   c o o r d i n a t e ;  T i s  t ime; i 
r e p r e s e n t s   p h a s e  s t a t e :  " - I '  f r e e z i n g ,  'I+" 

t h a w i n g .  
T h e n ,  

X=h, t -= t f= t* ,  W H = W 0 - W '  ( 3 )  

+ a w f  -8W- a h  K - - K  a x  z - = A w a - r  

W h e r e  yo i s  t h e   d r y   d e n s i t y  o f  s o i l s ;  W o  
i s  t h e   i n i t i a l  water c o n t e n t , ;  W i s  t h e  
q u a n t i t y  o f  m o i s t u r e   m i g r a t i o n   p e r   v o l u m e ,  
a n d  L i s  t h e   l a t e n t   h e a t .  

T h e   i n i t i a l   a n d   b o u n d a r y   c o n d i t i o n s   c a n  
b e   g i v e n   o u t   a c c o r d i n g  t o  f e a t u r e s  o f  c o n -  
c r e t e  p r o b l e m s  ( t o  s e t  u p   t h e   c o n d i t i o n  o f  
t h e   d e t e r m i n a t i v e   s o l u t i o n ) .  

A DETERMINATIVE  SOLUTION FOR T H E  

MAFROST .IN NORTHEAST C H I N A  
EVOLUTIONARY H l S T O R V  OF P E R -  

A c c o r d i n g  t o  our d a t a   a n d   t h o s e  o f  o u r  
p r e d e c e s s o r s ,   s t r a t a   i n   N o r t h e a s t   C h i , n a  
c o u l d   b e   d i v i d e d   i n t o  two c o m b i n a t i o n s  of 
s p o r e   p o l l e n   f o r   t h e   p e r i . o d s  o f  t h e   e a r l y ,  
m i d d l e   a n d   1 , a t . e   P l e i s t o c e n e   a n d   t h r e e   f o r  
t h e   H o l o c e n e .  I t  s h o w e d   t , h a t   t h e   c l i m a t e  
i n   t h i s   r e g i o n   v a r i c d   a l t e r n a t i v e l y  
m a n y  t imes,  f rom c o l d  t o  warm, f r o m  d r y  t o  
h u m i d ,   a n d   v i c e   v e r s a   a n d   t h a t   t h e  f r e -  

q u e n c y  o f  t h e   c l i m a t e   c h a n g e   a n d   t h e   g e n -  
e r a l   t e n d e n c y   w e r e   t h e  same i n   t h e   w h o l e  
r e g i o n .   P e r m a f r o s t   i n   t h i s   r e g i o n   e v o l v e d  
o n   t - h e   b a c k g r o u n d   o f   t h e   c l i m a t e   c o n d i -  
t i o n s   a n d   f o r m e d  a g e n e r a l   p a t t e r n  o f  
e v o l u t i o n .  

U n d e r   i n f l u e n c e s  o f  t h e   s t r u c t u r a l  
s y s t e m   a n d   s t r u c t u r a l   m o t i o n   w i t h i n   p e r -  
i o d s  o f  Y i a n   S h a n  a n d  H i m a l a y a ,   n o t   o n l y  
d i d   t h e   l o c a l   g e o l o g i c a l ,   g e o g r a p h i c a l ,  
g e o m o r p h o l o g i c a l   a n d   g e o p h y s i c a l   c o n d i -  
t i o n s   t e n d   t o   b e   c o m p l i c a t e d ,   b u t   a l s o  
t h e   e v o l u t i o n   o f   p e r m a f r o s t   b e c a m e  com- 
p l i c a t e d ,  among w h i c h  magma a c t i v i t y  
a n d  b a s a l t   e r u p t i o n   h a d   t r e m e n d o u s   i n -  
f l u e n c e   r e s u l t i n g   i n   h i g h e r   t e r r e s t r i a l  
h e a t ,   d i f f e r e n t  m o t l o n  o f  t h e   e a r t h ' s  
c r u s t ,   a n d   t h e   m i g r a t i o n   a n d   d e p o s j t  o f  
t h e   r i v e r   s y s t e m ,   e t c .  

T h e   c o m p o n e n t ,   s t r u c t u r e ,   t e m p e r a t u r e  
a n d   t h i c k n e s s   o f   p e r m a f r o s t   a n d  i t s  p h e -  
n o m e n a   a r e   r e p r e s e n t a t i v e   i n d e x e s  o r  
m a r k s   o f   f r e e z i n g   p r o c e s s e s .   A c c o r d i n g  t o  
t h e   d a t a ,   i n c l u d i n g   t h e   c h a n g e  o f  p a l a e o -  
c l i m a t e   r e f l e c t e d   b y   c h a n g e  o f  c o m b i n a -  
t i o n s   o f   s p o r e   p o l l e n ,   t h e  r e l i c s  o f  
p a l e o - p e r i g l a c i a l   s t r u c t u r e s   a n d   t h e  
c h a n g e   r e g u l a r i t y  o f  a i r   t e m p e r a t u r e   w i t h  
l a t i t u d e ,  we c a n   o u t l i n e   t h e   e v o l u t i o n  o f  
p e r m a f r o s t   a s   s t a r t i n g  f r o m  t h e  Gu 
X i a n y t u n   g l . a c i a 1   a g e   i n   t h e  l a t e  P l e i s -  
t o c e n e ,   p a s s i n g   t h r o u g h   t h e   h i g h   t e m p e r a -  
t u r e   p e r i o d   a n d   m i n o r - g l a c j a l   a g e   i n   t h e  
H o l o c e n e ,   a n d  s t i l l  d e v e l o p i n g  up t o  n o w .  
I n   N o r t h e a s t   C h i n a ,   f r o z e n   g r o u n d   c a n   b e  
d i v i d e d   i n t o   f o u r   t y p e s :   c o n t i n u o u s   p e r -  
m a f r o s t  i n   l a r g e   b l a c k s ,   p e r m a f r o s t   i n  
i s l a n d - ]   i k e   t a l i k s ,   i s l a n d - l i k e   p e r m a f r o s t  
a n d   s e a s o n a l l y   f r o z e n   g r o u n d ,   a l l   c o n t r o l -  
l e d   m a i n l y   b y   s o l a r   r a d i a t i o n   a n d  r e f l e c -  
t i n g   o b v i o u s l y   t h e   r e g u l a r i t i e s  o f  t h e  
h o r i z o n t a l   z o n a t i o n   ( G u o   D o n g x i n   a n d  L i  
Z u o f u ,  1981  ). 

e a s t :  C h i n a   c a n   b e   d i v i d e d   i n t o   t h e  f o 1 . -  
l o w i n g   f o u r   s t a g e s :  

F i r s t ,  t h e  l a t e  P l e i s t o c e n e ,   i n   w h i c h  
t h e   s o u t h  limit o f  c o n t i n u o u s   p e r m a f r o s t  
was l o c a t e d   n e a r   t h a t  o f  c o n t e m p o r a r y  
p e r m a f r o s t   a n d   r e a c h e d  t h e  S a n   3 i a n g   p l a i n .  
T h e   s o u t h  limit o f  i s l a n d - l i k e   p e r m a f r o s t  
was s i t u a t e d  t o  t h e   n o r t h  o f  Q i a n   G u o a n g -  
t u   i n   t h e   t o w n  of  Ao H a n .  

S e c o n d ,   t h e   e n d   o f   t h e   h i g h   t e m p e r a -  
t u r e   p e r i o d ,   i n   w h i c h   t h e   p e r m a f r o s t  a l l  
o v e r  t h e   r e g i o n   t h a w e d   e x c e p t  f o r  s p o r a d i c  
p e r m a f r o s t   r e m a i n i n g   i n   t h e   b o t t o m   o f   v a l -  
l e y s  o r  wet l o w - l y i n g   l a n d   n o r t h  o f  Man 
G u i .  

T h i r d ,   t h e   m i n o r - g l a c i a l   a g e ,   i n   w h i c h  
t h e   p e r m a f r o s t   f o r m e d   a g a i n  a n d  r e a c h e d  
t h e   s o u t h   o f  Man G u i ,   a n d   s u p e r i m p o s e d   o n  
o l d   p e r m a f r o s t   i n   t h e   N o r t h   o f  Man G u i .  

p o r a r y   p e r m a f r o s t   f o r m e d   g r a d u a l l y .  

f r o s t  i n   l a r g e   b l o c k s  a s  a n   e x a m p l e ,  we 
r e c o n s t r u c t   t h e   e v o l u t i o n a r y   h i s t o r y  o f  

T h e   e v o l u t i o n  o f  p e r m a f r o s t   i n   N o r t h -  

F i n a l l y ,   n o w - a - d a y s ,   i n   w h i c h   c o n t e m -  

T a k i n g   c o n t e m p o r a r y   c o n t i n u o u s   p e r m a -  
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p e r m a f r o s t   q u a n t i t a t i v e l y   b y   u s i n g   n u m e r -  
i c  m e t h o d   a n d   e q u a t i o n s  o f  t e m p e r a t u r e  
f i e l d ,   s i n c e   t h e   t h i c k n e s s  o f  Q u a t e r n a r y  
s t r a t a  i s  v e r y   t h i n   a n d   p e r m a f r o s t   b e l o n g s  
t o   t h e   e p i g e n e t i c   t y p e .   C o n d i t i o n s   o f   t h e  
d e t e r m i n a t i v e   s o l u t i o n  a r e  a s   f o l l o w s :  

Geometric a n d   P h y s i c a l   C o n d i t i o n s  

T h e   s e c t i o n  o f  s t r a t a   c o n s i s t s  Of s a n d y  
c l a y  f r o m  0 t o  L O  meters a n d   g r a n i t e   f r o m  
10 t o  350 m ( t h e   d e p t h  o f  t h e   l o w e r   b o u n d -  
a r y  i s  d e t e r m i n e d   b y   t h e   t r a n s m i t t e d   d e p t h  
o f   t e m p e r a t u r e   w a v e   i n   t h e  Gu X i a n g t u n  
p e r i g l a c i a l   p e r i o d ) .   P h y s i c a l   i n d e x e s   a r e  
a s  b e l o w " :  

yo = 1600  A -  .- 1 . 6 6  C -  = 5 0 4  

W = 0 . 2 5  A+ = 1 . 4 7  C+ = 600 

W H  = 0.025 
yo = 1800 X- = 2 . 6 3  C -  = 4 7 7  

w = 0 . 0 2  A+ = 1 .68  C"' = 6 6 6  

w H =  0 

Q = L Y o  (W-WH) 
* 

D i m e n s i o n s   a r e   i n   t h e   s y s t e m   o f  meter, 
k i l o g r a m ,   h o u r ,   a n d   k i l o c a l o r i e .  

I n i t i a l   a n d   B o u n d a r y   C o n d i t i o n s  

A c c o r d i n g   t o   t h e   d a t a  o f  t h e   a b s o l u t e  
a g e   o f   s t r a t a   a n d  o f  t h e   p a l e o n t o l o g i c a l  
f o s s i l s ,   p e r m a f r o s t   w a s  wel l  d e v e l o p e d   i n  
t h e  Gu X i a n g t u n   p e r i q l a c i a l   a g e .   A f t e r  
t h a t ,  i t  d i s a p p e a r e d   i n   m a n y   p l a c e s  i n  t h e  
i n t e r g l a c i a l   p e r i o d   b e t w e e n   t h e  Gu X i a n g t u n  
and  Dong  Gan g l a c i a l   a g e s .   T h e r e f o r e ,   t h e  
s t a r t i n g   p o i n t   o f   c o m p u t a t i o n  i s  30,000 
y e a r s   a g o .   T h e   i n i t i a l   c o n t i t i o n s  o f  tem- 
p e r a t u r e  a r e :  

t ( 0 , O )  = ooc 
t ( X , O )  = t (0,O) .t g x  ( 6 )  

Where  g was t h e   g e o t h e r m a l   g r a d i e n t   i n  
1 / 3 0  d e g r e e   p e r  meter.  

F r o m   e q u a t i o n   ( 6 ) ,   t h e   t e m p e r a t h r e   o f  
t h e   l o w e r   b o u n d a r y   w a s  t H  x gH - 11.7OC. 

A c c o r d i n g   t o   t h e   d a t a   o f   p a l e o n t o l o g y  
o f  r e l i c s  o f  p a l e o - p e r m a f r o s t   a n d   o f   c o n -  
t e m p o r a r y   d i f f e r e n c e s   b e t w e e n   g r o u n d -  
s u r f a c e   t e m p e r a t u r e   a n d   a i r   t e m p e r a t u r e ,  
c o n d i t i o n s   o f   t h e   u p p e r   b o u n d a r y   c a n   b e  
e s t i m a t e d  a s  f o l l o w s :  

-6.OPC 30 'I 1 2   t h o u s a n d  
-3.0 1 2  T 8 y e a r s  B.P. 

8 T 2 . 5  
- 3 . 0  2 . 5  T 

t ( O d )  = % * O  

COMPUTATIONAL METHODS AND 
A N A L Y S E S  OF RESULTS 

T h e   p r o b l e m   o f   h e a t   c o n d u c t i o n   w i t h   o n e  
d i m e n s i o n   m e n t i o n e d   a b o v e  is c o m p u t e r i z e d  
by t h e   f o l l o w i n g   f o r m a t   o f   a l l - i m p l i c i t  
d i f f e r e n c e :  

T " + l -  " (T!:: - T n +  L +  T n +  1 

j h Z C  3 3-1 ) +  TY ( 7 )  

Where  T i s ,  t ime s t e p ;  h i s  s p a c e   s t e p ;  n i s  
t ime o f  p o i n t s   i n   t h e   c o m p u t i o n a l   n e t  and 
j i s  p o s i t i o n  o f  p o i n t s   i n   t h e   c o m p u t i o n a l  
n e t .  

C u t t i n g - o f f   e r r o r  i s  E = O (  T + 0 ( h  2 

A l t h o u g h   t h e   a c c u r a c y  o f  t h e  f o r m a t   h a s  
o n l y   o n e   g r a d e ,   t h e   c h o i c e  o f  time s t e p  T 
i s  n o t   l i m i t e d  by t h e   s t a b i l i t y   b e c a u s e  
t h e   s t a t e  o f  t h e   t e m p e r a t u r e   f i e l d   n e e d s  
t o   b e   c o m p u t e r i z e d  f o r  30 ,000  y e a r s .  
F u r t h e r m o r e ,  f o r  s u c h  a d i f f u s i v e   p r o b l e m ,  
c h o s i n g   t h e   i m p l i c i t   f o r m a t   a g r e e s   m o r e  
w i t h   t h e   p h y s i c a l   m o d e l ,   a n d   f o r   s o l u t i o n  
o f   l i n e a r   e q u a t i o n ,   t h r e e   p a i r s   o f   t h e  
a n g l e   m a t r i x   a l s o   h a v e   t h e   e f f e c t i v e n e s s  
o f   t h e   t r a c i n g   m e t h o d   w i t h  n o  r e q u i r e m c n t  
f o r   c o m p u t a t i o n a l .  t ime a n d   s t o r a g e   s p a c e s .  
T h e r e f o r e ,   t h c   a l l - i m p l i c i t   f o r m a t  i s  
s u i t a b l e   f o r   s o l v i n g   t h e   p r o b l e m   o f   h e a t  
c o n d i t i o n   i n   o n e   d i m e n s i o n .  

I n   c o m p u t a t i o n ,   , t h e   t r e a t m e n t   o f   p a r -  
ameters  i . ~  a s  f o J . l o w s :   t h e   t h e r m a l   c o n -  
d u c t i v i t y  X a n d   t h e   v o l u m e t r i c   s p e c i f i c  
h e a t  C a r e  c o n s t a n t s   i n   t h e   f r o z e n   a n d  
t h a w e d   r e g i o n s   r e s p e c t i v e l y ,   b u t   v a r y   w i t h  
s o i l  ( o r  r o c k )  p r o p e r t i e s .   I n  t h e  p h a s e  
c h a n g e   r c g i o n ,  we h a v e  X"=+ ( X "  + X + )  a n d  
C * =  A + ( C -  + C + ) ,   w h e r e  A is t h e   a m o u n t  
o f   l a t e n t   h e a t   i n   t h e   r a n g e   o f  - 1 O C  t O°C.  
C o n s e q u e n t l y ,  

x- t - 1 O C  

A 

C -  t - 1 O C  

A + ( C -  + C') -1 .OC 1: O°C 

C +  t ooc 
C o m p u t a t i o n a l   r e s u l t s   a r e   s h o w n   i n   T a b l e  1. 

F r o m   T a b l e  1, we c a n  see  t h a t  in t h e  
Q u  X i a n g t u n   p e r i g l a c i a l   a g e ,   t h e   t h i c k n e s s  
o f   c o n t i n u o u s   p e r m a f r o s t   i n   l a r g e   b l o c k s  
was 1.20 m o n   t h e   a v e r a g e   a n d   m o r e   t h a n  1SO 
m i n   n o r t h e r n   r e g i o n s .   I n   t h e   h i g h  tem- 
p e r a t u r e   p e r i o d ,   p e r m a f r o s t   d i s a p p e a r e d  
e x c e p t  f o r  t h e   n o r t h e r n   r e g i o n s ,  in w h i c h  
p e r m a f r o s t   r e m a i n e d   i n   t h e   t h i c k n e s s   f r o m  
0 t o  2 0  m .  P e r m a f r o s t  has developed 
a g a i n   s i n c e  t h e  m i n o r   g l a c i a l  a g e .  T h e  
t h i c k n e s s   o f   c o n t e m p o r a r y   p e r m a f r o s t  i s  
a p p r o x i m a t e l y   7 5  m o n   t h e   a v e r a g e   a n d  100 
m f o r   i n d i v i d u a l   c a s e s   i n   n o r t h e r n   r e g i o n s .  
T h e   r e s u l t s   o b t a i n e d   f r o m   t h e   a n a l y s e s   o f  
p a l e o c l i m a t e   a n d   p a l e o g l a c i a l  r e l i c s  is 
i d e n t i c a l   w i t h  t h e  d a t a   o b t a i n e d   f r o m  
present -day  f j e l d  e x p l o r a t i o n .  

b y   t h e   f o l l o w i n g   f o r m u l a :  
T h e  f r e e z i n g  p r o c e s s   c a n  b e  e x p r e s s e d  

w h e r e  
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T A B L E  1 F r o s t   P e n e t r a t i o n   D e p t h   W i t h   t h e   C h a n g e  o f  Time 

T i n e ,   y e a r s  
B.P. 2 9 , 9 0 0  2 9 , 5 0 0   2 9 , 0 0 0  28,000 2 5 , 0 0 0   1 2 , 0 0 0  1 0 , 0 0 0  8 , 0 0 0  3 ,000  2 , 0 0 0  P r e s e n t  

F r o s t   d e p t h ,  
m 1 0  50 95 1 0 5  115 1 2 0  75 70 0 55  75  

F r o m   f o r m u l a  ( 8 ) ,  we c a n  s e e  f a c t o r s  
a f f e c t i n g   t h e   d e v e l o p m e n t  o f  p e r m a f r o s t  
a n d   r e l a t i o n s h i p s   b e t w e e n   t h e m .  When h e a t  
f l o w   c a u s e d   b y   t h e  c h a n g e  o f   g r o u n d - s u r f a c e  
t e m p e r a t u r e   i n v e r t s ,  o r  when t h e   h e a t   f l o w  
c h a n g e s   t h e   d i r e c t i o n   f r o m   o u t p u t  t o  i n p u t ,  
p e r m a f r o s t  will b e   t h a w e d   i n   t w o   d l r e c -  
t i o n s .  

l e a d i n g   r o l e  i n  t h e   t h a w i n g   p r o c e s s  o f  
p e r m a f r o s t .  

P e r m a f r o s t   c a n   n o t   b e   d e v e l o p e d   u n l e s s  
t h e   c o n d i t i o n   o f  r X  t p  c g  ) 2  i s  satis- 

2 a  
f i e d .   T h e   g r e a t e r   t h e   a b s o l u t e   v a l u e   o f  
n e g a t i v e   t e m p e r a t u r e   o n   g r o u n d - s u r f a c e  i s ,  
t h e   f a s t e r  it will d e v e l o p .  

I f   t h e   c h a n g e   o f   t h e   h e a t  f l o w  i s  n o t  
g r e a t ,   t h e   e v o l u t i o n  o f  p e r m a f r o s t  will b e  
m a i n l y  c o n t r o l l e d  b y   t h e  a i r  t e m p e r a t u r e  
a n d   s o i l  ( o r  r o c k )   p r o p e r t i e s .  If t h e  
s o i l  ( o r   r o c k )   p r o p e r t i e s   a r e   t h e  same, 
a i r  t e m p e r a t u r e  will b e c o m e   t h e   m a i n  

T h e   h e a t   i n   t h e   i n t e r i o r   e a r t h   p l a y s  a 

f a c t o r   a n d   t h e   d i s t r i b u t i o n  o f  p e r m a f r o s t  
h a s   t h e   o b v i o u s   r e g u l a r i t y  o f  z o n a t i o n .  

I n   c o n c l u s i o n ,   t h e   m e t h o d   c a n   a l s o   b e  
u s e d  f o r  o t h e r   t y p e s   o f   p e r m a f r o s t   a n d  
r e g i o n s , a n d  a s  l o n g   a s   t h e   c h a n g e   o f  a i s  
t e m p e r a t u r e  is g i v e n   p r e c i s e l y ,   t h e  p r e -  
d i c t i o n  o f  t h e   d e v e l o p m e n t   o f   p e r m a f r o s t  
c a n   b e   d o n e   s u c c e s s f u l l y ,  
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I ULTRASONIC VELOCITY IN FROZEN s o n  
Fu Rong,  Zhang .Jinsheng, and Hou Zhongjie 

Lanzhou I n s t i t u t e  of Glaciology and Cryopedology, Academia Sinica 
People's Republic of China 

The propagation ve loc i t ies  of ultrasonic  dilatational and shear waves i n  frozen 
Lanzhou  medium sand and frozen  Tibet  clay samples were  measured at  different 
water contents and temperatures wing the SYC-2 sonic wave detector. The varia- 
tion of sonic  velocity  with water content and un i t  weight substantially depends 
upon the  type of  soil. In coarse-grained frozen soil, the sonic-wave velocity 
consistently  increases  with  increasing water content,  while in frozen  clayey 
s o i l ,  it decreases  with  increasing water content i n  the low water content range, 
then starts  to  increase  with  a  fluctuation, and finally  increases  steadily up to 
the  ultrasonic  velocity  in  ice. Tests indicate  that the ultrasonic  velocity 
increases  with  decreasing temperature. Based on this  investigation, the authors 
consider  that  ultrasonic  detection  techniques can be used to determine the 
physical and mechanical properties of frozen s o i l s ,  such as water content, 
density,   elastic modulus, and Poisson's  ratio. 

I N T R O D U C T I O N  

T e m p e r a t u r e ,   m o i s t u r e   ( i n c l u d i n g  i c e  
a n d   u n f r o z e n   w a t e r )   a n d   s o i l   s t r u c t u r e  
d i r e c t l y   a f f e c t   v a r i o u s   c h a r a c t e r i s t i c s   o f  
f r o z e n   s o i l s .  To s t u d y  how t h e s e   v a r i o u s  
f e c t o r s   i n f l u e n c e   p r o p e r t i e s  of f r o z e n  
s o i l s ,  we u s e d   u l t r a s o n i c   m e a s u r e m e n t  
t e c h n i q u e s .  An u n d e r s t a n d i n g  o f  how w a t e r  
c o n t e n t   i n f l u e n c e s   t h e   v a r i a b i l i t y   o f  
u l t r a s o n i c   v e l o c i t i e s   i n   f r o z e n   s a m p l e s ,  
w a s   b a s e d   o n  t e s t s  p e r f o r m e d  o n  r e d  c l a y  
o f   Q i n g h a i - X i z a n g   a n d   m e d i u m   s a n d   o f  
L a n z h o u .  

I N F L U E N C E  OF MOISTURE 
O N  CHARACTERISTICS OF FROZEN SOIL 

A h i g h   e n o u g h   t e m p e r a t u r e ,   b u t  s t i l l  
b e l o w  O ' C ,  when  a l a r g e   p a r t  or a l l  o f  
m o i s t u r e  i s  u n f r o z e n   i n   s o i l ,   c h a r a c t e r i s -  
t i c s  o f  t h e   s o i l s   h a v e   n o   a p p a r e n t   d i f f e r -  
e n c e   i n   c o m p a r i s o n   w i t h  i t s  u n d e r   n o r m a l  
a t m o s p h e r i c   t e m p e r a t u r e .  As t h e   t o t a l  
wa te r  c o n t e n t   e x c e e d s   t h e   a m o u n t   o f   u n f r o -  
z e n  w a t e r ,  i c e  c r y s t a l s  will g r o w   i n   t h e  
f r o z e n   s o i l s ,   b o n d i n g  t h e  s o i l  p a r t i c l e s  
t o g e t h e r .   T h e  i c e  f o r m s  a firm s o i l   s k e l -  
e t o n   s t r u c t u r e   t h a t   c a u s e s  a g r e a t   c h a n g e  
i n  c h a r a c t e r i s t i c s  o f  s o i l s   a f t e r   f r e e z -  
i n g .  T h e r e f o r e ,   t h e   s t r e n g t h   a n d  e l a s t i c i -  
t y  a r e  r e l a t e d  t o  t h e   a m o u n t  o f  i c e  p r e -  
s e n t .   I n   g e n e r a l ,   t h e   q u a n t i t y  o f  i c e  
d e p e n d s   u p o n   t h e   t o t a l   a m o u n t   o f  water 
c o n t a i n e d   i n   f r o z e n  s o i l s .  T h e r e f o r e ,   t h e  
p h y s i c a l - m e c h a n i c a l   p r o p e r t i e s  of f r o z e n  
s o i l s  r e l a t e  d i r e c t l y   t o   w a t e r   c o n t e n t .  

P o r e  water c a n   e x i s t   i n   d i f f e r e n t  
f o r m s ,  a s  e i t h e r   f r e e   w a t e r  o r  b o u n d   a n d  
o s m o t i c   ( l o o s e l y   b o u n d )  water i n   u n f r o z e n  
s o i l .   I n   f r e e z i n g   p r o c e s s ,   t h e   w a t e r  

p l a y s   d i f f e r e n t   r o l e ,   w i t h  i t s  f o r m   d i f -  
f e r e n t ,   a n d   t h e   r o l e   c h a n g e   w i t h   d i f f e r e n t  
g r a i n   s i z e   o f   s o i l .  As a r e s u l t ,  a c h a n g e  
o f  t h e   s o i l   s t r u c t u r e   o c c u r s .   T h e   f i n e r  
t h e   s o i l   p a r t i c l e s ,   t h e   l a r g e r   t h e   e f f e c t  
( T h o m a s  e t  a l .  1 9 7 1 ) .  I n  f a c t ,   t h e  smal-  
l e r  t h e   g r a i n  s i z e  of s o i l   p a r t i c l e s ,   t h e  
l a r g e r   t h e   s u r f a c e   a r e a ,   a n d   a l s o ,   t h e  
l a r g e r  i t s  c a p a c i t y  o f  m a i n t a i n i n g   u n f r o -  
z e n   w a t e r   ( A n d e r s o n   a n d  T i c e  1 9 7 2 ) .  Ap-  
p a r e n t l y ,  a s  t h e   g r a i n  s i z e  o f   s o i l s  
c h a n g e s  same water c o n t e n t   h a s   d i f f e r e n t  
i n f l u e n c e s   u p o n   t h e   p h y s i c a l   c h a r a c t e r i s -  
t i c s  o f  f r o z e n   s o i l s .  

d e t e r m i n e d   u l t r a s o n i c   v e l o c i t i e s   a n d  
o b t a i n e d   s o n i c   w a v e   p r o p a g a t i o n   s p e e d   ( F u  
Rong e t  aL. 1 9 8 0 )  f o r  f r o z e n   s o i l s   w i t h  
d i f f e r e n t   p r o p e r t i e s   ( t e m p e r a t u r e ,  water  
c o n t e n t   a n d   d e n s i t y ) .   I n   c o m b i n a t i o n   w i t h  
p r e v i o u s   m e a s u r e m e n t s   ( Z h a n g   3 i n s h e n g   a n d  
F u  R o n g   1 9 8 1 )   o f   u n f r o z e n  water c o n t e n t ,  
we i n d i r e c t l y   e s t a b l i s h e d  a r e l a t i o n s h i p  
b e t w e e n   s o n i c   w a v e   s p e e d ,  i c e  a n d   u n f r o z e n  
water  c o n t e n t .  

water  were a d d e d   t o   d r i e d   s p e c i m e n s   o f  
s a n d y   s o i l s   t o   o b t a i n   s a m p l e s   w i t h   v a r i o u s  
w a t e r   c o n t e n t  a s  h i g h  a s  t h e   s a t u r a t e d  
s t a t e .  C l a y   s a m p l e s   w i t h   t h e  water  c o n -  
t e n t s   b e l o w   t h e   l i q u i d  limit will b e  d r i e r  
t h a n   s p e c i m e n s   w i t h   w a t e r   c o n t e n t   n e a r  
l i q u i d  limit i n   t h e   s h a d e ,   h e n c e   t h e y   h z d  
s imi l a r  d r y   d e n s i t y   r e g a r d l e s s   o f   m o i s t u r e  
c o n t e n t ,   T h o s e   w i t h  water c o n t e n t   a b o v e  
l i q u i d  limit a r e   d i r e c t l y  m a d e   u p   i n   t h e  
s i m i l a r  way. 

T h e   s a m p l e s  were p r e p a r e d   i n  a c y l i n -  
d r i c a l  f o r m  w i t h  a d i a m e t e r  of 5 cm a n d  a 
h i g h   o f  5 cm. T h e y  were t h e n   f r o z e n   i n  a 
c o o l e r   m a i n t a i n e d   b e t w e e n  - 2 O O C  a n d  -30°C. 
After f r e e z i n g ,   p r i o r   t o  t e s t i n g ,  t h e y  w e r e  

U s i n g  a S Y C - 2  s o n i c   w a v e   d e t e c t o r ,  we 

A p p r o p r i a t e   q u a n t i   t i e s   o f   d i s t i  1 l e d  
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T A B L E  1 P a r t i c l e  Diameter A n a l y s e s  ,For K i n d s  o f  S o i l s .  

C o n t e n t  ( % )  o f  v a r i o u s  p a r t i c l e  d i a m e t e r s  (mm) __ 

0 . 2 5  0 .1  0 . 0 5  0.01 0.005 0 . 0 0 2  
0 .002  K i n d  o f  s o i l  5 - 2   2 - 1  1-0 .5  0 . 5 -  0 . 2 5 -  0 .1 -  0 . 0 5 -  0.01- 0 . 0 0 5 -  

R e d   c l a y  o f  
Q i n g h a i - X i z a n g  2 . 7 0   2 . 0 2  5.00 1 . 6 8  2 6 . 3 0   1 1 . 5 9  1 7 . 4 1  33.30 

M e d i u m   s a n d  o f  
L a n z h o u  f o r  0 . 0 2  1 .10 3 1 . 8 1  45.00 1 7 . 1 4  4 . 9 3  
c o n s t r u c t i o n  

TABLE 2 B a s i c   I n d e x e s  f o r  Two T y p e   o f   S o i l s .  
- 

S p e c i f i c  L i q u i d   P l a s t i c  L o o s e  u n i t   S p e c i f i c  s u r f a c e  S a l t  
K i n d  o f  s o i l  wej ,gh t  limit W L  Limit W p  w e i g h t  

( % I  ( % )  (TIM3) ( m 2 / g  ( % I  
a r e a  S c o n t e n t  

R e d   c l a y  of  
Q i n g h a i - X i z a n g  2 . 7 6   2 2 . 0  l S . 0  31.8 0 . 0 8  

M e d i u m   s a n d  o f  
L a n z h o u  f o r  2 . 6 5  
c o n s t r u c t i o n  

1 . 3 6  6.1 0.05 

b r o u g h t  t o  t h e  d e s i r e d  t e m p e r a t u r e   i n  a 
t h e r m o s f a t i c a l  l y  c o n t r o l l e d  chamber ( d e g r e e  
o f  a c c u r a c y  2 0 ,  ) "  

T h e   m a i n   a n a l y t i c a l   r e s u l t s  o f  t h e  
M e d i u m   S a n d  o f  L a n z h o u   a n d   R e d   C l a y  o f  
Q i n g h a i - X i z a n g   a r e   s h o w n   i n  T a b l e s  1 and 2 .  

I n  t h e   c o u r s e  o f  m e a s u r e m e n t ,  t e s t  sam- 
p l e  i s  p u t  o n   t h e   l o a d i n g  f rame s p e c i a l l y  
m a d e ,   a n d  a p r e s s u r e   a b o u t  0 . 5  k g / c m 2  i s  
e x e r t e d  t o  g u a r a n t c e  c l o s e  c o n t a c t  b e t w e e n  
s a m p l e   f a c e   a n d   s e n s o r  o r  t r a n s d u c e r .  
c o u p l a n t  i s  w a t e r .   I n  l o w  t e m p e r a t u r e ,  
t h e  water  w i l l  f r e e z e  a n d  become i c e ,  a n d  
c o u p l e   t h e   s e n s o r   a n d   t r a n s d u c e r   w i t h   t h e  
s a m p l e   f a c e   t o g e t h e r .  

U L T R A S O N I C  W A V E  V E L O C I T Y  IN F R O Z E N  SANDS 

T h e  g r a i n  s i z e  o f  s a n d s  i s  c o m p a r a t i v e -  
l y   l a r g e ,  so t h e  e f f e c t $  o f  t h e   u n f r o z e n  
water c o n t e n t   c a n   b e   n e g l e c t e d .  

U n d e r  a c o m p a r a t i v e l y   d r y  s t a t e ,  i n -  
c r e a s i n g   m o i s t u r e   i n   s a n d s   d o e s   n o t   c h a n g e  
i t s  s o i l  s k e l . e t o n   s t r u c t u r e s :   T h e r e f o r e ,  
t h e   d e n s i t y   i n c r e a s e s   w i t h   t h c   i . n c r e a s e s  
o f  w a t e r   c o n t e n t .  When water c o r l t e n t  i s  
r a t h e r   h i g h ,   n e a r   s a t u r a t e d   s t a t e ,   f r e e z e  
will r e s u l t   i n   b u l k   e x p a n s i o n   a n d   d i s p l a c e -  
m e n t   a m o n g   s a n d   g r a i n s .   I f   t h e   w a t e r   c o n -  
t e n t   i n c r e a s e s   u n l i m i t e d l y ,  t h e  d e n s i t y  
will d e c r e a s e   a n d   f i n a l l y   a p p r o a c h   t h a t  
o f  t h e  ice .  A t  l o w e r  m o i s t u r e   c o n t e n t s   i n  

t h e   s a n d s ,   t h e   i n f l u e n c e  o f  i c e  v o l u m e   o n  
s o n i c   v e l o c i t y  i s  s m a l l .  T h e   s o n i c   w a v e  
s p e e d   c h i e f l y   d e p e n d s  on  t h e   s a n d   a n d  i t s  
q r a i n   c o n t a c t   c o n d i t i o n s .   W i t h   i n c r e a s e  
I n  i c e  c o n t e n t ,   n o t   o n l y   d o e s   t h e   d e n s i t y  
o f   f r o z e n   s a n d   i n c r e a s e   d u e  a l a r g e r  v o l -  
ume of  p o r e s  b a i n g  i c e  f i l l e d ,   b u t  a l s o  
t h e   s t r u c t u r e   b e c o m e s  more s o l i d   d u e  t o  
c e m e n t a t i o n   b y   t h e  i c e .  T h e s e  two a s p e c t s  
t e n d   t o   i n f l u e n c e   s o n i c  w a v e  p r o p a g a t i o n .  A s  
a r e s u l t ,   s o n i c   w a v e   v e l o c i t i e s   i n c r e a s e  
w i t h   i n c r e a s e d   d e n s i t y   ( F i g u r e  1). 

w h e n   t h e   i n c r e m e n t  o f  m o i s t u r e  r e s u l t s  i n  
t h e  . i c e  f i l l - d e g r e e   i n   f r o z e n   s a n d   a p -  
p r o a c h i n g  t o  o n e ,  i t s  a c t i o n  f o r  i n c r e a s -  
i n g   s o n i c   w a v e   s p e e d  comes t o  a f i x e d  
v a l u e .   H e n c e   t h e   i n c r e a s i n g  r a t e  o f  w a v e  
s p e e d   g r a d u a l l y   d e c r e a s e s .   T h e   r e l a t i o n -  
s h i p   b e t w e e n   t h m   c a n   b e   e x p r e s s e d   a s  a 
p a r a b o l i c   c u r v e   ( F i g u r e   2 ) .   I n   l o g a r i -  
t h m i c   c o o r d i n a t e s ,   t h e y   a r e  two g r o u p s  o f  
p a r a l l e l  s t r a i g h t   l i n e s .   S i n c e   t h e  a c o u s -  
t i c  i m p e d a n c e  i s  e q u a l  t o  t h e   p r o d u c t  o f  
t h e   d e n s i t y   a n d   t h e   s o n i c   w a v e   s p e e d ,   t h e  
i m p e d a n c e s  o f  d i l a t a t i o n a l   a n d   s h e a r   w a v e s  
PVp a n d  PV, a r e  m u t u a l   p a r a l l e l   s t r a i g h t  
l i n e s ,  t o o ,  i n   l o g a r i t h m i c   c o o r d i n a t e s .  

B e c a u s e   t h e   d e n s i t y   i n c l u d e s   t h e  two 
f a c t o r s  of m o i s t u r e   a n d   s t r u c t u r e ,   t h e  
r e l a t , i . v e   l i n e s   b e t w e e n   t h e   s o n i c   w a v e  
s p e e d   a n d   t h e   d e n s i t y   a n d   b e t w e e n   t h e  
s o n i c   w a v e   s p e e d   a n d   t h e  water c o n t e n t  
d i f f e r   g r e a t l y .  

F o r   t h e   s i n g l e  f a c t o r  of water  c o n t e n t ,  



313 

V 

vu 

vs 

F I G U R E  1 R e l a t i o n s   b e t w e e n   u l t r a s o n i c  
v e l o c i t i e s   a n d   d e n s i t y ,   i n   t h r   f r o z e n  
c o n s o l i d a t e d   s a m p l e s  o f  two  f r o z e n  s o i l s .  

FIGURE 2 Re1 a t i o n s   b e t w e e n   u l t . r a s o n i c  
v e l o c i t i e s   a n d  water c o n t e n t   i n   t h e   f r o z e n  
c o n s o l i d a t e d   M e d i u m   S a n d   o f   L a n z h o u  f o r  
c o n s t r u c t i o n  . 

SONIC WAVE V E L O C I T Y  IN 
FROZEN C L A Y E Y  SOILS 

D i f f e r i n g  f rom c o a r s e - g r a i n e d  s o i l s ,  
t h e  m o i s t u r e  i n   f i n e - g r a i n e d  s o i l s  c a n  
d i s p e r s e  s o i l  g r a i n s ,  so t h a t   w i t h   t h e  
i n c r e a s e  o f  water c o n t e n t ,   t h e   d e n s i t y  of  
s o i l s  d e c r e a s e s  g r a d u a l l y ,  a n d   t h e r e  i s  a 
p a r t  of  u n f r o z e n  water  e x i s t i n g   i n   t h e  
s o l 1  a f t e r  f r e e z i n g   ( F i g u r e  1). S i n c e   i c e  
c r y s t a l s  s t r e n g t h e n   t h e , i n t e g r i t y  o f  t h e  
s o i l  s k e l e t o n   s t r u c t u r e   a n d   t e n d  t o  p r o p a -  
g a t e  s o n i c   w a v e s ,   a n d   t h e   u n f r o z e n  
water c o n t e n t  i , s  i n   r e l a t i o n  t o  t e m p e r a -  
t u r c ,  t h e  s o n i c   w a v e   s p e e d   a n d   t h e   1 c e  
c o n t e n t  a s  well  a s  t h e   u n f r o z e n  water c o n -  
t e n t   c h a n g e   w . i t h  negative t e m p e r a t u r e  
( F i g u r e  3 ) .  

I w u  

I +  

L 

W =  2 3 . 8  % 

-2  - 4  "6 "8 -10 

Temperatures occ)  

C I G U R E  3 C h a n g e s  o f  i c e  c o n t e n t ,   u n f r o z e n  
water c o n t e n t   a n d   u l t r a s o n i c   v e l o c i t i e s  
v e r s u s   t e m p e r a t u r e s .  

FIGURE 4 A s k e t , c h   s h o w n   t h e   r h a n g e s  o f  
u l t r a s o n i c   v e l o c L t i e s   v e r s u s   w a t e r   c o n -  
t e n t s   i n   t h e   R e d   C l a y  o f  Q i n g h a i - X i z a n g .  

U n d e r   d r y   s t a t u s ,   t h e   s o n i c   w a v e   s p e e d  
of  f i n e - q r a i n c d  s o i l s  d e p e n d s   m a i n l y   u p o n  
t h e   i n t e g r i t y  o f  t h e   s t r u c t u r e ,   a n d   t h e  
c h a n g e  o f  t e m p e r a t u r e   h a s   a l m 0 5 t   n o   i n -  
f l u e n c e   o n  i t .  When t h e   w a t e r   c o n t e n t  i s  
v e r y   l o w I   t h e r e  a r e  n o  i c e  c r y s t a l s   i n  
s o i l s  u n d e r   n e g a t i v e   t e m p e r a t u r e .   I n -  
c r e a s i n g   m o i s t u r e   c a n   o n l y   t h i c k e n   t h e  
u n f r o z e n   w a t e r  f i 1 . m  i n  s o i l s ,  s o  t h a t   t h e  
s o i l  s k e l e t o n   s t r u c t u r e  i s  l o o s e n e d .  In 
addition, t h e   p r o p a g a t i o n   s p e e d  of s o n i c  
w a v e   i n   w a t e r  i s  c o m p a r a t i v e l y  l o w  ( a b o u t  
1 . 5  k m / s e c ) .   T h e r e b y ,   w i t h   t h e   i n c r e a s e  
o f  w a t e r   c o n t e n t ,   t h e   s o n i c   w a v e   s p e e d  
d e c r e a s e s .  

W i t h i n   t h e   w h o l e   c h a n g i n g   p r o c e s s  o f  
s o n i c  wave s p e e d   v e r s u s   w a t e r   c o n t e n t ,  
t h e  s o n i c   w a v e   s p e e d  i s  t h e  l o w e s t  i.n t h e  
s t a g e  i n d i c a t e d   b y   s e c t i o n  AB i n   F i . g u r e  4. 
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When t h e   w a t e r   c o n t e n t  i s  g r e a t e r   t h a n  
t h e   a m o u n t  of u n f r o z e n  water ,  i c e  c r y s t a l s  
will a p p e a r   i n   s o i l s .   W i t h   t h e   i n c r e m e n t  
o f  water c o n t e n t ,  i c e  c r y s t a l s   f i l l - d e g r e e  
i n   v o i d s  w i l l  a l s o  i n c r e a s e   g r a d u a l l y .  
S i n c e   t h e .   t o t a l   a m o u n t  of water c o n t e n t  is 
s m a l l e r ,  t h e  c h a n g e  o f  m o i s t u r e   d o e s  
n o t   r e s u l t   i n   t h e   d i s p l a c e m e n t   o f   r e l a t i v e  
p o s i t i o n s   o f  s o i l  g r a i n s ,   a n d   t h e   s o i l  
p o r o s i t y   m a i n t a i n s  a c e r t a i n   c o n . s t a n t  
v a l u e ,  and  t h e  s o n i c  wave s p e e d  
d e p e n d s   o n l y   o n   t h e   f i l l - d e g r e e   o f  i c e  
c r y s t a l s   i n   v o i d s .   I n   t h i s   s t a g e ,   t h e  
s o n i c   w a v e   s p e e d   i n c r e a s e s   w i t h   t h P   i n -  
c r e a s e   o f  water c o n t e n t ,   s h o w n   b y   s e c t i o n  
BC i n   F i g u r e  4. 

I t  c a n   b e   s e e n   t h a t   t h P   t u r n i n g   p o i n t  
B f r o m   s e c t i o n  AB t o   s e c t i o n  BC is j u s t  
t h e   m a r k   o c c u r r i n g  i c e  c r y s t a l s   i n   f i n e -  
g r a i n e d   s o i l s .  

o f   u n f r o z e n  water i n   s o i l s   c a n   b e   r o u g h l y  
e s t i m a t e d   b y   t h e   m e a s u r e m e n t   r e s u l t s   o f  
s o n i c   w a v e   s p e e d .  

water c o n t e n t   c o n t i n u e s   t o   i n c r e a s e   a n d  
p a r t i a l   m o i s t u r e   i n   s o i l s   b e g i n s  t o  c r y s -  
t a l l i t e  i n   v o i d s   w i t h   t h e   l o w e s t   p r e s s u r e .  
When i c e  c r y s t a l s   r e a c h  a c e r t a i n   e x t e n t ,  
t h e  f i l m  water  w i l l  s h r i n k   b a c k  o r  o c c u p y  
a new p o s i t i o n   a l o n g   w i t h   t h e   f r o z e n   f r o n t .  
A t  t h i s  time, s o i l  p a r t i c l e s   b e c o m e   c r u m b y  
g r a n u l a r   a n d  a r e  s u r r o u n d e d  by i c e  
( O r l o v  e t  a 1  , 1 9 7 7 )  + The m a g n i t u d e  o f  
s o n i c   w a v e   s p e e d   d e p e n d s   u p o n   t h e   s t a t e  
a n d  s i z e  o f   c r u m b y - g r a n u l a r y   s t r u c t u r e s  o f  
s o i l s ,  t h e  site o f   v o i d s   a m o n g   t h e m ,   a n d  
t h e   c o n d i t i o n   o f  i c e  f i l l - d e g r e e   i n   t h e  
v o i d s   ( F u   R o n g  e t  a l ,  1 9 8 2 ) .  

When t h e  water  c o n t e n t   o f  soils i s  
g r e a t e r   t h a n   t h P   s h r i n k a g e  limit, t h e  
m o i s t u r e  will d i s p e r s e   s o i l   g r a i n s   t o   i n -  
c r ease  s o i l   p o r o s i t y   a n d   d e c r e a s e   t h e  
d e n s i t y  a s  wel l  a s  t h e   p r o b a b i l i t y   o f   o c -  
c u r r i n g  i c e  c r y s t a l s   i n   s o i l s   i n c r e a s e d  
i n   f r e e z i n g   w i t h   t h e   i n c r e m e n t   o f  water 
c o n t e n t ,   t h e   s t r u c t u r e  a m o n g   i c e - w r a p p e d  
b o d i e s   t e n d s   t o w a r d   l o o s e n i n g .   I n   o t h e r  
w o r d s ,   w i t h   t h e   i n c r e a s e  o f  t h e   d e n s i t y  of  
Ice c r y s t a l   d i s t r i b u t i o n ,   t h e  t i e s  among 
s o i l   c r u m b s  a r e  g r a d u a l l y   w e a k e n e d   a n d   t h e  
s o n i c   w a v e   s p e e d   d e c r e a s e s ,   t o o .  When i t  
a r r i v e s  a t  a c e r t a i n  limit, c o n t i n u i n g   t o  
i n c r e a s e  water  c o n t e n t  will i n c r e a s e   b o t h  
t h e  i c e  f i l l - d e g r e e   i n   v o i d s   a n d   t h e   s o n i c  
w a v e   s p e e d .   T h e r e f o r e ,   w i t h   t h e   i n c r e a s e  
o f  water  c o n t e n t ,   v a l u e s   o f   t h e   s o n i c   w a v e  
s p e e d   c h a n g e  from h i g h   t o   l o w   a n d   b a c k  
a g a i n  t o  h i g h .   N e v e r t h e l e s s ,   a f t e r   t h e  
s o n i c   w a v e   s p e e d   r e a c h e s  a c e r t a i n   h i g h  
v a l u e   i n   t h i s   p i c k i n g - u p   p r o c e s s ,   t h e  
i n c r e m e n t   o f  water c o n t e n t   p r o v i d e s  a more 
a d v a n t a g e o u s   c o n d i t h o n  f o r  i c e  f o r m a t i o n .  
B u t   t h e   i n c r e a s e   o f   t h e   d e n s i t y  of  i c e  
c r y s t a l   d i s t r i b u t i o n   i n   s o i l s   r e s u l t s   i n  
f u r t h e r   w e a k e n i n g  of t h e   b o n d s   b e t w e e n  
s o i l  c r u m b s .   T h e n   t h e   s o n i c   w a v e   s p e e d  
a g a i n   t e n d s   t o   d e s c e n d ,   a n d   t h e   a b o v e   m e n -  
t i o n e d   p r o c e s s   r e a p p e a r s .   H o w e v e r ,  a t  
t h i s  t ime t h e  s i z e  o f   t h e   s o i l   c r u m b s  

A c c o r d i n g   t o   t h i s   p r i n c i p l e ,   t h e   a m o u n t  

S u r p a s s i n g   s e c t i o n  BC i n   F i g u r e  4 ,  t h e  

( i c e - w r a p p e d   b o d i e s )  i s  much smal le r  t h a n  
t h a t   o f   t h e  l a s t  p e r i o d .  

O b v i o u s l y ,   w i t h   t h e   i n c r e a s e  o f  water  
c o n t e n t ,   v a l u e s   o f   s o n i c   w a v e   s p e e d s   f l u c -  
t u a t e .   T h e  s o i l  c r u m b s   g r a d u a l l y   b e a o m e  
smaller  u n t i l   t h e   s o i l   g r a i n s  a r e  s e p a r a t -  
e d   b y  i c e  c r y s t a l s   a n d   s u s p e n d e d   i n  i ce .  
A f t e r  t h a t   t h e   c h a n g e  of  water  c o n t e n t  
will n o t   l e a d   t o   t h e   f l u c t u a t i o n  o f  s o n i c  
w a v e   s p e e d ,   a n d   w i t h   t h e   d e c r e a s e  o f  d e n -  
s i t y   o f   s o i l s  a f t e r  f r e e z i n g ,   t h e   s o n i c  
w a v e   s p e e d  a p p r o a c h e s  t h a t  o f  i c e .  

SEVERAL VIEWPOINTS 

U n d e r   t h e  c a s e  o f   a d o p t i n g   t h e   p u l s e  
m e t h o d   t o   m e a s u r e   u l t r a s o n i c   v e l o c i t y   i n  
f r o z e n   s o i l s ,   t h e   i n s t a n t a n e o u s   e n e r g y  
e x e r t e d   u p o n   s a m p l e s  i s  v e r y   b i g .   B u t   t h e  
L o a d i n g   a n d   u n l o a d i n g   r a t e s  a r e  g r e a t ,   a n d  
t h e   f r o z e n   s o i l  i s  n e i t h e r   a b l e   t o   y i e l d  
p l a s t i c   f l o w ,  nor  t o   h a v e   t h e   n e e d e d  t ime 
f o r   d e v e l o p i n g   p l a s t i c i z a t i o n ,   h e n c e  i t  i s  
i n  a p u r e  e l a s t i c  s t a t u s .  On t h e   b a s i s  o f  
t h e   s o n i c   w a v e   v e l o c i t y ,   a c c o r d i n g   t o  
e l a s t i c  t h e o r y ,   t h e   b a s i c   p a r a m e t e r s   o f  
m e c h a n i c s ,   e l a s t i c i t y   m o d u l u s ,   a n d   P o i s -  
s o n ' s   r a t i o   c a n   b e   o b t a i n e d .   T h e s e   p a r a -  
meters a r e  v e r y   d i f f i c u l t   t o   b e   p r e c i s e l y  
d e t e r m i n e d   b y   t r a d i t i o n a l   m e t h o d s   o f  
s t a t i c s .  

A c o u s t i c   i m p e d a n c e  i s  a n o t h e r   i m p o r t a n t  
i n d e x   t o   r e f l e c t   t h e   f u n d a m e n t a l   q u a l i t i e s  
o f   f r o z e n   s o i l s .  If i t  i s  p o s s i b l e  t o  
m e a s u r e   t h e   s o n i c   w a v e   s p e e d   a n d  a t  t h e  
s a m e  t ime t o   s u r v e y   t h e   a c o u s t i c   i m p e d a n c e ,  
t h e n   t h e   d e n s i t y   o f   f r o z e n   s o i l s  will b e  
known.  

U t i l i z i n g   c o r r e l a t i o n   c o u r s e   b e t w e e n  
t h e   s o n i c   w a v e   s p e e d   a n d   d e n s i t y   a n d   m o i s -  
t u r e ,   c a n   g i v e   t h e   d e n s i t y   ( u n i t   w e i g h t )  
o f   f r o z e n   s o i l s   a n d   t h e  water c o n t e n t   i n  
s o m e   s o i l s .  

t o  t e s t  p r e c i s e l y   v a r i o u s   p h y s i c a l   a n d  
m e c h a n i c a l   i n d e x e s   a n d   f u n d a m e n t a l   p a r a -  
meters i n   f r o z e n   s o i l s  i s  s t i l l  a n   i m p o r -  
t a n t   s u b j e c t   i n   t h e   f u t u r e .   H o w e v e r ,   t h i s  
m e t h o d   u n d o u b t e d l y   h a s  i t s  b r i g h t   p r o s p e c t  
i n   t h e   s t u d y  o f  f r o z e n   s o i l s   a n d   o n   p r a c -  
t i c e  o f   e n g i n e e r i n g .  

How t o  m a k e   u s e  of u l t r a s o n i c   v e l o c i t y  

CONCLUSION 

1. I n   f r o z e n  soils, s o n i c   w a v e   s p e e d  
r e l a t e s  t o  t h e  s t a t e  of m o i s t u r e ,   a n d  its 
c o r r e l a t i v e  law v . a r i e s   w i t h   t h e   d i a m e t e r  
o f   t h e   s o i l   p a r t i c l e s .  

s o n i c   w a v e   s p e e d s   w i t h   t h e   u n i t   w e i g h t   ( o r  
d e n s i t y )   a n d   m o i s t u r e   c a n   a n a l y s e   c o n d i -  
t i o n s   o f   t h e   f r o z e n  s o i l  s t r u c t u r e .  

3 .  M e a s u r i n g   u l t r a s o n i c   v e l o c i t y   c a n  
d e t e r m i n e   e l a s t i c i t y   m o d u l u s   a n d   P o i s s o n ' s  
r a t i o .  

4. U t i l i z i n g   t h e   c o r r e l a t i v e  law  of  
s o n i c   w a v e   s p e e d s   c a n   a p p r o x i m a t e l y   d e t e r -  
m i n e   t h e   u n i t   w e i g h t   o f   f r o z e n   s o i l s   a n d  
water  c o n t e n t  i n  c o a r s e - g r a i n e d   s o i l s .  

2 .  C o m p a r i n g   t h e   c h a n g e   r e g u l a r i t y  of 



5 .  T h e   c o m p l i c a t e d   c h a n g i n g   o f   t h e  
u l t r a s o n i c   v e l o c i t y   w i t h  water  c o n t e n t   i n  
f r o z e n   f i n e - g r a i n e d  s o i l s  r e f l e c t s   t h e  
m u l t i - v a r i a t i o n   c h a r a c t e r   o f   f r o z e n   s o l 1  
s t r u c t u r e s .  
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ANALYSIS AND CHARACTERISTICS OF  CORES FROid A MASSIVE ICE BODY 
I N  MACKENZIE DELTA, N .  W .  T . ,  CANADA 

K. Fujino, K .  Horiguchi, M.  Shinbori'  and K . Kato 

'Institute of  Low Temperature  Scicnce, Hokkaido University,  Sapporo, 060 Japan 
2Water Research  Institute, Nagoya University, Nagoya, 464 Japan 

Distinctive  ground  features  such  as  polygons,  pingos  and  involuted  hills  are commonly 
observed  in  the  arctic  regions.  Their  origins  and formation processes remain  in question. 
A massive  ice body at  Tuktoyaktuk was analyzed to determine  its  origin.  Stratigraphic 
studies of fabrics, chemical components such  as  oxygen  isotopes,  conductivity  and pH of 
core samples of the massive ice  body,  were  investigated. 
The  results  obtained  suggest  that most parts of the massive ice  body  originate from super-'  
imposed ice by  congelation of water  in which a snow pack is submerged,  and do not  support 
the  hypothesis  that it is segregated  ice.  The mechanism of the  growth of a massive  ice 
body i s  also not  identical  to  that of the  growth of a  pingo in which segregated  ice  constitues 
the  core. 

INTRODUCTION 

Distinctive  ground  features  such  as  polygons, 
pingos  and  involuted  hills  are commonly observed 
in  the  arctic  regions,  especially  around  Tuktoyak- 
tuk, Mackenzie Delta, N.W. T . ,  Canada. 

Their  origins  and formation processes remain in 
need of analysis, ' but  the  fact  that  large  ice 
bodies are found underneath them suggests  that 
water  supply from various  sources  related to long- 
and  short-  term climatic conditions  plays  an 
important  role  in  their  formation. 

Stratigraphic  studies of ice fabrics  and chemical 
components such  as  oxygen  isotopes,  were  carried 
out to find  the  origin,  the formation  mechanisms 
and  characteristics of the massive ice  body  at 
Tuktoyaktuk,  using  core samples which were 
obtained  throughout  the massive ice  body. 

SAMPLING 

The massive ice  body  isldcated,  as shown b y 0  
in  Fig. 1, along a seacoast  about 4 . 5  km southwest 
of Tuktoyaktuk, Mackenzic Delta, N.W.T., Canada. 
I t  was investigated  during  the joint research 
expeditions of 1977, 1980 and 1981. 
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FIGURE 1 Location map  of Tuktoyaktuk  area. 0 : sampling  site. 
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Using a newly designed  electromechanical  core- 
drill,  three holes were  drilled  into  the massive  ice 
body from near  the top and  continuous  cores  were 
obtained in March 1982. One of the holes  which 
were cored  throughout  the massive ice  body, was 
about 23 m in  total  length  including  a 40-cm-thick 
sand  layer of the  bed.  Cores  were  arranged  and 
labeled  in  serial  order,  put in refrigerated 
containers  and  transported  to  the cold laboratory 
of the  Institute of  Low Temperature  Science, 
Hokkaido University,  where  the following prepara- 
tions  were made. 

along their  entire  length,  such  as  bandlike  structure, 
bubble  distribution,  impurity  inclusion,  etc. Each 
piece was cut  into  halves along the  vertical  axis. 
One half was cut  perpendicular  to  the  axis at an 
interval of 10 cm, from which horizontal  and  vertical 
thin  sections  were  prepared for the  investigation of 
crystal  orientations. Meanwhile, the  other half was 
cut  perpendicular  to  the axis at  an  interval of 2 .5  
cm, from which samples were  prepared  for  the 
determination of oxygen  isotopes,  conductivity, pH 
and  bubble  pressure. Moreover, soil between 
strata which formed a boundary of the  bandlike 
structure,  as well as any  impurity  inclusions  were 
also  prepared  for  qualitative  analysis. 

Stratigraphic  features of the  cores  were  described 

ANALYSES 

Characteristics of Stratigraphy  and  Crystallography 

A schematic  description of the  entire  length of 
core  obtained from a  single hole i s  shown in  Fig. 2. 
A s  is clear from the  figure, many bandlike 
structures, which  were separated  by  sediment, 
were  observed. A stratification  defined  by  bubblc- 
rich  layer  and  bubble-free,  clear  layers  were 
observed along the  entire  length of the  core, 
although  the  inclination  and  thickness of each  layer 
were  not  consistent. 

Sediment contained  in  layers  between two adjacent 
ice  strata  varied  and  consisted of sand,  clay,  silt  or 
their  mixtures. Also, the  configurations of the 
sediment  had  various  forms,  one looked to  be 
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susDended  in  the  ice  (Fig. 51, another looked like 
thi&  sediment  settling down on a  concave-convex 
surface  (Fig. 4), a  third looked to  be  trapped on 
the  surface of a snow pack  (Fig. 3 ) .  

Crystals in each  stratum  were  clearly  different 
in  size,  shape  and  c-axis  orientation.  Strata could 
be  divided  roughly  into  the following three  types: 
(1), strata of granular  ice  crystals which are 
commonly observed  in  a snow pack,  having  the 
nearly homogeneous grain  size  averaging 0 . 5  cm 
and  being  arranged with  random orientations  (Fig. 
6 ) .  ( 2 ) ,  those of  medium size ice crystals  having 
nearly  rectangular  shapes  averaging 2-3 crn on the 
long axis  and  being  arranged with some orientation 
(Fig. 7 ) .  ( 3 ) ,  those of large ice crystals of more 
than 10 cm, the whole section of the  stratum of 
being  occupied  by only one or two large  crystals 
(Fig. 8 ) .  Distributions of the  c-axis  orientation of 
crystal in strata  are now being  measured.  But from 
the  results  obtained so far,  they seem to be compar- 
atively random except within strata of large  crystals 

Distributions of air  bubbles  in  the  strata  were 
not uniform.  Air bubbles in most strata  were 
spherical,  although  the  sizes  and  distribution 
densities of bubbles  were  different in each  stratum. 
But  several  strata  abounded  in  elongated  bubbles 
that were arranged  parallel  to  the  vertical  axis of 
the  core  (Fig. 11). Some  of those  elongated  bubbles 
were  intertwined  each  other  like  a  three-dimensional 
network  and also coexisted with spherical  bubbles. 

Bubble  pressure was measured  using  a volume 
difference  before  and  after melting ' (Fig. 1 2 ) .  AS 
is clear from the  figure,  the  pressure of those 
bubbles  near  the  surface is the same as the 
atmospheric  pressure,  but  increases  linearly with 
increasing  depth.  Those  at  the bottom of the 
massive ice  body  reach  nearly twice the  atmospheric 
pressure.  High-pressure  bubbles  like  those  in 
glacier ice  were not  observed  in  the  cores. 

Characteristics of Chemical Components 

Ice samples at  an  interval of 2 . 5  cm along the 
entire  length of the  core  were  prepared  for chemical 
analyses of the  oxygen  isotopes,  conductivity  and 
pH. Determination of oxygcn  isotopes is continuing 
at  the Water Research  Institute, Nagoya University. 
Results  obtained  to  date  are shown  in Fig. 13.  A s  
i s  clear from the  figure,  the  vertical  profiles of 
6 "0  values  abounds  in  distinctive  discontinuities? 
They seem to  correspond  to  crystallographic  and 
stratigraphic changes in  the  core. For example, a 
discontinuity of the  profiles, which occurs  at  about 
13 m depth,  corresponds to the  presence of 
sedimentary  layer shown in  Fig. 2.  

Conductivity  and pH of the  core  were  also 
measured on the same samples used  for  determi- 
nating  the  oxygen  isotope  ratios.  Results  obtained 
are shown in  Fig. 14 .  Values of p H  remain 
reasonably  consistent with depth.  However,  values 
of conductivity show distinctive  spikelike  projec- 
tions  in many portions of the  profile with depth. 
These  distinctive  projections seem to  correspond 
to clear  band,  bubble-free  layers of ice in  the  core. 

DISCUSSION 

There  are  three  hypotheses  concerning  the  origin 

of massive ice  bodies. The first one is the 
snow-glacial hypothesis, which involves  the  burial 
of ice,  such  as  stagnant glacial ice, compact snow 
drift,  lake,  sea  and  river  ice.  The  second 
hypothesis is ground  ice  such  as well developed 
vein  ice.  The  third is segregated  ice from the 
freezing of drawn  up  pore  water. 

Concerning  the  vein  ice  hypothesis,  there is no 
evidence  favouring it. That i s ,  in  the  western 
Arctic,  there is no giant  syngenetic  vein  ice as 
i s  found i n  Russia and the  conditions which  form 
syngenetic  ice wedges have not  occurred i n  the 
Mackenzie Delta  area? The buried  glacial  ice 
hypothesis is also not  generally  accepted  but 
difficult  to completely disregard.  That is, the 
presence of large  foliated  patterns  in  an  outcropping 
ice wall of the massive ice  body seems to  support 
deformation by a  glacier. Also  the  glacial limits 
of the  glaciations  in  this  area  are  not completely 
known.  The  ice  segregation  hypothesis which has 
been  illustrated  by Mackay' is that  pore  water  in 
soil is drawn  up  and  frozen  as  segregated  ice  and 
such freezing  within  a  closed system of high water 
content would result  in  the  expulsion of water and 
form the  positive  relief  features. An explanation 
is sti l l  needed, however, to explain  the  ice  fabrics 
and the  foliation in the massive ice  body. 

From a  crystallographic view point,  there  are 
some particular  distinctive  features  in  glacier  ice, 
that  is,  in  the  ice  fabrics,  a  strong  concentration 
of the  arrangement of c-axis  are commonly observed. 
The  distribution of ice  grains  and soil inclusions  in 
each  stratum  are modified and  arranged  by  shear 
within glacier,  and also the  highly  pressurized  air 
bubbles  are  observed  in  the  core  even  after  being 
kept  at  an  annealing  stage  for  a  fairly  long  period. 

The  present  authors'  findings on ice  fabrics of 
the  core  obtained from the  massive  ice  body  are  not 
similar to  those of glacier  ice.  That  is,  there could 
not  be  observed  such  concentration of c-axis 
orientation  in most of strata  as  in  glacier  ice.  There 
also could not  be  observed  pressurized  air  bubbles 
in  the  core  (Fig. 1 2 ) .  

that  the massive ice  body  originates from the 
remnant  glacier is probably  wrong. 

The  hypothesis  that  the massive  ice body i s  
segregated ice is also doubtful  based upon our 
observation of ice fabrics. 

More than  one half of the  core samples consisted 
of layers of granular  ice which abounded  in 
spherical  air  bubbles of various  sizes  and homogene- 
ously  dispersed  (Fig. 6 ) .  The  size  distribution, 
arrangement of c-axes of the  ice  crystals  and  the 
distribution of air  bubbles  are similar to those within 
ice formed in  a snow pack  that  freezes  after it is 
immersed in water. 

observed  in  superimposed  ice  layers  such  as tem- 
perature  glacier  ice,  sea,  lake  and  river  ice.  Ice 
fabrics  and  air  bubble  distributions of such ice  i s  
not uniform because of differences  in  the amount of 
water  supplied  to  the snow pack,  that is, pores  in 
a snow pack are connected i n  a  three  dimensional 
network and forming a  skeleton  structure o f  the snow 
pack. When the snow pack  submerges  in  water,  the 
pores  are  isolated  and  each of them forms  an  air 
bubble.  The  shape  and  distribution of each  air 

These  facts  indicate  that  a  previous  hypothesis 

This  crystallographic  feature is commonly 



bubble depends upon how much the snow pack is 
saturated  by  water in which it is submerged. If 
the  saturation  rate is comparatively  high,  then  the 
shape of a  trapped  bubble becomes spherical, 
otherwise, it becomes irregular,  keeping  the 
original,  elongated  shape of the  pore. 

which consist more than  one half of the  core  are 
formed by  superimposed  ice on the  bed of ice, 
considering  ice  fabrics,  shapes  and  distributions of 
air  bubbles  in  the  strata.  Especially,  the  particular 
shapes of elongated  air  bubbles  in many strata 
support  the  superimposed  ice.  These  elongated  air 
bubbles  can  not  be formed by segregation  (Fig. 11). 

There  are many facts  other  than  ice  fabrics  that 
support  superimposed  ice formed by  congelation of 
water  in which a snow pack is submerged. 

Stratigraphic  changes  in chemical components of 
the  core also support  this model. 

Spikelike  projections which were  observed  in  the 
profile of conductivity  against  depth  (Fig. 14) were 
formed as follows: Impurities which were  contained 
in  the  submerged  water  rejected  as  ice formed from 
the  water  during  freezing  and  enriched  the remain- 
ing  water with chemical components  and complete 
freezing formed layers of high  conductivity. 

In the  profile of 6 " 0  against  depth,  changes  in 
value were comparatively small and  linear  profile 
was observed  except  for  several  portions  (Fig. 13) .  
In  successive snow strata,  glacier  ice  and  ground 
ice,  distinctive  periodic  changes  in  value of 6 "0  
in  the  profile  are commonly observed,  reflecting 
short-  and  long-term  changes  in  isotopic  contents 
of precipitation which are  related  to  changes  in 
climate! A linear  profile  without  such  periodic 
changes is often  observed  in Superimposed  ice in 
temperate  glaciers!  It  develops when the snow or 
firn was submerged  in melt water  which,  because of 
mixing, becomes relatively homogeneous in 
composition and formed superimposed  ice. 

Formation of large  crystals of bubble-free  layers 
may be  explained from the  concept of superimposed 
ice as developing from a  mow  pack  layer which is 
saturated  fully  by  submergence  under  water  or  a 
fairly  thick  layer of water which is perched  upon  a 
bed of ice below the snow pack, which then  freezes 
under a low cooling rate  as commonly observed  in 
the  case of lake or pond  ice  (Fig. 10). 

The  shapes  and  other  stratigraphic  features of 
some soil sediments  support  the  perching of a  large 
amount of water upon a  bed of ice. 

A thick soil sediment  observed  at  a  depth of 12- 
13 m (Fig. 4) looks  like  that formed  when the 
sediment is deposited in water on the  bed of ice  like 
a  lacustrine  sediment  and  frozen.  The  sediment 
looked to  be  suspended  in  the ice (Fig. 5) is that 
formed when the snow pack  layer is saturated  by 
melt water  and  the  particles  are  suspended in that 
water  and  frozen  in  the  skelton of the snow pack. 

observed  in  the  outcropping ice wall can  be 
explained  in  terms of superimposed  ice  layers which 
preserved accumulation layer of a snow pack or 
debris of a snow bank. 

and  stratigraphic  analyses  that most parts of the 
massive ice  body  originate from superimposed  ice 
formed by  congelation of water  in which it was 

I t  may be  interpreted  that  the  granular ice layers 

Also, the  large foliation bands which were 

It  may be  concluded from ice  fabrics, geochemical 

submerged.  The mechanism of its growth i s  not 
identical to that of the  growth of a  pingo  in which 
segregated  ice  constitutes  the  core. 

An explanation is still  needed,  however,  to 
explain  the  preferred location of massive ice  bodies 
beneath  positive relief features  such  as  hills  and 
plateaus  and  the  occurrence of beneath  a  fairly 
thick  cover of till. 

Thus,  the formation process of the massive ice 
body might be  assumed  as follows. At the  initial 
stage.  a  large mass of superimposed  ice  was  formed, 
originating from a snow pack or debris of snow bank 
on a  bed of ice,  perhaps  produced in a  lake or pond. 
While in the  process of aging, new snow or debris 
of drifting snow is deposited on the ice mass.  Then, 
it attains  an  ablation  stage  and  the  upper  part of 
accumulated snow layers on the  ice mass melted away. 
The melt water  supplied from surface  perched on 
the  ice mass and  submerged  in  the  depositing snow 
layers  remaining  there,  thereby  freezing  to become 
superimposed  ice.  Through  repetition of this 
process,  the  ice mass develops  recognizable  strata 
containing  a soil layer  at  the  boundary of each 
stratum  and  distinctive  discontinuities  in  the  ice 
fabric  as shown in  Figs.3, 4, 8 and 10. Chemical 
components  such  as  oxygen  isotopes  and  conductivi- 
ty develop  values  as shown in  Figs. 13 and 14  in this 
fashion  also.  After  growing to some extent  by  these 
intermittent formation processes,  the ice mass is 
buried  by  reworked till or glaciofluvial sediment 
which has  been formed by the outwash of a  river. 

Still, some points remain arguable, for instance, 
preferred  location,  an  overriding till layer,  quantity 
of water  in which a snow pack  or snow debris  are 
submerged  and time of formation of the  ice  mass. 

More detailed  information  and  investigations on 
massive ice  bodies  are  needed for clarifying  the 
origin  and formation processes of them,  together 
with  geological conccptions  including  stratigraphy 
and  dating. 
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FIGURE 2 Stratigraphic  diagrams of the  entire  length of a core  obtained 
throughout  the massive ice  body. 
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FIGURE 3 
Soil Iaycrs where ice fabllcs 
of each adjacent  straturnare 
clearly ~ ~ ~ c o n t ~ n u o u s ,  

F I G U R E  4 
Soil layers looking like a 
sediment  having a concave- 
C O n V C X  surface plane. 

FIGIIRE 5 
Soil particles looki~ig like 
suspension. 

FIGURE 6 
A layer of granular ice. 

FIGURE 7 
A layer of medium-sized ice 
crystals I 

FIGURE 8 
A layer 01 large i ce crystals. 

3IGURE 9 
Vertical  section of a  bubble 
layer  having  various  spherical 
shapes and a soil layer looking 
like  sediment. 

FIGURE 10 
Vertical  section of a connection 
between a bubble-free  layer 
and a bubble-rich  layer. 

FIGURE 11 
Vertical  section of a mixed 
layer  where  elongated  bubbles 
and  spherical  bubbles  coexist. 
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THE PORE WATER PRESSURE PROFILE IN POROUS ROCKS DURING FREEZING 

Mas ami Ehkuda 

h s t i t u t e  of Low Temperature  Science,  Hokkaido  Univ.,  Sapporo, JAPAN 

The f r o s t   s h a t t e r i n g  of rocks was explained by a f ros t   heave  mechanism with  coupled 
flow of heat and  moisture  in  porous  rocks  during  freezing. 'Ihe pore-water  pressure 
p r o f i l e  of the   f reez ing   rock  was obtained  using  tensiometers.   Fore-water  pressures 
of porous  rocks  during  freezing were monitored by the t ransducers   connected  to  
tensiometers. Both t h e   p r o f i l e s  of temperature and pore-water  pressure were 
obtained  simultaneously. From pore-water  pressure  measurements  ahead of t h e  
f reez ing   f ront ,   the   l a rge   nega t ive   pore-water   p ressure  i s  suggested as the  major 
dr iving  force  responsible   for   water   uptake in porous  rocks. 

INTRODUCTION 

Volume expansion, which accompanies a phase 
change  from  water t o  ice, has   t r ad i t i ona l ly   been  
considered  to  be a cause of f r o s t   s h a t t e r i n g  of 
rocks in cold   reg ions   (Ol l ie r ,  1969). However, 
conditions  under which t h i s  mechanism can   ex i s t  
a r e   f a i r l y   l i m i t e d   i n   t h e   f i e l d .  Thus, o ther  
hypotheses are necessary   to   expla in   the i r  
d i s i n t e g r a t i o n  as a r e s u l t  of f reezing.   Everet t  
(1961)  proposed  the  concept of water flow  based 
upon t h e  thermodynamics of water-ice equilibrium. 
Recently,   the  process of f r o s t   h e a v i n g  of s o i l s  
has   been   s tud ied   in   de ta i l ,  and  an  improved 
understanding of moisture  migration  and  freezing 
processes i s  evolving at  bo th   t he   t heo re t i ca l  and 
experimental level. The present   author   has  
a t tempted  to   apply  this   concept  o f  f ros t   heav ing  
i n   s o i l s   t o  the f r o s t   s h a t t e r i n g  of rocks. 
Freezing  experiments  have  been  conducted in an 
e f f o r t   t o   v e r i f y   t h e   a p p l i c a t i o n  of the  concept.  

EXPERIMENTS 

Neogine T e r t i a r y   t u f f  from cen t r a l   J apan  was 
used in the  experiment. It has a high  porosi ty  
(36%) and i s  f ros t   suscep t ib l e .  Column-ahaped 
rock  samples ( 5  cm in   d iameter  and 15 cm i n  
h e i g h t )  were  prepared. A sample was f i r s t   w e t t e d  
so that the  pores were fu l ly   s a tu ra t ed   w i th  water- 
Tensiometers were i n s e r t e d  a t  points  3, 5 and 7 cm 
f rom  the   sur face  of the  rock column. A brass  
c i r cu la t ion   p l a t e   t h rough  which re f r igerant :  was 
c i r c u l a t e d  was placed on the  top of the  rock 
column to  control   the   temperature .  The rock 
column was mounted on a water r e s e r v o i r  and 
maintained  hydraul ic   contact   wi th  the water i n   t h e  
reservoi r .  The temperature of t h e  water i n  the 
r e s e r v o i r  was maintained a t  +2"C with a 
f l u c t u a t i o n  of O.Z°C.  Pore-water  pressures were 
measured by pressure  t ransducers ,  which were 
connected  to the tensiometers by the  tubes  (Figure 
1). The measurements  had a r e s o l u t i o n  of 2 cm 
H,O. Fine  thermocouples  were  inserted  at  
i n t e r v a l s  of 1 c m  in   depth  in   the  rock  sample.  
Both read-outs of pore  water  pressure  and 
temperature  were  collected by an automatic   data  
logging  system  controlled by a small  computer. 

Two d i f f e r e n t  rates of f reez ing  were 
established  under the d i f fe ren t   cool ing   condi t ions  
on t h e   s u r f a c e  (-3 and -5°C). 

A t  the  beginning of each  experiment  the 
s u r f a c e  of the rock  sample was supercooled,   to  
i n i t i a t e   f r e e z i n g .  I f  the  degree of supercool ing 
exceeded -2% o r  below, the f r eez ing   f ron t  moved 
down very  rapidly.  Such a t r a n a l t i o n a l   f r e e z i n g  
process had t o  be  avoided.  Thus, a few  drops of 
l i qu id   n i t rogen  were   appl ied   to   the   rock   sur face  
to   prevent   supercool ing a t  the  beginning. 

WSULTS AND DISGUSSION 

Changes i n  pore-water  pressure  during  freezing 
More than 20 freezing  experiments were 

conducted. Changes i n  pressure  and  temperature 
were  measured  every 5 minutes. 'Ihe f ros t   dep ths  
were est imated from the   temperature   prof i les .  Ihe 
i n i t i a l   f r e e z i n g   t e m p e r a t u r e  of pore water was 
es t imated   to  be -0.08"C. A t y p i c a l   r e s u l t  of t h e  
experiments with the  slower rate of f reez ing  i e  
8hOW1l i n  Figure 2. During   f reez ing ,   the   ra te  of 
advance of t h e   f r e e z i n g   f r o n t  was 2 mmhour. m e  
pore water pressure  decreased as t he   f r eez ing  
f ron t   pene t r a t ed   i n to   t he  rock. A t  a depth of 
3 cm the   pore water pressure  decreased 
continuously. However, a t  the 7 c m  depth no 
decreases  were  measured. 

The case o€ the   fas ter   advancing  f reezing 
f r o n t  ( 4  mmhour) is shown in Figure 3. ' h e  
pore-water  pressure a t  the  depth of 3 cm decreased 
f o r  5 houra,  then  ceased  decreasing. A t  t h a t  
time, the f r eez ing   f ron t  was loca ted   near   the  3 cm 
depth. A t  the  depth of 5 cm similar changes were 
noted. A t  bo th   f reez ing   ra tes   pore-water  
p r e s s u r e s   a t   l o c a t i o n s   n e a r e r   t o   t h e   s u r f a c e  were 
lower  than a t   l o c a t i o n s   f a r t h e r  away from  the 
f r eez ing   f ron t .  These pressure   d i f fe rences  a t  
d i f fe ren t   depths   sugges t   tha t  water f l o w  upward. 

measurements during the f reez ing  of Andesite is 
shown in   F igu re  4. This rock  specimen showed no 
damage by the  freezing-thawing test. I n   t h i s  
case, no pressure  changes in the  rock  specimen 
were observed. This means that  t h e r e  was no water 
mig ra t ion   i n  the rock  specimen. The pore water 

The r e s u l t  of pore-water  pressure 
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pressure  at  a 3 cm depth  increased after 13.8 
hours  had  elapsed. This ind ica ted  tha t  t h e  water 
in the  tensiometer  had  begun  to  freeze. 

i n   t h e  Neogine Tert iary  tuff   specimens are shown 
in   F igu re  5. A small pore water pressure  
g r a d i e n t   a t  the beginning of  the  experiment (0 
hour) was due to   bo th   d ry ing  of the upper  portion 
of the column  and the g r a v i t a t i o n 1   p o t e n t i a l .  
Once t h e   f r e e z i n g   s t a r t e d ,  an  increase was 
observed  in  pore-water  pressure  difference  between 
3 and 5 cm depth. Along th is   g rad ien t ,   water  must 
migrate upward. The gradient  between 3 and 5 cm 
i n  depth  increased for 4 hours,  but  between 4 and 
6 hours   the  increase i n  the   g rad ien t  was very 
small. Addit ional   experimental   resul ts ,  which 
a l s o   i l l u s t r a t e  t h i s  behavior of t he   hydrau l i c  
gradient  between  the  depth o f  3 and 5 cm are shown 
in   F igure  6.  The hydraul ic   g rad ien t   increases  
wlth time. Each case  i n  Figure 6 ind ica tes  that 
an  increase i n  gradient   ceases  a t  a c e r t a i n  time. 
This tifie corresponds  to  the time a t  which t h e  
tensiometer   fa i ls   due  to   Ereezing and  depends on 
t h e   r a t e  of advance of t he   f r eez ing   f ron t .  
Similar r e s u l t s   i n   t h e  case of s o i l   f r e e z i n g  were 
reported by Fukuda and Luthin  (1980). Gs t h e  
r e l a t i o n s h i p  between  pore  water  pressure  and  water 
content  could  not  be  obtained, i t  was not   possible  
to   e s t ima te   t he   f l ux  of water   in  a freezing  rock 
from these data .  

'Ihe changes i n  pore-water  pressure with depth 

Est imat ion of pore  water   pressure  near   the 
f r eez ing   f ron t  

The hydrodynamic model f o r   s o i l   f r e e z i n g  
assumes t h a t   t h e  two transport  equations,  one for 
h e a t  and the   o the r  one f o r  water, are coupled  by 
t h e   r e l a t i o n s h i p  between  pore water pressure  and 
temperature  below O°C (Taylor  and  Luthin,  1978). 
Considering the s i m i l a r i t y  between  the  unsaturated 
s o i l  and the  rock,  one may apply   th i s  model t o   t h e  
rock  freezing  process.  The f reez ing   po in t  
depression of pore  water i n  a rock  specimen was 
determined  experimentally. me r e s u l t  18 shown in 
Figure 7. The water content  is expressed as t h e  
degree of wate r   s a tu ra t ion  i n  pores i n  t h e  rock. 
The ord ina te   i nd ica t e s   t he   f r eez ing   po in t  
depression,  which is t he   d i f f e rence  in the 
temperature of f reez ing  o f  pore  water  in  rocks  and 
bulk water under  atmospheric  pressure.  Thus, if 
the  pores of the  rock are not   completely  f i l led 
with water, t h a t  water f reezes  at  temperatures 
below O'C. L e t  us apply  the  Clauaius-Clapeyron 
equat ion  to  th i s  s i t u a t i o n .   I f   t h e   c o n t e n t  of 
f r e e   s o l u t e s  is negl ig ib le ,   then:  

dT - (T/L)Vwdpw - Vidpi) 

where T = temperature,  Kelvin 
L = h e a t  o f  fus ion  
p i ,  pw - preesure of ice and water, 
r e s p e c t i v e l y  
V i ,  Vw = s p e c i f i c  volume of i c e  and  water, 
r e s p e c t i v e l y  

When t h e r e  is no load on the  rock, and the  rock 
matrix  does not c o n s t r a i n   t h e  ice, the  pressure  of  
the ice i n  the  pores o f  the  rock i s  equal   to  

atmospheric  pressure.  Thus, the equat ion  can be 
modified as follows  (Offenbacher  1981): 

AT - o.oa2p 

where bT is the   f reez ing   po in t   depress ion  and p is 
the  pore  water  pressure in bars .   This   l a rge  
negative  pore  water  pressure is the   dr iving  Eorce 
f o r  Water t o  move t o  the   f r eez ing   f ron t .  The 
equat ions   g iven   here  are based upon t h e  
thermodynamics o f  an  equilibrium  water-ice 
s i t u a t i o n  and are assumed to   be   appl icable  
a l though  the  actual   f reezing  process  is a 
nonequilibrium  process. 

water pressures  near the f reez ing   f ront   f rom 
experimental   resul ts .  The decrease i n  pore water 
pressure aa a func t ion  of d i s t a n c e  between t h e  
f r eez ing   f ron t  and the  tensiomenters is shown i n  
Figure 8. As the   f reez ing   f ront   descends ,   the  
pore  water  pressure  decreases  gradually.  The pore 
Water pressure  a t  the   f r eez ing   f ron t  is ca lcu la ted  
through  extrapolat ion  to   be more negative  than 
1 m H20. This value was obtained by f i t t i n g  
s imple  regression  curves   to   the  data  shown i n  
Figure 8 for   the   th ree   d i f fe ren t   t ens iometer  
loca t ions .  If this value is s u b s t i t u t e d  in t h e  
above  equation, 0.08OC is  obtained as a f r e e z i n g  
point   depression a t  the   f r eez ing   f ron t .  This 
value  corresponds  to   the  actual   temperature  which 
was used t o   l o c a t e   t h e   f r e e z i n g   f r o n t .  

Po ten t i a l   g rad ien t   nea r   t he   f r eez ing   f ron t  

to   the  f reezing  f ront   through  the  unfrozen  par t  o f  
rocks,   hydraul ic   gradients  at  var ious  locat ions 
were calculated.   Typical  curves of p o t e n t i a l  
gradients  between 3 and 5 c m  as a €unct ion of time 
are drawn In Figure 6. A t  the   beginning of 
f reez ing ,   the   hydraul ic   g rad ien t   increased   very  
sharply.  The hydraul ic   g rad ien t   cont inued   to  
inc rease   un t i l   t he   po re  water pressure a t  the 3 cm 
depth  reached a minimum; then   t he   i nc rease   i n   t he  
gradient  ceased. The maximum hydraul ic   g rad ien t  
which was observed  between 3 and 5 cm and t h e  mean 
pore-water  pressure  across  this  depth,  were 
recorded €or each  experiment. A l l  t h e   d a t a  are 
p lo t t ed   i n   F igu re  9. A simple  regression  having 
an  exponential  form w a s  performed. This curve 
gave  the  best  €i t ,  compared  with  other  simple 
regressions.  The fol lowing  empir ical   re la t ion was 
obtained  between  pore-water  pressures  and 
p o t e n t i a l   g r a d i e n t s  in the unfrozen  par t  of t h e  
rock  during the f reez ing:  

'Ihe author   a t tempted  to  estimate the  pore 

In  order   to   es t imate   the   f low rate of water 

aelaz - A.exp (Wl$l) 

where a g l a z  - t o t a l   hydrau l i c   g rad ien t ,  c m l c m  
191 = absolu te   va lue  of pore water pressure,  
cm H20 
A, B = constants  
2 = dis tance ,  cm 
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Evidence of water migrat ion  during 
The minrat ion of water t o   t h e  .+ 

through  unfrozen  rocks was implied 

f r e e z i n g  
f r eez ing   f ron t  

- by the  
measurements of pore water pressures .  However, 
t h e   f l u x  of water cannot  be  calculated from these  
r e s u l t s .  The water flow  in  porous  rocks  takes 
place  under  the  unsaturated  condition. and the 
func t iona l   r e l a t ion  between  the  hydraulic 
conduct iv i ty  of unsaturated  rocks and the  water 
content  is not known. As an a l t e r n a t i v e   t h e  
author  attempted  to  measure  the  change in water 
content  of samples which froze  under   condi t ions 
which were iden t i ca l   t o   t hose   d i scussed  above. A t  
f irst ,  rock  specimens with exac t ly  the same shape 
as t h e  ones  used i n  t h e  experiments  previously 
mentioned, were prepared. Tne rock  specimens were 
set as shown in   F igure  1 without  tensiometers i n  
them. The top   sur face  o f  specimens  were  exposed 
t o  -5°C.  As the   f reezing  f ront   descended 
downward, the  temperature  profile  of  the  specimen 
was measured  once  every  hour  and  plotted. 'Ihe 
p o s i t i o n  of the   isothermal .   l ine  of -0.082'C, which 
was est imated as the   f r eez tng   f ron t ,  was 
determined at  given times. Once the f r e e z i n g  
f ront   reached   spec i f ic   loca t ions   the   rock  
specimens  were  frozen a t  -3OOC. Tnen the  samples 
were c u t   i n t o  a discs  1 cm i n   t h i ckness .  'Ihe 
weight of each  disk was measured before  and af ter  
d ry ing   i n  t h e  electric oven. The procedure was 
based upon previous   s tud ies   involv ing   f reez ing  
so i l s   (Di rksen  and Mil ler   1966) .  

Figure 10. Both temperature and water  content 
p r o f i l e s  are drawn. Arrows i n   t h e   f i g u r e   i n d i c a t e  
the   l oca t ions  of the   f reez ing   f ront .   %e  bu lk  
dens i ty  and poros i ty  of these  rock  specimens  were 
measured. 'Ihus the  water  content on a weight  base 
(weight of water/weight of dry  rock) was converted 
into  volumetr ic  water content .  The water  content 
p r o f i l e   a f t e r  a l a p s e  of 18 hours   indicates   that  
t h e  water conten t  is low near the f r eez ing   f ron t  
and  high in the   f rozen   par t   (upper   por t ion) .  "his 
d i s c o n t i n u i t y  in the   water   content   prof i le  a t  t h e  
f r eez ing   f ron t  is due to   t he   ex i s t ence  o f  l a r g e  
negative  pore  water  pressures  near  the  freezing 
f ront .   Af te r  a l apse  of 21  hours the f reez ing  
front descended,  and  the  zone with a depleted 
water  content  also  descended. The volumetr ic  
water  content a t  a 4 c m  dep th   a f t e r  a lapse  of 18 
hours w a s  34.4 X ,  and inc reased   t o  38.14 % af ter  
21 hours. The water  content  in  the  Frozen  parr 
exceeded t h e   s a t u r a t i o n   l e v e l .  Water segregated 
as f c e   i n   t h e  pores. It is suggested  that  the 
foregoing flow of water in porous  rocks i n  t h e  
process of f reez ing  may exp la in   t he i r   E ros t  
s h a t t e r i n g .  

The r e s u l t s  o f  the  experiments are shown i n  

CONCLUSION 

and w i l l  cause a cont inuous  increase  in   the amount 
of segregated ice in pores. Such an  excess  of 
water causes the d i s i n t e g r a t i o n  of rocks.  Using a 
tuff  rock  with a poros i ty  of 36%, t h e   f l u x  of 
water through  the  unfrozen  part  of each  sample was 
i l l u s t r a t e d  while i t  w a s  sub jec t ed   t o   f r eez ing .  
This process of water  migration  in  porous rocks 
dur ing   the   f reez ing  is found t o   b e  similar t o   t h e  
f rost   heaving  processes  of s o i l s -  
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From pore-water  pressure  measurements  ahead 
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CONTROLS AND RATES OF MOVEMENT OF SOLIFLUCTION  LOBES I N  THE EASTERN SWISS ALPS 
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Rates and p rocesses  of present-day movements  of s o l i f l u c t i o n   l o b e s   i n   t h e   S w i s s  
N a t i o n a l   P a r k   i n   p l a c e s   l a c k i n g   p e r m a f r o s t   a r e  compared to  Bolocene  movements 
e s t a b l i s h e d  by r a d i o c a r b o n   d a t i n g  of b u r i e d   s o i l s   i n   s o l i f l u c t i o n   l o b e s   i n  simi- 
lar  l o c a l i t i e s .  A t  a d e p t h  of 50 cm, c o r r e s p o n d i n g   t o   t h e   d e p t h  of most  of t h e  
b u r i e d   s o i l s ,  movement be low  vege ta t lon  was less t h a n   t h e  limit o f   d e t e c t i o n  
(<0.1 cm/yr) .  Under vege ta t ion   f ree   sur face ,movements   var led   f rom 0.0-0.7  cm/yr 
(average 0.05 c m / y r ) .   I n   c o n t r a s t   t o   p r e s e n t - d a y   r a t e s   o f  movement a t  d e p t h   t h e  
r a t e s  of movement c a l c u l a t e d   u s i n g   r a d i o c a r b o n   d a t e s  of b u r i e d   s o i l s   a l o n g   t h e  
l e n g t h  of s o l i f l u c t i o n   l o b e s   r a n g e   f r o m  0.5 t o  over  3 . 0  cm/yr in periods  of   peak 
a c t i v i t y   d u r i n g   t h e  las t  5,000 y e a r s .  The r e s u l t s  of t h e   s t u d y  of present-day 
s o l i f l u c t i o n  a t  t h e  two test sites show t h a t  movement i s  c o n t r o l l e d  by vegeta-  
t i on   cove r   and  by t h e   d e p t h   t o   w h i c h   t h e   s o i l   f r e e z e s   d u r i n g   t h e   f a l l   a n d   w i n t e r .  
Thus t h e   c o m p a r a t i v e l y   l a r g e r   r a t e s  o f  movement i n  p a s t   p e r i o d s  of p e a k   a c t i v i t y  
could  be  explained by a c h a n g e   i n   t h e   c l i m a t e   w i t h   c o l d e r   t e m p e r a t u r e s   a n d  win- 
ters w i t h  less snow cover ,   which would r educe   vege ta t ion   cove r  and promote 
g e l i f   l u c  t ion .  

INTRODUCTION 

Movement r a t e s  of s o l i f l u c t i o n   l o b e s   d u r i n g  
the   Holocene   can   be   recons t ruc ted  by r ad ioca rbon  
d a t i n g  of bu r i ed  s o i l s  (Benedict   1966,  1976, 
Worsley  and Sarr is   1974,   Alexander   and  Pr ice   1980,  
Gamper 1982).   For a c l i m a t i c   i n t e r p r e t a t i o n  of 
c h a n g e s   i n  movement rates, a comparison  with 
present-day movement r a t e s  of s o l i f l u c t i o n   l o b e s  
i s  requi red .   These   lobes   have  t o  be a t  t h e  same 
a l t i t u d e  and   over   the  same bedrock  and  have t o  
f a c e   i n   t h e  same d i r e c t i o n s  as t h e   l o b e s   u s e d   t o  
r e c o n s t r u c t   p a s t  movement rates. The c o n t r o l s   o f  
present-day movements  need a l so  t o  be s t u d i e d ,  
Because  mass movement by s o l i f l u c t i o n  i s  slow but  
h i g h l y   r a t e - v a r i a b l e ,   o n l y  a long t e r m  survey 
us ing  numerous d a t a   p o i n t s   c a n   p r o v i d e  a r easonab le  
b a s e   f o r   t h i s   c o m p a r i s o n .   S i m i l a r l y ,   t h e   d a t a   b a s e  
f o r   p a s t  movement rates h a s   t o   b e   q u i t e   b r o a d .  

f l uc t ion   l obes   have   been  made p r i m a r i l y   i n   a r c t i c  
r eg ions   w i th   pe rmaf ros t  (Washburn  1979, Harris 
1981) .   Da ta   fo r   a lp ine   r eg ions   and   e spec ia l ly  for 
t he   A lps   t hemse lves   a r e   r a r e   and   cove r   on ly   sho r t  
per iods  (Furrer   1972,   Stocker   1973) .   Data   for   sub-  
s u r f a c e  movements i n  the   A lps  are l a c k i n g .  

The p r e s e n t   s t u d y  was i n i t i a t e d  i n  1975.   Since 
then ,   su r f ace   and   subsu r face  movements of s o l i -  
f l u c t i o n   l o b e s  in t h e   S w i s s   N a t i o n a l   P a r k   ( e a s t e r n  
Swiss Alps) have  been  cont inuously  measured.   Since 
1978,   so i l   and   a i r   t empera tures   have   a l so   been   con-  
t i n u o u s l y   r e c o r d e d .  The da ta   inc luding   1979  were  
publ ished by Gamper (1981).  

b u r i e d   s o i l s   i n   s o l i f l u c t i o n   l o b e s   m a i n l y  i n  t h e  
eastern  Swiss   Alps  have  been made.  These d a r e s  
(RBthl isberger   1976,   Schneebel i   1976,   Beeler   1977,  
Fur rer   1977,  Gamper 1981,   1982)   were  used  for   this  
s t u d y   t o g e t h e r   w i t h  some unpub l i shed   da t e s .  

Measurements of p r e s e n t  movement rates o f   s o l i -  

A t  t h e  same time, over   120   rad iocarbon  da tes   o f  

AREA SETTING 

The Swiss   Nat iona l   Park  is l o c a t e d   i n   t h e   s o u t h -  
e a s t e r n   c o r n e r  of Switzer land,   about   200 km south- 
ea6t   of   Zurich.  The mounta ins   have   an   average  ele- 
v a t i o n  o f  about   2 ,800 m. Bedrock i s  mainly T r i -  
a s s i c   d o l o m i t e .  The t imber l ine   ( l a r ch   and   Swis s  
p ine )   occu r s   a t   abou t   2 ,100  m .  S o l i f l u c t i o n   l o b e s  
a r e   l o c a t e d   o n   a l l   s l o p e s   a t   a n   e l e v a t i o n  o f  2,200- 
2,800 m d e p e n d i n g   o n   t h e   d l r e c t i o n s   i n   w h i c h   t h e  
s l o p e s   f a c e ,  They are most common a t   t h e   u p p e r  
margin of c l o s e d   v e g e t a t i o n   c o v e r ,  

FTGURE 1 S o l i E l u c t i o n  lobes t n  the Swiss   Nat iona l  
Pa rk  ( tes t  s i t e  2): Sur face  m o ~ ~ e n ~  and s o i l  and 
a i r   t cmpcrarure   measurements  w e r e  c a r r i e d   o u t   h e r e  
f rnm 1977 t o  p r e s e n t .  
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On t h e  west s lope   o f  Munt B u f f a l o r a   ( t e s t  
s i t e  1) and on the   southwes t   s lope   o f  Munt Chavagl 
( t e s t  s i t e  2 ,  F i g u r e   l ) ,  two sites €or  measure- 
ments of s o l i f l u i d a l  movements  have  been s e l e c t e d ,  
bo th  a t  an e l eva t ion   o f   2 ,400  m. The f r o n t s  and 
s i d e s   o f   t h e   l o b e s  are covered by v e g e t a t i o n .  The 
backs of t h e   l o b e s  are m o s t l y   v e g e t a t i o n   f r e e .  
The s o i l  is n o t   p e r e n n i a l l y   f r o z e n .  A d e t a i l e d  
geomorphological   s tudy of chose  lobes  has   been 
made by Fur re r  et  a l .  (1971).  

On test s i te  2 (F igu re  l), measurements  have 
been   car r ied   ou t   f rom  1977 t o  t h e   p r e s e n r .  The 
soil and air  temperature  measurements are a l s o  
made i n   t h i s   a r e a .  Test s i t e  1 was surveyed  from 
1975 t o  1979. I n  the   over lapping   per iod ,   measured  
movement rates a t   b o t h  sites have   been   ident ica l  
(Gamper 1981) -  

MYITHODS 

Sur face  movements were measured  using  102 
wooden cones   which   a re  1 0  cm i n   h e i g h t   a n d  are 
mounted on 1 0  cm long wooden dowels  which were 
i n s e r t e d   i n   t h e   s o i l  (Washburn 1960) .   In   add i -  
t i o n ,   4 5  rest p i l l a r s  were i n s e r t e d   t o  a dep th  
of  90 cm (Rudberg  1958)  and  118  aluminum f o i l s  
were i n s e r t e d   t o  a d e p t h  of 40 cm (Gamper 1981).  

T h i r t y  test p i l l a r s  and  49  aluminum f o i l s  were 
u s e d   a t   t h e   f i r s t  test s i te ,  and a l l   t h e   o t h e r  
measurement  devices were used a t  the   second si te.  
Measurements  were made  2-5 times d u r i n g   t h e  snow 
f r e e   s e a s o n   d u r i n g   J u l y   t o   O c t o b e r  of each   year ,  
u s ing  a t h e o d o l i t e   s t a t i o n e d   o n   b e d r o c k .  The 
test p i l l a r s  and  aluminum f o i l s   a t   t h e   f i r s t  tesr 
s i t e  were excava ted   i n   1979   t o   ob ta in   subsu r face  
movement rates (Gamper 1981).  Measurements a t   t h e  
second test s i t e  are still  in p r o g r e s s .  A l l  sub- 
s u r f a c e  movement rates a r e   t h e r e f o r e   t a k e n   f r o m  
t h e   f i r s t   t e s t  s i t e  and   cover   on ly   the   per iod  
1975-1979. 

Temperature  measurements were s t a r t e d   i n  Sep- 
tember  1978 a t  o n e   o f   t h e   l o b e s   a t   t h e   s e c o n d  
tes t  si te,  us ing  22 t empera tu re   s enso r s   ( accu ra t e  
t o  0.1' C e l s i u s ) .  A i r  t e m p e r a t u r e s   a t  1, 50 and 
150 cm above   su r f ace   and   so i l   t empera tu res   f rom a 
depth   o f  5-100 cm were measured  every 3 hours .  
Measurements were made on  the  back  of  a s o l i f l u c -  
r i o n   l o b e   i n   v e g e t a t i o n   f r  e area (F igure  1). d 

CONTROLS AND RATES OF SOLIFLUCTION MOVEMENT 

The  measurements show t h a t   d e t e c t a b l e   s u r f a c e  
movement i s  r e s t r i c t e d   t o   t h e   b a c k s  of s o l i f l u c -  
t i o n  Lobes. The f r o n t   a n d   s t e e p   s i d e s   o f   t h e  
tongues   which   a re   covered  by v e g e t a t i o n   d i d  no< 
move downslope. 

areas on t he   backs   o f   t he   l obes  was much h ighe r  
than   a round  the   edges  o f  t he   l obes ,   wh ich  are 
p a r t l y  or completely  covered by v e g e t a t i o n  
(Table  1). S o l i f l u c t i o n  was a l s o   r e s t r i c t e d   t o  
t h e  time d u r i n g   a n d   a f t e r  snow m e l t i n g   i n   e a r l y  
summer. During summer no d e t e c t a b l e  movement 
occur red .  

Average  surface movement i n   v e g e t a t i o n   f r e e  

TABLE 1 Average   Sur face   Soi l  Movement Rates 1975- 
1982 a t  T e s t   S i t e s  1 and 2 i n   t h e   S w i s s   N a t i o n a l  
Park  (cmlyr) . 

Year No. of Mea- Minimum  Maximum 
(Oct.  1- su red   Po in t s   Ra te  Rate 
Sept.  30.) 

1975176 75 0.0 8.9 
1976177 75 0.0 11.0 
1977178 3.4 0 0.0 15 .0  
1978179 155 0.0 40.3 
1979180 99 0.0 15.8 
1980181 17 5 0,o 4a .2 
1981182 17 9 0.0 37.6 

Year  Average  Downslope Movement Rates 
(Oct. 1- A l l  Veg.* P a r t l y  Veg.* 
Sept .  30.) 

1975/76 
1976177 
1977178 

1979180 
1980/81 

1978179 

1981182 

P o i n t s  Covered Veg . * 
A r  ea6 

1 .5   0 .2   1 .6  
1. .8 0.6 1.8 
5.1 1 .4  5.2 
4.7 1 . 3  4 . 1  

5.0 1 . 6  2.7 
6.5 2.4 4 .a 

Areas Covered 

3 .a 2.4 3 . 3  

Free  
Areas 

2.9 
3.0 
7.4 
7.0 
4.8 
9.1 

11.1 

*Veg. = Vege ta t ion ,  

The v a l u e s  i n  Table  1 show r e m a r k a b l e   d i f f e r -  
ences  i n  rhe  a l terage movement rates f o r   d i f f , e r e n t  
y e a r s .  The c h a n g e s   i n   t h e   d i s t r i b u t i o n   o f   s l o w  
(0-2 cm/yr) ,  medium (2-6  cmlyr) ,   and  high  (over  
6 cmlyr) movement r a t e s   f o r   t h e s e   y e a r s  are shown 
i n   F i g u r e   2 .   I n   y e a r s   w i t h  small ave rage  move- 
ments,   during  1975176 or  197911980,  over  80%  of 
the   measured   po in ts  showed on ly  low or medium 
movements (F igu re  2A). In y e a r s   w i t h   h i g h   a v e r a g e  
movements, du r ing  197711978 or  198111982,  almost 
50% of t h e   p o i n r s  showed h igh  movement rates. 
Th i s   i nc rease   i n   po in t s   showing   h igh  movement 
rates i s  m o s t   e v i d e n t   i n   t h e   v e g e t a t i o n   f r e e  areas 
( F i g u r e  2D) and   t o  a lesser e x t e n t   i n   t h e   p a r t l y  
v e g e t a t i o n   f r e e   a r e a s   ( F i g u r e  2C) on t h e   l o b e s .  
T h i s   i n d i c a t e s   t h a t   v e g e t a t i o n   c o v e r  i s  t h e  most 
i m p o r t a n t   f a c t o r   i n   c o n t r o l l i n g   s o l i f l u c t i o n .  

S o i l  and a i r   t empera tu re   measu remen t s   on  a 
v e g e t a t i o n   f r e e   b a c k  of a s o l i f l u c t i o n   l o b e  show 
(Table   2 )   tha t  i n  y e a r s   w i t h   l a r g e   s u r f a c e  move- 
ments  (197811979,  1981/1982,  and t o  a l e s se r   ex -  
t e n t   1 9 8 0 1 1 9 8 1 )   t h e   s o i l   f r o z e   t o  a d e p t h  of c l o s e  
t o  1 m or  more.  

thawed  from t h e   s u r f a c e  downward and   s tayed   sa ru-  
r a t e d   w i t h  water a s   l o n g  a s  t he   g round   i n   deepe r  
hor izons   remained   f rozen .   Dur ing   th i s   t ime 
(Tab le  2 ) ,  g e l i f l u c t i o n ,   s a t u r a t e d   f l o w   o f   d e b r i s ,  
could  occur .  A s  soon a s   t he   impermeab le   f rozen  
s u b s o i l  i s  comple t e ly   t hawed ,   t he   so i l   d r i e s   and  
becomes s t a b l e   ( H a r r i s   1 9 7 3 ) .   T h e r e f o r e ,   d u r i n g  
summer no d e t e c t a b l e  movement could  be  measured. 

I n   e a r l y  summer i n   t h o s e   y e a r s ,   t h e   s o i l  
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2 His tograms  showing  the   re la t ive   d i s t r ibu t ion  of s u r f a c e  movement r a t e s  on s o l i f l u c t i o n   l o b e s  a r  
r e s t  sites 1 and 2 .  The f i g u r e s  show t h a t   s o l i f l u c t i o n  i s  main ly   cont ro l led  by the   vege ta t ion   cover .  
D i s t r i b u t i o n  and annual  changes  of movement rates a r e   c o n t r o l l e d  by the   t iming  and t h e   d u r a t i o n  of t h e  
snow cover i n  win ter .  

TABLE 2 s o i l  and A i r  Temperature  Data From Test S i t e  2 i n   t h e  S w i s s  Nat ional   Park 1978-1982. 

Maximum Depth of Days With Days With Con- F i r s t  and Last Day 
Year Frozen Ground Ge l i f   l uc t   i on  t inuous Snow 

(cm) 
With  Continuous 

Cover Snow Cover 

197a179 
1979180 
1980181 
1981182 

.lo0 22 18 6 11/25/78-5/30/79 

14 217 10/14/80-5/1818~ 
> l o o  18 1 7  I 1 2 1  1181-5120182 

40 
8 5  

0 240 10/17/79-6/13/80 

Year Mean Annual A i r  Mean Winter  Temperature  (October 1"ay  31)  ("C) 
Temperature 150 cm 2 cm 5 cm 50 cm 80 cm 

Above Ground Above Ground Below  Ground Below Ground Below Ground 

1978179 -0.5 - 4 . 2  
1979180 -1.2 -5.0 

-1. .4  -0.4 0.2 

1980181 
0.1 0 .2  0.6 1 .0  

-0.8 -4.3 
1981182 -0.6 

-0.7 -0.3 0.2  0.7 
-4.6 -0.9 -0.6 -0.1 0.4 

-1.7 
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I n  1979/1980, a y e a r   w i t h  small movements, t h e  
s o i l   o n l y   f r o z e   t o  a depth   o f  40  cm and  thawed 
from  below  before   the snow mel ted .   The re fo re   t he  
s o i l   n e v e r  became water s a t u r a t e d .  Only f r o s t  
c reep   occur red .  

The f r o s t   d e p t h   i t s e l f  is c o n t r o l l e d  by t h e  
t iming of t h e   o n s e t  of con t inuous  snow cover  and 
by t h e   d u r a t i o n  of win te r  snow cover   (Table  2 ) .  
The later i n   t h e   y e a r   t h a t  snow f a l l s ,   t h e   d e e p e r  
t h e   s o i l   f r e e z e s .  The s h o r t e r   t h e  snow cover  
s t a y s ,   t h e   b e t t e r  are t h e   c h a n c e s   f o r  a long   per iod  
of g e l i f l u c t i o n .  The mean annual  a i r  t empera tu re  
(Table  2)  t h e r e f o r e  shows no c o r r e l a t i o n   w i t h   t h e  
a v e r a g e   r a t e s  of downslope movement (Table 1). 
The mean t empera tu res   fo r   t he   w in te r   s eason   (Oc to -  
be r  t o  May) show t h a t   a l t h o u g h   t h e   a i r   t e m p e r a t u r e  
150 cm a b o v e   t h e   s u r f a c e  was  between  -4.2'  and 
-5.O"C, t he   t empera tu re  2 cm above   the   g round  ( the  
temperature  a t  t h e   b a s e   o f   t h e  snow cover )   var ied  
between  t0.1'  and -1.7'C, because   o f   the   p resence  
o r   absence  of a n   i n s u l a t i n g  snow cover   dur ing  f a l l  
and   ea r ly   w in te r .  

For a comparison o f  present-day movement rates 
wi th  rates o f  movken t   du r ing   t he   Ho locene  as re- 
cons t ruc t ed  by r a d i o c a r b o n   d a t i n g   o f   b u r i e d   s o i l s  
i n   s o l i f l u c t i o n   l o b e s ,   s u b s u r f a c e  movement r a t e s  
i n  a d e p t h   c o r r e s p o n d i n g   t o   t h e   d e p t h  of t h e  
b u r i e d   s o i l s   h a v e   t o   b e   u s e d   ( T a b l e   3 ) .   P r e s e n t -  
d a y   s u r f a c e  movement slows down t o   a l m o s t   z e r o  a t  
t h e  end of the   lobes ,   because   o f   increas ing   vege-  
t a t i o n   c o v e r .  The maximum dep th  of movement a l s o  
dec reases   s imu l t aneous ly .  A s  a consequence ,   debr i s  
from t h e   v e g e t a t i o n   f r e e   a r e a s   a b o v e   t h e   l o b e s   a c -  
c u m u l a t e s   i n   t h e   l o b e s .  The l o b e s   i n   t o t o   d o   n o t  
move downslope. 

TABLE 3 Average  Subsurface  Soi l  Movement Ra te s  
1975-1979 a t  Test S i t e  1 i n   t h e   S w i s s   N a t i o n a l  
Park  (cm/yr) . 

Depth A l l  Vege ta t ion  P a r t l y  Vege- Vege ta t ion  
(cm) P o i n t s  Covered t i o n  Covered Free  Areas  

Areas Areas 

0 3 . 3  0.9 3.2 5.1 
5 1.5 0 . 2  2.1 2 .8  
10 1.2 0.1 1.9 2.3 
20 0.8 0.0 1 .2  1.8 
30 0.6 0.0 0.8 1.3 
40 0.5 0.0 0.6 1 . 0  
50 0.0 0.0 0.0  0.05 

The rates of movement a t  a d e p t h  of 50 cm, 
c o r r e s p o n d i n g   t o   t h e  mean t h i c k n e s s  of t he   ove r -  
b u r d e n   o n   b u r i e d   s o i l s   i n   s o l i f l u c t i o n   l o b e s ,  w a s  
genera l ly   be low  the  limit of d e t e c t i o n  ('1 mm/yr). 
Only 3 o f  30 test p i l l a r s   i n d i c a t e d  movements of 
0.3-0.7  cm/yr. 

A l t o g e t h e r   t h e   r e s u l t s  of t h e   s t u d y  of p re sen t -  
d a y   s o l i f l u c t i o n  a t  t h e  test sites show that move- 
ment i s  g e n e r a l l y   c o n t r o l l e d  by t h e   d i s t r i b u t i o n  
of t h e   v e g e t a t i o n   c o v e r .  Annual  change,& of move- 
ment rates i n   v e g e t a t i o n   f r e e  areas are c o n t r o l l e d  
by t h e   t h i n g  and t h e   d u r a t i o n   o f  snow c o v e r   i n  
w in te r .  

RATES OF MOVEMENT DURING THE HOLOCENE 

P r e v i o u s   s t u d i e s   o f   b u r i e d   s o i l s   i n   s o l i f l u c -  
t i o n  l o b e s  in   the   Swiss   Alps   (Fur rer   1977,  Gamper 
1981, Gamper a n d   S u t e r   1 9 8 2 )   i d e n t i f i e d   d u r i n g   t h e  
p a s t  5,000 y e a r s   t i m e s  of s o l i f l u c t i o n   a c t i v i t y  
and times of dominant s o i l  development on lobes .  
The r e s u l t s  of t h e s e   s t u d i e s   a r e   b a s e d  on r ad io -  
ca rbon   da t ing   o f  so i l s  i n  i n t e r b e d d e d   s o l i f l u c t i o n  
l o b e s .  More t h a n  120  r a d i o c a r b o n   d a t e s   ( s e e  
Furrer   1977,  Gamper 1981,   Roth l i sberger  1976,  
Schneebeli   1976)  have  been  used t o  d e t e r m i n e   t h e s e  
t imes  of p e a k   s o l i f l u c t i o n   a c t i v i t y ,  shown i n  
Table 4 .  

t h e   l e n g r h  of the   cove r ing   l obe ,  rates of l o b e  
advance  can  be  determined by c a l c u l a t i n g   l i n e a r  
r e g r e s s i o n s   f o r   t h e   r e l a t i o n s h i p   b e t w e e n   a g e  of 
t h e   s o i l  and   d i s t ance  of t h e   d a t e d   s o i l   s a m p l e  
from  the  lower  end of the  lobe  (Alexander   and 
P r i c e  1980).  I n  some l o b e s   t h e s e   t i m e - d i s t a n c e  
p r o f i l e s   i n d i c a t e   f l u c t u a t i n g   r a t e s   o f   s o i l   b u r i a l  
as i n   t h e  example   g iven   i n   F igu re   3 .   In   such  
c a s e s ,   r a t e s   o f   l o b e   a d v a n c e   f o r   d i f f e r e n t   t i m e s  
during  the  Holocene  can  be  calculated.   The  radio-  
c a r b o n   d a t e s   f o r   t h e   b u r i e d   s o i l   ( F i g u r e  3)  be- 
tween  3.2  and  8,4 m d i s t ance   f rom  the   l ower  end o f  
t h e   l o b e  are n o t   s i g n i f i c a n t l y   d i f f e r e n t   i n   a g e .  
The race o f  lobe   advance  of 3.0  cm/yr is t h e r e f o r e  
on ly  a minimum e s t i m a t e   f o r   t h e  movement r a t e  
around 2000 y e a r s  B.P. In a d d i t i o n ,   t h e   r a d i o -  
c a r b o n   d a t e s   i n   F i g u r e  3 show o n l y   i n s i g n i f i c a n t  
d i f f e rences   be tween   t he   ages   o f   t he  humic a c i d s  
and t h e   c o r r e s p o n d i n g   a g e s   o f   t h e   o r g a n i c   r e s i d u e s  
(not NaOH s o l u b l e   f r a c t i o n  o f  s o i l   o r g a n i c   m a t t e r ) .  
T h i s   i n d i c a t e s   t h a t   t h e   s a m p l e s   a r e   n o t   c o n t a m i -  
na t ed  by recent   o rganic   carbon.  

Movement rates were c a l c u l a t e d   f o r  six more 
l o b e s  a t  t h r e e   l o c a t i o n s   i n  the eas t e rn   Swis s  
Alps  (Swiss   Nat ional   Park,   Albulapass  30 Ian west 
of Nat iona l   Park ,   and   Bern inapass  30 km southwest 

By d a r i n g   b u r i e d   s o i l s   a t   s e v e r a l   p l a c e s   a l o n g  

TABLE 4 P a s t  Rates of   Front  Advance of S o l i f l u c -  
t i o n  Lobes Calculated  Using  Radiocarbon Dates of 
B u r i e d   S o i l s  . 

T i m e s  of Peak  Sol i -  Average Movement R a t e s   f o r  
f l u i d a l   A c t i v i t y   i n  I n d i v i d u a l   L o b e s   i n   t h e  
Years   Before  Present")  Eastern  Swiss  Alps  (cm/yr) 

4,700-4,300 0,6/>3.0 
3,300-2,900  1.5 
2,800-2,200 
2,000-1,400 > 3 . 0 / 3 . 0  
1,100- 800 0.7/0.5/>2.0/2.7 

- 

350- 150 - 
* 

Afte r  Gamper and  Suter   (1982) .  

of Na t iona l   Pa rk ) .  Two l o b e s  were a c t i v e   d u r i n g  
two p e r i o d s ,  so that a l t o g e t h e r   n i n e   a v e r a g e  
v a l u e s  of pas t   lobe   advance   were   de te rmined .  All 
l o b e s  are on west o r   n o r t h   f a c i n g   s l o p e s ,   a n d  in 
each   case ,   bedrock  is  T r i a s s i c   d o l o m i t e .  For 
t h e s e   c a l c u l a t i o n s ,  35 r a d i o c a r b o n   d a t e s  were 
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UZ-581 
UZ-802 

UZ-436 3320*75 
UT-435 3230ft5 

2-434  3035280 
2-579  3210275 

UZ-437 1830S70 

UZ-440 2070f70 
Uf -439 2100f70 

UZ-44 1 1080t65 

UZ- 580 2 13580 

4580 f85 

FIGURE 3 P r o f i l e  of a so l i f luc t ion   l obe   (A lbu lapass ,   ea s t e rn   Swis s  A l p s ) .  The upper   rad iocarbon  da te   o f  
each   pa i r   co r re sponds   t o   t he   age   o f   t he  humic a c i d s ,   t h e   l o w e r   t o  the a g e   o f   t h e   o r g a n i c   r e s i d u e s  of t h e  
b u r i e d   s o i l .  The r a d i o c a r b o n   d a t e s   i n d i c a t e   h i g h   r a t e s   o f   l o b e   a d v a n c e   o f  1 . 5  cm/yr  around 3200 y e a r s  B.P. 
and of >3.0 cm/yr  around  2000  years R.P.  

used   (Furrer  e t  a l ,  1975,  Reeler  1977, Camper 1981 
and  1982).  The r a t e s   a s  shown i n   T a b l e  4 r ange  
from 0.5 t o   o v e r  3 .O cm/yr. I n  two l o b e s ,   r a t e s  
f o r  times i n  between  peak  act ivi ty   per iods  were 
a l s o   c a l c u l a t e d  (Gamper 1982).  They range  from 
0.1-0.3 cm/yr. Compared to   p re sen t -day   subsu r face  
movement r a t e s   i n  a depth  of   50 cm, even   these  
a v e r a g e   r a t e s  seem t o   b e   h i g h .  For two p e r i o d s  
o f   s o l i f l u c t i o n   a c t i v i t y  (2800-2200 and 350-150 
y e a r s  B .P . )  r a t e s   c o u l d   n o t   b e   c a l c u l a t e d ,  be- 
c a u s e  o f  i n s u f f i c i e n t   d a t a .  

CONCLUSIONS 

The r a t e s  of movement i n   p a s t   p e r i o d s   o f   h i g h  
s o l i f l u c t i o n   a c t i v i t y   c a n   b e  compared wi th   p re sen t -  
day  movements. S o l i f l u c t i o n   l o b e s  show no de tec -  
tab le   downslope  movement a t   t h e i r   f r o n t s .  Move- 
ment rates a t  a dep th  of 50 cm, corresponding t o  
t h e   d e p t h  of b u r i e d   s o i l s ,   a r e   b e l o w   t h e  limit of 
d e t e c t i o n  ( C 0 . 1  cm/yr )   even   under   vege ta t ion   f ree  
a r e a s .  

The h i g h   r a t e s  of f r o n t   a d v a n c e   ( 0 . 5   t o  more 
t h a n  3.0 cm/yr) in former  per iods of g r e a t e r   s o l i -  
f l u c t i o n   a c t . i v i t y  may t h e r e f o r e   b e   r e l a t e d   t o  a 
change   i n   pa l eoc l ima te .   P re sen t -day   so l i f luc t ion  
r a t e s  in t h e   s t u d i e d   a r e a s   w i t h   c o m p a r a b l e   c l i m a t e  
are m a i n l y   c o n t r o l l e d  by t h e   v e g e t a t i o n   c o v e r   a n d  
i n   v e g e t a t i o n   f r e e   a r e a s  by t h e   d e p t h  of f r e e z i n g  
as i n f luenced  by the   t iming   and   du ra t ion   o f   t he  
snow cover  in w i n t e r .  Former h ighe r  movement 
r a t e s  and  an  advance of lobes  could  be  explained 
by w i n t e r s   w i t h  less snow cover   and  colder  tem- 
pera tures .   Both  would r educe   vege ta t ion   cove r  

and   promote   so l i f luc t ion  by i n c r e a s i n g   t h e   d e p t h  
o f   f r eez ing   and   t he re fo re   t he   du ra t ion   and  rates 
o f   g e l i f l u c t i o n   i n   e a r l y  summer. 
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GERMINATION CW&tCTERISTICS OF ARCTIC PLANTS 
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Germination traits of many arctic p l a n t s  are similar t o   t h o s e  of Eriophotum 
vaginatum.  Eriophorum  seeds  have  the  following  characteristics:  they are 
wind-dispersed,  have  weakly  developed  or  non-existent dormancy mechanisms, show 
optimal  germination at  20-30'C when tes ted  a t   constant   temperatures ,   germinate  
over a wide range of temperatures in the   l ight ,   germinate   only a t  grea te r   than  
15-22'C i n   t h e   d a r k ,  and  remain  dormant  while  buried  in  organic soil t o   dep ths  of 
0-30 cm. These c h a r a c t e r i s t i c s   p r o b a b l y   c o n t r i b u t e   t o   t h e   c o l o n i z i n g   a b i l i t y  of 
many arctic species .  

The condi t ions  control l ing  seed  germinat ion of 
various  species  are among the  many f a c t o r s   t h a t  
determine  the  composition  and  relative  abundance of 
spec ies  i n  plant  communities. Where and when a seed 
can  germinate  determine where and when a seedl ing  
w i l l  have a chance  to   es tabl ish,  which i n   t u r n  
determine  where and when a p lan t  w i l l  have a chance 
t o  produce seeds. Because all s p e c i e s   i n  one  eco- 
system are faced  with  the same environment,  one 
might  expect  the  successful  species to  share  some 
c h a r a c t e r i s t i c s .  For example, a l l  a r c t i c   t u n d r a  
plants  have low stature. In   t h i s   pape r  X analyze 
the  germination traits  t h a t  are cornon i n  a r c t i c  
plants .  

a b i l l t y  of many tundra  species  t o  colonize   d i s tur -  
bances  have long been  recognized  (Griggs 1934, 
Polunin 1934, Savi le  1960). Because  landscape  dis- 
turbances are common i n   a r c t i c   a r e a s ,  I examined 
whether  the  seed  germination traits may be adapt ive  
for   invading   d i s turbed  areas. If so, with   fur ther  
r e sea rch   i n to   a r c t i c   s eed  and seedling  biology, more 
opt ions w i l l  become ava i l ab le   fo r   r evege ta t ing   d i s -  
t u r b e d   a r c t i c  sites. 

this  paper,  not  because i t  is necessa r i ly   t yp ica l  of 
a rc t ic   p lan ts ,   bu t   because  its seed  and adult 
biology has been  studied  from  several   si tes  around 
the  world,  it is present   in  numerous vege ta t ion  
assemblages,  and it appears as a co lonizer  of many 
kinds o f  sites. 

The "weediness" of arctic vegeta t ion  and t h e  

Eriophorm  vaginatum is mentioned  throughout 

SEED SIZE AND DISPERSAL 

Many northern  tundra  plants  produce  small ,  
l ight ,   wind-dispersed  seeds  (Porsi ld  1951, Savi le  
1972, Densmore 1979, Chester and  Shaver 1982). For 
example, t h ree   na t ive   g ra s ses  used for   revegeta t ion  
(Calamagros t i s   canadens is ,   Arc tagros t i s   l a t i fo l ia ,  
and Poa glauca)  have  extremely small seeds,  aver- 
aging 0.12, 0.25, and 0.34 mg respec t ive ly   (Mi tche l l  
1979). In  a study o f  54 Alaskan woody spec ies ,  a 
higher  percentage of the  tundra  than  ta iga  species  
produced small or  wind-dispersed  seeds (Densmore 
1979). Among the e ight   spec ies  making up t h e  
major i ty  of vascular  plant  cover  (Chester and  Shaver 
1982), the  average  seed  weight  ranged  from 0.02 mg 

fo r   Ledm  pa lus t r e  t o  8.0 mg f o r  Rubus chamaemorus. 
I n  between these values  were 0.2 mg for  Betula  nana 
and  Vaccinium vi t i s - idaea ,  0.5 mg for   Er iophorm 
vaginaturn, and 1.0 mg f o r  Carex  bigelowii and 
Empetrum nigrum. 

Seed d i s p e r s a l  in arct lc  p l a n t s  relies on a 
number of mechanisms (Savi le  1972) Plumed seeds 
and f r u i t s   a r e  cormnon and are found  conspicuously i n  
the  genera  Eriophorum,  Salix,  Dryas,  Epilobiurn, 
Erigeron,  and Taraxacum. Smal l ,   l igh t   seeds  are 
found in   Diapensia ,   Pyrola ,  some Ericaceae and some 
oE t h e  monocotyledonous  species.  Fleshy  animal- 
d i s p e r s e d   f r u i t s  are also  found,  including * 
chamaemorus, Arc tos t aphy los   a lpha ,  A. rubra,  
Vaccinium v i t i s - i d a e a ,  and V. uliginoaum. Winged 
seeds and f r u i t s ,   a d a p t e d   t o  wind t r a v e l ,  are 
scarce,   but  are found i n  Betula ,  Rumex, and Oxyria 
digyna. Hooked f r u i t s  are almoat   absent   in   the 
arctic. Dispersal  by wind i s  probably  extremely 
important for arct ic  seed  (Savile 1972). In  the 
winter ,  small seeds  can  travel  along  with  blowing 
snow over  the  hard-packed snow base. The r e l a t i v e l y  
poor  development i n  the arct ic  of temperate  sone 
wind-dispersal  devices  such as wings or plumes may 
r e s u l t  from t h e i r   l a c k  of va lue   fo r  arct ic  winter  
d i s p e r s a l   ( S a v i l e  1972). 

GERMINATION 

Enforced Dormancy 

Enforced  or   easi ly   broken  intr insic  dormancy 
mechanisms more commonly control  germination of 
a r c t i c   p l a n t s   t h a n  do  complex i n t r i n s i c  dormancy 
mechanisms ( B i l l i n g s  and Mooney 1968). FhEorced 
seed dormancy as def ined by Harper (1977) is an 
i n a b i l i t y  t o  germinate  due  to  an  environmental 
res t ra int--shortage of water, low temperature,  poor 
a e r a t i o n ,  and so f o r t h .   I n t r i n s i c  dormancy includes 
the  following  conditions  (Harper 1977): (1) seeds 
leav ing   the   paren t   p lan t  in a v i a b l e  state but  pre- 
vented  from  germinating when exposed to   moist  
aerated  condi t ions by some property  of  the embryo, 
endosperm, or materna l   s t ruc tures ,  and (2) seeds 
acqui r ing  a condi t ion   o f   inabi l i ty  t o  germinate 
caused by some exper ience   a f te r   r ipening .  

334 
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Enforced dormancy ' I s  c e r t a i n l y   i n   e f f e c t  i n  the  
winter,   but may be i n   e f f e c t   d u r i n g  the growing 
season as well. In  a study of 54 spec ies  of woody 
tundra and t a iga   p l an t s   i n   A laska ,  Densmore (1979) 
found that  germination o f  a l l   t u n d r a   p l a n t s   t h a t  
d i s p e r s e   t h e i r   s e e d s   i n  the f a l l  was de l ayed   un t i l  
the  following  growing  season by some temperature- 
cont ro l led  mechanism. Enforced  dormancy  appears t o  
operate  commonly i n   a l p i n e   s p e c i e s  as well. Amen 
(1966)  found no i n t r i n s i c  dormancy  mechanisms f o r  
60% of 62 spec ies  of alpine  plants ;   the   remaining 
40% belonged  primarily  to  only  three  genera,   Carex, 
Trifolium,  and  Salix. 

many a r c t i c   s p e c i e s  are high (2O-3O0C), so dormancy 
i n   t h e s e   s p e c i e s  may be  enforced  throughout most of 

The optimal  temperatures  for  germination of 

the year and i n  most microsites.  Papaver  radicatum, 
Saxifraga  cernua, and  Oxyria  digyna  require  high 
temperatures  to  nerminate  (Re11  and Bliss 19801, 
as does  Eriophork  vaRinat& (Wein and MacLean. i973, 
Gartner  1982). For Eriophorum,  the  optimal  tempera- 
ture  varied  with  population.  For  three  Alaskan and 
Canadian sites the  optimal  temperature was about 
30"C, but   for   seed from  Scotland  the  optimal  temper- 
a t u r e  was about 20°C (Wein and MacLean 1973). 
However, a l l  these  tests were made a t  constant  
temperatures, and may not   ref lect   germinat ion 
characteristics under f i e ld   cond i t ions ,  where 
temperature,   moisture,   and  l ight  f luctuate,   both 
during a seed ' s  dormant  period and durlng germina- 
t ion.  

Germination in seeds  from some populations o f  
Eriophorum  vaginatun may be cont ro l led  by enforced 
dormancy only,   whereas  in  other  populations  there 
are i n t r i n s i c  mechanisms.  For Eriophk,rurn seeds  from 
t h r e e  Canadian sites, v i a b i l i t y  was highest  af ter  
disp.ersa1  and  declined  progressively when t e s t e d  1, 
6 ,  16, and  19 months la ter  (Wein and MacLean 1973). 
The v i a b i l i t y  of one  seed  lot  was reduced by 50% 
a f t e r   t h e  first s ix  months of s torage  at  room 
temperature .   In   contrast ,  most  Reeds from  Kuparuk 
Ridge  requited a period of continued  maturation 
before  they  germinated  (Gartner et al. 1983). This 
requirement fo r  addi t ional   maturat ion time was 
r e l a t e d   t o   c o l o r :   l i g h t  brown seeds  germinated more 
r ead i ly   immedia t e ly   a f t e r   d i spe r sa l   t han   d id   b l ack  
seeds,  but  only  black  seeds  germinated in experi- 
ments  with  5-year-old  seed  (Gartner et a l .  1983). 

Some species,   including  summer-dispersjng 
wil lows,   germinate   immediately  af ter   d ispersal  and 
lo se   v i ab i l i t y   qu ick ly   (B l i s s  1958, Densmore 1979). 
For  these  species,   high  temperature  thresholds 
r e s t r i c t i n g   g e m i n a t i o n  would only  lessen the over- 
a l l  chances of seed germination. 

I n t r i n s i c  Dormancy 

I n t r i n s i c  dormancy  mechanisms i n   a r c t i c   p l a n t s  
commonly cons is t  of elapsed time, c h i l l i n g ,   s c a r i f i -  
ca t ion ,  OF a combination of temperature  and  l ight 
( B i l l i n g s  and Mooney 1968).  Both c h i l l i n g  and 
scar i f ica t ion   a re   e f fec ted   th rough  e lapsed  time, the  
former  during  winter and the  la t ter  probably  through 
Ereeze-thaw ac t iv i ty   du r ing   t he   sp r ing   and /o r   f a l l .  
The importance o f  elapsed time was shown above f o r  
Eriophorum, and reviewed  for  several .   alpine  species 
i n  Amen (1966).  Two Trifolium, two Carex, and one 
Luzula  species are among t he   a lp ine   spec ie s   fo r  
which s c a r i f i c a t i o n  is  known t o  be a germinatlon 

requirement (Amen 1966).  Species of Leguminoseae 
are among the a r c t i c   s p e c i e s  known t o   r e q u i r e  
scar i f icat ion  (Klebesadel   1971) .  

or greatly  enhances  germination. The presence of 
l i g h t  cues  seeds  to the f a c t   t h a t   t h e y  are un- 
covered,  and  thus may be located in a site where ( I )  
they w i l l  have l i t t l e  competit ion  from  established 
vegeta t ion  or (2)  cotyledons w i l l  be a b l e   t o  reach 
above   the   sur face   to   rece ive   l igh t .  The la t ter  
should  be  particularly  important for species   bear ing 
small seeds,  which  have small energy  reserves and 
t h u s   l i m i t e d   a b i l i t y   t o   r e a c h   t h e   s u r f a c e  from 
depths. I n  Densmore's  study  (1979), nine spec ies  
having  extremely  light-weight  seeds, 0 . 1 5  %/seed, 
required  l ight   for   germinat ion,   regardless  o f  
temperature. Overall, 23  of the  52 species   she 
examined r equ i r ed   l i gh t  t o  germinate, and 26 of the  
remaining 29 spec ies  were i n  one  genus, Salix. 
Eriophorum  vaginatum  seeds do not   germinate   in   the 
dark at  temperatures  below 15O-22"C ( B l i s s  1958, 
Wein and MacLean 1973,  Gartner  1982)  (Figure 1). 
These da ta   sugges t   tha t  in t h e   f i e l d  where  seeds are 
buried,  such as by l i t t e r ,  mosses ,   or   l ichens,  or 
where seeds are d i spe r sed   t o   mic ros i t e s  where t h e  
temperatures  are low, the seed may become dormant 
and  incorporated  into  the  burled  seed  pool.  

s p e c i e s   c h a r a c t e r i s t i c  of arct ic  r i v e r  bars 
germinated  in   both  l ight  and dark at  about 22'C than 
did  those common t o   a r c t i c   t u n d r a   s o i l s   w i t h  a 
shallow  active  layer.   This is i n  keeplng  with  the 
hypo thes i s   t ha t   spec ie s   cha rac t e r i s t i c  o f  upland 
sites may r e q u i r e   l i g h t   t o  cue germination,  but i t  
suggests  a sepa ra t e   hypo thes i s   fo r   r i ve r   ba r  sites. 
A t  these sites, which are subjec t   to   f requent  
depos i t ion  by f looding,   seeds may germinate 

In many a r c t i c   s p e c i e s ,   l i g h t  is requi red   for  

Bliss (1958)  found that a higher  percentage  of 

loor Eriophorum vaginatum 1 

Temperature ("C) 
FIGURE 1 Germination of f i l l e d  Eriophorum  vaginatum 
seeds  under   control led  l ight  and temperature 
cond i t ions   a f t e r  22 days. Mean k SE (n = 4 groups 
of 50 seeds).   Light  treatments  consisted of 20 hr 
l i gh t14   h r   da rk   o r  24 hr   dark  (shaded  bars) ,  All 
treatments  were tes ted  at  five  temperatures.  Seeds 
were s tored  at  5'C i n   t he   da rk   fo r  5 y r   b e f o r e   s t a r t  
of the  experiment (from Gartner 1982). 
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FIGURE 2 Germination of f i l l e d  Alnus crispa  seeds 
i n   t h e   l i g h t  (13 h r   l i g h t / l l  hr dark)  under 
controlled  temperature  conditions  for 21 days. 
Cold-stratified  seeds were incubated in t he   l i gh t  
a f t e r  72 days of cold s t r a t i f i c a t i o n   i n   t h e   l l g h t  
(from Densmore 1979). 

regardless of the   l igh t  regime i f  other  physical 
conditions  are met. 

increases  the  proportion  that  germinate  at low 
constant  temperatures. Densmore (1979)  conducted 
t e s t s  on co ld-s t ra t i f ied  (wet and then  chi l led)  and 
unstrat i f ied  seeds of woody tundra and ta iga  
species. Cold s t r a t i f i c a t i o n   s u b s t a n t i a l l y  lowered 
the  temperature  requirements  (Figure 2) and broke 
dormancy i n  most of the species  studied.  After cold 
s t r a t i f i ca t ion ,   s eeds  of some species were able  to 
germinate a t  S'C, a condition  that would occur soon 
a f t e r  snowmelt. These included  the  arctic  species 
Empetrum nixrum, Potent i l la   f rut icosa,   Spiraea 
beauverdiana,  Salix  glauca, S. a rc t i ca ,  & 
phlebophylla,  Diapensia  lapponica, and Dryas 
octopetala. A second group  could  germinate when 

Chilling  the  seeds  prior  to  germination  greatly 

mean soil temperatures  reached 10°C: A l m s  c r i spa ,  
Chamaedaphne calyculata,  Oxycoccus microcarpus, 
Vaccinium uliginosum,  Cassiope  tetragona, and  Ledum 
palustre.  Other  species would require  temperatures 
around L5OC: Vaccinium vitis-idaea and Loiseleuria 
procumbens. Cold-stratif ication tests are  important 
because  they mimic the  effect  of winter-chilling on 
seeds   tha t   a re   d i spersed   in   the   l a te   fa l l   bu t  have 
enforced dormancy mechanisms that   prevent   fa l l  
germination. 

BURIED SEED 

Buried  seed  pools e x i s t  in a l l   f o u r  Alaskan 
tundra   s i t e s  where they have  been sought. The ages 
of buried  seeds  are unknown, but  longevity may be 
g rea t e r   i n  cold  permafrost  soils  than  in soils of 
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FIGURE 3 Depth p ro f i l e  o f  germinable  buried  seed i n  
tussock  tundra,  calculated from depth  prof i le  of 
seeds in cores from four  microhabitats  weighted by 
the  re la t ive  area of each  microhabitat. A t o t a l  of 
118 seeds  germinated from 45 cores  having  a  total 
tundra  surface  area o f  0.14 m2 (from  Garrner et al. 
1983). 

the  temperate zone. A t  three of the sites, sedges 
were the  predominant members: Carex bigelowii, 5 
cf. aqua t i l i s ,  and'Eriophorum  vaginatum (McGraw 
1980, Gartner e t   a l .  1983, Roach 1983). Buried 
dicotyledonous  seeds were common at two of the 
tussock  tundra  si tes (McGraw 1980, Roach 19831, 
includinp  Ledm  palustre,   Saxifraga  punctata,  
Polygonum viviparum, Empetrum nigrum, and Betula 
spp. In a Carex aqua t i l i s  meadow on the northern 
coas ta l  vplain -2- s k a  the most abundant  buried 
seed  belonged to  the  dicot  Chrysosplenium  tetrandum 
(Le&  1980). 

The d i s t r ibu t ion  of different   kinds of seeds 
varies  with  depth. Most dicotyledonous  seeds were 
in  the  top 5-10 an of s o i l  (Le& 1980, McGraw 1980, 
Gartner 1982, Roach 1983),  whereas  sedges were a l so  
abundant down t o  30 cm (Gartner  et   al .  , 1983). A t  
Kuparuk Ridge, Eriophorum made  up 38% of the 
germinating  seeds and was found primarily  throughout 
the  top 11 cm o f  soi l   (Figure 3) (Gartner  et   al .  
1983). This   dis t r ibut ion is in contrast   to  Carex 
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bigelowii   seeds (58% of a l l  germinating  seeds),  
which were common a t  depths of C-29 cm. I n  
addi t ion ,  a l l  of the  buried  seeds were found i n  the 
organic   so i l   l ayers .   There  were no seeds  buried  in  
t h e   m i n e r a l   s o i l  on this upland  slope site, even 
though the m i n e r a l   s o i l  was at  t h e   s u r f a c e   i n   f r o s t  
bo i l s .  This suggests   that   they were buried  through 
deposition  and/or  growth of organic  matter on top of 
the  seeds.  

DISCUSSION 

I n  some a r c t i c  communities there i s  a high 
incidence of natural   disturbance,  caused  mostly by 
f r o s t   a c t i v i t y .  Because of this  dis turbance,   d i f -  
f e r e n t   p a r t s  of t h e  communities are simultaneously 
i n  states of disturbance  or  regeneration  such  that  a 
mature  climax  assemblage  cannot be i d e n t i f i e d  
(Churchi l l  and Hanson 1958). Fires ,   f loods,   animal  
a c t i v i t y ,  and other   dis turbances are probably 
frequent  enough i n  many communitles t o   c r e a t e   b a r e  
areas a v a i l a b l e   f o r   c o l o n i z a t i o n  on a time scale 
that allows  perpetuation of cer ta in   tundra   spec ies  
by seed. 

adapt ive   for   co loniza t ion  o f  unvegetated  or   sparsely 
vegetated sites. Densmore (1979) concluded  that   the 
germinat ion  pat terns  of arct ic  woody p lan ts  are 
o f t e n   t h e  same as  for   the  temperate   species  of a 
genus  and tha t   t hese   pa t t e rns  were apparent ly  
s e l e c t e d  i n  a n c e s t r a l  species. Nonetheless, a d is -  
cussion on t h e  ways i n  which these  adapted  or  pre- 
adapted traits may b e n e f i t  a spec ies  i s  s t i l l  va l id .  

The presence of seed6 a t  a si te,  whether  due t o  
d i s p e r s a l  or s torage  in t h e   s o i l ,  i s  c r u c i a l   f o r  a 
species '   colonizat ion.  Thus wind-dispersal, a very 
e f f e c t i v e  mechanism, and  consignment of some seeds 
t o  the  buried  seed  pool are important  characteris-  
tics of colonizers .  The same concept is t r u e  in the  
temperate  zone,  where weedy p lan ts   typ ica l ly   have  

The germination traits  o f  a r c t i c   p l a n t s  may be 

s ma 11, wind-disperse d seeds. Genera J l y ,  most of the  
seed  in   buried  seed  pools   in   the  temperate  zone are 
of colonizing  species ,   even  in   mature   forests  and 
mature  pastures  (Chippindale  and  Milton  1934,  Sauer 
and   S t ru ik  1964, Livingston and Al less io  1968, 
Whipple  1977). 

ones,  seeds  can  germinate  whenever  basic  require- 
ments of  temperature,  moisture,  and  light are met. 
The requirement for high  temperatures  prevents 
germinat ion  in  sites t h a t  may be  temporally  or 
spa t ia l ly   unsui tab le   for   seedl ing   es tab l i shment .  
Seeds with short   longevi ty ,  however, would gain 
nothing  from  high  temperature  requirements. The 
requirement  €or  l ight,  li ke temperature  require- 
ments,  helps cue a p lan t  as t o   t h e   s u i t a b i l i t y  of 
its local  environment.  This t ra i t  has a l s o  been 
shown €or   co lonizers  i n  the  temperate zone  (Sauer 
and   S t ru ik  1964, Grime and J a r v i s  1975). 

C o l d - s t r a t i f i c a t i o n   a l t e r e  a seed's  germina- 
t ion  requirements so t h a t  i t  can have  one set of 
requirements  the  year it is  produced  and a second 
set the  following year* Environmental  conditions 
t h a t  are correlated  with  germinat ion  success  i n  t h e  
f a l l  undoubtedly  differ  from  those  correlated  with 
germination  success i n  the   sp r ing   o r  summer, so t h i s  
adaptat ion  can add cons iderably   to   the   spec ies '  
ge rmina t ion   f l ex ib i l i t y .  

similar t o  'chose  of co lonizers  elsewhere. Grime 
(1981) dis t inguished  four ca tegor ies  of colonizing 
spec ies  on t h e   b a s i s  of t h e i r   s e e d   s i z e  and  shape 
and their   germinat ion  requirements   (Table  1). The 
seed  s izes   range from  very  small t o   r e l a t i v e l y  
large.  Buried seed banks c h a r a c t e r i z e  two of t h e  
ca tegor ies ,  A and B. Enforced   and   in t r ins ic  
dormancy mechaniams are t h e  same a s   t h o s e   l i s t e d  
for tundra  plants.  It i s  not s u r p r i s i n g   t h a t   a r c t i c  
seeds  have  germination t ra i t s  similar to   those  of 
colonizers   e lsewhere,   for  arctic dis turbances are 
probably  not uncommon over the long l i f e  spans of 
a r c t i c   p l a n t s .  

By having no dormancy  mechanisms or very  simple 

The genera l  seed traits of a r c t i c   p l a n t s  are 

TABLE 1 Common c h a r a c t e r i s t i c s  of seed  morphology  and dormancy for  p l a n t s  that colonize  dis turbed areas 
(from Grime 1981). 

Seed Buried & n a n c i e s  and 
I 

Group morphology  seed 
I germination  requlrements 

A Small Yes No af te r - r ipening ,  no inna te  dormancy. 
Germination i n  l ight  over  broad  temperature 

Germination  in  dark with diurnal   temperature  
range. 

f h t c t u a t  tons. 

B Very small Yes 

C 

D 

Small, or la rge   wi th  NO 

e longated   s t ruc ture  

No dormancy. 
Germination i n  l i g h t  a t  high or f l u c t a t i n g  

Germination in dark rare. 

No af te r - r ipening ,  no inna te  dormancy. 
Germinatton In l igh t   o r   dark   over  a broad 

temperatures. 

temperature  range. 

Re la t ive ly   l a rge  NO After   co ld-s t ra t i f ica t ion ,   germina t ion  i n  
the l igh t   o r   da rk  over a broad  temperaturcr 
range. 
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CONCLUSIONS 

Seeds of Eriophorum  vaginatum  and many o ther  
a r c t i c   p l a n t s  have  the  fol lowing  t ra i ts :  

(1)  Seeds are wind-dispersed. 
( 2 )  I n t r i n s i c  dormancy is non-existent  or 

weakly  developed.  Seeds  Irom some populat ions  are  
v i ab le   immedia t e ly   a f t e r   d i spe r sa l ,  whereas only a 
small   proport ion of the  seeds from other  populations 
can  germinate  immediately  after  dispersal .  

(3 )  The opt imal   constant   temperature   for  
germination is v a r i a b l e  from  population  to  popula- 
t i o n ,  and is  between 20' and 30'C. Some seeds 
germinate at lower  above-freezing  temperatures  in 
t h e   l i g h t .  

( 4 )  In the   dark,   seeds do not  germinate a t  
temperatures  below 15" t o  22'C. 

(5) Some v iab le   s eeds   a r e   s to red  i n  the  upper 
l a y e r s  of  soil. They have  been  found  from 0 t o  30 
cm deep,  but most seeds are probably in the  top 
10-15 cm. No viable   seeds   a re  i n  the   minera l   so i l .  

The d a t a  on arctic seeds and the   syntheses  
r e l a t t n g  the ecology of spec ies   to   the i r   germina t ion  
t ra i t s  i n d i c a t e  that arct ic  species  have traits 
similar to   those of colonizers  of the  temperate 
zone. 

ACKNOWLEDGMENT 

The research waa supported by the U.S. Army 
Research  Office. 

REFERENCES 

Amen, R. D., 1966, The ex ten t  and r o l e  of seed 
dormancy in   a lp ine   p l an t s :   Ouar t e r ly  Review of 
Biology, V. 41, p. 271-281. 

Bell ,  K. C. ,  and Bliss, L. V., 1980,  Plant  reproduc- 
t i o n  i n  a high arctic environment:  Arctic  and 
Alpine Research, v. 12, p. 1-10. 

B i l l i n g s ,  W.D., and Mooney, H.A., 1968, The ecology 
of a r c t i c  and a lp ine   p lan ts :  Cambridge 
Phi losophical  Society Biologica l  Reviews, v. 
4 3 ,  p. 481-529. 

Bliss, L.C., 1958, Seed ge rmina t ion   i n   a r c t i c  and 
a lp ine   spec ie s :   Arc t i c ,  v. 11, p. 180-188. 

Chester, A. L . ,  and Shaver, G. R., 1982,  Reproduc- 
t i ve   e f fo r t   i n   co t tongras s   t u s sock   t undra :  
Holarctic  Ecology, v. 5 ,  p. 200-206. 

Chippindale, H. G., and  Milton, W. P,. J., 1934, On 
the   v iab le   seeds   p resent  i n  the so i l   benea th  
pastures:   Journal  of  Ecology, v. 22, p. 
884-886. 

Churchi l l ,  E. D., and Hanson, H. C . ,  1958, The con- 
cept of climax i n  arct ic  and a lp ine   vege ta t ion :  
Botanical  Review, v. 2 4 ,  p. 124-191. 

Densmore, R., 1979,  Aspects of the  seed  ecology of 
woody plant8 of t h e  Alaskan t a i g a  and  tundra: 
Durham, North  Carolina, Duke Univers i ty ,  Ph.D. 
thesis   (unpubl ished) .  

Gartner ,  B. L., 1982, Controls  over  regeneration o f  
tundra  graminoids i n  a na tura l  and a man-dis- 
turbed s i te  i n  arct ic  Alaeka:  Fairbanks, 

Universi ty  of Alaska, M.S. thesis (unpub- 
l i s h e d )  

1983,  Demographic p a t t e r n s  o f  seedling  estab- 
lishment and growth of nat ive  graminoids   in   an 
Alaskan  tundra  disturbance:  Journal  of  Applied 
Ecology,  in  press.  

Griggs,  R. F., 1934, The problem o f  a rc t i c   vege ta -  
t ion:   Journal  of Washington Academy of 
Sciences,  v. 34, p. 153-175. 

Grime, J. P., 1981, The r o l e  of seed dormancy i n  
vege ta t ion  dynamics:  Annals of Applied 
Ecology, V. 98, p. 555-558. 

ance and shade  tolerance i n  f lowering  plants  
11. Effects of l i g h t  on the  germination of 
spec ies  of contrasted  ecology,  5 Evans, G.C., 
Bainbrtdge, R., Rackham, O . ,  eda.,   bight as an 
Ecological   Factor  11: Oxford,  B1ackwel1, p. 
525-532. 

Harper, J. L., 1977,  Population Biology of Plants :  
New York, Academic Press .  

Klebesadel, L.J., 1971,  Native  Alaskan  legumes 
studied:  Agroborealis,  v. 3 ,  p. 9-11. 

beck, M. A., 1980,  Germination i n  Barrow,  Alaska 
tundra  cores:  Arctic and Alpine Research, V. 

12, p. 153-175. 

v i ab le   s eed   i n   success iona l   f i e ld  and f o r e s t  
stands,  Harvard  Forest,  Massachusetts:  Bulle- 
tin of Torrey Botanical  Club, V. 95, p. 58-69. 

o f  seed8 i n  cottongrass  tussack  tundra,  Eagle 
Creek,  Alaska:  Canadian  Journal o f  Botany, V. 
5 8 ,  p. 1607-1611. 

Alaskan  grasses  €or  revegetation  purposes:  
Agricultural  Experiment Station, University  of 
Alaska, Circular 32. 

Polunin,  N., 1934, The vegeta t ion  of Akpatok Is land ,  
Par t  I: Journa l  of Ecology, V. 22, p. 337-395. 

P o r s i l d ,  A. E., 1951, P l a n t   l i f e   i n   t h e   a r c t i c :  
Canadian  Geographical  Journal, V. 42, p. 
121-145. 

t i o n  i n  two adjacent   tundra  habi ta ts :  
Oecologia, i n  press. 

c a l   r e l a t i o n  between so i l   d i s tu rbance ,   l i gh t -  
f l a s h ,  and  seed  germination:  Ecology, V. 45, 

Gartner ,  B .  L., Chapin, F. S., and Shaver, G. R., 

Grime, .7. P., and Jarvis, E. C., 1975,  Shade  avoid- 

Livingston,  B. B., and Al less io ,  M. L., 1968,  Buried 

McGraw, J. B., 1980, Seed bank s i z e  and d i s t r i b u t i o n  

Mi tche l l ,  W. Y., 1979,  Three v a r i e t i e s  of n a t i v e  

Roach, D. A . ,  1983, Buried  seed and standing  vegeta- 

Sauer, J., and S t t u i k ,  G., 1964, A possible  ecologi- 

p. 884-886. 
Savi le ,  D. B. O., 1960, Limitat ions of the  competi- 

t ive   exc lus ion   pr inc ip le :   Sc ience ,  V. 132, p. 
1761. 

p lan ts :  Canada Department o f  Agricul ture ,  
Monograph No. 6. 

(Eriophorum  vaginatum)  germination  requlrements 
and co lon iz ing   po ten t i a l   i n  the Arct ic :  Cana- 
d i an   Jou rna l  of Botany, V. 51, p. 2509-2513. 

Whipple, S. A . ,  1977, The r e l a t i o n s h i p  of buried,  
germinat ing  seeds  to   vegetat ion i n  an old- 
growth  Colorado  subalpine  forest:  Canadian 
Journa l  of Botany, V. 56, p. 1505-1509. 

Savi le ,  D. B. O . ,  1972, A r c t i c   a d a p t a t i o n s   i n  

Wein, R. W., and MacLean, D. A , ,  1973,  Cottongrass 



METHODOLOGY FOR USING AIR PHOTOS AND SATELLITE 
IMAGERY IN PENFROST SURVEYS 

A .   V .  Gavrilov, K. A.  Kondratyeva,  Ye. I. Pizhankova, 
and  Ye. N. Dunayeva 

Geology  Department, 
Moscow  State  University,  Moscow, USSR 

The basic principles  of  a  method f o r  using  air  photos  and  satellite  imagery  in 
permafrost  surveys axe presented. It is  based on the  principles  developed  by V. A. 
Kudryavtsev  and  his  school  for  studying  rock  conditions,  the  temperature  regime  and 
other  permafrost  characteristics.  The  method was tested  in  the  cordpilation  of  geo- 
cryological  maps  for  various  permafrost  areas  in  the USSR. A  section  of  a  permafrost 
map  for an area  in  the  Central-Yakutian  lowland i s  presented;  it  was  compiled on the 
basis  of  laboratory  interpretation of multiband  satellite  imagery  taken  from  the 
"Soyuz-22"  spacecraft.  The  efficacy of the  method  is  assessed with regard  to  the 
north  of  Western  Siberia,  and  Central  and  Southern  Yakutia. 

Intensive  economic  development  of  permafrost 
zones  in  the USSR requires  reliable  and  quick 
methods  for  surveying  conditions  and  character- 
iSKiCS  of  the  natural  environment.  Aircraft  and 
satellite  imagery  is  especially  useful  for  such 
surveys  of  remote  areas.  The  imagery can be  used: 

1) to  analyze  the  geologic  structures  and 
permafrost  conditions  over  large  areas  since  one 
image  may  cover  areas  corresponding to 1:200,000- 
1:500,000  scale  maps; 

2) in various  spectral  bands  which  provide 
complementary  information on the  geologic  struc- 
tures  and  permafrost  conditions; 

3) in a series  from  small-scale  satellite 
imagery  to  aircraft  photography which  furnish 
information on the  importance of permafrost- 
geological  features; 

distances  because  similar  ground  features  produce 
similar  imagery  patterns  on  synoptic  satellite 
imagery; 

unbiased  with  optical,  optico-electronic  and 
computer  techniques; 

6) to  monitor  changes  in  the  natural  environ- 
ment  and  permafrost  conditions,  and  to  follow  the 
development  of  permafrost-geological  processes 
provided  by  tele-scanning  systems. 

tinental,  regional,  local  and  detailed  (Yeryomin 
e t  al., 1978) based on its  scale,  ground  coverage, 
and  resolution.  Resolution  is a major  constraint 
in  permafrost  surveys. It drastically  limits  the 
application o f  satellite  imagery which  is  most 
useful  for  small-  to  medium-scale  surveys.  Local- 
scale  satellite  imagery  has  medium to high  resolu- 
tion,  and  the  utility of medium  resolution  imagery 
has  already  been  shown  (Haugen  et  al., 1972).  
These  images,  together with the  regional  and  con- 
tinental  photographs,  are  better  for  identifying 
block  and  fractured  structures,  for  analyzing  the 
geological  structures  in a region  and  for  perma- 
frost  zoning. 

4 )  t o  extrapolate  interpretations  over  large 

5) to  make  interpretations  quicker  and  more 

Satellite  imagery  is  divided  into  global,  con- 

Other  factors  determining  the  suitability of 
sarellite  imagery  for  permafrost  surveys  are 
spectral  bands  and  the  number of  bands  (single- 
or multiband). The  analysis  of  landscape  and 
geocryological  features with aircraft  and  satellite 
photographs (ASP) (Gavrilov, 1979, 1980)  has  shown 
that  multiband  and  multispectral  ASP,  obtained  in 
the  early s m e r  or  early  autumn,  are  most  suitable 
for  permafrost  surveys.  Late  autumn  is  the  best 
time  for  taking  isopanchromatic  photographs. 

Winter  photography  is  also  useful  because  it 
shows  information on unique  winter  objects, e.g., 
water  openings  in  ice.  Secondly,  winter  photo- 
graphy  with  summer ASP is  very  useful  for 
distinguishing  icings  formed  by  year-round  sources 
from  those  formed  by  sources  diminishing  in a 
water-critical  period.  Thirdly,  in  some  cases, 
winter  photography  shows  more  detail on rock 
lithology,  fractures,  etc.  than  some  summer  photo- 
graphs. 

Geocryological  interpretation of ASP is  based 
upon  the  methodology  developed  by V .   A .  Kudryavtsev 
and  his  colleagues  (Kudryavtsev, 1979) for  studying 
the  thermal  state  and  temperature  regime of rocks. 
More  precisely,  it i s  based on the  identification 
of cryo-forming  factors  and  the  qualitative  and 
quantitative  evaluation of the  importance of the 
factors  in  determining  the  mean  annual  temperatures 
of  rocks  (tm.a.)  and  the  depth of their  seasonal 
thawed  or  frozen  zones ( E ) .  The  methodology  is 
helpful  in  explaining  the  existence  of  permafrost 
conditions  and in analyzing  their  spatial  and 
temporal  changes  in  light of spatial  inhomogeneity 
and  dynamics  of  natural  environment. 

It is  important  to  note  that  information on 
cryo-forming  factors  may  be  obtained  through ASP 
interpretations  supplemented  by  ground  truth  and 
the  analysis  of  meteorological  data.  Photography 
is  useful in identifying  cryogenic  formations  which 
are  often a direct  indicator  of  rock  state,  and  in 
judging  the  permafrost  series  evolution  and  tenden- 
cies  in  rock  temperature  regime  dynamics.  There- 
fore,  the  permafrost-temperature  interpretations  of 
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ASP depend on the  linkage  of tm.a. with the 
elements  of  the  natural  environment which govern 
permafrost  formation  (cryo-forming  factors)  and 
depend on the rock  state  and  temperature  regime 
(cryogenic  formations). 

can  be  determined  through ASP interpretations 
supplemented  by  ground  truth  and  meteorological 
data  make  up  the  framework  of  Kudryavtsev's 
methodology  (Kudryavtsev, 1974). His  methods 
define tmea, by  introducing  a  correction  factor 
for  an  average  annual  temperature  and an annual 
air  temperature  amplitude  in  light  of  the  effect 
of natural  factors.  The ASP analysis  is  done with 
the  following  purposes: 1) interpretation  of 
photos  on  the  basis  of  field  data  provides  infor- 
mation  required  for  qualitative  and  quantitative 
assessment  of  the  influence  of  the  natural  factors; 
2) the  results  of  the  interpretation  of  cryogenic 
formations,  as  indicators  of  rock  state and 
approximate tm.a*, considered  in  conjunction  with 
the  data  of  thermometry  and  geophysical  prospecting 
by  electrical  means  and  others,  while  analyzing 
the  calculation  results. 

This  methodology  is  applied  in  small-scale 
permafrost  surveys  because  it  is  needed  to  ascer- 
tain  and  further  interpret  the  natural  environ- 
mental  factors  that  play  a  key  role  in  determining 
permafrost  conditions. In the  tundra  environment, 
key  elements  are  the  snow  cover  distribution  and 
the  latitudinal-zonal  differentiation of heat 
exchange.  Mapping  signs  of  local  permafrost 
characteristics  include  such  factors  as  a  relative 
hypsometric  location of an  area,  sizes of relief 
mesofoms, height  and  density  of  vegetation, 
microrelief,  and  slope  exposure  whish  is  respon- 
sible  for  local  changes  in  the  snow-cover  zonal 
characteristics. 

temperature  regime i n  the  forest-tundra  and  taiga 
zones are more  diverse, e.g., snow  cover,  surface 
water,  rock  composition,  moisture  content  and 
seepage  properties,  relief,  and  surface  shading. 

indicators) i n  low-mountain  areas  and  plateaus in 
the  southern  part of the  cryolithic  zone  with  a 
continental  type of heat  exchange  in  the  near- 
ground  air  layer  show  the  most  variety.  These  are 
(in  respect  to  the  Aldan  Plateau  and  Stanovoi 
range)  absolute  altitudes,  surface  morphology, 
position  in  a  mesorelief,  composition  and  proper- 
ties  of  deposits  and  surface  and  ground  waters 
which  have  maximum  effect on a  temperature  regime 
in  rocks  when  the  rocks  have  extensive  jointing. 

In addition  to  the  above,  the  snow  cover  dis- 
tribution,  slope  exposure  and  vegetation  are  also 
important  factors  in  the  formation of tm.a. in 
low-mountain  areas  and  plateaus.  The  cryo- 
indicators in such  regions  are  not  individual 
landscape  elements  but  are  composed  of  complexes 
of  all  the  external  features  of  the  natural 
environment  including  relief,  vegetation, 
hydrography,  permafrost-geological  formations 
and  economic  projects  (types o f  earthen  roads, 
in  particular) * 

The  above  principles  of  geocryological  inter- 
pretation of ASP determine  the  specific  nature  of 
comprehensive  geocryological  surveys  at  all  levels- 
pre-field,  field  and  laboratory.  Experience o f  

Calculation  schemes  which  use  parameters  that 

Factors  contributing  to  the  formation  of  a  rock 

The  complex o f  cryo-forming  factors  (and  cryo- ' 
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small-scale  permafrost  surveys  has  indicated  that 
the  use of aircraft  and  satellite  imagery  requires 
more  extensive  pre-field  efforts. As a  result, 
the  information  from  pre-field  interpretations 
rises  dramatically. This is  shown  in a portion 
of  the  permafrost  map  for  the  Central-Yakutian 
lowland  (Figure 1). 

This  map  was  compiled  from  laboratory-based 
interpretations  of  multiband  Soyuz-22  satellite 
imagery  taken with an MKF-6 camera  and  data on 
natural  and  permafrost  conditions of the  region 
(Interpretation ..., 1982). Two methods of photo- 
interpretation  were  employed:  the  visual  method 
of  interpreting  synthesized  images  obtained  by  a 
multi-channel  MC-4  projector with  a five-fold 
magnification  (up to  a  scale  of 1:400,000) ,  and  a 
visual-measuring  method  ensuring  the  comparison 
of  zonal  photos  and  establishing  spectral  images 
of  natural  objects  (Kravtsova, 1980). The  resolv- 
ing  capacity of these  photos  ranges  from 16 m (in 
the  3rd  and  4th  zones)  to 40 m  (in  the 5th zone). 
This  enables  identification  of  such  cryogenic 
formations as thermokarst  lakes  and  depressions, 
thermoerosional  polygonal  block  relief,  areas 
affected  by  eolian  and  fluvial  activity,  as  well 
as  some 20 types  of  plant  associations  (Inter- 
pretation ..., 1982; Kravtsova, 1980) which  serve 
as  indicators of permafrost on accumulation  plains 
in the  northern  and  central  taiga  subzone.  The 
map  legend  describes  all  the  characteristics  used 
in  preparing  the  final  map:  geological-genetical 
complexes  and  rock  composition,  their  thermal 
state,  type  and  time  of  freezing,  cryogenic  tex- 
tures  and  ice  content,  mean  annual  rock  tempera- 
tures  and  temperature  amplitudes on the  ground 
surface,  depth of seasonal  thawing  and  freezing of 
rocks  and  ground surface features  (Table 1). Also 
very  essential  is  the  comprehensiveness  in  charac- 
terizing  permafrost  conditions  and  lithological 
rock  types. 

Therefore,  laboratory  methods  provide  useful 
pre-field  data  which  reduces  the  amount  of  and 
changes  the  character of field  studies, i.e. the 
number  of  key  plots  and  job  volume  are  reduced,  and 
to  proceed  (while  selecting  keys)  from  the  need  of 
settling  down  disputable  questions  and  checking 
results  of  a  pre-field  interpretation. 

of  its  effectiveness  for  compiling  engineering- 
geocryological  maps  for  the  north  of  Western 
Siberia,  Central  and  Southern  Yakutia.  These  maps 
were  compared with the  traditional  maps. It was 
determined  that  ASP-based  maps  surpass  traditional 
ones  by 1.5-5 times  (depending on territorial 
changeability  of  geocryological  conditions)  in 
terms  of  comprehensiveness  in  describing  composi- 
tion,  moisture  content  and  state of rocks, 
extension of frozen  series,  taliks  and  newly-formed 
permafrost  areas,  the  development of permafrost- 
geological  phenomena. 

The  following  conclusions  are  presented  based on 
the  above: 

1) ASP i s  useful  for  permafrost  surveys  over 
vast  regions,  for  obtaining  supplementary  infor- 
mation  on  the  natural  environment,  for  ranking 
permafrost-geological  features  by  importance, 
for  improving  the  reliability  of  interpretations 
and  extrapolation  of  results,  for  studying  the 
dynamics of natural  and  permafrost  features  and 

The  methodology  developed  was  evaluated in terms 
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conditions. 

resolution  is  the  best  for  doing  small-scale  and 
occasionally  medium-scale  permafrost  surveys.  The 
visual  interpretation of synthesized  photos  of  a 
method  based on the  visual-instrumental  measure- 
ments o f  zonal  density  of  images  to  determine 
feature  patterns  are  two  basic  interpretation 
methods. 

3) The permafrost-temperature  interpretation 
of  ASP  rests  upon  the  Kudryavtsev  methodology  for 
studying  the  state  and  temperature  regime  of  rocks 
which  includes  the  identification of cryo-forming 
factors  and  the  quantitative  assessment  of  the 
contribution  each of them  makes to the tm.a. and 
5 formation.  The  information on cryo-forming 
factors  may  be  obtained  through  the  analysis  of 
ASP,  meteorological  and  field  data  for  key p l o t s .  
Also very  essential  is  the  fact  that  cryogenic 
formations  are  easily  discernible on local ASP 
since  the  information on them  as  an  indicator of 
rock state  and  approximate  tm.a.  may  be  taken  into 
account  while  analyzing  estimates. 

4 )  This  methodology  is  employed  for  inter- 
preting  ASP in the  course of small-scale  permafrost 
surveys with  an  aim  to  identify  and  assess  the 
effect  with  ensuing  interpretation  of  environmental 
elements  being  decisive  in  forming t, as  well as 
to discern  cryogenic  formations on photos. 

pre-field  level  information on permafrost  condi- 
tions  which  reduces  the  amount  of  costly  field 
work.  The  field  work  can  then be done to resolve 
problems  which  cannot  be  solved with  ASP, and  to 
check  the  results  of  laboratory  interpretations. 

6) The  assessment  of ASP maps  indicates  that 
they  show  more  data  than  the  traditional  maps. 

2) Multiband,  local  satellite  imagery  of  high 

5) The  methodology  described  provides  essential 
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FIGURE 1 Fragment  of  permafrost  map o f  
a  region  in  the  Central  Yakutian  Lowland.  (The 
denotations  for the  figure  are  given  in  the  table 
of the  text.) 
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MAPPING OF ARCTIC LAND COVER 
UTILIZING LANDSAT DIGITAL DATA 

Leonard Gaydosl and  Richard E. Witmer2 

'U.S. Geological Survey, Ames Research Center,  240-8 
Menlo Park, California, 94035 USA 

2U.S. Geological Survey, 521 National Center, 
Reston,  Virginia, 22092 USA 

The U.S. Geological Survey, with  the assistance of  several other agencies and 
institutions, has been  mapping vegetation and other land cover in arctic Alaska 
as a  base for assessing  development  issues. LANDSAT earth resources satellite 
imagery in digital form were processed  by  using algorthims that partitioned the 
data  into spectral classes.  Fieldwork supported the later association of these 
spectral classes with actual land cover types and the construction Of a classifi- 
cation system compatible with LANDSAT data and responsive to the needs of 
resource managers. Problems of classification incompatibility between adjacent 
LANDSAT images were solved by careful designation of classes and  editing 
procedures, 

After an initial investigation within the National Petroleum Reserve in  Alaska, 
further development of  the techniques was achieved in the region around the 
Prudhoe Bay oil fields and  in the adjacent Arctic National Wildlife Refuge. 
LANDSAT was initially proposed as a  mapping data source for this region because 
of cost and  time factors, and  research has demonstrated that  it is extremely well 
adapted to the task. Not only are the  mapped classes comparable to what could be 
obtained  through conventional interpretation of aerial photographs; the resulting 
data are digital and consequently directly usable in geographic information 
systems. 

THE USGS LAND USE AND LAND COVER MAPPING PROGRAM 

In 1974, the U.S. Geological Survey (USGS) 
received  funding to begin the first nationwide pro- 
gram of land use and  land cover mapping, data pro- 
duction, and  analysis. For several years prior  to 
1974, the USGS had  been developing a  land  use and 
land  cover classification system that  could be 
applied  nationwide, which would provide a compre- 
hensive  balanced set of categories useful to plan- 
ners and  land resource managers,  and which could be 
employed by using remotely sensed data as primary 
source material. Research had also been  directed 
toward  other aspects of an inventory  that  needed 
resolution before  a nationwide mapping program 
could  begin,  such as mapping  techniques, suitable 
remotely sensed  material, product types and  user 
needs,  and  a geographic information system able to 
capture,  store,  and manipulate the resulting  infor- 
mation in digital form. 

The final version of the land use and land 
cover classification system (Anderson et  al.,1976) 
consists of nine general level I classes, that are 
further suMivided into 37 more detailed level I1 
classes. In the nationwide mapping effort, these 
level. I1 classes are mapped by conventional photo- 
interpretation methods. High-altitude aerial 
photographs and  other source materials available to 
the USGS are the typical kinds of remotely sensed 

data used. WSGS 1:250,000-scale  and 1:100,000- 
scale,topographic maps are used as base map 
materials. Areas as small as 10 acres (approxi- 
mately 4 hectares) are mapped in urban situa- 
tion(s), €or water  bodies, and other areas of typi- 
cally high  target/background  contrast. For land 
use and  land cover categories having  broader ex- 
tent, such as forests,  rangelands, or tundra, an 
area of 40 acres (approximately 16 hectares) is the 
smallest unit  mapped. 

copy maps at  1:250,000-scale,  with several areas 
mapped at 1:100,000-scale. In addition to the land 
use and  land cover maps covering each quadrangle, 
associated maps showing political boundaries, 
hydrologic units, census county subdivisions,  and 
areas of Federal land ownership were also compiled; 
( 2 )  statistical tables giving areas of the land Use 
and land cover category for each of the types of 
regions shown on the associated maps;  and ( 3 )  
various products such as tapes and plots resulting 
from the geographic information system. 

ducts described above have been  applied  consist- 
ently since the program began.  Nearly  two-thirds 
of the Nation has been  mapped:  nearly  half  of those 
maps have  been converted into digital format, and 
statistical reports for 16 states are  now  in 
production. 

The final products are  as follows: (1) hard- 

The classification system, techniques,  and pro- 

343 



344  

I AND USE AND  LAND  COVER  MAPPING  IN A ,LASKA 

During  the  first  year  of  the  mapping  phase  of 
the  program,  the  Fairbanks,  Alaska,  1:250,000-scale 
quadrangle  was  chosen  as  one o f  a dozen  maps  scat- 
tered  throughout  the  United  States to be.compiled 
to provide  early  experience  in  applying  the  classi- 
fication  system  and  mapping  techniques  in a wide 
variety  of  situations.  After  the  map  was  compiled 
and  reviewed,  many  interpretation  problems  were 
found  and  the  map  was  not  published.  These  prob- 
lems  were  due  entirely  to  the  compilers'  lack  of 
familiarity  with  the  area.  Suitable  source  materi- 
als  for  other  parts  of  Alaska  were  not  available 
until  1981,  when  compilation  began on the  Valdez 
1:250,000-scale  quadrangle.  Several  other  quad- 
rangles  are  now  being  compiled,  and  the  USGS  is 
presently  investigating  the  possibility  of  entering 
into a cooperative  agreement  with  the  State o f  
Alaska  under  which  land  use  and  land  cover  maps 
conforming to USGS specifications  would  be  compiled 
as part of the  State's  Integrated  Terrain  Unit 
mapping  effort. 

LAND  COVER  MAPPING  RESEARCH  USING  LANDSAT 

As  part of  its  continuing  research  into  the 
capabilities of various  remote  sensors  and  their 
data,  the  USGS  has  been  experimenting  with  the  ex- 
tracting  of  land  cover  information  from  LANDSAT 
multispectral  data  since  1973. The synoptic  cover- 
age,  availability,  and  digital  format  of  these 
spectral  reflectance  data  held  early  promise as an 
economical  substitute  for  aerial  photographs  where 
such  conventional  sources  were  lacking,  for  remote 
areas,  and  for  ready  adaptation  to  digital  geo- 
graphic  information  systems. 

During  the  first few  years of  this  research, 
land  cover  maps  were  constructed  by  computer- 
assisted  classification  of  LANDSAT  multispectral 
data  for  areas  centered  on  Washington, D.C., 
Phoenix,  Indianapolis,  San  Jose,  and  for  various 
areas  in  the  Pacific  Northwest.  These  research  ef- 
forts  gave  an  early  appreciation  of  the  relative 
advantages  and  disadvantages  of  this  technology  for 
land  cover  mapping.  Apparent  advantages  included 
the  availability  of  data  after  processing  by 
Goddard  Space  Flight  Center  and  the EROS Data 
Center,  resolution  of  data  near  the  1-acre  level, 
and  the  digital  format o f  the  data  allowing  econom- 
ical  computer  manipulation,  including  area  measure- 
ment  of  each  category  and  use  of  various  digital 
graphic  output  devices.  Disadvantages  included 
early  problems  with  geometric  and  radiometric  fi- 
delity,  lack  of  optimum  coverage  for  specific  sea- 
sons,  an  inability  to  duplicate  many  of  the  cate- 
gories  being  used  in  the  nationwide  land  use  and 
land  cover  mapping  program, a lack  of  success  in 
extending  spectral  classes  from  one  LANDSAT  scene 
to  another, as well as the  persistent  problem  of 
producing  different  sets  of  categories  in  different 
areas. 

FIRST  OPPORTUNITY--NPRA 

A specific  need  for  land  cover  data  of a  large 
remote  region was expressed  in  1977  when  the  Bureau 
of  Land  Management  (BLM)  and USGS became  respon- 
sible  for  compiling  a  resource  inventory  and a land 
use  study for the  97,000  square-kilometer  National 
Petroleum  Reserve  in  Alaska  (NPRA).  On  the  basis 
of  the  foregoing  discussion  of  perceived  advan- 
tages  and  disadvantages  of  LANDSAT  relative  to 
photointerpretation of high-altitude  aerial  photo- 
graphs,  it  was  decided  to  test  the  hypothesis  that 
analysis  of  LANDSAT  digital  imagery  could  provide 
an  inventory  and  map  of  land  cover  consistent  with 
planning  needs. 

tained  from  ten  summer-season  cloud-free  LANDSAT 
scenes,  each  measuring  185  km  on a side.  Acquisi- 
tion  dates  of  the  scenes  ranged  from  early  July to 
late  August  over a three-year  period,  1975-1977. 
Each  LANDSAT  scene  consists of a matrix  of  79 x 
57-m  cells  (pixels)  sensed by  the  satellite  in  each 
of  four  wavelength  bands,  green,  red,  and  two  near 
infrared.  The 7.56 million  pixels  that  made  up 
each  scene  were  partitioned  into  spectral  classes 
by  using a clustering  algorithm.  Each  class  was 
defined  by  pixels  with  similar  spectral  character- 
istics.  After  defining  these  spectral  classes,  the 
entire  scene  was  classified by assigning  each  pixel 
to  the  spectral class it  most  nearly  resembled. 

After  classification,  each  spectral  type  was 
identified as  a specific  land  cover  by an analyst 
viewing  the  classified  scene  on a color  display. 
Aerial  photographs  of  specific  sites  and  field 
notes  were  used as  reference  material  for  identify- 
ing  the  spectral  classes. 

in  1977,  acquainted  the  analysts  with  the  tundra 
landscape  and  helped  in  preparing a preliminary 
classification  of  land  cover. In 1978  the  analysts 
returned  to  investigate  problem  areas,  verify  the 
validity of land  cover  classes,  and  sharpen  their 
photointerpretation  skills. 

Throughout  the  process, a land  cover  classifi- 
cation  system  for  the  tundra  that  could  be  mapped 
with  LANDSAT  data  was  being  devised.  It  was  real- 
ized  at  the  outset  that  the  LANDSAT  data  source 
might  not  be  perfectly  compatible  with  the  land  use 
and  land  cover  classification  system  used  by USGS 
nationwide  and  that  some  modification  might  be 
desirable  in  mapping  tundra  classes.  The  final 
system  was  based on plant  communities  that  have 
similar  lifeform  and  contained  ten  classes,  Com- 
patibility  with  the  basic  USGS  classes  was  shown. 

Once  the  land  cover  classes  were  established, 
it  was  necessary to ensure  consistency  in  interpre- 
tation  among  all  ten  LANDSAT  frames. Some  areas 
were  reclassified  following  establishment  of  new 
spectral  classes  based  on  analysis of patterns 
noted on aerial  photographs.  In  other  areas,  mis- 
classifications,  such  as  misclassifying  shadows  on 
mountain  slopes as water, a situation  caused  by  the 
spectral  similarity of water  with  shadow, were 

Full  source  material  coverage of NPRA  was  ob- 

Two visits  to  the  field  were  made.  The  first, 



corrected  by  defining  geographic  regions  where 
certain  classifications did not  make  sense 
(Morrisey  and  Ennis,  1981). 

A  control  network  established  between  topo- 
graphic  base  maps  and  the  LANDSAT  data  enabled  cor- 
rection to the  Universal  Transverse  MerCatOr (UTM) 
projection.  Original  pixels  were  resampled  to  form 
square  cells 50 m  on  a side.  After  the  frames  had 
been  corrected,  they  were  mosaicked  into  two  data 
sets  corresponding  to  the  two  UTM  zones  covered by 
the  data.  Data  were  also  formatted  for  each  of 11 
map  quadrangles (1 degree of latitude by 3 degrees 
of  longitude)  and  made  available to BLM. 

Land  managers  at  BLM  have  registered  each  land 
cover  data  set  to  digital  terrain  data  available 
from  USGS  and  have  used  the  combination  to  help 
monitor  potential  impacts  of  mineral  exploration 
(Spencer  and  Krebs,1982).  The  same  digital  land 
cover  data  are  also  available to the  public  through 
the USGS National  Cartographic  Information  Center. 

REFINEMENT  OF  TECHNIQUE 

While  work  was  proceeding  on  the  NPRA,  contacts 
were  made  with  the U.S. Army  Cold  Regions  Research 
and  Engineering  Laboratory  (USA CRREL) where  vege- 
tation  mapping  was  in  progress at Prudhoe  Bay  and 
along  the  Dalton  Highway.  USA  CRREL  and  their  con- 
tractor,  the  Institute  of  Arctic  and  Alpine 
Research,  University of Colorado  (INSTAAR)  were 
mapping  detailed  vegetation  by  using  extensive 
ground  surveys.  They are  able  to  achieve  excellent 
detail  in  environmental  mapping  but  were  severely 
limited  in  the  areas  they  could  cover. 

A partnership  was  forged  that  used  the  tundra 
classification  expertise of USA CRREL and  INSTAAR 
and  the  LANDSAT  mapping  capabilities  of USGS. De- 
tailed  maps,  already  prepared  by  INSTAAR,  were  used 
as  reference  data  for  interpreting  the  LANDSAT 
classification,  thus  minimizing  new  fieldwork.  The 
land  cover  maps  from  LANDSAT  were  used by  USA  CRREL 
and  INSTAAR  to  extend  their  vegetation  classifica- 
tion  system  to  the  vast  regions  surrounding  their 
original  sites,  albeit  at  less  detail. 

development,  was  the  first  target for this  joint 
effort,  "The  Geobotanical  Atlas  of  Prudhoe Bay. 
(Walker  et  al,  1980)  was  used  to  differentiate  land 
cover  classes  within  spectral  classes  resulting 
from  clustering  of  one  LANDSAT  frame.  The  detailed 
reference  data  made  it  possible to tailor  spectral 
classes by focusing  on  specific  known  sites,  some- 
thing  not  possible  in  the  NPRA  work. A technique 
known as reclustering--splitting  one  spectral  class 
into  several--was  also  employed  successfully in 
refining  the  classification. 

It  was  recognized  that  the  key to developing a 
consistent  classification  using  LANDSAT  was a 
better  understanding o f  the  capabilities  and  limi- 
tations  of  the  LANDSAT  sensor,  Spectral  classes 
mapped  by  LANDSAT  were  found  to  be  defined  by  com- 
plex  reflectances  from  the  ground  associated  with 
vegetation,  soils,  and  land  forms.  These  three 
types  of  information  were  mapped  separately by 
Walker  et al., (1980)  and  then  combined  into  master 
maps.  With  LANDSAT,  components  of  all  three  con- 
tributed  to  the  spectral  reflectance  that  was 

The  Prudhoe  Bay  region,  heart  of  the  petroleum 
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sensed,  though  vegetation  was  seen  to  dominate. As 
work  progressed,  the  arctic  tundra  region  seemed 
ideally  suited to using  LANDSAT  data.  Spectral 
differences  were  strongly  influenced  by  moisture 
and  shrub  component  of  the  plant  community,  two 
factors  already  considered  prominently  in  the  clas- 
sification  system  used  by  Walker  et al.,  (1980). 
That  system  was  extended  and  modified  to  accomodate 
the  units  mappable  with  LANDSAT  (Walker  et al., 
1982). 

detailed  maps  previously  compiled by INSTAAR  along 
the  Dalton  Highway  corridor.  One  LANDSAT  frame 
centered  over  the  Sagavanirktok  quadrangle  was  ana- 
lyzed  by  using  techniques  similar  to  those  used  for 
the  Prudhoe  Bay  scene.  Field  trips  over  two  sea- 
sons  were  used, as in  NPRA,  to  investigate  problem 
areas or to help  in  the  intrepretation  of  aerial 
photographs. 

requested a land  cover  map of the  coastal  portion 
of the Arctic  National  Wildlife  Refuge  (ANWR)  for 
use  in  an  Environment  Impact  Statement  (EIS). 
Since  the EIS was  due  within a year,  timing  was a 
critical  factor. A seven-day  reconnaisance  trip to 
the  Refuge  in  August  1981  was  the  beginning  of  the 
project.  Three  LANDSAT  scenes  were  needed,  each 
treated  separately by  using  cluster  analysis. As 
before,  field  data  were  used  to  identify  the  spec- 
tral  classes. 

sis went  smoothly  and a digital  data  set  corrected 
to  the  UTM  projection  was  ready  within  six  months. 
These  data  were  smoothed  to  enhance  cartographic 
presentation by generalizing  tiny  mapped  units  into 
their  surroundings  and  then  used to produce  print- 
ing  plates  for  lithography  using a color  laser 
plotter  (Wray  and  Gaydos,1982).  The  finished  map 
(U.S. Geological  Survey,  1982)  also  contained a 
table  showing  land  cover  areal  measurement for 
survey  townships  located  within  the  study  area,  a 
useful  byproduct  of  the  LANDSAT  analysis. 

Work  at  Prudhoe  Bay  was  extended  south by  using 

In  1981,  the U.S. Pish  and  Wildlife  Service 

With  the  lessons  learned  previously,  the  analy- 

LESSONS  LEARNED 

The experiences  gained  in  using  LANDSAT  data 
for  mapping  arctic  tundra  have  been  most  rewarding. 
Although  LANDSAT  was  originally  proposed as a  data 
source  because of cost  and  time  factors,  research 
has  demonstrated  that  it  is  extremely  well  adapted 
to  the  task.  Not  only are the  mapped  classes com- 
parable  to  what  could  be  obtained  through  conven- 
tional  interpretation  of  aerial  photographs,  but 
the  resulting  data  are  in  digital  form  and  conse- 
quently  directly  usable in geographic  information 
systems.  The  area  covered  by  each  land  cover  unit 
for  tracts  of  interest,  such as survey  townships, 
are  easily  obtained by simply  digitizing  the  bound- 
aries of  tracts  and  counting  pixels  within  each. 
Furthermore,  the  digital  data  can  be  used by a 
laser  plotter to  create  color  separation  plates  for 
map  reproduction. 

The  classification  system  found  optimal  for  use 
with  LANDSAT  data  has  the  desireable  attributes of 
being  useful for both  large-scale  and  small-scale 
mapping  and  consistently  applying  the  same  criteria 
and  method  for  naming  communities  and  vegetation 
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complexes. This system  has  evolved  with  our  map- 
ping  experience  ana  is  easily  compared  with  other 
systems in general  use. 
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1 

The  proposed  Watana  development,  consisting  of a 270 m (885 f t )   h i g h  dam and 
underground  powerhouse, is t h e   f i r s t   p h a s e   o f  a two dam scheme  on the   uppe r  
S u s i t n a   R i v e r ,   l o c a t e d   i n   A l a s k a ,   a r p r o x i m a t e l y  225 km (140  mi)  south of Fa i r -  
b a n k s .   E x t e n s i v e   g e o t e c h n i c a l   i n v e s t i g a t i o n s  were conducted a t   t h i s  s i t e  t o  
c o n f i r m   t h e   f e a s i b i l i t y   o f   t h e   p r o j e c t .  The e x t e n t  of permafros t   th roughout  
t h e   r e s e r v o i r   a r e a s  was mapped rhrot;gh  the rme of a i r  pho tos ,   and   t he   e f f ec t  
o f  thawinp, on r e s e r v o i r   s l o p e   s t a b i l i t y  was eva lua ted .   Pe rmaf ros t   cond i t ions  
are a n   i m p o r t a n t   c o n s i d e r a t i o n  a t  t h e  Watana si te .  Lying i n  a b r o a d   g l a c i a t -  
ed r e g i o n ,   t h e   S u s i t n a   R i v e r  a t  t h e  Watana s i te  f l o w s   e a s t   t o  west i n  a deep 
v a l l e y   c u t   i n t o   t h e   s u r r o u n d i n g   p l a t e a u ,   w h i c h  l ies above   e l eva t ion  700 m 
(2300 f t ) .  The r i v e r   v a l l e y  is more  than  244 m (900 f t )  deep  and  approximate- 
l y  150 m ( 5 0 0  f t )   w i d e  a t  r i v e r   l e v e l .  A t  t h e  s i t e  t h e   n o r t h   f a c i n g  s l o p e  
con ta ins   pe rmaf ros t   t o   dep ths   exceed ing  33 m (125 f t ) ,   w h i l e   t h e   s o u t h   f a c i n g  
s lope   w i th   f avorab le   exposure  is r e l a t i v e l y   p e r m a f r o s t   f r e e .  The pe rmaf ros t  
i n   t h e   r o c k  l ies wi th in   1 °C   be low  f r eez ing .   Tempera tu re   da t a   sugges t   t ha t   t he  
average   annual  a i r  t empera tu re  i s  c l o s e  t o  t h e   f r e e z i n g   i s o t h e r m ,   s u g g e s t i n g  
t h a t   p e r m a f r o s t ,   a l t h o u g h   e x t e n s i v e   a t   t h e  si te,  i s  i n  a s t a t e  of d e l i c a t e  
equ i l ib r ium.  On t h e   r e l a t i v e l y   f l a t   t e r r a i n   a b o v e   t h e   v a l l e y  r i m  t h e  perma- 
f r o s t  i s  more spo rad ic   w i th   ex t ens ive   bu t   d i scon t inuous   pe rmaf ros t   t o   va ry ing  
depths .   Al though  most   o f   the   permafros t   in   the   overburden  i s  r e l a t i v e l y  ice  
f r e e ,   t h e r e  exists a t  one l o c a t i o n   s e v e r a l  miles downstream  of  the  Watana s i te ,  
a l a r g e ,   f l a y - l y i n g ,   l e n s e  of  ground ice  i n   t h e   v a l l e y   s l o p e   i n   e x c e s s   o f   3 . 0  m 
(LO f t )   t h i c k .  

INTRODUCTION 

The  Watana  development, a p r o p o s e d   h y d r o e l e c t r i c  
p r o j e c t  on the   uppe r   Sus i tna   R ive r ,  i s  t h e   f i r s t  
phase of what w i l l  u l t i m a t e l y   b e  a two dam scheme 
wi th  a r o t a 1  power g e n e r a t i o n   o u t p u t  of approxi-  
mately 1600 mw. The  Uatana s i te  l i es  some 200 km 
(125  mi)  northwest  of  Anchorage  and 225 km (140 mi) 
sou th  of Fairbanks,  Alaska.  The  proposed  Watana 
development   includes a h i g h   e a r t h f i l l  dam ove r  250  
m (820 f t )   h igh  with  an  underground  powerhouse.  
Between  1980  and  1983  extensive  geotechnical  in- 
v e s t i g a t i o n s  were conducted a t  t h e  s i te  t o  assist 
i n   t h e   a s s e s s m e n t  of t h e   f e a s i b i l i t y  of the   over -  
a l l  developmenr  and t o   p r o v i d e  a b a s i s   f o r  sub- 
mission  of a l i c e n s e   t o   t h e  FERC f o r   c o n s t r u c t i o n  
of t h e   p r o j e c t .   P r e v i o u s   i n v e s t i g a t i o n s   h a d   b e e n  
conducted a t  t h e  s i te as  e a r l y   a s  1975 and as re- 
c e n t l y   a s  1978 by t h e  U.S. Army Corps o€ Engineers .  
The si te l o c a t i o n  is shown i n   F i g u r e  1. 

CLIMATIC  CONDITIONS 

The  Watana dam s i t e  i s  s i t u a t e d   i n  a v a l l e y   w i t h  
an e l e v a t i o n   o f  442 m ( 1 4 5 0  f t )  a t  r i v e r   l e v e l   a n d  
686 m ( 2 2 5 0  f t )  on t h e   a b u t m e n t s .   E l e v a t i o n   h a s  a 
s i g n i f i c a n t   i n f l u e n c e  on t h e   e x i s t e n c e  of perma- 
f r o s t  a t  t h e  s i te  d u e   t o   t h e   f a c t   t h a t   t h e  mean 
annual   temperature  is s e v e r a l   d e g r e e s   c o l d e r   t h a n  
l o c a t i o n s   i n   t h e   l o w e r   S u s i t n a   r i v e r   v a l l e y  much 
f u r t h e r   t o   t h e  west b u t   o n l y   s l i g h t l y   f u r t h e r  
s o u t h .   I n i t i a l   t e m p e r a t u r e   d a t a   f r o m   e x i s t i n g  

si tes in t h e   l o w e r   v a l l e y   i n d i c a t e d   t h a t   t h e  mean 
annual   temperature  was c l o s e   t o   t h e   f r e e z i n g   i s o -  
therm,   sugges t ing   tha t   the   permafros t  a t  t h e  si te 
was i n  a v e r y   d e l i c a t e  s ta te  of equ i l ib r ium.  A 
more d e t a i l e d   r e v i e w   o f   a c t u a l   t e m p e r a t u r e s  a t  t h e  
Watana s i te  i n d i c a t e s  a f r eez ing   i ndex   o f  1873'C 
days  and a thawing  index  of 1212'C days ,   wi th  a 
mean annual  temperature  of -1.8"C  (29'F) averaged 
o v e r   t h e   p a s t  3 years ,   Al though  only 3 y e a r s  of 
d a t a  are a v a i l a b l e   f r o m   t h e   n e w l y   e s t a b l i s h e d   c l i -  
m a t i c   s t a t i o n  a t  t h e  Watana s i t e ,  it is appa ren t  
t h a t   t h e  s i te  l i es  w i t h i n   t h e   g e n e r a l l y   a c c e p t e d  
zone   of   d i scont inuous   permafros t .   (Fer r iano ,   1965)  

The southern  boundary of d i scon t inuous  perma- 
f r o s t  i s  found t o  c o i n c i d e   w i t h   t h e  - l ° C  annual  a i r  
temperature  isotherm  (Gold  and  Lachenbruch,  1973). 
S i n c e   t h e  Watana s i te  h a s  a mean temperature   ap-  
proaching -Z0C,  i t  is a p p a r e n t   t h a t   t h e   t h e r m a l  re- 
gime a t  t h e  si te i s  i n   e q u i l i b r i u m   w i t h   t h e   p r e s e n t  
c l i m a t i c   c o n d i t i o n s  in most   ins tances .  It is pos- 
s i b l e   t h a t   i n  some a r e a s   l a r g e  ice l enses   and  
ground i c e  were formed a t  a time when t h e   c l i m a t i c  
regime was more  conducive  to  the  growth of  perma- 
f r o s t  and tha t   such   occu r rences  would not  form  un- 
d e r   p r e s e n t   c o n d i t i o n s .  Examples  of t hese   cond i -  
t i o n s  are deep ice  l e n s e s   i n   t h e   o v e r b u r d e n   a r e a   t o  
t h e   n o r t h  of t h e  s i t e  and a l a r g e   f l a t   l y i n g   l e n s e  
o f   i ce ,   e s t ima ted  t o  be a t  lease 3.C m (10 f t )  
t h i c k   n e a r   t h e  Fog Creek area. The l o c a t i o n  of t h e  
ground i c e  is shown i n   F i g u r e  2. 
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RELICT CHANNEL 

Figure 2 S i r e   a r e a  

SOIL AND OVERBURDEN CONDITIONS 

The depth of a l luvium a t  t h e  dam s i te  w i t h i n   t h e  
r i v e r   c h a n n e l  is a minimum of 27 m (90 f t )  and  con- 
sists of  sand, s i l t ,  coarse   g rave l ,   and   boulders .  
On the   lower   va l ley   s lopes ,   the   overburden   cons is t s  
p r i m a r i l y  of t a l u s .  The uppe r   a r eas  of t he   abu t -  
ments   near   the  top  of   the  s lope are comprised  of 
g l a c i a l  till, a l luv ium,   and   t a lus   depos i t s .  Sub- 
s u r f a c e   i n v e s t i g a t i o n s  show the   contac t   be tween  the  
overburden   and   the   bedrock   to   be   re la t ive ly  un- 
weathered. 

J u s t  t o  t h e   n o r t h  of t h e  Watana dam s i t e  a deep 
relicit  c h a n n e l   e x i s t s .  The l o c a t i o n  of t h i s   b u r -  
i e d ,   p r e g l a c i a l   c h a n n e l ,  i s  a l s o  shown i n   F i g u r e  
2. The maximum depth  of  overburden  in  the  thalweg 
channel  is approximately 137 m (450 f t ) .  The  chan- 
n e l   s t r a t i g r a p h y  is comprosed of a s e r i e s  of g l a -  
c i a l  outwash  and till a n d   a l l u v i a l   d e p o s i t s .  With- 
i n   t he   g l ac i a l   depos i t s   f rozen   g round   has   been   de -  
t e c t e d  in b o r i n g s   t o   d e p t h s  of 34 m (110 f t )  and 
has   been   ve r i f i ed   t o   dep ths   o f  18 m (60 ft) i n   i n -  
s t rumented  borings.  

I n  a d d i t i o n   t o   t h e  area above  the  channel ,  de- 
s i g n a t e d  as borrow  area D,  a number  of o ther   bor -  
row a r e a s   n e a r   t h e  s i te were i n v e s t i g a t e d  and t h e  
permafros t   condi t ions  were d e f i n e d   i n   t h e s e   a r e a s .  
They include  borrow s i t e  E n e a r   t h e  mouth of Tsus- 
ena  Creek,  and  borrow s i t e  H n e a r  Fog Creek,  both 
of  which are shown i n   F i g u r e  2. Borrow s i te  E con- 
t a i n s   a l l u v i a l   g r a v e l s ,   w h i l e  H c o n s i s t s   p r i m a r i l y  
of g l a c i a l  t i l l .  The a l l u v i a l   g r a v e l s   c o n t a i n e d  
no   permafros t   due   p r imar i ly   to   the   courseness   o f  
t h e   m n t e r i a l  and the   souther ly   exposure  of t h e  
a r e a .  Borrow s i te  H conra ins   permafros t  t o  over  
8 m (25 f t )   d e p t h   d u e   t o  i ts  l o c a t i o n  a t  a h i g h e r  
e l e v a t i o n   a n d ,   t h e   f l a t   l y i n g   t e r r a i n ,  and t h e  
the rma l   p rope r t i e s  of t h e  material. 

PERMAFROST I N  ROCK 

S ince   ove rburden   dep ths   a r e   ve ry   sha l low on t h e  
v a l l e y  walls, pe rmaf ros t   dep ths   have   pene t r a t ed  
w e l l  i n f o  the   under ly ing  rock on the   south  abutment .  
Although no t h i c k   i c e   l e n s e s  were observed,  it is 
p o s s i b l e   t h a t   l e n s e s   d o   e x i s t  on p r e e x i s t i n g   j o i n t s  
i n   t h e   b e d r o c k .  Drill ho le s   i n   t he   sou th   abu tmen t  
i n d i c a t e   t h a t   t h e   d e p t h  of  permafrost   exceeds 60 m 
(200 € t ) .   Th i s   dep th  i s  unusua l ly   deep   fo r   t he  
c l i m a t i c   c o n d i t i o n s  a t  t h e  s i te  bu t  i t  i s  p r i m a r i l y  
t h e   r e s u l t  of s l o p e   a s p e c t .  The va l l ey   runs   a lmos t  
e x a c t l y  east t o  west a t  t h e  s i te  and  hence  the 
south   abutment ,   o r   nor th   fac ing   s lope ,  i s  n o t  ex- 
posed t o   s o l a r   r a d i a t i o n   f o r  many months of t h e  
year .   Microc l imaclc   e f fec ts   have   been  known t o  in- 
f luence   pe rmaf ros t   d i s t r ibu t ion   ( Johns ton  1981) .  
Beaty (1977)  addres ses  similar mic roc l ima t i c   e f -  
f e c t s  on s l o p e   s t a b i l i t y .  An a i r  photo  of  the sire 
i s  shown i n   F i g u r e  3 .  

EFFECT  OF  SLOPES AND GROUND COVER 

The most dramar ic   and   pronounced   charac te r i s t ic  
of permafrost  a t  t h e  Watana s i te  is the   a s symet r i -  
c a l   d i s t r i b u t i o n  a t  the  proposed dam site.  A l -  
though  ground  cover  has some i n f l u e n c e  on the   dep th  
of p e r m a f r o s t ,   p e r m a f r o s t   d i s t r i b u t i o n   i n   t h e   v a l -  
l e y  i s  a consequence  of  aspect, a c h a r a c t e r i s t i c  
observed by Johnston (1981). Figure 3 shows t h e  
Watana s i t e  a r e a   o r i e n t e d   w i t h   n o r t h  a t  t h e   t o p  of 
t h e   f i g u r e .  The s o u t h   f a c i n g ,   o r   n o r t h   s l o p e .   w i t h  
a minimum of s o i l   c o v e r ,   d i r e c t   e x p o s u r e   t o   t h e  
summer sun,  and  hence, a s h o r t e r   d u r a t i o n  of snow 
cover ,   has   very  l i t t l e  evidence of permafrost .  The 
n o r t h   f a c i n g  s lope ,  wi th  a s l i g h t l y   g r e a t e r   d e p t h  
of i n su la t ing   ove rburden   and   poor   exposure   t o   so l a r  
r ad ia t ion ,   has   ev idence  of permafros t   in   rock  down 
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Figure 3 A i r  photo of sitc area 

t o   d e p t h s  of more than 38 m (125 f t ) .  
The e x a c t   d i s t r i b u t i o n   o f   p e r m a f r o s t   n e a r   t h e  

r i v e r ' s   e d g e  i s  n o t  known. Although i t  is norm- 
a l l y   e x p e c t e d   t h a t   t h e   i n f l u e n c e   o f  a r i v e r ,   o r  
body  of water, i s  t o   c r e a t e  thaw bulbs  below  and 
a d j a c e n t   t h e  water body,   the   occur rence  of anchor  
i ce   du r lng   f r eeze -up   has   been   obse rved   a t   s eve ra l  
l o c a t i o n s ,   s u g g e s t i n g   t h a t   p e r m a f r o s t  may b e   v e r y  
c l o s e   t o   t h e  water's edge on t h e   s o u t h   s i d e   o f   t h e  
r i v e r .   T h i s   i c e   d e v e l o p s   b e l o w   t h e  water, f i r m l y  
a t t ached   t o   t he   s t r eam  bed .  

TEMPERATURE  OBSERVATIONS 

Temperature  measurement  instrumentation was in -  
s t a l l e d   i n   b o t h   s o i l   e x p l o r a t i o n   h o l e s   i n   t h e  
ove rburden   and   co re   ho le s   i n   rock .   Fo r   ho le s   i n  
r o c k ,   t h e r m i s t o r   s t r i n g s  were a t t a c h e d  t o  the   ou t -  
s i d e  o f   ca s ing   u sed   t o   i n s t a l l   deep   p i ezomete r s  
o r   g r o u t e d   i n t e r n a l l y   i n s i d e  50 mm ( 2  i n )   d i a m e t e r  
p v c   p i p e s   t o   p r o t e c t   l e a d s   f r o m   t h e   d e e p   p i e z o -  
meters. Open s tandpipe- type   ins t rumenta t ion   pvc  
p i p e s  were i n s t a l l e d   i n  most v e r t i c a l   s o i l   d r i l l  
holes .   These were f i l l e d   w i t h   a n   a n t i f r e e z e   f l u i d  
p e r m i t t i n g   t h e   u s e   o f  a t empera tu re   p robe  t o  meas- 
u r e   t h e   t h e r m a l   p r o p e r t i e s  of t h e   s u r f i c i a l   d e -  
p o s i t s .  The t empera tu re   p ro f i l e   f rom BH6,  a deep 
bo reho le  i n  rock  on t h e   n o r t h  s ide  of the r i v e r ,  
and  angled  beneath  the r iver ,  i s  shown i n   F i g u r e  
4 .  It i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e   t e m p e r a t u r e  

th roughou t   t he   l eng th   o f   t he   ho le  i s  a t  o r   n e a r  
f r eez ing ,   wh i l e   t he   annua l   o r   s easona l   ampl i tude  
r eaches  down t o  24  m (80 f t ) ,  presumably  because 
o f   t h e   i n f l u e n c e  of the   r i ve r .   A l though  i t  i s  
c o n s i d e r e d   t h a t   t h e   h o l e  is i n  permafrost ,  i t  is 
l i k e l y   t h a t   i n t e r s t i t i a l   f l u i d s ,   s u c h  as ground- 
w a t e r   i n   t h e   f r a c t u r e s ,  are n o t   f r o z e n .   T h i s  was 
e v i d e n t  when examining   the   permeabi l i ty  test r e -  
s u l t s  w h i c h   i n d i c a t e d   t h a t   f r a c t u r e d  areas took 
water d u r i n g   t h e  test, a l though  i t  may b e   f r o z e n  
i n  some loca t ions .   Th i s   ho le   and   t he   a r ea   cove red  
by its depth are low  enough down i n   t h e   v a l l e y  t o  
b e   a f f e c t e d  by a sc reen ing   e f f ec t   f rom  the   sou th  
abutment c l i f f s ,  i .e .  shade   f ac to r   r educ ing   i n -  
coming so la r   r ad ia t ion   (Wend le r   and   l sh ikawa ,  
1974) .  

Typica l   south   abutment   t empera ture   p rof i le  in 
t h e   o v e r b u r d e n   t o   t h e   n o r t h   o f   t h e  dam s i te  are 
shown i n   F i g u r e  5. 
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Figure  5 T e m p e r a t u r e   p r o f i l e  
s o u t h   s l o p e  

STABILITY OF RESERVOIR SLOPES 

The e x i s t e n c e  of permafros t   th roughout   the  re- 
s e r v o i r  area h a s   a n   i n f l u e n c e  on t h e   f u t u r e   s t a b i l -  
i t y  of r e s e r v o i r   s l o p e s   d u r i n g   t h e   u l t i m a t e  i m -  
poundment  of t h e   r e s e r v o i r .  A s t u d y  was made of 
r e s e r v o i r  rim s t a b i l i t y   d u r i n g   t h e   c o u r s e   o f   t h e  
S u s i t n a   F e a s i b i l i t y   S t u d i e s .  To a i d   i n   t h e   d e t e r -  
minat ion of t haw-suscep t ib l e   s lopes ,   an  assess- 
ment of permafrost  areas was made u t i l i z i n g  aerial  
pho tographs   and   l imi t ed   f i e ld   r econna i s sance .  

As a g e n e r a l i z a t i o n ,  a h igh   pe rcen tage   o f   t he  
g l a c i a l  till a n d   l a c u s t r i n e   d e p o s i t s   b o r d e r i n g   t h e  
r e s e r v o i r  r i m  are f rozen .  The  Bouth f a c i n g   s l o p e s  
based   on   vege ta t ion   cha rac t e r i s t i c s   and   l imi t ed  
f i e l d   r e c o n n a i s s a n c e   a r e   b e t t e r   d r a i n e d   a n d   b e c a u s e  
of   s lope   aspec t ,   permafros t  is n o t  as widespread   or  
where  found, as d e e p ;   C u r r e n t   s l o p e   i n s t a b i l i t y   i n  
t h e s e   m a t e r i a l s   i n d i c a t e s   t h a t   a s p e c t  is impor t an t  
fo r  t h e   d i s t r i b u t i o n  o f  p e r m a f r o s t   b u t   a s p e c t  re- 
l a t i v e   t o  incoming s o l a r   r a d i a t i o n ,  i s  n o t   t h e   k e y  
f a c t o r   f o r   i n s t a b i l i t y  and a l l  s l o p e s   a r e   s u s c e p t i -  
b i l i t y   t o  mass movement. 

has  been  addressed  by  McRoberts  and  Morgenstern 
(1974).  They i n d i c a t e   t h a t   b i m o d a l   f l o w s ,   s o l i -  
f l u c t i o n   a n d   s k i n   f l o w s   a r e   c h a r a c t e r i s t i c   o f   s l o p e  
i n s t a b i l i t y   d u e   t o   t h a w i n g   p e r m a f r o s t .   S h o r e l i n e  
e r o s i o n  i n  pe rmaf ros t   a r eas   has   been   s tud ied  by 
Newbury e t  a l ,  (1978). A s tudy  was made on t h e  
p o t e n t i a l   f o r   s l o p e   i n s t a b i l i t y   d u e   t o   r e s e r v o i r -  
induced  thawing  of   permafrost   s lopes  in   the  Watana 
r e s e r v o i r .  Most  of the   p roblems  to   be   encountered  
w i l l  occur  on t h e   s h e l t e r e d   s l o p e s ,   p a r t i c u l a r l y  
on t h e   s o u t h   s i d e  of t h e   v a l l e y .  

Thawing  permafrost   can  generate   excess   pore 
p r e s s u r e   i n   i c e   r i c h   s o i l s .  In cases   where   the  
s o i l s   a r e   p o t e n t i a l l y   L i q u e f i a b l e   s u c h  as sands 
and s i l ts ,  l i q u e f a c t i o n   d u r i n g   e a r t h q u a k e s  i s  pos- 
s i b l e ,   r e s u l t i n g   i n   a d d i t i o n a l   l a n d s l i d e s   d u r i n g  
s e i s m i c   a c t i v i t y .  

The i n s t a b i l i t y  of t hawing   s lopes   i n   pe rmaf ros t  

H i s to r i ca l ly ,   numerous  small s l ides   have   occu r -  
r ed   a round   t he   r e se rvo i r  r i m  due  to   thawing perma- 
f r o s t .  One of t h e   l a r g e s t   s l i d e s  of t h i s   t y p e   o c -  
c u r r e d   i n  1982,  and i s  shown i n   F i g u r e  6 .  A l -  
t h o u g h   t h e   e x a c t   c a u s e   o f   t h i s   i n s t a b i l i t y ,   w h i c h  
is approx ima t   l y  320 m (1050 f t 4   l o n g   a n d   c o n t a i n s  
1 . 4  m i l l i o n  m (1.81 million yd ) of material, is 
n o t   k n o w n , ' i t  was found t h a t   t h e   b l o c k y   m a t e r i a l  
i n   t h e   s l i d e  i s  f r o z e n   a n d   c o n t a i n s   i c e   l e n s e s .  
The s l i d e   o c c u r r e d  on a nor thwes t   f ac ing   s lope   and  
h a s  a v e r y   d i s t i n c t   f a i l u r e   p l a n e   s l o p i n g   a t   a n  
a n g l e  of 15'. Since  a l a r g e   i c i n g   a p p e a r s  on t h e  
backsca rp   o f   t he   s l i de  i t  seems tha t   g roundwate r  
played a r o l e   i n   t h e   s l i d e ,   e i t h e r  by  inducing 
thaw  along a weak p l a n e   a n d l o r   c r e a t i n g   e x c e s s  
p o r e   p r e s s u r e   a l o n g   t h e   s l i d i n g   p l a n e .  

5 

Figure  6 Watana Greek s l i d e  area 

THAWING EFFECTS AND SEEPAGE PROBLEMS 

The e x i s t e n c e  of p e r m a f r o s t   i n   t h e   b o r r o w   a r e a s  
f o r   t h e   p r o p o s e d  dam does   no t   p re sen t  a problem. 
The m a t e r i a l ,   a l t h o u g h   f r o z e n  in p l a c e s ,   d o e s   n o t  
c o n t a i n  a g r e a t   d e a l   o f   i c e   a n d   t h e   t e m p e r a t u r e  
l i es  w i t h i n  l°C be low  f r eez ing ,   hence   f rozen   a r eas  
can   be  thawed p r i o r  t o  removal. 

The  thawing  of  permafrost i n   t h e   o v e r b u r d e n  
a r e a s   t o   t h e   n o r t h  of t h e  dam s i te  does   no t   p re-  
sen t   se r ious   engineer ing   problems.   Dur ing   exca-  
v a t i o n   o f   c o n s t r u c t i o n  materials i n  borrow s i te  D, 
t he   i n su la t ing   vege ta t ion   cove r   shou ld   be   s t r i pped  
d u r i n g   t h e  summer months, t o   a l l o w   t h e  materials 
t o  thaw.   P rope r   o r i en ta t ion  of t h e   c u t   f a c e ,   t o  
a s e m i - c i r c u l a r   s o u t h   f a c i n g   s l o p e ,  w i l l  enhance 
permafrost   thaw  during  development   of   the   borrow 
source.  Some s e t t l e m e n t  w i l l  e v e n t u a l l y   o c c u r   i n  
d i s t u r b e d   a r e a s   a n d   d e s i g n   c o n s i d e r a t i o n  must b e  
g iven   unde r   t he   f r eeboa rd   d ike   r equ i r ed  a t  e l eva -  
t i o n  2210. However, des ign   t echn iques   fo r   such  

1970) .  
s t r u c t u r e s  are well es tabl ished  (Macpherson e t  a1 

f o u n d a t i o n   r e q u i r e s   t h e   g r e a t e s t   a t t e n t i o n .  The 
des ign   imp l i ca t ions   o f   t he   t hawing  of the  found-  
a t i o n  o f  dams has   been   addres sed  by Johnston e t  a l .  
(1982) and  was c a r e f u l l y   c o n s i d e r e d   i n   t h e   p r e l i m -  
i n a r y   d e s i g n  of t h e  Warana dam. 

The p r i n c i p a l   r e s u l t s  of pe rmaf ros t   t haw  in   t he  

The  thawing of permafros t   in   rock   be low  the  dam 
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Figure  7 Proposed dam c r o s s  
s e c t i o n  

rock   founda t ion   o f   t he  dam w i l l  b e   i n c r e a s e d   s e e p -  
a g e   t h r o u g h   p r e v i o u s l y   i c e - f i l l e d   f r a c t u r e s .  One 
s o l u t i o n   t o   t h i s   p r o b l e m  i s  a n   e f f e c t i v e   g r o u p   c u r -  
t a i n .  However, i n   o r d e r   t o   b e   e f f e c t i v e ,   t h e   z o n e  
a r o u n d   t h e   g r o u t   c u r t a i n  must b e  thawed p r i o r  t o  
grout ing.   This   can  be  accomplished  by  chosing a 
c lose   a r r angemen t   o f   bo reho les   i n  a s i n g l e   o r  
double  row c u r t a i n .  The spac ing   of   the   boreholes  
would  depend  on t h e  time a v a i l a b l e   f o r   t h a w i n g ,   t h e  
temperature  of  the  thaw-water  and  the  economic  con- 
s t r a i n t s  o f   a d d i t i o n a l   h o l e s   v s .   h e a t i n g   a n d   t i m e  
(Sayles ,   1978) .  The c i r c u l a t i n g  of water i n t o   t h e  
open b o r e h o l e s   p r i o r   t o   g r o u t i n g ,   c o u p l e d   w i t h  a 
series o f   h o l e s  to monitor   temperature  w i l l  a l l o w  
f a r  improvements i n   t h e   t h a w i n g   p r o c e s s  as t h e  op- 
e r a t i o n   p r o c e e d s .  In a d d i t i o n  t o  t h e s e   p r e c a u t i o n s  
d u r i n g   t h e   g r o u t i n g   o p e r a t i o n s ,   t h e   p r e l i m i n a r y   d e -  
s i g n  of t h e  dam i n c l u d e s  a g a l l e r y  i n  rock  below 
and i n   t h e   a b u t m e n r s  of t h e  dam from which  drain 
h o l e s ,  as well as t h e   g r o u t i n g   o p e r a t i o n ,  w i l l  b e  
under taken .   This   tunnel   permi ts   observa t ion  of t h e  
inc reased   i n   s eepage   wh ich  may st i l l  o c c u r   a f t e r  
thawing i n  the   abu tmen t .   Add i t iona l   d ra in   ho le s   o r  
remedia l   g rout ing  may be  performed  f rom  the  gal l -  
e r y .  The  arrangement of the  proposed  drainage  and 
g r o u t i n g   t u n n e l  is shown on F igure  7 .  
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THERMAL PERFORMANCE OF A  SECTION OF THE MACKENZIE HIGHWAY 

L. E. Goodrich 

Division o f  Building  Research,  National  Research  Council of  Canada,  Ottawa,  Ontario  KIA OR6 

The  thermal  performance of a  shallow  road  embankment  constructed on permafrost in 
the  discontinuous  zone  of  the  Mackenzie  Valley  was  monitored  over  a  S-year  period. 
The  shallow (1.2 m)  embankment  consisted of clean  borrow  material  end  dumped  on  a 
right-of-way  which  had  previously  been  cleared  of  trees.  The  road  was  never 
opened  to  general  traffic;  consequently snow removal  was  minimal.  Measurements 
included  hourly  ground  temperatures  recorded  with  a  data  logger  operating 
unattended.  Settlements  were  monitored  and  thermal  conductivity  probes  were 
installed  to  yield  information  on  seasonal  trends  within  the  embankment  and in the 
various  natural  materials  comprising  the  active  layer.  The  data  indicate  that 
degradation  of  the  permafrost  is  under  way  and  provide  information on the  relation 
between  road  surface  temperatures  and  climatic  factors  for  this  region. 

INTRODUCTION 

In 1972 the  Mackenzie  Highway  Environmental 
Working  Group  was  established  by  the  Department o f  
Indian  Affairs  and  Northern  Development  to  monitor 
the  environmental  impact  of  the  proposed  Mackenzie 
Highway  joining  Fort  Simpson  to  Inuvik  and  the 
Arctic  coast.  The  Division of Building  Research  of 
the  National  Research  Council  of  Canada  was  invited 
to  carry  out  a lidted study  of  the  thermal  aspects. 
At that  time no case  studies of shallow  embankments 
constructed on permafrost  had  been  carried  out  in 
the  Fort  Wrigley  region. It was  expected  that 
although  degradation  would  not  pose  serious  problems 
in the zone south  of  Fort  Wrigley,  the  data 
collected  could  be  used  to  anticipate  problems  in 
the more difficult  soils  to  the  north.  Although,  as 
originally  planned,  the  road  was  to  be  a  graveled, 
all-weather  road,  construction  was  halted  and  during 
the  final  two  winters  of  this  study  there  was  only 
minimal snow removal. 

OBJECTIVES 

The  specific  objectives of  this  study  were: 

1. to  observe  the  changes  in  temperature  regime in 
the  ground  underlying  the  road  embankment  as  well  as 
in the  surrounding  right-of-way  in  order to assess 
the  thermal  disturbance  caused  by  the  embanlanent; 

embankment  for  design  purposes; 
2. to  collect  data  on  temperatures  within  the 

3. to  assess  the  settlements  of  the  embankment; 
4. to  obtain  basic  soil  information  for  the  site, 
including  profiles  of  ice  content,  soil  density,  and 
composition;  and 
5. to  measure  thermal  conductivities  both i n  the 
natural  ground  and  in  the  embankment  and  to  assess 
seasonal  and  yearto-year  variations. 

FIELD INSTRUMENTATION 

Field work was  begun  in  March 1976 at  mile 
419.5, near  the  northern  end  of  the  proposed  new 
construction  on  the  Mackenxie  Highway  (Figure 1). 
Earlier  reconnaissance  had  indicated  the  presence  of 
permafrost.  This  location  also  offered  important 
logistic  advantages.  The  Hire  North  camp  at  River- 
Between-wo-Mountains  could  serve  as  base  of 
operations,  and in addition,  a  winter  road 
facilitated  access  to  Fort  Simpson,  the  nearest 
point  with  land  connections  to  the  south.  For  these 
reasons  this  site  was  selected,  even  though  more 
sensitive  terrain  could be found  to  the  north. 

FIGURE 1. Location  map. 
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To compare thermal  conditions  under th e f u  rture 
embankment  centerline,  the  shoulder,  the  previously 
cleared  right-of-way,  and  the  original  undisturbed 
terrain,  four  holes  were  drilled  approximately 8 m 
deep  (the  maximum  achievable  with  equipment  at 
hand). These  locations  correspond  to  profiles A, B, 
C, and D in  Figure 2. Nearly  continuous  core  was 
recovered  from  hole A (centerline),  and  grab  samples 
were  collected  from  holes B and D. The  soil  type, 
moisture  content,  and  density  were  determined on 
site. In addition,  representative  core  samples  were 
shipped  to  the  laboratory  for  further  evaluation, 
including  thermal  conductivity  measurements.  The 
holes  were  instrumented  with  Yellow  Springs 644033 
thermistors  mounted on multiconductor  cable  to  a 
depth  of 7 m. The  cables  were  cased in PVC plastic 
tubing  for  protection  from  mechanical  damage,  and 
the  boreholes  were  backfilled  with  dry  sand. A 
prefabricated  instrument  hut  made  of  fiberglas- 
Styrofoam  sandwich  panels  was  erected  at  the  site. 

FIGURE 2 Site  layout. 

A Monitor  Systems 9400 data  logger  using  a 
lower  power  Digi-Data  tape  drive  was  installed  in 
September  1976.  Power  was  provided  by a 3M propane- 
driven  thermoelectric  generator  which  simultaneously 
charged  a  bank  of  Eel-Cell  batteries  serving  as  a 
backup  power  supply. A propane  furnace was 
installed  to  maintain  ambient  temperatures  within 
the  hut  at  levels  adequate  for  the  data-logging 
equipment. A t  this  time  also,  three  small  pits (E, 
F ,  and G in  Figure 2) were  dug to a  depth o f  
approximately 1 m. The  pits  were  instrumented  with 
thermistors  potted  into  metal  tubes  mounted 
horizontally on vertical  wooden  stakes.  These 
installations  were  intended  to  provide  more  reliable 
information on near-surface  temperature  conditions 
than  that  available  from  the  deep  cables A-D. The 
pits  were  also  instrumented  with  thermal 
conductivity  probes  (Goodrich 1979) to  measure  the 
seasonal  variation o f  conductivity  for  the  different 
materials  comprising  the  active  layer. 

In June 1977 the  final  grade  was  completed  past 
the  instrumented  section. A trench  was  dug  across 

the  road  and 8 , takemoun .ted thermis :tor  probes, 
similar  to  those  used in the  shallow  pits,  were 
installed in the  trench  wall  (Cables H and J in 
Figure 2).  The  addition  of  four  thermal 
conductivity  probes  completed  the  thermal 
instrumentation.  Finally,  settlement  plates  were 
installed on the  centerline  and  near  the  shoulder  to 
monitor  total  settlement  of  the  embankment. 

The test  site  was  operated,  with some 
interruptions,  from  September 1976 until  March 1981. 
During  this  time  the  data-logging  equipment  and 
thermoelectric  power  supply  were  left  to  function 
unattended  for  periods  of 3-4 months.  Approximately 
80 channels,  including 3 used to verify  the 
equipment,  were  recorded  every  hour.  Thermal 
conductivity  measurements  and  level  surveys  were 
made  whenever  possible  during  site  visits. 

RESULTS 

Figure 3 shows  the  soil  profile  for  the 
centerline  borehole  (profile A ) .  Conditions  at  the 
three  remaining  boreholes  were  similar,  as  inferred 
from split  spoon  sampling.  The  profiles  consist 
primarily of silts  and  sands  with some Layers  of 
gravel. Finegrained materials  are  prevalent in the 
upper  part of the  profile,  while  the  gravel  layers 
are  found  only  below 4 m. Correspondingly,  the 
total  volumetric  moisture  content  varies  from  nearly 
80% in the  upper  levels  to  less  than 40% at  depth. 
While  some  small  ice  lenses ( 4 5  mm) ate  present in 
the  silt  layers,  most  of  the Ice is dispersed,  and 
the  soil  is  well  bonded  with  ice  throughout. 
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FIGURE 3 Soil  conditions:  mile 419.5. 

Daily  mean  temperatures  for  all  channels  were 
computed from hourly  data  recorded on the  original 
tapes. Data  processing  included  a  check  of  each 
scan for instrument  drift,  channel  sequence,  range 
and  sign  bit,  and  clock  errors.  If  more  than  five 
unsatisfactory  scans  occurred in a  daily  period,  the 
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ent i re   da i ly   record  was rejected.  Since the 
manufacturer  claimed  an  interchangeability  error o f  
l ess   than  +0.loC, thermistor   l inear izat ion was done 
using  the same formula f o r  a l l  channels. 
Examination of Figure 4 reveals,  however, t h a t  
overa l l   e r rors  may be considerably  greater. The 
temperatures  for  channels 8-10, a l l  of which a r e  
located at levels   within  the  act ive  layer   (a lso 
channel 11 from 1979 onwards),  should be near  or a t  
the  freezing  point  during  the autumn freezeback 
period  (zero-curtain  effect).  Although  this is w e l l  
verified  for  channels 8 and 10, the error f o r  
channel  9 is ra ther  more than l 0 C ,  and that f o r  
channel 11 is nearly as great.  It can a l so  be seen 
tha t   t he   e r ro r s   i nc rease   w i th  time. Errors of 
similar magnitude were found in o the r   p ro f i l e s   fo r  
severa l   channels   in   the   ac t ive   l ayer  where a w e l l -  
defined  zero-curtain  existed;  nearly a th i rd  of 
these channels  required  corrections  of more than 
0.Z'C. For  channels below the  act ive  layer   there  is 
no certain  reference  temperature. In a few cases, 
corrections  could be infer red  from an  examination of 
the  annual mean profiles  along  with  observation oE 
the  temporal  behavior. In  most instances,  however, 
the   da ta   for   these   po in ts  were rejected.   Typical 
corrected  data  are shown for the   cen ter l ine   p rof i le  
in Figure 5. 

T I M E ,  y e a r s  

FIGURE 4 Errors   in  raw data of p r o f i l e  A C/L. 
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FIGURF. 5 Corrected  profile A C/L. 

As regards  equipment re l iak  d l i t y ,   F i g u r e s  4 and 
5 ind ica te   tha t  a nearly  complete  record was 
obtained,  with two major  exceptiona. The long  gap 
from mid-November 1977 t o  mid-September 1978 was the  
result 'of  three  separate  circumstances.  The da ta  
logger had t o  be removed fo r   r epa i r s  i n  November 
1977. All the equipment,  except  the  defective  data 
logger, was l o s t  when f i r e   d e s t r o y e d   t h e   s i t e   i n  
March 1978. Further   delay  resul ted when p l a n s   t o  
abandon construction o f  the  road were  announced. 
The second  major  gap,  during  early 1979, was purely 
the   resu l t  of  human e r ro r  and not of equipment 
malfunction. 

Thermal conductivity measurements were made 
whenever possible   during  rout ine s i te  V i S i t 6 .  

F i f teen  probe6 were eventually emplaced i n  a var i e ty  
o f  materials ,   including  the  natural   l ichen mat and 
the decomposed peat   layer ,   as  w e l l  a s   a t   s eve ra l  
depths i n  t h e   n a t u r a l   s o i l  and in the embankment. 
Figure 6a shows results  obtained  both i n  na tura l  
peat and in   the   pea t   l ayer   under ly ing   the  
embankment. Data f o r  a l l  years  have been plotted on 
the  same axes. The data  can, i n  both  cases,  be 
reasonably  well  represented by constant  frozen  or 
thawed values. The thermal  conductivity of the  
compressed peat  beneath  the embankment is 2-3 rimes 
tha t  of the  natural   peat .  In add i t ion ,   t he   r a t io  of 
frozen t o  thawed Conductivity is reduced  from 
approximately 4 for t he   na tu ra l   pea t   t o  
approximately 2 fo r   t he  compressed peat.  Figure 6b 
shows thermal  conductivities measured near   the 
surface and near  the  base o f  the embankment. The 
data   suggest   that  for the   l eve l   near   the   sur face   the  
thawed conductivity is remarkably  similar  from  one 
year   to   the  next .   Frozen  values   are   dis t inct ly  
greater   but   a lso show  more sca t t e r .  It is 
i n t e r e s t i n g   t o   n o t e   t h a t   f o r   t h e  lower l e v e l  no 
d is t inc t   seasonal   pa t te rn  is evident. The grea tes t  
y e a r t c r y e a r   v a r i a t i o n  is, however, again  found in 
the  winter  values. 

o C O M P R E S S E D  P E A T  
o N A T U R A L  P E A T  

0 

I 
0 T O P  O F  F I L L  
o B A S E  OF F I L L  

0 0 . 0  0 .  
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FIGURE 6 Thermal conductivity  variation. 

Some l eve l   survey   resu l t s   for   the  embankment 
cen te r l ine   a r e  summarized in   F igu re  7. The curves 
suggest   s imilar   t rends  a t   the  embankment surface and 
base. (The increase i n  s u r f a c e   l e v e l   i n  mid-1979 
r e f l e c t s  road  maintenance  operations.)  Total 
settlement from construction i n  mid-1977 to t h e  
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f i n a l   s u r v e y   i n  mid-1980 was approximately 0.3 m. 
A t  many s t a t ions  i n  the 200 f t  (-60 m) section 
surveyed,  there w a s  considerably more settlement 
near  the  shoulders  than on centerline.  By mid-1980 
the  road  surface  had become a   s e r i e s  of  bumps and 
hollows  with  elevation  differences of approximately 
0.15 m over 10 m in te rva ls .  

I I I I I 
16 17 1 8  19 80 81  

T I M E .  y e a r s  

FIGURE 7 Settlement: C/L STN 1285 + 17. 

DISCUSSION 

Hand probing  carr ied  out   during  the  ini t ia l  
reconnaissance (autumn 1975) ind ica ted   tha t   the  
act ive  layer  i n  adjacent  undisturbed  terrain at the  
s i t e  was typically  about 50 cm thick.  There was, 
however, evidence  that  significant  thermal 
degradation was under way following  removal of the  
black  spruce  cover some 2 years   ear l ier .  Near the  
eas t e rn   s ide  of the  cleared  right-of-way,  advanced 
degradation was evident  along  the  route of the 
former  Canadian  National  Telegraph  line. Here the  
ground was thawed to  depths of 2 m or  more. 

The annual  progress of the  zero isotherm  within 
the embankment and in the  underlying ground is shown 
f o r   t h e   c e n t e r l i n e   p r o f i l e   i n   F i g u r e  8. Although 
the term **zero  isotherm" is used  here and elsewhere 
f o r  convenience,  the  graph, i n   f a c t ,  shows the  
isotherm  for -0.15'C, this  value  being  consistent 
with  the  zero-curtain  "calibration" of Figure 5. 
The isotherm  histories were computed from the 
adjusted  dai ly  mean temperatures  with no temporal or 
s p a t i a l  smoothing.  This  explains some of the 
apparent   scat ter  i n  the  curves. Note a l s o   t h a t   t h e  
cuspoidal  shapes,  seen  especially  in  the  advancing 
thaw f r o n t s ,   a r e  merely a r t e f a c t s  of the  method 
( l inear   interpolat ion)   used to ca lcu la te  the 
pos i t ion  o f  t he  isotherm. This procedure w i l l  
necessarily  overestimate  isotherm  depth,  except when 
the  isotherm  traverses  a measurement level. 

It can be seen from  Figure 8 that p r i o r   t o  
embankment construction  the  subgrade thawed t o  a 
depth of less   than 1 m. Since  construction,  the 
thaw has  progressed t o  successively  greater  depths 
each year so tha t  by 1980 t h e   t o t a l  thaw reached 
1.4 m. 

years of nearly  continuous  records are shorn for t he  
embankment and subgrade  center l ine  prof i le  i n  

Annual mean temperatures computed from the  3 

T I M E .  y e a r s  

FIGURE 8 Centerline  zero  isotherm. 

Figure  9 and shoulder  profile i n  Figure 10. I n  1979 
and 1980, annual mean temperatures a t  the embankment 
surface were approximately +1.5'C on center l ine  and 
+3'C a t   t h e  shoulder. A substant ia l   increase  (about  
1'C) has  occurred i n  the  upper 1-2 m of the  subgrade 
since  the embankment  was bu i l t .  A similar   t rend is 
seen i n   t h e  embankment shoulder  profile  (Figure 10). 
While shallow  subgrade  temperatures  under  the 
shoulder  are  not more than 0.3'C warmer than  those 
a t   the   cen ter l ine ,   near   the   sur face   the   d i f fe rence  
is substant ia l ly   greater .  The reversed  curve i n   t h e  
upper  levels of the  1977 prof i les   seen  i n  both 
Figures 9 and 10 r e f l ec t s   t he   f ac t   t ha t   cons t ruc t ion  
a c t i v i t i e s  took   p lace   dur ing   the   f i r s t   ha l f  of t h a t  
year. 

4 I ! I 

T E M P E R A T U R E .  "c  

FIGURE 9 Annual means: centerline.  

Figure 11 shows the  annual mean temperatures 
for the  deep datum cable  located i n  the  nearby 
pa r t i a l ly   c l ea red  bush. It should be noted  that   the  
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FIGURE 10 Annual means: shoulder. 
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FIGURE 11 Annual means: deep datum. 

r e s u l t s   f o r  1979 are   near ly   ident ica l   to   those   for  
1977. This may be in te rpre ted  as evidence  that  the 
large  differences between the  temperatures  for  these 
yea r s   i n   t he  embankment profiles  are  indeed  caused 
by the  presence of the embankment and are not  merely 
a r e f l ec t ion  of different  weather  conditions.  Note, 
too, in Figure 11 that in  successive  years  the  near 
surface  temperatures  are a f r ac t ion  of a degree 
warmer. In addi t ion,   there  is  some tendency f o r   t h e  
ac t ive   l aye r   t o  deepen, as   seen  in   Figure 12. 

exhib i t  a strong  tendency to   decrease  sharply 
through the active  layer.   This may be, a t   l e a s t   i n  
part, a manifestation of the   thermal   rec t i f ica t ion  
e f fec t   resu l t ing  from  temperature-dependent thermal 

A t  a l l  three sites, annual mean temperatures 

- 2  t 1 

FIGURE 12 Deep datum zero  isotherm. 

conductivity. When the  frozen  conductivity is 
greater   than  the thawed conductivity, as it  is here, 
annual mean temperatures w i l l  decrease  with  depth. 
The f a c t   t h a t   p r o f i l e   d i s t o r t i o n  i s  confined 
pr imari ly   to   the  act ive  layer   suggests   that   thermal  
r e c t i f i c a t i o n  is indeed  the  principal mechanism a t  
these   s i tes .  

Prof i le   curvature  may, i n   add i t ion ,   i nd ica t e  
tha t  deep  temperatures  are  not  yet in equilibrium 
with long-term  conditions a t  the  surface.  The 1980 
p r o f i l e   a t   t h e  deep datum site, Figure 11, suggests 
t h a t  mean temperatures w i l l  probably  continue t o  
rise somewhat and that,  not  unexpectedly,  this datum 
s i t e  is f a r  from  being  "undisturbed." 

Figure 13 shows a comparison of temperatures a t  
1 m depth below the   o r ig ina l  ground s u r f a c e   f o r   t h e  
embankment center l ine,   the   shoulder ,  and the  deep 
datum site. From the  shape of the  curves i t  can be 
infer red   tha t  thawing did  not  occur at  the  deep 
datum s i t e   d u r i n g   t h e   f i r s t  2 years,  but  did  occur 
in  1979 and was more i n t e n s e   i n  1980. The da ta   a l so  
i n d i c a t e   t h a t  some s l i g h t  thawing  occurred a t  t h e  
shoulder  profile even  before  construction.  There 
was no  thawing p r io r   t o   cons t ruc t ion  a t  the  
center l ine  1 m level.   Finally,  it should be noted 
that  the  subgrade  temperatures are warmer than   the  
datum values  not  only in   win ter   bu t   a l so   in  summer; 
the  shallow embankment enhances summer heating  while 
reducing  winter  cooling. 

Table 1 presents  approximate  values of "n- 
fac tors"   for   the  site. The n-factors  are computed 
a s   t h e   r a t i o  of t he  thawing or f reez ing   index   a t   the  
road  surface  (that is, beneath  the snow cover)   to  
t ha t  of the  air.  Surface  temperatures  were 
estimated by extrapolation from  measurements 
s t a r t i n g  at  a l eve l  20 cm below the  surface.   Since 
the   a i r   t empera ture   records   a t  the s i t e  were 
incomplete,  data were extracted from the  published 
records  for   Fort  Simpson (200 km south of t h e   s i t e ) ,  
the   nearest   regular ly   report ing  s tandard 
meteorological  station. The values i n  Table 1 
should  therefore be considered  with  caution. They 
can, however, be  used for  r e l a t i v e  comparisons. 
Table 1 implies   that   the   gravel   surface had a 
thawing  n-factor  only 164-194 grea ter   than   tha t  of 
t he   o r ig ina l   t e r r a in .  The difference is smaller 
than  expected, and t h i s  may, i n   p a r t ,   r e f l e c t  
d i s turbance   a t   the  datum s i t e .  
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FIGURE 13 Comparison  of  temperatures  at 1 m  below 
original  surface. 

TABLE 1 Estimated  "n-factors". 

1978-79 1970 3250 1.08 0.50 0.93 0.56 

1979-80 2080 2920 1.02 0.56 0.86 0.61 

CONCLUSION 

The  data  suggest  that  for  the  climatic  and  soil 
conditions in the  Fort  Wrigley  area,  road 
construction  results in degradation of the 
permafrost  in  spite o f  special  precautions  taken  to 
minimize  disturbance  of  the  organic  cover.  For  the 
present  conditions of road  operation  (winter  road) 
with  infrequent  traffic  and  limited  snow  removal, 
annual  mean  road  surface  temperatures  are  up  to  3°C 
above  the  freezing  point.  Since  there may, however, 
be  a  significant  thermal  rectification  effect 
associated  with  temperature-dependent  thermal 
properties  at  shallow  levels,  it  is  possible  that 
mean  temperatures at depth  will  remain  negative. 

The  maximum  thaw  penetration  is  about 50% 
greater  beneath  the  embankment  than  at  the  datum 
site.  During  the  study  period  there  was an evident 
tendency for the  active  layer  to  deepen  with  time. 
This  tendency,  however,  in  addition  to  implying  a 
long-term  increase  in  deep-ground  temperatures,  also 
mirrors  the  increase  observed  in  summer  air 
temperatures;  consequently,  it  cannot  be  stated 
unequivocally  that  the  active  layer  beneath  the 
embankment  will  continue  to  deepen  significantly. 
Further  monitoring  of  the  site  would  be  required  to 
establish  the  long-term  trends  with  certainty. 

time.  Further  analysis,  including  numerical  model 
sirnulation, may shed  light on the  ambiguities  noted 
in  this  paper  and  provide  useful  guidance  in 
designing  future  embankments in the  Mackenzie  Valley 
region. 

Not  all  the  data  have  been  examined  at  this 
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ROCK GLACIERS OF THE  MOUNTAINS OF MIDDLE  ASIA 

A.  P.  Gorbunov 

Permafrost  Institute,  Siberian  Branch, 
Academy of Sciences,  Yakutsk, USSR 

About  10,000  active  rock  glaciers  exist  in  the  mountains  of  Middle  Asia.  Their  total 
area  is  about 2,000 k m 2 .  There  are 20 to 30 k m 3  of  detritus  and  almost 20 k m 3  of ice 
concentrated  in  them.  The  altitude  range of active  rock  glaciers  is  from  2,300  to 
3,500 m  in  the  northern  part of the  area,  and  from  3,300  to  4,500 m in  the  southern 
parr.  The  largest  rock  glacier  is 4.4 km long  and  the  rate of advance  in  certain 
years  is  up  to 1.3 m per  year.  The  ice  content  of  lobate  rock  glaciers  is 50 to  75% 
by  volume.  Waste  material  from  huge  excavations on the  Rusvumcherr  Plateau was dumped 
on slopes  of  30  to 40" .  Lower  down,  the  slopes  decrease to 15 t o  20' and  the  ice-rich 
waste  material  in  this  permafrost  region  formed  "rock  glaciers"  with  typical  form  and 
motion.  Locally,  an  increase  downslope  to 30" inclination  caused  the  artificial  rock 
glaciers  to  rupture  and  a  huge  body of debris  (4,000,000 m3) to  catastrophically 
advance.  Such  rapid  motion in an  artificial  rock  glacier  may  also  have  occurred  in 
natural  rock  glaciers  in  the  past  if  such  changes of slope  are  present. It is  thought 
that  such  a  catastrophic  advance  is  recorded  by  a  rock  glacier  of  the  Uzunvulak  Valley, 
perhaps  caused  by  an  earthquake. 

In  the USSR, rock  glaciers  are  known  to  exist the  term  "specific  density'' of these  formations 
i n  the  Caucasus,  Pamir,  Tien  Shan,  and  Dzhungarskiy should  be  used  as  a  comparative  index of the  degree 
Alatau,  in  Altai,  Sajany,  in  the  mountains  of of  development o f  the  active  rock  glaciers.  This 
Transbaikal,  in  Dzhugdzhur  and  Cherskiy  Ranges  in is the  relationship  between  the  total  area  of 
the  Karyak  upland.  Howevex,  they  are  the  most active  rock  glaciers,  in m2, and  the  area  of  the 
common  in  the  mountains of Middle  Asia. basin  of  a  given  valley  above  the  lower  limit of 

Dzhungarskiy  Alatau,  Tien  Shan,  Pamir-Alai,  and  Alatau  this  index  is  equal  to  14,550 m2 /hZ. 
Kopetdag.  There  are no rock  glaciers in the  first  From  the  reports  of  Barsch  (19771,  Kershaw 
and  in  the  last  regions  because  of  either  low  (1978),  Higuchi  et  al.  (1978)  it i s  possible to 
altitude or  the  absence  of  permafrost.  determine  the  approximate  specific  density  for  the 

The  rock  glaciers  of  Middle  Asia  have  not  yet  Switzerland  Alps-3333,  for  the  Seluins (Canada)- 
been  closely  studied.  There  is  more  or  less  13,772,  and  for  the  Himalayas  (Everest  region)- 
detailed  information on the  rock  glaciers of 1430 m2 / k m 2  . Thus,  the  increase  of  mountain 
Dzhungarskiy  and  Zailiyskiy  Alatau,  Kungey  and  climate  continentality  creates  better  conditions 
Terskiy  Ala Too, Kichik  Alai  Range,  Ob'-Khingou  for  the  formation  of  rock  glaciers.  This  relation- 
basin  and  some  other  areas  (Brukhanda  1976,  ship  has  been  known  before,  but  "specific  density" 
Glazovskiy  1978,  Gorbunov  1970,  1979,  Iverova  1950,  enables  a  quantitative  assessment. 
Palgov  1957,  1961,  Suslov  1966,  Shultz 1947). For  Besides  climate,  conditions  affecting  the 
most of the  territory,  however,  there  is  little  or  development  of  rock  glaciers  and  their  location  are 
no information  on  the  rock  glaciers.  Therefore,  relief  features,  lithology,  and  avalanche  processes. 
only  an  approximate  quantitative  assessment  is  The  most  favorable  conditions  for  rock  glacier 
possible,  although  detailed  studies  of  some  formation,  besides  climate  control,  are  deeply 
regions  permit  generalizations  at  this  time.  dissected  mountain  massifs with steep  talus  and 

A  preliminary  estimate  indicates  that  there  are  rock  slopes;  slightly  fissured  solid  rocks  that 
about 10,000 active  rock  glaciers  in  the  total  area  form  large  amounts of debris;  moderate  snow  cover; 
of 2000 k m 2  of the  mountains  of  Middle  Asia.  They  and  moderate  avalanche  activity.  Thick  snow  cover 
compose  about 20-30 k m 3  of  rock  material  and  creates  perennial  freezing of talus  and  hinders  its 
approximately 20 k m 3  o f  ice.  transformation  into  rock  glaciers.  Large  aval- 

The altitudinal  range of the  active rockglaciers anches  suppress  the  processes  of  formation of the 
extends  from  2300  to 3500 m  in the  Dzhungarskiy  classic  rock  glaciers. 
Alatau in the  north  and  from  2500-3850 m in  the  Local  factors  (relief,  lithology, snow cover 
Zailijskiy  Alatau  to 3300-4500 m  in the  Pamirs  in  and  avalanches)  vary  from one river  basin  to 
the  south.  Thus,  the  maximum  altitudinal  distribu-  another  within  the  same  mountain  country,  thereby 
tion  is  about 1000 m. considerably  altering  the  specific  density of rock 

Inactive  rock  glaciers  are  much  less  common  and  glaciers.  Thus,  within  the  Zailijskiy  Alatau  it 
occur  only  by  100-200 m lower  than  the  active ones. varies  from  41,610  in  the  Issyk  River  basin  to 
Tn Zailijskiy  Alatau  they  total  about  15% of all  6,500 mZ/km2 in the  Kargaul'dinka  River  basin.  Rock 
rock  glaciers  of  the Ridge, Some of them  have  been  glacier  occurrence  substantially  depends on slope 
destroyed,  and  others  are  buried  under  the  recent  position. I n  Zailijskiy  Alatau  72.5%  of  all  active 
active  rock  glaciers. rock glaciers are confined to the  north-facing 

The  mountains of Middle  Asia  are  Saur  Tarbagatay,  distribution o f  these  forms in k m z  e For Zailijskiy 

The  author  (Gorbunov  1979)  has  suggested  that  slopes,  and 15.6% to  the  south. 
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Such c o r r e l a t i o n  i s  determined by t h e   f a c t   t h a t  
permafrost i s  more common and extensive on north- 
fac ing   s lopes .  A similar s i t u a t i o n   e x i s t s   i n  
other  mountains of the Northern  Hemisphere. I n  
t h e  Rocky Mountains  of  Canada,  the  former  comprise 
79.82, the  l a t te r  5.9% (Luckman and  Crockett  19781, 
i n   t h e  Selwyn Mountains  (northwest of Canada) these  
va lues   a r e   equa l   t o  63.4%  and  14.6% respec t ive ly  
(Kershaw 1978).  In some ins tances ,  however, t h i s  
regularity  breaks  in  the  mountains  of  Middle  Asia.  
Thus, i n  Ob'Khingou basin  (Darvas,  Western  Pamir) 
rock   g l ac i e r s   p reva i l  on the  south-facing  slopes 
(Brukhanda  1976). 

Rock g l a c i e r s  have  been  recently  divided  into 
two major   groups:   those  next   to   ta lus   s lopes and 
those   next   to  end  moraines o f  presen t   g l ac i e r s  
(Barsch  1977). The former,  according  to  Krasnos- 
lobodtsev  (19711,  are  referred  to  "near-slope," 
and t h e  l a t te r  to   "near-glacier"   rock  glaciers .  
These terms imply  not  only  genesis of rock   g lac ie rs  
bu t   a l so  their  loca t ion .   In   the   papers  of fore ign  
authors   the  former  are   usual ly   cal led  " lobate ,"  
and t h e  lat ter are termed  "tongue-shaped"  rock 
g lac ie rs .  

t i o n  of end ice  moraines and gradually  f low  to- 
gether  w i t h  them, belong t o  tongue-shaped  rock 
g l a c i e r s .  It i s  th i s  k ind   or   rock   g lac ie r   tha t  is  
commonly taken  for  end  moraines. But t h e   a c t i v e  
rock   g l ac i e r s   d i f f e r  from the  moraines by t h e i r  
mobi l i ty ,   s teep   ac t ive   f ronta l   s lope ,   a rched  
b a r r i e r s  and depressions,  as wel l  as by inner  
s t ruc ture ,   about  which i n  most cases  we can  only 
guess. The i d e n t i f i c a t i o n  of  tongue-shaped  rock 
g l a c i e r s   o f t e n  becomes d i f f i cu l t   du r ing   pe r iods  of 
glacier  advances,  which commonly r e s u l t s   i n  
temporary  smoothing of the  "corrugated"  surface of 
t he   ac t ive   rock   g l ac i e r  and superposi t ion of end 
moraines on it. Bes ides ,   the   inner   s t ruc ture  of 
r o c k   g l a c i e r   a l t e r s  a5 w e l l ,  i .e .  buried  massives 
of g l a c i a l  ice can  appear t o  be ins ide .  

It commonly happens t h a t  a typ ica l   loba te   rock  
glacier   formally becomes a tongue-shaped  one  due t o  
glacier  advance. Such a phenomenon was observed 
when a large  lobate   rock  glacier  moved down the  
va l ley ;   then  later a g l a c i e r  advanced and pushed 
aga ins t   the   rock   g lac ie r .  Such a lobate  rock 
glacier   destroyed by a g l a c i e r  w i l l  be  accepted a5 
a t y p i c a l  tongue-shaped  one. Hence, the  rock 
glacier   posi t ion  near   the  glacier   edge  does  not  
allow  one t o   s o l v e  a problem  of i t s  genesis .  Only 
petrographical   analysis  of  rudaceous  rock and i t s  
correlat ion  with  surrounding  s lopes and g l a c i a l  
mora ines   can   c la r i fy   the   o r ig in   o f   the   g iven   rock  
g l a c i e r .  

Tongue-shaped rock   g lac ie rs   a re   no t   as  common i n  
the  mountains  of  Middle Asia as are the  lobate   rock 
g l a c i e r s .  Only 172 ac t ive   rock   g l ac i e r s   ou t  of 429 
i n   Z a i l i j s k i y   A l a t a u  are tongue-shaped  ones. The 
average  length,  width  and area of the  tongue-shaped 
rock   g l ac i e r   i n   Za i l i j sk iy   A la t au  are  630 m, 280 m 
and 0.1897 km2 respec t ive ly .  

Za i l i j sk iy   Ala tau ,  and the   l a rges t  one i n   t h e  area 
under  discussion, i s  Prjamoy shche l i   ( r i gh t   i n f lux  
of the  Issyk  River).  It i s  4400 m long,  the  larg- 
e s t   w id th  1320 m, the  least width 220 m, mean width 
400 m,  and a r e a  1662 m 2 .  The r o t a 1  volume of t h e  
rock   g lac ie r  i s  e s t ima ted   t o  be no less than 

Those  rock  glaciers  which  look  like a continua- 

The l a r g e s t  tongue-shaped  rock  glacier  in 

8.3 x l o 7  m3. 
The rock   g lac ie r  of Prjamoy s h c h e l i  i s  i n  a 

t rough  val ley  incl ined t o  the  north.  Its upper 
p a r t  i s  a t  3500 m, t h e   f r o n t a l  bench f o o t  a t  2500 
m. The rock   g lac ie r  i s  tree-shaped  in  cross- 
sect ion.  

source  mater ia l  is near ly  7 k m 2 ;  i n   pe r iods  of 
maximum g l a c i e r  retreat it could  reach 11-12 km2. 

Active  lobate  rock  glaciers  include  forms  that 
o r i g i n a t e   a t   t h e   f o o t  of t a lus   s lopes  of v a l l e y s  
and empty cirques.  

In  Zai l i j sk iy   Ala tau   the   average  s ize  of an 
ac t ive   loba te   rock   g lac ie r  i s  380 m long, 180 m 
wide,  with  an area of 0.0667 k m 2 .  One of t h e  
l a rges t   rock   g l ac i e r s  of the  region i s  s i t u a t e d   i n  
the   va l l ey  of t h e  Kebin  River  (Chilik  basin). I ts  
length i s  1750 m,  the   l a rges t   wid th  i s  200 m, 
average  width of 150 m ,  and an area of  0.2775 k m 2 .  

The height  of t h e   f r o n t a l  bench i s  about 40 m. 
The upper p a r t  of the   rock   g lac ie r  l ies  a t  t h e  
a l t i t u d e  of 3600 m and t h e   f r o n t a l  bench a t  3050 m. 

i jskiy  Alatau  comprise 59.9% and 40.1% of the  
populat ion  respect ively.  By comparison, i n  the 
Swiss  Alps  they  comprise  60.6%  and  39.4%  (Barsch 
1977); i n   t h e  Rocky Mountains of Canada (Jasper  and 
Banff  National  Parks)  45.5%  and  54.6% (Luckman and 
Crockett  1978). 

An ac t ive   rock   g lac ie r  i s  so named because it 
shows current  motion. The motion i s  expressed by 
down v a l l e y  movement and by v e r t i c a l   r i s i n g  and 
lowering  of  separate  parts of the  surface.  

cm per  year,   though  in some years  i t  may be  sub- 
s t an t i a l ly   h ighe r  on some rock   g lac ie rs .  The 
c e n t r a l   p a r t  of the   rock   g lac ie r  of the  Gorodetskiy 
g l ac i e r   (Za i l i j sk iy   A la t au )  advanced a t  a r a t e  of 
1.1 m per  year  from  1923 u n t i l  1977. I n  some years  
the rate i s  l i k e l y   t o  be considerably more. 

Vertical   motions of  rock  glaciers  usually do not  
exceed a few centimeters  per  year.   According  to 
Palgov  (19571, r i s i n g  and subsequent  lowering of 
po in ts  on the  surface of the  "Nizkomorennyy" rock 
glacier  (Jungarskiy  Alatau) was 1-2 cm per  year.  
The average rate of v e r t i c a l  motion of the  Murtel  
rock   g lac ie r   in   the   Alps  was 2-6 cm per  year 
(Barsch  and Hell 1975). 

and ve r t i ca l   mo t ions   i n  the rock   g lac ie rs   a re  
notable  for  changing  over  the  years.  The r a t e  of 
t he   f ron t  advance of the  Gorodetskiy  rock  glacier 
during the period 1923-1946 ranged  from  0.4 t o  0.9 
m/yr;  from 1946 to 1960,  0.9  mlyr, and during  the 
per iod from  1960 t o  1977 t h e   r a t e  was 0.7 mlyr 
(Titkov  1979).  According  to  Palgov (1961), the 
rate of the  advance  of  the "Nizkomorennyy" rock 
g l a c i e r  slowed from the   per iod  1953 t o  1959 about 
36-37% o f  the  1948-1953 period. 

Progressive  (horizontal)   motion o f  the  rock 
g l a c i e r  i s  cont ro l led  by t h e   p l a s t i c  and r u p t u r a l  
deformations of the  contained  ice.   Vertical   motion 
i s  generated  due  to   different   reasons.  Among them 
are thawing  or   formation-of   ice ,  as well as forma- 
t i o n  of l a t e r a l   s w e l l s  and hollows on the   su r f aces  
of rock   g lac ie rs   due   to  a d i f f e r e n c e   i n   t h e   r a t e  of 
motion  between the   cen te r  and margins  of the rock 
g l a c i e r s .  

A t  p r e sen t ,   t he  area o f  rocky  slopes,   providing 

Lobate and tongue-shaped  rock  glaciers  in Zail- 

The usua l   ra te  of rock  glacier  advance i s  20-30 

It i s  necessary  to  emphasize  that   the  horizontal  

The least known p a r t  of a rock   g lac ie r  i s  the 
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inner  structure  including  the  amount  and  type  of 
ice.  At  present  there  exists  two  main  concepts  for 
the  origin  of  rock  glaciers: (1) a  rock  glacier  is 
part of an ice  glacier  buried  under  rock  waste  and 
still  has  the  ability  for  motion;  and (2) a  rock 
glacier  is  a  concentration of detritus,  cemented 
with  ice of a  different  origin  and  moves  by  plastic 
and  ruptural  deformations  within  the  ice. 

Data on the  inner  structure  of  rock  glaciers  are 
extremely  rare,  although in the  past  few  years 
drilling  has  been  undertaken  to  obtain  such  infor- 
mation. Two holes,  10.4  and 7.0 m  deep  were  drill- 
ed in  rock  glaciers  in  the  Alps  (Barsch,  Fierz  and 
Haeberli 1979). These  rock  glaciers  appeared  to  be 
composed of perennially  frozen  rudaceous  material 
containing  segregated  ice  lenses with thicknesses 
up  to 30 t o  60 cm.  Maximum  ice  lense  thickness  is 
thought  to  reach  150-170  cm.  Segregated  ice  lenses 
were  found  in  permafrost  of  a  rock  glacier  in  the 
South  American  Andes  (Wayne 1981). Such  ice  lenses 
also  occur in the  rock  glaciers in Middle  Asia. 

The  studies  carried  out  in  the  Zailijskiy  Alatau 
reveal  that  the  rock  glaciers  are  composed of 
perennially  frozen  rudaceous  rocks.  The  ice  con- 
tent  is  up  to 50-70% by  volume.  Ice  cement, 
segregated  ice  in  the  shape of lenses (up to 15  cm 
thick  and  possibly  more),  and  congelation  ice  that 
fills  fractures  in  permafrost  are  the  most  typical 
types  of rock glaciers.  The  fractures may be  due 
to  permafrost  fracture  during  rock  glacier  motion 
and  during  earthquakes. 

Investigations  of  the  structure,  dynamics,  and 
physical-mechanical  properties  of  rudaceous  debris 
containing  ice,  carried  out on the  slopes of the 
Khibiny,  are  of  an  extreme  interest  for  understand- 
ing  of  the  inner  structure  and  motion  mechanism  of 
rock  glaciers.  Great  amounts  of  debris  containing 
ice  formed  during  formations of huge  artificial 
excavations on the  Rusvumcherr  Plateau  and  the 
accumulation of the  detritus  dumped on slopes 
attaining  angles  generally  between 30" to 40'. 
With  the  slopes  decreasing  to 20-15' the  talus- 
shaped  piles  formed  into  "rock  glaciers" with 
typical  horseshoe  bars  and  frontal  benches 
(Otvaly ... 1975,  Semekhin,  Mjagkov  and  Vashchalova 
1979). 

These  "technogenic"  rock  glaciers of the  Khibiny 
originate  only on the  northern  slopes of the 
mountains  where  permafrost  exists.  Perennial  ice 
occurs  in  the  rudaceous  material.  The  volumetric 
ice  content  commonly  exceeds 50% and  occasionally 
reaches  77%.  Ice  lenses  up t o  1.5 to 2.0 m thick 
occur.  This  high  ice  content  leads  to  an  abrupt 
qualitative  change of ice-rock  mass  strains, i.e. 
the  overall  mass  may  behave  as  a  plastic  under  the 
stress  of 1.6 kg/cm2  at  temperature -1.2'C. Forward 
motion  rates  of 120 cm per  day  are  known. 

Change  in  slope  steepness  from 10 to 15" to 20 
to 30" for the  artificial  rock  glaciers  caused  a 
sudden  increase  in  rate of flow  and  rupture  of  the 
frozen  body. A body o f  about 4,000,000 m3  of 
debris  came  down, in  a  mass.  The  debris  form 
resembles  something  between  an  earth  flow  and  a 
rock  slide. 

From  this  observation  it  follows  that  under 
certain  conditions  the lltechnogenicll piles  are 
strikingly  similar in their  appearance  and  in- 
terior  structure  to  natural  rock  glaciers. 
Disastrous  advance  of  the  artificial  rock  glacier 

indicates  that  such  an  event  can  occur  in  natural 
conditions  as  well.  Although  such  rapid  advances 
of  rock  glaciers  have  not  been  registered  up to 
now,  it  does  not  mean  that  they  are  impossible. 
Perhaps  they  occur  under  certain  conditions  when 
the  moving  rock  glacier  reaches  an  abrupt  increase 
in  steepness  of  a  slope. 

Analyses of aerial  photographs o f  different 
areas of the  Tien  Shan  and  Jungarskiy  Alatau  let 
us surmise  that some rock  glaciers  have  been  sub- 
jected to the  aforementioned  rapid  advances. 

One of the  best  examples  of  a  past  disastrous 
advance  concerns  the  rock  glacier of Uzunbulak 
Valley  (the  Jungarskiy  Alatau). A typical  near- 
slope  rock  glacier o f  about 1 km long  and 150 m 
wide  formerly  extended  from 2800 to 2600 m. The 
rock  glacier  was  supplied with detritus  from  steep 
slopes. 

For  some  reason,  perhaps  an  earthquake,  the  rock 
glacier  advanced  rapidly.  There  formed a zone of 
rupture 600 m  long,  which  looked  like a trench  con- 
fined  by  swells on both  sides.  Downslope from the 
trench  exists  a  typical  rock  glacier 800 m  long  and 
80-100 m  wide. It extends to the  low  altitude  of 
2100 m; this  is  abnormally  low  for  the  Jungarskiy 
Alatau  where  rock  glaciers  usually  do  not  descend 
lower  than 2400 to 2500 m. 

generations of late  Holocene  time.  The  first  one 
(forms  that  are  inactive  now)  started  to  develop 
during  the  period  of  mountain  glacier  retreat 
approximately 2500 to 3000 years  ago,  when the  firn 
line  was no more  than 100 m  lower  than  at  present. 
The  beginning  of  the  active  rock  glaciers  formation 
falls  on  the  last  stage  of  glacier  retreat (1500 
years  ago) when the  firn  line  was  near  the  present 
level.  Absence of rock  glaciers  more  than 2500 to 
3000 years  old  indicates  that  when  the  firn  line  is 
300 to 400 rn lower  than  present,  the  glaciers  and 
snowpacks  are  more  widespread  and  prevent  rock 
glacier  formation  because  ice  covers  rock  slopes. 
As  the.firn  line  rises,  more  and  more  bare  rock 
becomes  available  and  become  sources of detritus 
that  form  rock  glaciers.  Rock  glacier  evolution  is 
then  asynchronous  to  the  stages of mountain  glaci- 
ation.  The  recent  advance  of  rock  glaciers  occurs 
in  the  period  of  general  retreat of the  glaciers 
in  the  region.  Therefore,  rock  glaciers  are  to 
some  extent  the  antagonists  to  mountain  glaciers 
and  knowledge of their  history  permits  us  to know 
more  about  retreat  of  mountain  glaciers. 

Active  and  inactive  rock  glaciers  represent  two 
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A THEORETICAL MODEL FOR PREDICTING THE EFFECTIVE THERMAL CONDUCTIVITY 
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The model assumes t h e   s o i l   a s  a cubic  space  with a centered   cubic   so l id   g ra in .  
The hypotheses of pa ra l l e l   i so the rms   and   hea t   f l ux   l i nes   i n   t he   de t e rmina t ion  of 
the   e f fec t ive   thermal   conduct iv i ty   a re   d i scussed .  The comparison  with  several  
experimental results on s a t u r a t e d  two-phase  media ind ica t e s   t ha t   t he   a s sumpt ion  
of para l le l   i so therms  g ives  a good agreement. The unsa tu ra t ed   f rozen   so i l s   a r e  
inves t iga ted   t ak ing   in to   account  phenomena of   adsorp t ion   and   cap i l la r i ty .  The 
predic t ions  of the   p resent  model a r e   f i n a l l y  compared with  experimental   data  on 
u n s a t u r a t e d   f r o z e n   s o i l s   a v a i l a b l e   i n   t h e   l i t e r a t u r e .  The  model g i v e s   b e t t e r  
agreement t o  the   da t a   t han   t ha t  found  using  the  expressions of Johansen  and  Fri- 
vik (1980)   and  the  e lectr ical   conduct ivi ty   analogy of De Vries (1963), Some 
c h a r a c t e r i s t i c   r e s u l t s  are presen ted   fo r   so i l s   s tud ied  by  Kersten  (1949)  and 
Penner e t   a l .  (1975) 

INTRODUCTION 

The p r e d i c t i o n  of the   e f fec t ive   thermal  conduc- 
t i v i t y  of unsa tu ra t ed   f rozen   so i l s  is  fundamental 
f o r   h e a t   t r a n s f e r   e n g i n e e r i n g   i n   f r o z e n  areas. 
Previously  published works on t h i s   t o p i c  do not  
seem to   reso lve   the   choice  of a p r e d i c t i o n  method. 

The work of Johansen  and  Frivik  (1980),  which 
inco rpora t e s   t he   f ea tu re s  of the  Kersten  one 
(1949), i s  a combination  of  empirical  and  inter- 
po la t ing   ru l e s .  It needs  several   empir ical  con- 
s t a n t s   t h a t  depend on rhe   k ind   o f   so i l   i nves t i -  
gated. 

The method of De Vries (1963) uses   the Maxwell 
equat ion   or   the   ana logy   wi th   the   e lec t r ica l  con- 
d u c t i v i t y .  Although it  contains  some empir ical  
cons tan ts ,  i t s  use is  genera l ly   acceptab le   for  
s a t u r a t e d  two-phase media.  Unsaturated  frozen 
s o i l  i s  a porous medium with phenomena of  adsorp- 
t i o n  and c a p i l l a r i t y  and  the  e lectr ical   conduct i -  
vi ty   analogy i s  no longer   appl icable .  

The present  work i n v e s t i g a t e s   t h e   e f f e c t i v e  
thermal  conductivity of unsaturated  f rozen s o i l s  
consider ing phenomena of adsorpt ion  and  capi l lar-  
i t y .  The ana lys i s   t akes   in to   account   the  
conduct ive   hea t   t ransfer   on ly ,  i . e . ,  convective 
and r a d i a t i v e   h e a t   t r a n s f e r  are neglected.  

THEORETICAL. ANALYSIS 

Saturated  Frozen  or Dry S o i l s  

The s o i l  i s  represented by 3 cub ic   g ra in   i n s ide  
a cubic  space as i n   F i g u r e  1. The r a t i o  R t / L s  
va r i e s   w i th   t he   po ros i ty  of t h e   s o i l  and i s  given 
by 

i c e  o r  air 

0 s o l i d  

FIGUXE 1 S a t u r a t e d   s o i l .  

The e f fec t ive   thermal   conduct iv i ty  of t h e   s o i l  
can be determined w i t h  the   hypothes is   tha t   the  
i so the rms   a r e   ho r i zon ta l   o r   t he   hea t   f l ux   l i nes   a r e  
v e r t i c a l .  These two cases   a re   the   ex t remes  f o r  t h e  
geometrical  assumption  adopted  (Crane  and Vachon 
1977). 

Unfrozen  water ,   eventual ly   present   in   the  f rozen 
s o i l ,  is  dispersed  a long  the  length of t h e   c e l l ,  
it, as shown in   F igure  1. Berice, i f  uw is t h e  
r a t i o  of  the  unfrozen water volume t o  t h e   t o t a l  
volume of t h e   c e l l ,   t h e   s e c t i o n  of  unfrozen  water 
i s  

The ef fec t ive   thermal   conduct iv i ty   for   hor i -  
zonta l   para l le l   i so therms is 
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w h i l e   f o r   v e r t i c a l   p a r a l l e l   h e a t   f l u x   l i n e s  i t  i s  

where k, i s  e q u a l   t o   k i   f o r   f r o z e n   s o i l s   a n d  to ka 
f o r   d r y   s o i l s .  

The hypothesis  of hor i zon ta l   pa ra l l e l   i so the rms  
i s  finally  chosen  because  of  the good agreement 
wi th   the   exper imenta l   da ta   ( see   Table  1). 

Unsaturated  Frozen  Soils 

Unsa tu ra t ed   f rozen   so i l s   a r e   d iv ided   i n to  two 
groups  depending on whe the r   t he   r a t io  Vw/Vv i s  
lower o r   g r e a t e r   t h a n  a c e r t a i n  amount of  adsorbed 
and dispersed  water .  The adsorbed water increases  
wi th   t he   spec i f i c   su r f ace  of t he   so i l ;   hence ,  a 
d i f fe ren t   va lue   should   be   used   for   the   var ious  
s o i l s .  I n  o rde r   t o   s imp l i fy   t he   ana lys i s ,   an  em- 
p i r i ca l   cons t an t   va lue ,   equa l   t o  vwA/vv = 0.083, 
i s  used i n   t h i s  work. 

Unsaturated  Frozen  soils,  VW& < VwA/Vv 

I n   t h i s   c a s e   t h e  ice i s  supposed t o  b e   d i s t r i -  
buted  on  the  s ix  lateral  sur faces  of the  cubic 
gra in ,  as shown i n   F i g u r e  2 .  Because of the  
hypothesis  of ho r i zon ta l   pa ra l l e l   i so the rms ,   t he  
p o s i t i o n  o f  t h e  ice i n   t h e   c e l l  i s  n o t   s i g n i f i c a n t  
but  the  important  assumption i s  the  absence o f  ice- 
br idges among the   ad jacen t   g ra ins .  

The unfrozen water i s  supposed  to   be  dis t r ibuted 
along  the  length  of   the  cel l ,  as shown i n   F i g u r e  1. 
The thickness  of ice on the g r a i n   s u r f a c e ,  a ia ,  i s  
given  by 

where 6 = V;/vs and 

Unsaturated  Frozen  Soils,  Vw/Vv > V W d v  

I f   the   water   conten t  is  higher  than VwA/Vv, t h e  
l i q u i d  water accumulates a t  t h e   p o i n t s  of  contact 
of t h e   g r a i n s   i n   t h e  form  of  biconcave  lens  (or 
l iqu id   cups) .  The curva ture  o f  t h e  la teral  sur- 
faces   and  the  surface  tension  between  l iquid water 
and a i r  c o n t r i b u t e  to t he   cap i l l a ry   p re s su re  of  the 

air I 

FIGu?.. 2 Unsaturated  frozen s o i l ,  Vw/vv c v,A/vv. 

l i q u i d .  The l iqu id   cups   coa lesce  when the   l i qu id  
water, Vwf/Vv,  i s  in the  range  0.183 tu 0 . 2 2 6 ,  re- 
spec t ive ly ,  f o r  ~ = 0 . 4 7 5 4  and E = 0.2595 
(Luikov 1966).  For soils w i t h   d i f f e r e n t  
porosi t ies   the  l iquid  water ,   accumulated a t  t h e  
points   of   contact  among the   g ra ins ,  i s  assumed 
p r o p o r t i o n a l   t o   t h e   p o r o s i t y   o f   t h e   s o i l  and is  
evaluated by the   fo l lowing   in te rpola t ion :  

Vwf - = 0.183 + (0.226 - 0.183) 
VV 

0.4764 - E 

0.6764 - 0 .2595  (8) 

The interfacial   tension  between  ice   and  water ,  
u i w ,  i s  reduced, i n  r e l a t i o n  to t h a t  between water 
and a i r ,  Ova, in   t he   p ropor t ion  

Ioiwl = 0.052 Iowa1 = Iowa1 4 9 

where $ = 0.052  according  to Walden's ru l e   (Pe r ry  
1963). Hence t h e   c a p i l l a r y   p r e s s u r e   t h a t  maintains 
the  ice  among the   g ra ins  is  reduced i n   t h e  same 
proport ion.  

a f r a c t i o n  of t h e   l i q u i d  water content  
The ice  accumulated among the   g ra ins ,  Vif/Vv, i s  

and the  remaining  ice is disposed  around  the  grain,  
as i n  Figure 3 .  Unfrozen water i s  a g a i n   d i s t r i -  
bu ted   a long   the   ce l l ,  and i t s  s e c t i o n  is  given by 
equat ion ( 2 ) .  The i c e  volume around  the  grain i s  
given  by 

where V;/Vs i s  given by equat ion  (6) ,   f rom which it 
i s  determined y = a;/&. The ice   disposed among 
adjacent   g ra ins  i s  d i s t r i b u t e d  on t h e   s i x   s u r f a c e s  
of the   cube ,   y ie ld ing  a surface  of   contact   g iven by 

The r a t i o  = y f  can  be  lower  or   greater  
than   un i ty   g iv ing  two d i f f e ren t   exp res s ions   fo r   t he  
effect ive  thermal   conduct ivi ty .   For  yf  < 1 
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FIGURE 3 Unsaturated 9"; f f r o z e n   s o i l ,  vW/Vv > v,A/VV. 

Previous Works 

Among the previous  works  on  unsaturated  frozen 
s o i l s ,   t h o s e  of D e  Vries (1963) and  Johansen  and 
Frivik  (1980)   are   considered for comparison. 

The a n a l y s i s  of De Vries (1963)  has  been 
app l i ed   t o  frozen s o i l s  by Penner  (1970)  and 
Farouki  (1982),  and i t  is r e p o r t e d   i n   d e t a i l ,  

where 

1 
1 + (ks/kc - 110.75 1 ,  

1 
3 1 + (k i /kc  - 110.125 

F. = - { 2 
t 

1 
1 + (k;/kc - 1)0.75 I >  

ga = 0.013 + 0.944 x c  f o r  0 5 xc < 0.09, (21) 

and xc and  kc a r e   r e l a t i v e   t o   t h e   c o n t i n u o u s  
medium. For   unsa tura ted   f rozen   so i l s ,   kc  = kw if 
uw 0 and kc  = k; i f  uw = 0. For   d ry   Soi l s ,  
kc k,. 

The expression of Johansen  and  Frivik  (1980) 
f o r  unsa tura ted   f rozen   Soi l s  i s  

ke = kd + (k - ka)  S,, (22) 

where 
-2 .1  

kd = 0.034 E 

sr = 
w Pd - uw(Pw - P i )  

E P i  

with  kc = k; 

and kc = (k, - k i )  - + 
uw 
B 

For   sa tura ted  two-phase  media,  the  expression 
recent ly   found by Muzzio and Solaini   (1982)  i s  
used  as  comparison, 

- 
w i t h  

E 
A -  1 - (ea  - l ) / a  

and 

The thermal   conduct iv i ty   o f   the   so l id   g ra in ,  
k,, used i n  t h e  above  expressions i s  given by 
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FIGURE 4 Experimental  data  and  theoretical 
predict ions  versus   degree of s a t u r a t i o n .  

where q i s  the   quar tz   conten t  of t h e   s o i l  and  kq 
and k, are   the  thermal   conduct ivi t ies   of   quartz  
and rest of   the   Soi l   respec t ive ly .   For   a i r   the  
value ka = 0.046 i s  used as  proposed by De Vries  
(1963). 

Several   purely  empir ical   constants   are  reco- 
gnizable   in   the  expressions  of  De Vries (1963) 
and  Johansen  and  Frivik (1980), while  the  empirical  
expression of a ,   equa t ion  ( 3 0 ) ,  i s  obtained  from 
the   exac t   ana lys i s  o f  Muzzio and Sola in i  (1982), 
r epor t ed   i n   t he  same paper. 

work (Gori 1983) can   pred ic t   the   e f fec t ive   thermal  
conduct iv i ty   o f   sa tura ted  two-phase  media with 
ratios  kd/kc  lower  than 4 0 ,  i . e . ,  i t  i s  t o  be  used 
fo r   s a tu ra t ed   f rozen  and unfrozen s o i l s  but  not 
f o r  d r y   s o i l s .  

A recent   ana lys i s  of the  author  o f  the   p resent  

RESULTS AND DISCUSSION 

Saturated  and Dry S o i l s  

The predic t ions  of the   e f fec t ive   thermal  con- 
d u c t i v i t y  are compared with  experimental  data  on 
s a t u r a t e d  and  dry  soils.   Because f o r  d r y   s o i l s  
t he   r a t io   k s /ka   can  be equal   to  160 and i n   o r d e r  
t o   t e s t   t h e   g e n e r a l   v a l i d i t y  of  the  equat ions 
used,  the  comparison i s  ex tended   to   sa tura ted  
two-phase media w i t h   r a t i o s  of  d i scont inuous   to  
cont inuous  thermal   conduct ivi t ies ,   kd/kc,   ranging 
from 0.38 t o  191.1. 

The experimental   data  used, which amount t o  
158, have  been  taken  from  the  review of Farouki 
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(1982) and  from  the  works of Crane and Vachon 
(1977), Okasaki e t  a l .  (19821, and Muzzio and So- 

l a i n i  (1982). 
The  maximum, Amax, the  average, CAIn, and  the 

mean quadra t i c   e r ro r s ,   hA2/ (n - l ) ,   g iven  by the  
expressions ( 3 ) ,  (G), (15 )  and (28)  a re   repor ted  
in   Table  1. 

Equations (3) and (4) p r e d i c t   r e s u l t s   t h a t   a r e  
general ly   lower  than  the  experimental   data ,   but  
the  lowest maximum e r r o r  i s  found  with  equation 
(4) and the  lowest mean quadra t i c   e r ro r   w i th  
equat ion ( 3 ) ,  Prom the  comparison o f  Table 1, the  
hypothesis  of hor izonta l   para l le l   i so therms i s  
chosen t o   p r e d i c r  t h e  effect ive  thermal   conduct i -  
v i t i e s  of  unsa tu ra t ed   f rozen   so i l s .  

TABLE 3. Comparison with 158 Experimental  Data on 
Saturated Two-Phase Media 

eq.(3) eq . (4)  eq.(15) eq.(28) 

Amax 80.6 -63.9 1 6 7 . 1  146.4 

C Aln -5.9 -16.2 8.4  4.5 

J \--,I 19.8 26.9 25.3 24.7 
f 

In-lJ 

Unsaturated  Frozen  Soils 

Experimental  data  (115) on unsaturated  f rozen 
s o i l s  have  been  considered; some o f  them a r e  
presented   in   F igures  4 through 6 .  To j u s t i f y   t h e  
present   work,   the   predict ions  obtained  with  the 
ana lys i s  of De Vries (1963) and  Johansen  and 
F r i v i k  (1380) are   repor ted  on che same f i g u r e s .  

Figure 4 presents  the  experimental   thermal 
conductivit ies  of  Kersten (1949) on Bamsey sandy 
loam, as   reported  in   Farouki  (1982), versus  the 
sa tura t ion   degree ,  Sr .  The p resen t   ana lys i s ,  
equat ions ( 7 ) ,  ( 1 3 ) ,  (14), gives   e f fec t ive   thermal  
c o n d u c t i v i t i e s   t h a t   a r e   i n  good agreement  with  the 
experiments up t o  S r  = 0 . 7 5 ;  fo r   nea r ly   s a tu ra t ed  
f rozen   so i l   t he   p red ic t ions   a r e   h ighe r   t han   t he  
experiments  with a maximum e r r o r  of 42.6%. As 
evident  from  Figure 4 t h e   r e s u l t s  of De Vries 
(1963) are  the  highest ,while  those  of  Johansen and 
F r i v i k  (1980) are   in te rmedia te .  

Figure 5 shows the  experimental   data of Kersten 
(1949) on a Fa i rbanks   s i l t y   c l ay  loam, as reported 
in   Farouki  (1982). This  kind of s o i l  can  have 
some unfrozen  water,  which  has  been  evaluated as 
ranging  from 0.022 t o  0.06 per  cent  of water 
volume t o  t o t a l   s o i l  vol.ume. I n  the  analysis   of  
De Vries (1963) and  Johansen  and  Privik (1980) t h e  
presence of unfrozen  water  produces a decrease   in  
the  effect ive  thermal   conduct ivi ty   a t   every  degree 
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FIGURE 5 Experimental   data   and  theoret ical  
predict ions  versus   degree of s a t u r a t i o n .  

of s a t u r a t i o n .  Such a decrease i s  i n   t h e   r i g h t  
t rend  with  respect   to   the  experimental   data ,   but  
both  the  predict ions  remain much higher  than  the 
experiments, 

The r e s u l t s   o f   t h i s  work for uw = 0 are  lower 
than  the  experiments  for Sr  < 0.65  and  higher f o r  
Sr > 0 . 7 5 ,  with a bet ter   agreement   with  the 
experimental   data.  The introduct ion  of  some 
unfrozen  water i n  the   unsa tura ted   f rozen   so i l  
decreases   the   e f fec t ive   thermal   conduct iv i ty   for  
S r  > 0 . 5  and inc reases   fo r  S r  < 0 . 5 .  These two 
e f f e c t s  depend on the  assumption  that   unfrozen 
water i s  dispersed on the  whole length of the 
c e l l .  A t  very low sa tura t ion   degrees   the   b r idge  
of unfrozen  water   increases   the  effect ive  thermal  
conduct ivi ty   of   the   soi l   because i s  g r e a t e r  
than k,. Near t h e   s a t u r a t i o n   t h e  same bridge  of 
unfrozen  water   decreases   the  effect ive  thermal  
conductivity  of  the s o i l  because k, i s  smaller  
than k;. The increase  of kT f o r  Sr c 0.5 and  the 
decrease   for  Sf = 0 . 5  - 0.65 a r e   n o t   d e c i s i v e ,  
while i t s  reduct ion   for  S, > 0.8 produces a 
remarkably  better  agreement  with  the  experiments.  

Figure 6 presents  the  experimental   thermal 
c o n d u c t i v i t i e s  of Penner e t   a l .  (1975) fo r   t h ree  
soi ls ,  c l a s s i f i e d   a s   8 ,  9 ,  10. The conclusions 
of Figure 6 are similar to those of Figure 5 with 
a g e n e r a l l y   b e t t e r  agreement  between the  theore-  
t i c a l   p r e d i c t i o n s  and  the  experiments. 

The comparison  between  the  theoretical  pre- 
dict ions  and  115  experimental   resul ts  are f i n a l l y  
repor ted   in   Table  2 .  

TABLE 2 Comparison with  115  Experimental  Data on 
Unsaturated  Frozen  Soils 

Amax CAIn h A z l ( n  - 1) 

This work 81.5  -1.15 24.99 
Sohansen  and 
F r i v i k  (1980) 

86.7 3 1 . 4 4  41.81 

De Vries  (1963)  291.6  82.96  106.68 

The ana lys i s   p resented   in   th i s   paper   g ives  
average.  and mean quadra t i c   e r ro r s   t ha t   a r e   l ower  
than  those  obtained  with  the  expressions of De 
Vries (1963)  and  Johansen  and  Frivik  (1980), 

3 .O 

k 
2 . 5  

2 .o 

1.5 

1 .o 

0 . 5  

" T h i s  work - 3 3 . 5  -12.1 20.4 
----Eq. (22 )  77.6 3 4 , 5  41.1 ,*?; 
"Eq. ( 1 5 )  201.6 7 3 . 6  9 Q K -  .*' 

0 0.2 0.4 0.6 0.8 s, 1 

FIGURE 6 Experimental   data and t h e o r e t i c a l  
predict ions  versus   degree of s a t u r a t i o n .  

NOMENCLATURE 

k thermal  conductivity , W/mK 
R cubic  root  of  the  cube volume 
S su r face   o r   s ec t ion  

Sr degree of s a t u r a t i o n  

uw - unfrozen water 
vuw 

V t  
V vo 1 ume 
W water  content 

TI 

x = -  
V t  
" volumes f r a c t i o n  

Greek  symbols 

E poros i ty  
P dens i ty  
U surface  tension 

A =  
ke- kexp 

ke xp 
percen t   e r ro r  
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Subscripts 

A 
a 
C 

d 
e 

f 
exp 
i 
l M X  

q 
Q 
r 
S 

T 
t 
U 

V 

W 

relative  to  adsorbed  and  dispersed  water 
relative to  air 
relative t o  continuous  phase 
dry 
effective 
funicular 
experimental 
relative to ice 
maximum 
relative  to  quartz 
relative to parallel  heat  flux  lines 
rest of the  solid  grain 
relative to solid 
relative  to  parallel  isotherms 
total 
relative  to  unfrozen  water 
relative t o  voids 
relative  to  water 
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A GEOCRYOLOGICAL ASPECT OF THE  PROBLEM OF 
ENVIRONMENTAL  PROTECTION 

N. A. Grave 

Permafrost  Institute,  Siberian  Branch, 
Academy o f  Sciences,  Yakutsk, USSR 

A system  is  proposed fox mapping  areas  of  permafrost  in  the  USSR on the  basis of 
surface  stability  following  the  removal of vegetation  and  soil.  The  lowest  degree 
o f  stability  is  typical  of  areas of fine-grained  deposits  with  high  ice  contents 
and  substantial  moisture  at  the  surface;  here  minimal  disturbance  will  lead  to  the 
development  of  rhermokarst.  The  levels  of  surface  stability  in  permafrsst  areas 
are: 1A-very unstable; 1B-very unstable; 2-unstable; 3 -  slightly  stable; 
4-relatively stable.  Some  recommendations  fox  monitoring  permafrost  are  made. 

The  zone  of  seasonal  freezing  and  permafrost  is 
an important  part  of  the  biosphere.  The  permafrost 
phenomenon  determines  some  substantial  features of 
northern  landscapes,  including  their  great  vulner- 
ability  to  development. 

The  development of cryogenic  processes  within 
permafrost  affects  the  stability  of  the  surface 
and  landscape. 

Cryogenic  processes  that  deform  the  surface 
arise  and  intensify  particularly  dramatically  in 
the  presence  of  technogenic  disturbances.  Techno- 
genic  impacts  can  be  mechanical,  chemical,  hydro- 
logical,  pyrogenic,  acoustic, or climatic  in 
nature. In the  area  under  development,  mechanical 
impacts  are  the  most  widespread:  disturbance of 
the  plant,  snow  and  soil  covers;  excavation  and 
redeposition  of  earth;  and  disturbance  of  rock 
masses.  Hydrological  disturbances,  i,e.  change  in 
moisture  content  of  the  surface,  are  almost  always 
associated with mechanical  ones. 

is  due  to  thermokarst,  which,  under  favorable  con- 
ditions,  spreads  over  large  areas  and  extends  deep 
within  the  earth.  Slope  processes, frost heaving 
and  fracturing of soil  have  a  substantial  influence 
upon  the  stability  of  the  structures  built,  but  do 
not  cause  such  strong  landscape  transformations  as 
thermokarst  does.  Therefore,  when  speaking  about 
the  stability  of  the  surface  and  landscape in 
permafrost  areas, we are  referring  mainly to the 
process  of  subterranean  ice  thawing  and  related 
topographic  deformation. 

In order  to  evaluate  surface  stability  in  perma- 
frost  areas  one  should  primarily  have  knowledge  of 
thermally  induced  settlement  of  permafrost,  depend- 
ing on its  ice  content  and  the  lithological  com- 
position of ice-bearing  materials. 

If  the  ice  content  of  the  soil  and  its  litho- 
logical  composition  determine  the  potential  for 
thermokarst-induced  topographic  deformation,  then 
the  actual  degree of  decay  will  depend on the 
intensity  of  soil  thawing  and  the  speed  of  the 
thermokarst  process  itself.  With  a  variation  in 
surface  conditions,  for  example,  when  the  vegeta- 
tion  is  removed,  the  thawing  depth  depends on a 
number o f  physiographical  and  geocryological 
factors. 

Maximum  destruction  of  the  surface  and  landscape 

Feldman (1977) has  most  completely  demonstrated 
this  dependence in the expressiw that  includes 
relationships  between  the  ice  content  of  the  soil, 
the  thermal  properties  of  the  soil  and  surface,  the 
air  temperature  and  radiation  balance,  evaporation, 
the  permafrost  temperature,  and  the  properties o f  
the snow cover. 

occurs  when  plant  and  ground  cover  is  removed  is 
generally  less  than  the  potential  amount,  and  under 
some  conditions  it  can  be  insignificant. If, after 
removal o f  vegetation,  the  thawing  depth  reaches 
ice-bearing  levels  in  the  permafrost,  then  further 
thawing  occurs  due to the  development of thermo- 
karst,  thermal  erosion  and  thermal  abrasion.  These 
processes  can  develop  only  under  certain  hydro- 
logical  and  topographical  landscape  conditions. 

thermokarst,  the  most  frequently  occurring of the 
processes  just  mentioned  (Methodological  recom- 
mendations  1981),  depends on the  geocryological 
environment  where  it  develops.  In  regions  with  ice 
streaks,  the  thermokarst  manifests  itself in a 
gradual  settlement o f  the  surface  without  forming 
”funnels” o r  hallows. In regions  with  large  ice 
masses (sheet  ice,  wedge  ice, etc . ) ,  the  thermo- 
karst  is  more  sharply  manifeeted,  with  shallow 
depressions,  hillocky  microrelief with cemetery 
mounds,  and  cave-in  lakes. The main  condition 
necessary  for  the  development of thermokarst is the 
accumulation  of  a  sufficient  amount of water on the 
surface so that  seasonal  soil  thawing  depth 
exceeds  the  depth of seasonal  freezing.  The 
thermokarst  process  within  deposit-formed  ice i s  
able  to  proceed  until  the  ice  mass  thaws  out 
completely.  However, as the  thermokarst  process 
goes on, it i s  accompanied  by  slope  processes, 
solifluction  and  ground  slip,  with  sediments 
accumulating on the  surface  of  the  thawing,  ice- 
containing soils. This  may  be  the  reason  for 
cessation  of  the  thermokarst  process  at  various 
stages of its  development. 

some  stage,  the  depth of seasonal  thawing of soil 
can decrease  and  become  fixed  at  some  level 
corresponding  to  the  existing  thermal  balance on 
the  surface. As indicated  by  previous  studies 

The  actual  amount of permafrost  settlement  that 

Prediction of the  appearance  and  development  of 

After  stabilization  of  cryogenic  processes  at 
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(Sukhodrovsky  1978,  a.o.1,  cryogenic  morphological 
processes  arising  from  or  aggravated  by  technogenic 
impacts on the  surface  gradually  decay  following 
vigorous  development  during  the  first 2 or 3 years, 
and  terminate  within  about 10 years.  This i s  true 
in  cases  where  disturbance  of  the  surface  is  halt- 
ed. If they  continue,  then  the  process is able to 
progress  rather  deep  into  the  earth,  sometimes  to 
the  point of complete  thawing  of  subterranean  ice. 

Thus, observations  and  analyses of natural  and 
technogenic  changes  of  the  parameters  mentioned 
above  can  be  made  (Feldman 1977).  And on the  basis 
of data  on  the  ice  content  and  lithological  com- 
position of permafrost,  it is possible  not  only  to 
gain  insight  into  the  causes  of  variations  in 
thawing  depth,  but  also  to  predict  the  future 
direction  and  intensity  of  development of the 
process. 

problem  of  permafrost  zone  monitoring.  Perma- 
frost  zone  monitoring  includes  observation, 
analysis,  prediction  and  control of cryogenic 
processes  in  the  permafrost  region  during  natural 
and  technogenic  changes in the  geophysical  con- 
dition  of  the  permafrost. 

The object of monitoring in this  case  is  the 
permafrost  zone  and  cryogenic  processes,  which  are 
closely  associated  with  natural  landscapes  and 
biogeocenoses, and their  natural  and  man-determined 
development.  Therefore,  permafrost  zone  monitoring 
should  be  regarded as  a part  of  biosphere  monitor- 
ing. Scientific  investigations i n  this  direction 
should  be  carried  out with close  attention  paid  to 
biospheric  changes,  and,  it  seems, on common 
biospheric  monitoring  sites. 

o f  stability  of  the  surface  in  different  perma- 
frost zones, necessary  in  planning  monitoring 
studies,  we  can  use  a  mapping  system  devised  for 
the USSR permafrost  region  (Grave 1982). 

The system  (Figure 1) categorizes  surface 
stability  by  generalizing  the  data  reported  in 
the  literature on cryogenic  structure,  ice  con- 
tent,  and  thermal  settlement  of  soil  at  the  time 
of  thawing;  experimental  and  calculated  data on 
soil  thawing  following  disturbance  of  plant  or 
snow cover  (depending on the  factors  of  physio- 
graphical  environment  and  geocryological  con- 
ditions);  and  data on the  development  of  cryogenic 
processes  caused by terrain  development. 

Least  stable  are  regions  with  soils of high  ice 
content,  where  minimal  surface  disturbance  (removal 
or damage of plant  cover)  is  enough  to  initiate  the 
thermokarst  process, with subsequent  deterioration 
of the  relief.  The  maximum  potential  surface 
disturbance  is  determined  by  a  complete  thawing-out 
of subterranean  ice.  Therefore,  territories with 
thick  soil-forming  subterranean  ice  are  most 
vulnerable  to  exploitation. 

In this  connection,  evaluation  of  the  degree of 
stability of the  surface  under  technogenic  impacts 
should  be  based on the  ice  content  of  the  under- 
lying  permafrost.  The  response  to  minimal  disturb- 
ance  will  depend on climatic,  hydrological,  geo- 
botanic,  lithological  and  general  geocryological 
conditions in  the area. 

The  surface  stability  is  inrimately  related  to 
the  stability  of  the  landscape.  However,  changes 
in the  landscape  caused  by  mechanical  disturbance 

All  the  pertinent  studies  are  unified  in  the 

In order  to  gain  a  general  idea o f  the  degree 

of the  surface  are  not  always  associated with 
surface  failure.  They  can  be  produced  by  techno- 
genic  changes of the  plant  cover  in  comparatively 
stable  areas. 

The  following  regions  are  delineated on the  map 
of USSR permafrost  regions  (Figure 1) according t o  
the  degree of vulnerability  to  the  disturbance  or 
removal  of  surface  material. 

These  are  found on the  lowland  plains  of  Siberia- 
the  Yamal  and  Gydana  Peninsulas,  the  North  Siberian 
lowland,  the  Lena  River  delta,  the  littoral  low- 
lands  of  Yakutiya,  the  Chaunskaya  depression,  and 
the  Anadyr  lowland.  Widely  distributed  are  shallow, 
thick  masses of wedge  and  streak  ice  enclosed 
within  suglinok  deposits  of  high  ice  conrent  of 
post-Pliocene,  Holocene  and  contemporary  ages. A 
cold  climate,  subarctic  tundra  and  forest  tundra, 
prevails.  The  most  stable  surfaces  in  these 
regions  occur  on  floodplains  and  low  terraces 
within  river  deltas,  formed by  sand  deposits  and 
deposits of low ice  content,  as  well  as  on  boulder- 
pebble  moraines  and  ledge  rock  outcrops. 

An example  is  the  middle  and  southern  part  of 
the  littoral  lowlands  of  Yakutia  (Kuznetsova 1980, 
Tomirdiaro 1980) .  The  majority  of  the  surface 
consists of l'edorna"  (eroded  terraces), with  post- 
Pliocene  suglinok  soils  containing  thick  ice (15- 
25-40 m or more). The  region  is  forest  tundra with 
permafrost  temperatures  of -6" to -8°C. A smaller 
area  consists  of  lake-bog  plains with  a  cover  of 
ice-bearing  lake-bog  deposits of Holocenic  and 
present-day  age. A naturally  recurring  thermokarst 
that  is  due  to  thermal  abrasion  and  thermal  erosion 
periodically  destroys  the  "edoma."  Technogenic 
impacts  intensify  these  processes,  gradually  des- 
troying  the  landscape of a relatively  well  drained 
forest  tundra  and  changing  it  into  barely  passable 
lake-bog  plains  and  badlands  with  ravines,  cemetery 
mounds,  and  decaying  and  growing  wedge  ice. 

1B:  Regions with  a  very  unstable  surface. 
These  occur on lowlands in the  northernmost  parts 
o f  Taimir,  the  North  Siberian  Plain,  the  littoral 
lowlands o f  Yakutiya,  the  Novosibirsk  and  Severnaya 
Zemlya  islands,  and in the  central  parts of the 
Yakutsko-Vilyuiskaya  depression.  The  structure 
and  composition  of  the  underlying  surfaces of the 
deposits  are  similar  to  those of category  1A. In 
the  northern  regions  the  climate  is  very  cold, with 
a  short  summer  (Arctic  desert,  Arctic  and  subarctic 
tundra). The permafrost  temperature  is -12' to 
-15'C. In Central  Yakutiya  the  climate is very  dry 
and  relatively  cold  (taiga).  The  permafrost  temp- 
erature i s  -3' to -5'C. The cold  in  the north and 
the  aridity in Central  Yakutiya  impose  some con- 
straints on the  development of thermokarst  follow- 
ing  deterioration  or  removal of  vegetation,  and  it 
either  subsides  in  the  early  stages or  does  not 
arise  at  all.  In  the  north,  most  stable  following 
plant  removal  are  surfaces  typical  of  edoma, 
deltas,  and  portions  of  river  terraces  and  coasts 
formed  by  sandy  deposits,  as  well  a6  bedrock  out- 
crops. On sunken  lake-bog  plains  the  thermokarst 
process  developing  through  thermal  abrasion  and 
thermal  erosion  contributes  to  a  decrease of the 
surface  stability  during  technogenic  impacts. In 
Central  Yakutiya  the  most  stable  surfaces  accompany 
alasses  and  river  terraces,  formed  by  sands. 
Removal of forests  during  agrarian  development  leads 

1A: Regions with  a  very  unstable  surface. 
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to  the  appearance  of  barren  "badlands"  and  to 
xerophytization  of  landscapes  and  salinization o f  
soils. 

2: Regions  with  an  unstable  surface.  These 
occur  both  in  lowlands  and  in  hills  at  about 200- 
500 m  above  sea  level, in  which  subterranean  ice, 
as  a  rule,  is  not  as  thick  or  widespread  as  in 
the  previously  mentioned  regions.  They  occur  in 
different  climatic  and  geobotanical  zones  and  are 
characterized  by  different  conditions of subterran- 
ean  ice  occurrence. In the  mountains,  such  areas 
accompany  inter-mountain  hollows  and  depressions 
intersected  by  river  valleys with their  beds  at 
about 400-600 m  above  sea  level.  Technogenic 
thermokarst  develops  everywhere,  but  as  a  rule 
does  not  exceed  the  boundaries of the  disturbance 
contour  nor  critically  change  the  landscape. In 
the  northern  part of Western  Siberia  the  landscapes 
remaining  stable  during  technogenic  disturbances  in- 
clude  bogs,  meadows,  and  swampy  tundras  with  under- 
lying  deposits  of  low  ice  content.  According t o  
data  reported  by  Moskalenko  (Grave,  Melnikov  and 
Moskalenko 1983),  a  deteriorated  landscape  here 
recovers  within 10 years,  and  along  long-ago- 
constructed  gas  lines  the  natural  shape of dis- 
turbed  bogs  and  the  original  geocryological  condi- 
tions  have  returned  within 20 years. In eastern 
Siberia,  where  the  composition  of  the  upper  part 
of  the  permafrost in these  regions  is  coarser, 
surface  settlement  deformations  are  not  deep. 

3: Regions  with  a  slightly  stable  surface. 
These  are  found  in  low  mountains  and  elevated 
plateaus  at  about 500-600 m  to  1000-1200  m  above 
sea  level  and  at  lower  levels in the  Arctic.  Thin 
deposits,  mainly  deluvial  (talus)  and  eluvial  and 
generally  of  coarse  composition,  frequently  contain 
vein  and  wedge  ice.  Exploitation  of  these  regions 
leads t o  an  intensification  of  thermokarst  and 
(mainly)  slope  processes,  particularly  when  slopes 
are  cut  (Gravis 1976). 

4 :  Regions with  a  relatively  stable  surface. 
These  are  mainly  in  mid-  and  high-altitude  areas. 
In the  lowlands  they  occur  where  there  are  deposits 
of  low  ice  content  and  bedrock  outcrops. In the 
mountains,  when  vegetation  is  removed  and  Slopes 
are  cut,  thermokarst  intensifies on relic  ice  veins 
and  rock  streams,  at  whose  bases  there  is  buried 
glacier  ice  as  well  as  slope  processes  (talus,  land- 
slides,  crumbling  and  solifuction)  (Gravis 1976). 

5: Regions with permafrost  islands  and  sporadic 
permafrost.  These  are  mainly  in  a  broad  belt  along 
the  southern  boundary of the  permafrost  zone. 
Taiga  and  forest  tundra  occurs in the  lowlands  and 
mountains,  and  tundra  and  sparse  forests  at  high 
altitudes.  The  permafrost  temperature  is  high, 0' 
to -ZoC,  and  decreases in the  mountains.  Perma- 
frost  islands  occur  in  hillocky  peatlands  and 
dense,  dark  coniferous  forests with  a  thick  moss 
cover,  while  in  the  Far  East  they  occur with 
"maris." A large  role  is  played  by  the snow cover 
in  the  freezing  and  thawing  of  this  permafrost. 

In Western  Siberia,  according to Moskalenko's 
observations,  the  surfaces  that  are  most  unstable 
under  technogenic  impacts  are  hillocky  peatlands 
and  hilly  surfaces  covered  by  forests.  Here 
removal  of  vegetation  intensifies  settlement  phe- 
nomena  and  erosive  processes,  and  accumulations 
of  snow  within  these  settled  areas  further  con- 
tribute  to  the  formation of ravines  and  shallow 

depressions.  Deforestation  in  places  with no 
permafrost,  or  where  permafrost  occurs  deep  within 
the  earth,  leads  to  an  intensification  of  freezing 
of  the  surface,  frost  fracturing,  and  heaving. 

In the  northern  part  of  the  Amur  region,  after 
removal o f  the  moss-peat  cover on the  maris  there 
is  deep  (sometimes  complete)  thawing  of  the  perma- 
frost,  and  thermokarst  develops.  The  snow  cover  in 
areas  under  development  becomes  dense  and  dis- 
appears  earlier  than  usual,  which  contributes  even 
more to permafrost  thawing  (Balobaev  et  al. 1979). 

In nature,  the  proposed  gradation  system  lacks 
well-defined  boundaries.  Evaluating  large  terri- 
tories  from  this  point  of  view, we can  speak  only 
of the  predominance  in  a  region of surfaces with  a 
certain  degree of stability;  any  territory  can  have 
areas  of  almost  all  degrees  of  stability  in  differ- 
ent  spatial  proportions.  Some  examples  are  pro- 
vided  by  large-scale  classification  systems  des- 
cribed  by  Kuznetsova (1980) and  Parmuzin  and 
Sukhodolsky (1980). 

It is  advantageous  to  select  areas  in  the 
permafrost  zone  for  systematic  long-term  observa- 
tions.  This  zone i s  the  most  susceptible  to  the 
impact  of  man,  as  cryogenic  processes,  particularly 
thermokarst,  can  develop  the  most  intensively  and 
can  extend  very  deep  into  the  earth.  Such  areas 
might,  for  example,  include  the  banks  near  the 
mouths of the Yana and  Kolyma  rivers,  where  one 
should  expect  a  combination  of  thermokarst  and 
thermal  erosion  and  abrasion.  Observations  are 
also  pertinent  in  the  northern  part of Western 
Siberia  (Yamal,  Gydan),  and in Central  Yakutiya. 
In the  southern  part of the  permafrost  zone  an  area 
could  be  chosen in the  eastern  part  of  the BAM 
zone, possibly  within  shallow  depressions  in  the 
North  Amur  region. 

frost  zone  should  have  large-scale  maps of their 
surface  stability  (or  permafrost  stability)  pre- 
pared.  And  every 2 to 3 years  they  should  be 
checked  for  landscape  changes  using  sequential 
satellite  or  aerial  photography. In places  where 
processes  are  proceeding  particularly  rapidly, 
repeated  topographic  surveys  would  be  useful. 
Monitoring  of  fluctuations  in  the  temperature  of 
the  permafrost  zone  requires  systematic  long-term 
observation  of  the  dynamical  behavior  of  thermal 
and  cryogenic  processes,  both  within  the  permafrost 
itself  and  on  the  surface,  under  natural  and  dis- 
turbed  conditions. For that  purpose,  stations 
should  be  set  up with deep  boreholes  that  pass 
completely  through  the  permafrost.  Unfortunately, 
such  systematic  geocryological  observations  are 
lacking;  and  occasional  temperature  measurements 
fail  to  produce  a  reliable  picture  of  long-term 
developments  in  the  permafrost zone. 

In areas  under  development,  it  is  advisable  to 
observe  geomorphological  processes  using  benchmarks. 
Of special  importance  here  are  observations  of  the 
soil  conditions  and  the  formation  of  "kriopegs" 
(bodies of liquid  saline  water  below 0°C associated 
with  permafrost,  or  ice-free  permafrost  with  saline 
pore  water)  in  soils  and  earth  materials  as  a 
result  of  the  development  activity. 

Analysis  of  data  from  observations in both 
undisturbed  and  developed  regions  will  form  a 
reliable  basis  for  predicting  cryogenic  changes 
and  for  working  our  protective  measures.  Therefore, 

The  areas  selected  for  monitoring  of  the  perma- 



the  development of an  area  should  be  preceded  by  a 
geocryological  prediction in the  form  of  maps  of 
the  stability of the  surface  or  permafrost  during 
technogenic  impacts. 

stability  in  some  parts  of  the  permafrost  zones  of 
the USSR, Canada  and  Alaska  have  been  generated 
using  various  techniques.  They show that as a 
rule,  highly  unstable  surfaces  occupy  about 30-50% 
of the  area  in  the  most  vulnerable  regions  of  the 
Arctic  belt.  Preliminary  zoning of development 
areas  according  to  the  stability of the  surface  and 
landscape will permit a reduction in expenditures 
for  maintaining  rational  land  usage  and  accomplish- 
ing  revegetation  of  deteriorated  landscapes. 

the  northern  biosphere,  it  is  necessary  to  take 
into  account  the  geocryological  properties of the 
landscape. 

Medium-  and  small-scale  maps  of  surface 

In  summary,  when  decisions  are  made  that  affect 
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1 
FIGURE 1 System f o r  mapping the USSR permafrost region  for  surface  stability during disturbance. 
1-4: Regions with  different  degrees of 5: Regions with permafrosr islands and 

surface  stability predominating: sporadic permafrost 
1A - very  unstable 6: Southern boundary of  the permafrost 
1B - very  unstable region 

2 - unstable 7 :  Southern boundary of the region of 
3 - sl ightly  stable  continuous permafrost and massive 
4 - relatively  stable permafrost islands. 
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Adjacent  burned  and  unburned  upland  stands  were  studied a t   the   southwes t   corner  of the 
1968 Inuvik  burn.   Shal low  act ive- layers   are   poorer   habi ta t   than  are   deep  act ive- layer  
si tes for  white  spruce  because of a slower r a t e  of thaw ( e f f e c t i v e  growing  season 
l e n g t h ) ,  lower  seed  dispersal   capacity,   lower  cone  production, and  poor  seedbed  creation 
(because of the  depth of t h e o f  ) by fire. Fi re   de l imi t s   t he   r ange  of white  spruce by 
r e s t r i c t i n g  it t o   a r e a s  where t h e   p r o b a b i l i t y  of s u r v i v i n g   f i r e  i s  high,  e.g. ,   the 
s t eepe r   va l l ey   s ides  and the most  deeply  incised  or  sinuous  perennial   creeks.   Areas 
where su rv iva l   t h rough   f i r e  i s  l i k e l y  also t end   to   possess   deep   ac t ive   l ayers .  
Although  such s i t e s   a r e  no t  uncommon,  many remain  uncolonized  because of the  poor 
seed  dispersal   capaci ty   of   these  white   spruce  s tems.  

INTRODUCTION 

Although most of t h e  work on t r e e - l i n e  
determination  has  been  concerned  with  black  spruce 
(Picea  mariana.) ,   white  spruce  (Picea  glauca),  
fo rms   t he   con i f e r   a r c t i c   t r ee - l ine   ac ross   a lmos t  
half  of North  America.  There i s  a general  con- 
census among inves t iga to r s   t ha t   t he   u l t ima te  
determinant of a r c t i c   t r e e - l i n e  i s  a rc t i c   a i r -mass  
frequency, and t h a t   t h e  more proximate  determinant 
i s  the  r a r i t y  of sexual  reproduction  and/or 
successful   es tabl ishment  of seedl ings  (e .g . ,  
El l iot t   1979,   Nichols   1976,  and Larsen 1980). 

Van Wagner (1979), Rowe (1971),  and  Viereck 
(1979)  have  speculated  that  l o w  i n t e n s i t y  
f o r e s t - t u n d r a   f i r e s  may p rov ide   t oo   l i t t l e   op t ima l  
( i .e . ,   mineral  soil) seedbed,  or  cause too much 
m o r t a l i t y ,  and thus may be  important i n  t r e e - l i n e  
determination.  Viereck and  Schandelmeier  (1980) 
specu la t ed   t ha t  low seed   d i spersa l   capac i ty   and ,  
t he re fo re ,   su rv iva l  of seed  sources   through  f i re ,  
may be important. 

Van Cleve e t   a l .  (1981)  have shown t h a t   s a i l  
temperature and r a t e  of s o i l  thaw may be c r u c i a l  
determinants  of  vegetative  vigour  in  black  spruce 
i n   t h e  zone of discontinuous  permafrost .  The 
stems on a p e r m a f r o s t - f r e e   s i t e  were more vigorous 
than  those on a nearby   permafros t   s i te ,  

The present   invest igat ion  focused  on  the 
relat ive  importance of f i r e  (and f i r e - c r e a t e d  
seedbeds ) ,   a c t ive - l aye r   dep th ,  and r a t e  of s o i l  
thaw in   de t e rmin ing   t he   d i s t r ibu t ion  and 
demography of whi te   spruce   near   t ree- l ine   in   the  
Inuvik   a rea .   Addi t iona l ly ,   the   po ten t ia l  
importance of s eed   d i spe r sa l   capac i ty  and s u r v i v a l  
through f i r e  of seed  sources  were  examined. 

STUDY AREA 

The main study area was in  Boot Creek Valley,  
2 km e a s t  of Inuvik,  N.W.T. (68O21' N, 133O401 W). 
For a gene ra l   i n t roduc t ion   t o  Lhe Mackenzie  Delta 
area, see Mackay (1963) and  Kerfoot  (1972). 

The uplands  around  Inuvik  are i n  the  zone of 
continuous  permafrost. The c l imate  i s  cold and 
dry.  Average y e a r l y  p r e c i p i t a t i o n  is 27 cm; 

approximately 75% of t h i s  amount f a l l s  as snow. 
The area   exper iences   shor t ,   cool  summers, with 
only 665 degree-days  above 5OC (Burns  1973). 

S u r f i c i a l   d e p o s i t s  above  permafrost  in Boot 
Creek  Valley  consist  of s i l t y  loams. I n  t h i s   a r ea ,  
deep   ac t ive - l aye r s   a r e   t yp ica l ly  found  on  steep 
(usua l ly   g rea t e r   t han  8' )  south-facing  slopes and 
along  the  edges of inc ised  or highly  sinuous 
perennia l   c reeks .  A t  Boot Creek  Valley,  the 
s t e e p e s t   s l o p e s   a r e  20'. The Of layer  i s  t h i n   o r  
absent   on   deep   ac t ive- layer   s i tes ,  and t h e   s o i l s  
are   Stat ic   Cryosols   (Canadian System of S o i l  
C l a s s i f i c a t i o n  1978) .  A t  Boot Creek,   such  s i res  
a r e  dominated  usually by white  spruce  or  paper 
b i rch   (Betu la   papyr i fe ra) .  

s lopes ,   gen t ly   ro l l i ng   t ab l e l ands  above t h e  
v a l l e y s ,  and the  more or l e s s   f l a t   a l l u v i a l  and 
c o l l u v i a l   a r e a s  between  creeks  and  valley  sides. 
These s i t e s   t e n d   t o  be dominated by black  spruce 
and dwarf ericaceous  shrubs.  The Of l a y e r s   a r e  
t y p i c a l l y   t h i c k  and the   so i l s   a r e   u sua l ly   Organ ic  
or  Turbic  Cryosols.  

A secondary  s tudy  s i te  was located 30 km nor th  
of  Inuvik in an unnamed val ley  in   the  Caribou 
Hills escarpment. The s o i l s  a t  t h i s  s i t e  are 
sandy  loams. The composition and d i s t r i b u t i o n  of 
vege ta t ion  is similar t o  Boot Creek  Valley. The 
slopes at the  Caribou Hills s i te  a r e ,  however, 
much s t e e p e r   t h a n   a t  Boot  Creek.  Slope  angles 
can be a s   g r e a t   a s  30°, The south-facing  s lope is 
much more deep ly   gu l l i ed   t han   i n  Boot Creek 
Valley. The sandy   i n t e r -gu l ly   spu r s   a r e  
frequently  unvegetated,  Both Boot Creek  Valley 
and t h e  Caribou Hills s i t e   a r e   a symmet r i ca l  
va l leys   wi th   the   nor th- fac ing   s lope   s teeper   than  
the  south-facing  s lope.  

Reconnaissance   ind ica ted   tha t   the   g rea t  
majority  of  white  spruce  stems  in  the  uplands 
around  Inuvik  are  found on mes ic   t o   xe r i c   s i t e s .  
They a r e   e s p e c i a l l y  common where t h e   t e r r a i n  i a  
wel l -dissected  ( i .e . ,   s teep  south-facing  s lopes)  
or  along  the  edges  of  lakes  and  perennial  streams. 
Northeast  and e a s t  o f  Boot Creek  Val ley,   aer ia l  
reconnaissance  indicated  comparatively  few 
vigorous  stands of white  spruce.  North  of  Boot 
Creek  Valley,  however,  the  deeply  dissected 

Shal low  ac t ive- layer   s i tes   inc lude   nor th- fac ing  
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Caribou Hil ls  escarpment  has  vigorous,   dense  white 
spruce  s tands  extending  as  much a s  70 km north  of 
Inuvik. 

For   an  introduct ion  to   the  vegetat ion of t h e  
Mackenzie  Delta  area,  see  Lambert  (1972). 
Vegetation  recovery  In  the  1968  Inuvik  burn i s  
discussed by Wein (1975) .   Soi ls   in   the  Inuvik 

37 5 

area   a re   d i scussed  
Rice  (1964). 

The main study s 
burned  and  unburned 

y Tarnocai  (1973)  and Day and 

METHODS 

t e   c o n s i s t e d  of  adjacent 
a r e a s  a t  the  southwest  corner 

of the  1968  Inuvik  burn. Two subjec t ive ly   chosen  
t r a n s e c t s  were  run  from  the  creek  bottom  upslope 
t o  t h e   r o l l i n g   t a b l e l a n d  above the   south- fac ing  
s lope   i n   t he  unburned  and  burned a r e a s .  A f p e -  
guard  lay between the  two s i tes ,  P l o t s  lo-m were 
sampled  every 20 m a long   each   t ransec t   for   s lope  
a n g l e ,   a l t i t u d e ,  and  perceqt  cover of each  plant  
species  present.   Four 1 - m  quadrats  were  located 
a t   t h e   c o r n e r  of each   p lo t .  The O f ,  Om, Oh, o r  
LFH depths ,  and the   depth  of the  permafrost  were 
recorded  for  each  quadrat.  A l l  permafrost 
measurements  were made from 3 August t o  6 August 
1982. 

t a l l e r   t h a n  3 m were  cored,   and  their   d iameter   a t  
b reas t   he igh t   (dbh) ,   he igh t ,  and  evidence of cone 
product ion  or   chlorosis   recorded.   Sect ions of the  
unburned t r a n s e c t  (10 x 30 m a l o n g   t h e   f l a t ,  and 
10 x 20 m on the  steep  south-facing  slope)  were 
i n t e n s i v e l y  sampled for whi te   spruce .   In   these  
i n t e n s i v e l y  sampled a r e a s ,  a l l  white  spruce  stems, 
regard less  of h e i g h t ,  were  aged.  For  white  spruce 
t a l l e r   t h a n  3 m ,  cores  were  taken 30 cm above t h e  
r o o t - c o l l a r .  Stems less than 3 m bu t   g rea t e r   t han  
30 cm in   he igh t  were c u t   a t   t h e   r o o t - c o l l a r .  The 
very  smallest  stems  were  aged by count ing  the 
terminal  bud scars .  

t he   f i r egua rd  was s tud ied   fo r   t he   d i s t r ibu t ion  of 
white   spruce  survivors   and  seedl ings.   This  w a s  
necessary  because no seedlings  were  found  In  the 
burned t r ansec t .   Fo r   t he   s eed l ings ,  1 2  
e q u i d i s t a n t  10-m-wide t r a n s e c t s  were  walked 
p a r a l l e l   t o   t h e   c r e e k .  Each of t hese   t r ansec t s  
was walked  simultaneously by two i n v e s t i g a t o r s .  
The l o c a t i o n  of s eed l ings   and   t he i r   d i s t ance  from a 
t a l l ,   p o t e n t i a l   s e e d   s o u r c e  were  recorded. 
Su rv ivo r s   t a l l e r   t han  5 m were mapped with 
binoculars  from  the  opposite  slope.   Seedlings 
within  the  burn  were  randomly  sampled  for  age 
determinat ion  using a r a  dom numbers t a b l e .  The 
sampling sites were 10-m . Addi t iona l ly ,   seedl ings  
from  the  southeast   corner of the  burn,  from the  
f i r e g u a r d ,  and  from r e c e n t  mud-€lows were  aged. 

S i x   s o i l   p i t s  were dug in   ear ly   August ,  The 
methods employed i n   t h e   s o i l s   a n a l y s e s   a r e   d e t a i l e d  
by Greene  (1983). 

A t  the  Caribou Hills s i t e ,  a s i n g l e   t r a n s e c t  was 
used.  Stands  and  quadrats  were  located on t h e  
t r a n s e c t   i n   t h e  same manner a s  a t  Boot  Creek. Thg 
v e g e t a t i o n   d a t a   t h a t  were c o l l e c t e d   a r e   n o t  
included  in  this  paper  (but  see  Greene 1983) .  
Active  layer  depth  measurements  were made i n   t h e  
quadrats  on 25 June  and 6 August  1982. The snow 

A t  the  unburned  transect,  a l l  whi te   spruce   s tem 

In t h e  burned a r e a ,  a 50-ha sec t ion   ad jacen t  t o  

2 

had  melted  throughout  most of t h i s   v a l l e y  by 
approximately 3 June. 

For  convenience,   south,  west, and  southwest- 
f ac ing   s lopes   a r e   r e f e r r ed   t o  a s  south-facing 
s lopes .  A l l  o ther   s lopes   a re   ca l led   nor th- fac ing  
s lopes .  A deep  act ive- layer  is one   t ha t  w a s  more 
than 50 cm deep   as  of 6 August  1982.  Shallow 
a c t i v e - l a y e r s  were less   than  50 cm deep.  Seed 
d i s p e r s a l   c a p a c i t y  i s  def ined as t h a t   d i s t a n c e  
from a seed  source  within  which  the  great  majority 
o f  the  seed  rain  occurs;   magnitude of the  seed 
r a i n  i s  not  Implied,  and wind d i r e c t i o n   o r  
v e l o c i t y  is ignored .   F i re   sever i ty  or i n t e n s i t y  
i s  defined  solely  in  terms  of  the  depth  of  the 
organic  layer  remaining  immediately  after a burn. 
Seedl ing  es tabl ishment  i s  d e f i n e d   a r b i t r a r i l y   a s  
t he   su rv iva l  of a seedl ing beyond 4 years  of age, 

RESULTS AND DISCUSSION 

Seedling  Establishment 

Figure 1 depic ts   the   ages  for smaller  stems 
from  the  unburned  transect  that   were  cut a t   t h e  
appa ren t   roo t - co l l a r .  Because of extreme 
va r i ab i l i t y   i n   ea r ly   g rowth   i n   t r ee - l ine   wh i t e  
spruce,   these stems more closely  approximate  exact 
ages  than  do stems cored a t  30 cm. However, 
because of problems  such a s  adven t i t i ous   roo t ing  
and   miss ing   or   fa l se   r ings ,   the  d a t a  in Figure 1 
should  not be in t e rp re t ed   a s   exac t   ages .  They 
should  be,   however,   typically  within a year   or  
two of the  exact  age.  

establishment  events  have  been common dur ing   the  
l a s t  70 years .  The youngest   age  c lasses   (say,  
l ess   than  4 years) were  undoubtedly  underestimated, 
as these   younges t   s eed l ings   a r e   ex t r eme ly   d i f f i cu l t  
t o   f i n d   i n   d e e p  moss. There is  no evidence  in   the 
l i t e r a t u r e  of a seed bank in   white   spruce 
(Johnson  1975).  Further,  assumpzions of p e r f e c t  
synchrony  In  f lowering, o r  of increasingly  long 
seed   product ion   in te rva ls   wi th   increas ing   la t i tude  
are  perhaps  unwarranted  (Harper  1977). The age 
s t ruc tu re   fo r   t he   o lde r   s t ems   co red   a t  30 cm is 
( a l lowing   fo r   t he   i nc reased   mor t a l i t y )   s imi l a r ,  
bu t  less persuasive  because of the  tremendous 
v a r i a b i l i t y  i n  growth t o  30 cm. 

Of the  185 seedlings  younger  than 13 years   old 
i n   t h e  burned a r e a ,  94.1% a r e  from  the  years  1971, 
1972 ,  and 1973. This   temporal   d is t r ibut ion was not  
a l o c a l   a r t i f a c t ,   b u t  was similar f o r  burned a r e a s  
a t  the   southeas t  and  northwest  corners of the  burn,  
and for unburned areas   ad jacent   to   the   southwes t  
(Figure 1) and northwest  corners.  

cripples"  one  might  have  expected. Seed 
p r o d u c t i o n ,   a t   l e a s t  among the  more vigorous 
stems, can be i n f e r r e d   t o  be adequate   for  good 
establ ishment .  

The Relationship  of  Active-layer Depth t o  
Vegetative Growth and  Seed Dispersal  

As can  be  seen  in  Figure 1, seedl ing  

These   t ree- l ine   s tands   a re   no t  the  "reproductive 

The r e l a t i o n s h i p  of ac t ive - l aye r   dep th   t o   he igh t  
of  stems  for  the  unburned  transect is shown i n  
Table 1. These  ages   are   cccorrected,   i .e . ,   they 
r ep resen ted   t he   age   a t  30 cm above  the  apparent 
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FIGURE 1 Ages of  sterns  along  the  unburned  transect. Only those 
stems  which  were c u t   a t   t h e   r o o t - c o l l a r  or aged by terminal  bud 
sca r s   a r e   i nc luded .  

r o o t - c o l l a r .  Stems c u t  a t  the  base  are   not  
included. Only the  stems in the   age   c lasses  50 t o  
95 years  are  used  for  the  comparison  because  the 
s t eep   s lope  and  footslope  experienced a Eire  i n  
approximately  1880whereas  the  rest  of t he   t r ansec t  
was unburned. 

The g r e a t e r h e i g h t a c h i e v e d  by the  stems on t h e  
s teep  s lope  cannot  be  mere ly   an   a r t i f ac t  of 
increased  insolat ion,   because  s tems  a long  the 
creek  have  equivalent   s ta ture .   Taking  the  or iginal  
observat ions (11-53) , pc t ive - l aye r   dep th   p red ic t s  
t r ee   he igh t   w i th  an r of 0.473 whereas  slope  angle 
p red ic t s   t r ee   he igh t   w i th  an r2 of 0.321. I f  a 
g r e a t e r  number of c reeks ide   s tems  in   these   age   c lasses  
could  have  been  included  in  the  transecr,  the 
d i s p a r i t y  in t h e   c o r r e l a t i o n   c o e f f i c i e n t s  may wel l  
have  been g r e a t e r .  A s  wi th   he igh t ,   d i f f e rences   i ndbh  
a r e  marked between  deep  and  shallowactive-layer 
s i t e s  (Greene  1983). 

Suppression of growth by shade  should  only be 
a factor   a long  the  creek where the  old-growth  (older 
than 300 years )   s tand   has  a cover  value of 80%. 
The stunted  stems on t h e   f l a t  and foots lope  achieve 
cover  values of only a few percent .  The stems on the  
s teep   s lope   seeded   in   a f te r  a f i r e   d a t e d  at 
approximately 1880. 

r e l a t e d   t o   t r e e   h e i g h t ;   t h e   m a j o r i t y  of t he   s eed   r a in  
should be l i m i t e d   t o   w i t h i n   a h o r i z o n t a l d i s t a n c e  
approximately  twice  the  height of the   t ree   (Viereck  
and  Schandelmeier 1980). Because of low s t a t u r e  , the  
seed d l s p e r s a l c a p a c i t y o f w h l t e  spruce i s  severe ly  
cu r t a i l ed   i n   t hese   t r ee - l ine   s t ands .  The t a l l e s t  
t r e e s   a r e  15 t o  17 m in  height.   Examination o f  the  
s e e d l i n g   d i s t r i b u t i o n   i n   t h e  1968 burn showed t h a t  96% 
of the  470 seedlings  enumerated  were  within 30 m of a 
t a l l  surv ivor ,  and that  approximarely 80% were  within 
15 m. No seedlings  were  found  on  the  burned  transect 
(no survivorawere  nearby).   Seedling  density  rended 
t o b e   g r e a t e s t n e a r   t h e   g r e a t e s t d e n s i t i e s  o f  t a l l  
surv ivors .  

The vas t   ma jo r i ty  of  the  seedlings  found  in  the 
burn  were c l u s t e r e d  on s i t e s   t h a t  had exposed  mineral 
s o i l   o r   r e t a i n e d   o n l y  a thin  veneer of an organic  

Seed d i spe r sa l   capac i ty  i n  white  spruce is  roughly 

layer. Loca l   seedl ing   dens i t ies ,could  be m ch 
g r e a t e r   i n   t h e  burned  area  (e.g., 0.9 per  my for  
seedl ings  8 To 10 years  old)  than  in  the  unburned 
area .  I n  the  burn,   white  spruce  seedlings  were 
r a r e  where  the  post-f i re   vegetat ion was dominated 
by asexual ly   reproducing  survivors ,   i .e . ,  where 
a t h i c k  Of l ayer  was maintained. 

Survival  Through F i r e  

Given the  low seed   d i spersa l   capac i ty  of these 
t r e e s ,   s u r v i v a l  of f i r e   a p p e a r s   t o  be c r u c i a l  fo r  
maintaining  occupancy  of a t r e e - l i n e   v a l l e y .  I t  is  
however,  probably r a r e   t h a t   f i r e   e v e r   k i l l s   t h e  
en t i r e   popu la t ion  of a s teep-sided  val ley,   because 
f i r e s  a t  tree-line  burn  extremely  unevenly 
(Wein 1975). 

In   the  western  third of t h e  burned  portion of 
Boot  Creek  Valley, 4 o u t  of 5 sou th - fac ing   gu l l i e s  
had t a l l  surviving  white  spruce.  Approximately 
ha l f   the   l ength  of t he   c r eek   i n   t h i s  area had sur -  
v ivors .  A l l  of   the 245 s u r v i v i n g   t a l l   s t e m s   ( i - e . ,  
t a l l e r   t h a n  5 m) were c lus t e red   a long   t he   gu l l i e s  
(12%) or   creek  (88%).  The d i s t r i b u t i o n   o f   t h e  
survivors   helps   explain  the  tendency of white  
s p r u c e   i n   t h i s   a r e a   t o  be r e s t r i c t e d   t o   o r   n e a r  
s teep  south-facing  s lopes  and  a long  the  edges o f  
water bodies. The s teeper   the   south- fac ing   s lope ,  
t h e  more deeply it tends t o  be gul l ied.   Addit ion-  
a l l y ,   t h e   v e r y   s t e e p e s t   s l o p e s  make it d i f f i c u l t  
fo r  a f i r e  to   burn  downhil l ,  and the  more x e r i c  
spurs  (often  unvegetated i n  coarse  s o i l  m a t e r i a l )  
can   ac t  as f i re -breaks .  

Reconnaissance   ind ica ted   tha t   th i s   pa t te rn   o f  
surv iva l  was common throughout  the 1968 burn. 
Examination  of a new burn  ( la te   June  1982)   about  
30 km southeast   of Tnuvik showed the  same p a t t e r n :  
s teep  south-facing  s lopes and the  edges  of  water 
bodies  seldom burned.  Such s i t e s  were o f t e n  
dominated by white  spruce,  I t  would appear   that  
a steep north-facing  s lope w i l l  burn more r e a d i l y  
than  an  equal ly   s teep  south-facing  s lope,   perhaps 
because of the  deeper and more continuous Of layer .  
Dessiccated  cryptogams,  if   the  cover is cont inuous,  
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TABLE 1 Selected  Tree  Mensuration  Data  from  the Unburned Transect  for t h e  Age Classes  50 t o  95  Years. 

Landscape  Element 
Creek  Alluvial Col luvia l  
Edge F l a t  Flat   Footslope  Steep  Slope 

Avg s lope ( O )  0 -75 4 . 3  9 

Avg depth of Of or LFH (cm) 

Avg act ive- layer   depth 
4 August  1982 (cm) 

Number of t r e e s  (50 t o  95 y r )  

Avg he ight  of stems (m) 
(50 to   95   y r )  

Density of stems  per m 
( a l l   a g e s )  

Evidence o f  recent  burning 

2 

% of t r e e s  (>2 m) with no 
evidence of cones on branches 
or near   base   (a l l   ages)  

% of cone-bearing  stems  with 
long  axis  of cone >2.5  cm 
( a l l   a g e s )  

Ch lo ro t i c   need le s   ( a l l   ages )  

3 

50 

3 

9.8 

0.02 

None 

8 

92 

No 

20 

27  

6 

2.5 

0,015 

None 

68 

19 

Common 

27 

30 

3 

5.0 

0.004 

None 

100 

0 

Common 

24 

28 

23 

6.3 

0 -03 

Surf i c i a l  
charcoal  

62 

50 

Uncommon 

18 

13 

58 

18 

11 

0.02 

S u r f i c i a l  
charcoal  

0 

96 

No 

have an impor tan t   ro le   in   suppor t ing  a f i r e   i n  

1975). 
the   nor thern   fores t - tundra  and low a r c t i c  (Wein 

extremely low i n  the   nor thern   fores t - tundra  and 
low a r c t i c  (Wein 1975). The present   au thor  
found no f i r e - sca r red   t r ee s ,   ye t   ev idence   €o r   o ld  
f i r e s  was common. For example, a s o i l   p i t   i n  a 
white  spruce  stand  that   did  not  burn  in  1968 
showed 3 buried  charcoal   horizons.  

south-facing slope becomes more g e n t l e ,   t h e r e  i s  
no gul ly ing ,  and t h e r e  is no evidence  (burnt  stems) 
of white  spruce  having  recently  been  on  these 
s lopes   p r io r  to t h e  1968  burn.  These  gently 
sloping  south-facing  slopes  have  tundra  vegetation 
s i m i l a r  t o  that   found on t h e   f l a t t e r   a r e a s .  
Minera l   so i l  w a s  seldom  exposed, as t h e   f i r e  
t y p i c a l l y  burned  only  the  desiccated  upper  portion 
of   the  thick Of. Thus, white  spruce  should  only 
be found in   s t eep - s ided   va l l eys   o r   va l l eys   w i th  
wel l - incised  or   highly  s inuous  perennial   creeks.  
These s i t e s   a r e  more optimal  because of the  high 
l ikelihood  of some stems surv iv ing   th rough  f i re  
and the  presence of deep a c t i v e - l a y e r s .  

The E f f e c t  of Shallow  Active-layers on Cone 
Production 

I t  i s  commonly assumed t h a t   f i r e   f r e q u e n c y  i s  

Approximately 500 m e a s t  of t he   f i r egua rd ,   t he  

As t h e r e  was v i r t u a l l y  no cone  crop  during  the 
inves t iga t ion ,   conc lus ions   abou t   d i f f e ren r i a l  

reproductive  capacity  €or  stems on deep  versus 
sha l low  ac t ive - l aye r s  must r e l y  on i n d i r e c t  
evidence  and  be  regarded,  therefore,  as very 
t e n t a t i v e .  However, t h e   l o c a l   d i s t r i b u t i o n  of 
stems leads  t o  the conc lus ion   t ha t   t he  more 
vigorous  s tems  appear   to   be  responsible   for  a 
d i spropor t iona te ly   l a rge   share  of t he   s eed l ing  
establ ishment .  

The t a l l e r   t r e e s  ( i .e . ,  on the   deep  act ive-  
layers)   have many more o l d ,  opened  cones  evident 
on the i r   b ranches   o r   a round  the i r   bases   than   do  
t h e  more s tun ted   t r ee s  on the  shal low  act ive- layer  
s i r e s .  The s tun ted   t r ee s  commonly show c h l o r o t i c  
needles ,   smal le r   needles ,  and much smaller  cones 
(Table 1). Dead o r  dying  stems  younger  than  150 
yea r s   a r e  common on the  shallow a c t i v e - l a y e r   s i t e s .  

Although  the  seed-crop  in   conifers  is  usua l ly  
nega t ive ly   cor re la ted   wi th   vege ta t ive   g rowth  
during and f o r  some t i m e   a f t e r   t h e   c r o p ,   t h e  
r e l a t i o n s h i p  between vegeta t ive   v igour  and long- 
term rep roduc t ive   ac t iv i ty  i s  usua l ly   pos i t i ve  
(Kozlowski  1971).  Environmental  conditions  that 
favour   rapid  vegetat ive  growth  in   conifers   tend 
to  induce  earlier  f lowering  (Schmidtling  19691, 
The more vegetat ively  vigorous  individuals   tend 
t o  have  ear l ier   reproduct ion  (Harper   1977)  and 
larger  seed  crops  (Larson and Schubert  1970, 
Fowells  and  Schubert  19561, 

i n  pH and t e x t u r e  were small. The f o r e s t e d   s i t e s  
and  burned  deep Of s i tes   t ended   to   have  much more 

In  Boot Creek V a l l e y ,  d i f f e r e n c e s  between s i t e s  
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exchangeable P, K ,  NH4, and NO than  did  the 
unburned  deep O f  s i t e s .   T h i s  may exp la in   t he  
widespread  chlorosis  observed in the  leaves  of 
the   s tun ted  stems on t h e  unburned  deep  Of. 

A t  the  Caribou Hills s i t e ,  thawing was much 
more rap id  on the  s teep  s lope  (shal low  Of)   than on 
t h e  more f l a t   a r e a s   ( d e e p  O f ) .  By 25 June,   the  
s teep  s lopes  averaged 22.6  cm of thaw,  while  the 
g e n t l e   t o   f l a t   s l o p e s   a v e r a g e d  9.8 cm. S imi la r  
r e s u l t s   h a v e  been  reported by Van Cleve e t   a l .  
(1981)  and Bliss and Wein (1971.). F ine   roo ts  of 
seedl ings   on   the   s teep   s lopes   t ended   to  be 
concentrated  in   the  upper  few cm, whereas  f ine 
r o o t s  of seedl ings  in the  deep O f  s i t e s  were  most 
dense ly   concent ra ted   a t   about  7 cm below t h e  
sur face .   This   d i f fe rence  may be  due t o   t h e  
f requent   dessiccat ionof   the  upper   few cm of t h e  
deep Of subs t ra tes .   Consequent ly ,   the   e f fec t ive  
growing  season  for  shallow O f  s i t e s  may be a few 
weeks longer  than f o r  deep O f  s i t e s .   Add i t iona l ly ,  
the   poor ly   aera ted ,   perched   water   t ab le  
immediately  above  the  degrading  ice may r e t a r d  
growth   ear ly   in   the   season  (Leea  1972). 

If stems on the   sha l low  ac t ive- layer   s i tes  
produced  seeds as r e a d i l y   a s   t h o s e  on the  deep 
ac t ive - l aye r   s i t e s ,   t hen  it  fo l lows   t ha t   i so l a t ed  
s tunted  stems (say, more than 100 m f r o m  a deep 
ac t ive - l aye r   s i t e )   shou ld  show l o c a l   d e n s i t i e s  
and/or   age   s t ruc tures  similar t o   t h o s e  found  on 
deep Of s i tes   wi th   nearby  t a l l  stems.  Nothing 
l i k e  th i s   appears   to   occur   in   the   Inuvik   a rea .  
Invariably,   the   &solated  white   spruce  s tems  (e .g . ,  
on  the  tableland or north-facing  slope)  have  no 
younger stems nearby. Dense ye t   s tun ted   s t ands  
were  only  found in   c lose   p rox imi ty   t o  t a l l  t r e e s  
loca ted  on nearby  deep  active-layer s i tes ,  e .g . ,  
on  narrow  sections of alluvium/colluvium  between 
a s teep  south-facing  s lope and a creek. 

vegetat ive  vigour  and (perhaps)  seed  production 
on  shal low  versus   deep  act ive- layer   s i tes  may be 
a t t r i b u t e d   t o   r a t e  of thaw  and, t o  some degree,  
nu t r i en t   ava i l ab i l i t y .   Aera t ion   immedia t e ly  above 
the  degrading  ice  may a l s o  be  important. The 
r a t e  of thaw  should be governed  primarily by 
p o t e n t i a l   i n s o l a t i o n  and ice   conten t .   In  non- 
g r a v e l   s u b s t r a t e s ,  a deep O f  l ayer  i s  more 
Important   than  e i ther   mineral  so i l  t e x t u r e  or 
s lope   ang le   i n   de t e rmin ing   bo th   su r f i c i a l   i ce  
content  and r e l a t ive   ac t ive - l aye r   dep th  (Greene 
1983). The Of depth,   then,  i s  of tremendous 
consequence  in  both  the demography  and s p a t i a l  
d i s t r i b u t i o n  of whi te   spruce   in   the   nor thern  
fores t - tundra .  

3 

In  summary, it would a p p e a r   t h a t   d i f f e r e n c e s   i n  

CONCLUSIONS 

Tenta t ive ly ,  it would appear   that   act ive- layer  
depth  and  f i re   f requency  are   the  proximate 
determinants  of wh i t e   sp ruce   t r ee - l ine   i n   t he  up- 
lands  around  Inuvik.   Shal low  act ive- layers  
delimit   the  range  of  white  spruce  because of a 
s lower   ra te  of June  thaw ( i - e . ,   e f f e c t i v e  
growing  season  length),   lower  seed  dispersal  
capacity,  lower  cone  production  (probably),  and 
poor  seedbed  creation  (because of the  depth  of 
the  O f )  by f i r e .   F i r e   d e l i m i t s   t h e   r a n g e  o f  
white  spruce by r e s t r i c t i n g  it t o   a r e a s   w i t h  

r e l a t i v e l y  low f i r e   f r equency   such   a s   t he   s t eepe r  
v a l l e y  sides and t h e  more deeply   inc ised   or   h ighly  
s inuous  perennial   creeks.  Deep a c t i v e - l a y e r   s i t e s  
tend t o  co inc ide   w i th   a r eas  of low f i r e   f r equency .  
In   t he  most heav i ly   d i s sec t ed   t e r r a in   i n   t he  
Inuv ik   a r ea ,   such   s i t e s   a r e   no t   r a r e   bu t   t he f r  
d i s t r i b u t i o n  i s  o f t e n   v e r y   d i s j u n c t .   I f   f i r e  
removes white   spruce  f rom  an  opt imal   s i te ,   the  
s i t e  may remain  uncolonized  for  very  long  periods 
because of t h e  low  seed  dispersal   capaci ty  of 
these  stems. 
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AI4  IIJVESTIGATLON OF MIDLATITUDE ALPINE PEWAFROST 
ON NIWOT RIDGE, COLORADO  ROCKY  MOUNTAINS, USA 

L. A. Greenstein 

Department  of  Geography,  University  of  Colorado,  Boulder,  Colorado  USA  80309 

A broad  ridge in the  Colorado  Front  Range  is  the site of a  detailed  permafrost  inves- 
tigation  based on freezing  and  thawing  indices.  A  33-year  record  of  temperature  data 
from a station  at 3,750 m  above  sea  level  is  used  along with  a  set of representative 
lapse  rates  to  determine  mean  daily  temperatures  for 12 hypothetical  stations  on  the 
ridge  at  different  altitudes  and  with  different  aspects.  Freezing  and  thawing  indices 
computed  for  these  sites  indicate  that  continuous  permafrost  may be found  down to 
3,600 m on south-facing  slopes  and 3 ,550  m on north-facing  slopes. The discontinuous- 
sporadic  boundary  was  found  to  lie at 3,300 m on south-facing  slopes  and 3,200 m  on 
north-facing  slopes.  These  boundaries  are  somewhat  lower  than  those  proposed in a 
previous  study. It is  possible  that  the  freezing  and  thawing  indices  used  in  higher 
latitude  alpine  settings as representative of the  lower  limits  of  the  permafrost  zones 
may  overestimate  the  presence of permafrost  in  midlatitudes  because  of  higher  daily 
maximum  temperatures. 

INTRODUCTION 

Permafrost  research  began  in  the  mountains  of 
North  America  in  earnest  with  Eetzer's 1956 study 
of alpine  soils  in  the  Rocky  Mountains.  Other 
early  work  included  Pierce (1961), Retzer (1965),  
and  Johnson and  Billings (1962) .  More  recently, 
ground  temperature  data  have  been  collected  by 
Ives and  Fahey (1971), Ives (1973),  and  Harris  and 
Brown (1973). Harris (1979, 1981a,b,c,d)  has con- 
tinued  with  extensive  studies of climatic  rela- 
tionships  and  geomorphic  indicators  and P6we (in 
press)  has  recently  written  a  review of available 
data  on  alpine  permafrost  in  the  contiguous  United 
States. The present  study is a  detailed  examina- 
tion of the  lower  limits of permafrost  occurrence 
in a  small  area of the  Colorado  Front  Range. 

THE STUDY AREA 

The  Colorado Front  Range  is an area of north- 
south-trending  mountains  approximately 250 km in 
length.  The  Indian Peaks region,  roughly in the 
middle  of  the  Front  Range  at  lat. 40°N, encompas- 
ses  many  individual  summits  higher  than 4000 m, U- 
shaped  valleys,  and  broad  ridges  that  narrow  into 
ar&tes.  One  such  ridge,  c-alled  Niwot  Ridge, was 
selected as the  focus of this  study  because of the 
availability of a  30-year  climatic  record  for  a 
high-altitude (3,750 m) site.  The  ridge  itself  is 
10 km long,  oriented  perpendicular  to  the  Conti- 
nental  Divide.  Timberline  lies  at  approximately 
3,300 m  with  the  forest-tundra  ecotone  extending 
in  places  up to 3,450 m  (Ives  and  Xansen-Eristow, 
1983). 

Niwot  Ridge  experiences  a  midlatitude  continen- 
tal  climate  with long winters  and  cool  summers. 
At high  altitudes,  the  area  is  very  windy  through- 
out  the  year.  Westerly  airflow  is  strongest in 
winter,  with  average  wind  speeds  of  14m/s on the 
tundra. On a  knoll on Uiwot  Ridge,  winds  at 6 m 
above  the  surface  exceeded  18m/s  during 50% of  a 
4-month  period.  The  average  daily  maximum  for 

this  same  period  was 39m/s, and  the  extreme  gust 
was 62m/s (Barry 1973,  1981). Consequently  the 
ridge  is  extremely  windswept,  allowing  for  only 
limited  snow  accumulation  in  hollows  and on the 
lee slopes of  small  hills. The summer  months  are 
less  windy,  with  July  wind  speeds  averaging  6m/s. 
Wide daily  and  seasonal  temperature  variations  are 
characteristic.  Freezing  temperatures  can  occur 
in  all  months. The daily  range  decreases  with  in- 
creasing  altitude as  a  result of greater  windiness 
and  increased  mixing  of  free  air. 

TECIlNIQUES FOR ALPINE  PEPJIAFROST PREDICTION 

It is  defensible to base  continental-  or 
global  scale  maps  of  high-latitude  permafrost d i s -  
tribution on a  theorized  relationship  between  mean 
annual  air  temperature  and  the  presence  of  perma- 
frost,  despite  the  inherent  inaccuracies  of such 
an  approach  (Ives 1974). Nith  decrease  in  lati- 
rude  and  increase  in  altitude,  however,  mean  annu- 
al  air  temperature  has  less  and  less  value  for 
permafrost  prediction.  Assuming  a  constant  rela- 
tionship  between  mean  annual  air  temperature  and 
the  ground  temperature  regime in a  level,  rela- 
tively  homogeneous  subarctic  setting  will  result 
in an expected  error of 100 km or  more in delinea- 
tion  of  the equatomard limit  of  permafrost  for 
each  1OC  error in extrapolation  (Ives 1973). In 
the  more  heterogenous  alpine  environment,  however, 
these  inaccuracies  could  be  magnified  considerably. 
Large  discrepancies  result  when  attempts  have  been 
made to define  a  particular  isotherm as the  lower 
limit  of  alpine  permafrost.  Furrer  and  Fitze 
(1970) found  the -1 TD - 2 O C  isotherm as the  lower 
limit o f  permafrost in the  Alps,  while  more  re- 
cently  Haeberli (1978), working a lso  in  the  Alps, 
placed  it  between -7 and -8.5OC. The effects of  
factors  such  as soil characteristics,  vegetation, 
snowcover,  and wind, all. of which  play  roles  in 
the  formation of permafrost,  are  greatly  magnified 
by the  high  local  relief of the  alpine  environment. 
I n  particular,  aspect,  degree of slope  and  solar 
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ang le ,  and  wind e f f e c t s  on  snowcover become very 
i m p o r t a n t   f a c t o r s ,  as they   cause   d ras t ic   changes  
i n   c l i m a t e s   o v e r   v e r y   s h o r t   h o r i z o n t a l   d i s t a n c e s .  

The w i n t e r   f r e e z e  and summer thaw a r e   t h e  t w o  
basic   energy  f lows  experienced by t h e  s o i l  i n  mid- 
a n d   h i g h - l a t i t u d e   s e t t i n g s   w i t h  low w i n t e r  snow- 
cover .   These  basic   f lows  can  be  represented by 
the   f reez ing   and   thawing   ind ices   ( the  sums of   t he  
mean dai ly   temperatures   below  and  above  f reezing,  
r e spec t ive ly ,   exp res sed   i n   deg ree   cen t ig rade   days  
pe r   yea r ) .  Harris (1981a,b,c,d)  has  assembled  an 
ex tens ive   co l l ec t ion   o f   f r eez ing   and   t hawing   i nd i -  
ce s  from known pe rmaf ros t   and   nonpemfros t  sites 
i n  Canada,  Greenland,  Iceland,  Mongolia,  USSR, 
Scandinavia,   Spitzbergen,  and  Switzerland. By 
p l o t t i n g   f r e e z i n g   i n d i c e s   a g a i n s t   t h a w i n g   i n d i c e s ,  
ilarris was  a b l e   t o   d e t e r m i n e   c l u s t e r s  of d a t a  
po in t s   i nd ica t ing   t he   con t inuous ,   d i scon t inuous ,  
and  sporadic  zones. This  method was a p p l i e d   t o  
t h e  30-year  temperature  record  from Niwot  Ridge. 

This   technique is o n l y   r e l i a b l e  on sites w i t h  
low w i n t e r  snowcover. A ve ry   t h in  snowcover has  
t h e   e f f e c t   o f   c o o l i n g   t h e   s o i l  by r e f l e c t i n g   i n -  
coming energy  (Kudryavtsev  1959). A s  t h e  snow- 
cover  deepens,  however, i t s  c a p a c i t y   t o   r e f l e c t  
energy  changes l i t t l e  whi l e  i t s  a b i l i t y  t o  insu-  
l a t e   t h e  ground  from  winter low temperatures   in-  
c r e a s e s   u n t i l   t h e   n e t   e f f e c t  is a warming  of t h e  
s o i l .  Based on da ta   co l l ec t ed   by   Har r i s   (1981a ,b ,  
c,d)  from  numerous si tes i n  southern   Alber ta ,   50  
c m  i s  i n d i c a t e d   a s   t h e   c r i t i c a l   t h i c k n e s s   o f  win- 
ter snowcover  above  which  this  technique w i l l  
y i e l d   i n c o n s i s t e n t   r e s u l t s .  Snow dens i ty   and   t he  
mean annual   range  of   the a i r  t e m p e r a t u r e   a f f e c t  
t h e   i n s u l a t i n g   c a p a c i t y  of snow (Kudryavtsev  1959). 
C o n s e q u e n t l y ,   t h i s   c r i t i c a l   d e p t h  would be  expect-  
ed t o   v a r y  somewhat from  one  alpine s i te  to   anoth-  
er, p a r t i c u l a r l y   f r o m  a c o n t i n e n t a l  to a maritime 
regime. Krinsley  (1963, p.  146)  found 15 t o  18 cm 
of  snowcover t o   s i g n i f i c a n t l y   a f f e c t   t h e   a m b i e n t  
a i r  t empera tu re   f l uc tua t ions  a t  low a l t i t u d e  sites 
in Alaska ' s   in te r ior .   Atk inson   and  Bay (1940) 
found  25 cm t o   b e   t h e   c r i t i c a l   t h i c k n e s s   a t  a low 
a l t i t u d e  s i t e  i n  Uisconsin.  Xarris (19Dla,b,c,d) 
has   found   t he   da t a   f rom  d i f f e ren t   a r eas ,   r ep resen -  
t i ng   bo th   con t inen ta l   and  maritime regimes  to  a- 
g r e e   v e r y  w e l l .  Har r i s   (1982,   personal  communica- 
t i o n )   h a s   r e c e n t l y   t e s t e d   h i s   f i n d i n g s  wich d a t a  
from  numerous t h e m i s t e r   s t r i n g s   i n s t a l l e d  i n  t h e  
western Yukon t e r r i t o r y .  

A de ta i l ed   g round   t empera tu re   i nves t iga t ion  was 
undertaken  by  Ives  and  Fahey  (1971)  (Ives  1973) on 
a s e c t i o n   o f  Niwot  Ridge. They i n s t a l l e d   t h e r m i s -  
ter s t r i n g s  a t  s e v e r a l  sites over  a 300-m a l t i t u -  
d i n a l r a n g e .  They encountered   permafros t   a t  3,750 
m a t  a 3.8-m depth,   and a t  3,500 m a t  a 1.8-m 
depth.   Ives  (1973) was a b l e  t o  i n f e r   t h e   p r e s e n c e  
of  p e r m a f r o s t   w i t h   r e l a t i v e   c e r t a i n t y   a t  two o t h e r  
s i t e s   l o c a t e d  a t  3,800 m and 3,750111 and  the   poss i -  
b i l i t y   o f  i t s  occurrence a t  3,485m. 

ments t o   e s t a b l i s h   t h e   p r e s e n c e  of permafrost  on 
Niwot  Ridge. It is t h e  a i m  of the presen t   s tudy  
t o  expand on the   p rev ious   work ,   us ing   ind i rec t  
p red ic t ion   methods   to   ex tend   the   boundary   o f   the  
s tudy  area  outward.  

The  above-mentioned s tudy  used  direct   measure-  

NETHODS 

The f i r s t   s t e p  was to compute t h e  mean d a i l y  
temperature   for   each  day  of   the  year   f rom  the 30- 
yea r   r eco rd   ava i l ab le .  The s p e c i f i c   s t a t i o n   u s e d  
i s  r e f e r r e d   t o  as D-1. T h i s   s i t e  was e s t a b l i s h e d  
i n  1953  by  John Marr (1961). It i s  l o c a t e d  on a 
r i d g e t o p   k n o l l  a t  3,750 m, 1.5 km e a s t   o f   t h e  Con- 
t i n e n t a l   D i v i d e .  The s i t e  is very  exposed  and 
windy wi th  a mean annua l   a i r   t empera tu re   o f  -3.5OC. 

t u d e   s i t e s  on Niwot  Ridge a r e   a v a i l a b l e   f o r  limit- 
ed per iods .   These   da ta  were used by K i l a d i s  
(1980)   a long  with  the  data   f rom D-1 t o  produce 
four   t empera ture  maps of  Niwot  Ridge  and  the  sur- 
rounding  area  showing  average  dai ly  minimum and 
maximum temperatures   in   January  and  July.  The 
maps were i n   p a r t   d e v e l o p e d  from r e p r e s e n t a t i v e  
l a p s e   r a t e s  computed by Kiladis   (1980)   f rom  the 
s t a t i o n   d a t a   a v a i l a b l e .   T h e s e   r e p r e s e n t a t i v e  
l a p s e   r a t e s  were f u r t h e r   r e f i n e d  by Ki lad is   and  
t h i s   a u t h o r   f o r   t h e   p u r p o s e   o f   t h i s   s t u d y .  One 
impor t an t   f ac to r  i n  t h e s e   a d j u s t e d   l a p s e   r a t e s  was 
t h e   s u b t r a c t i o n  of t he   co ld  a i r  d r a i n a g e   e f f e c t  
common i n   t h i s  and many o t h e r   a l p i n e   s e t t i n g s  
(Barry  1901, Harris 1 9 8 2 ) .   T h i s   r e s u l t s   i n   t h e  
tempera ture   es t imates ,  as well a s   t he   pe rmaf ros t  
p red ic t ions ,   be ing   conse rva t ive  i n  t h o s e   a r e a s  
t h a t   a r e   p r o n e   t o   c o l d  a i r  drainage.  

en t   s tudy .  Above the   e l eva t ion   o f  D-1 (3,750  m), 
c o n d i t i o n s   a r e   s i m i l a r   t o   t h o s e   o f   t h e   f r e e  air  
because   o f   the   cons is ten t   windiness .   Lapse   ra tes  
computed  from these   exposed   s ta t ions   were   used   for  
temperature  estimates  above  3,750 m. The average 
l a p s e   r a t e  of maximum temperatures  above  3,750 m 
i s  v e r y   c l o s e   t o   t h e   d r y   a d i a b a t i c  rate o f  l.OOC/ 
100 m. The a v e r a g e   l a p s e   r a t e   f o r  minimum temper- 
a t u r e s  is s l i g h t l y  less a t  .8OC/100 m. TJhen esti- 
mating  temperatures  downward from D - l ,  i t  was nec- 
e s s a r y   t o   u s e   s e p a r a t e   l a p s e   r a t e s   f o r   t h e   n o r t h  
and s o u t h   s l o p e s   a s   w e l l  as f o r  minimum and  maxi- 
mum temperatures .   These  lapse rates a re   app rox i -  
mately as fol lows:  

Temperature   data   for   numerous  other   high-al t i -  

S i x   s e p a r a t e   l a p s e  rates were  used i n   t h e   p r e s -  

North-facing slopes--maximum .5OC/lOO m 
minimum .6OC/100 m 

South-facing slopes-maximum .6°C/100 m 
minimum .8OC/lOO m 

These s ix  sepa ra t e   l apse   r a t e s   were   t hen   u sed  t o  
estimate mean d a i l y   t e m p e r a t u r e s   f o r  12  hypotheti-  
c a l   s t a t i o n s .  The mean annua l   a i r   t empera tu res  of 
t h e   s t a t i o n s  are p l o t t e d   a g a i n s t   e l e v a t i o n   i n  
F igu re  1. A s  t h e   l a p s e  rates were   ca lcu la ted   wi th  
d a t a  from the   tundra   and   the   fores t - tundra   eco tone ,  
t h e   e s t i m a t e s  become less r e l i a b l e   c l o s e   t o  t i m -  
b e r l i n e .  

fo r   each  o f  t h e   1 3   s i t e s  (D-1 and  the 1 2  hyporhe- 
t i c a l   s t a t i o n s ) .   F i g u r e  2 shows the   f r eez ing   i n -  
d i ces   p lo t t ed   aga ins t   t he   t hawing   i nd ices  f o r  each 
of   the  sites, a s  well as t h e  limits of   the  cont in-  
uous,   discontinuous,   and  sporadic  permafrost   zones 
from  Harris  (1981a,b,c,d).  

Freezing  and  thawing  indices were then computed 
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FIGURE 1 Mean  annual  air  temperatures  for 13 
sites  (D-1  and  12  hypothetical  stations) on Niwot 
Ridge,  Colorado  Front  Range. An "Ii" in  the  site 
name  indicates a north-facing  slope  and  an "S" 
indicates a south-facing  slope. 

2soD. 
FREEZE - T H R W  INOICES ON NIHOT RIOGE 

PERHRFROST L l H l T S  - LUNTINUOUS 
T I  NUOUl 

THRU INDEX - DEOREE C DRYS PER YERR 

FIGURE: 2 Freezing  and  thawing  indices  for 13 
sites  on  IJiwot  Ridge,  Colorado  Front  Range,  in 
relation  to  the  lower  limits of the  continuous, 
discontinuous,  and  sporadic  permafrost  zones 
(after  Harris  1981a,b,c,d). 

DISCUSSION 

The lower  limit  of  the  continuous  permafrost 
zone  is  indicated  at approxhately 3,600 m on 
south-facing  slopes  and 3,550 m on  north-facing 
slopes.  Above  these  elevations,  permafrost  would 
be  expected  at  most  sites.  Exceptions  would  be 
found i n  areas  with  lakes,  glaciers,  or a substan- 
tial  winter  snowcover.  This  altitudinal  zone, 
however,  is  characterized by consistent  windiness. 
On the  broad  ridges  such  as  Niwot  Ridge,  very  lit- 
tle  snow  accumulates  at  these  elevations.  More 
snow,  and  therefore  less  permafrost,  can be found 
in  the  cirques  and  nivation  hollows. 

The discontinuous  permafrost  zone  appears  to 
extend  down  to 3,300 m on  south-facing  slopes  and 
3,200 m on north-facing  slopes.  In  this  zone  per- 
mafrost  occurrence  would  be  patchy  in  response  to 
the  characteristics of the  immediare  environment. 
On the  ridge  itself,  some  snow  accumulates  in  this 
zone  in  areas  that  are  protected  from  the  wind. 
One  such area, referred to as  the  Saddle  (approxi- 
mately 3,500 m),  is  the site  of a snow  study  cur- 
rently  under  way  by J. Halfpenny.  Snow  depths  up 
to 3.6 m were  found  in  the  Saddle  in  mid-March of 
1983 (1983,  personal  communication). The  Saddle 
would  be  expected to represent a permafrost-free 
patch  within  the  discontinuous  zone. The chemis- 
ter  studies  by  Ives  and  Fahey  (1971)  and  Ives 
(1973)  of  three  sites  in  the  Saddle  confirmed  the 
presence o f  permafrost  at 3,500 m, a possibility 
of  its  occurrence  at 3,485 m, and a permafrost- 
free  site  at 3,490 m. 

was not determined,  as  this  would  have  required 
extending  the  lapse  rate  estimates  below  timber- 
line. In the  sporadic  zone, small, isolated 
patches  of  permafrost  would  be  expected  in only 
the  mosC  favorable  locations.  Frozen  ground  was 
encountered  late  in  the  summers  of  1962  and  1965, 
3 to 4 m below  the  surface  during  the  bulldozing 
of  till  for  dam  fill, on the  south  side of Niwot 
Ridge  at 3,140 m (Ives  and  Fahey 1971). Pierce 
(1961)  reported  permafrost in a peat  deposit  at 
2,950 m just 5O of Latitude  north o f  this  study 
site. 

These  results  indicate a more  extensive  perma- 
f r o s t  cover than  that  presented  in Ives's initial 
conclusions ( 1 9 7 3 ,  1974,  Ives  and  Fahey 1971). 
Ives  concluded  that  the  lower  limits  of  the  con- 
tinuous  and  discontinuous  zones  lie  at 3,750 and 
3,500 m respectively.  Being  the  first  detailed 
study  of  permafrost  in  the  Colorado  Rockies  and 
based  on a limited  number of thermister  strings, 
these  estimates  may  have  been  designedly  conser- 
vative. 

Mention  should  be  made of the  possible  overes- 
timation  of  the  presence  of  alpine  permafrost  us- 
ing  freezing  and  thawing  indices  in  Colorado. 
With  the  exception o f  tho  USSR  and  Mongolia,  the 
data  used  by  Harris  (1981a,b,c,d)  in  definin::  the 
indices  representative  of  the  three  permafrost 
zones  came  from  significantly  higher  1-atitude 
sites  than  Niwot  Ridge (40'N). While  both  the 
Canzidian  and  the  Colorado  Rockies  exhibit  cool, 
continental  climatic  regimes,  incoming  energy i s  
temporally  allocated  quite  differently  in  this 
more  southerly  location. !!bile mean  annual  tem- 
perature  may be identical  between 3,750 m on Niwot 

The  lower  limit of the  sporadic  permafrost  zone 



383 

Ridge  and a somewhat l o w e r   e l e v a t i o n  a t  a h ighe r  
l a t i t u d e ,  Niwot  Ridge  experiences a more d i s t i n c t  
d i u r n a l   r a d i a t i o n   p a t t e r n   s u p e r i m p o s e d  on a 
s l i g h t l y  less severe  seasonal  regime.  Aiwot  Kidge 
i s  a f f e c t e d   b y   h i g h e r   s u n   a n g l e s   a n d   t h e   p o s s i b i l -  
i t y  o f   h i g h e r   d a i l y  maximum tempera tures   than  a 
h i g h e r - l a t i t u d e  s i te  w i t h   t h e  same mean annual  a i r  
temperature .  While t h e   e f f e c t   o f   t h e s e   h i g h e r  
maximum tempera tu res   wou ld   be   r e f l ec t ed   i n   t he  
f reez ing   and   thawing   ind ices ,  it may b e  somewhat 
minimized, as t h e   i n d i c e s  are based on d a i l y  mean 
t e m p e r a t u r e s .   I h i l e   t h e   u s e   o f   f r e e z i n g   a n d  thaw- 
i n g   i n d i c e s   a p p e a r s   t o   b e   v a l i d   f o r   m i d l a t i t u d e  
moun ta ins ,   t he   cu rves   r ep resen t ing   t he   l ower  l i m -  
i t s  o€  the   permafros t   zones  may need   t o   be   sh i f t ed  
s l i g h t l y .  
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A new coal  mining  plant is  under  planning  in  Svea,   central   Spitsbergen,  Svalbard.  
A major par t   o f   the   p lan   a rea  i s  underlain by a mar ine   c lay   conta in ing   ice   in  
v e r t i c a l   c r a c k s .  The c racks ,  10-20 mm w i d e ,   a r e   p a r a l l e l   a t  a spacing  of  about 
50 mu. This   par t icular   s t ructure   of   the   marine  c lay  encountered  a t   che  area i s  re- 
l a t ed   t o   t he   geo log ic   h i s to ry  o f  the   reg ion .  With a water  content o f  50X and a 
high   sa l t   conten t ,   the   engineer ing   proper t ies   a re   ex t remely   poor .  A t  mean annual 
surface  temperature,  - 6 O C ,  about 40% of the  pore  water i s  unfrozen. The long  term 
s t r e n g t h  of  t h e   c l a y  i s  determined by creep  tesrs  under  unaxial  and t r i a x i a l  con- 
ditions  For  example, at  a temperature of -hoc,  the  long te rm  s t rength  i s  as low a s  
30 kN/m2 f o r  a d e s i g n   l i f e  of 10 years .  Based on f i e l d  and l abora to ry   da t a ,   t h ree  
v i ab le   founda t ion   a l t e rna t ives   a r e   i nves t iga t ed .  Spread  foot ings,   vent i la ted  gravel  
pad,  and s lur r ied   p i le   foundat ions   a re   eva lua ted ,  and typ ica l   des ign   so lu t ions   a r e  
given. 

INTRODUCTION PU 

Svea l i e s   i n   t h e   i n n e r   p a r t  of the  van  I l i jen- 
f j o r d  on Spitsbergen,  Svalbard,  and i s  one  of t h e  
t h r e e  Norwegian  communities on the  Svalbard 
I s lands ,  The o ther  two a r e  Ny-filesund and 
Longyearbyen. A l l  th ree   a re   based  on the   coa l  
mining  industry.  Longyearbyen,  the  largest  with a 
populat ion of about 1,200, is  t h e   i n d u s t r i a l  and 
admin i s t r a t ive   cen te r ,  see Figure 1 .  

I ’IGURE 1 Svalbard  Islands 

ture  expansions w i l l  t a  Ike D ~ l a c e  in Svea. 
Considerable  coal  resources  have  been  detected and 
p lans   a re   be ing  made f o r  a l a r g e   e x p l o i t a t i o n .  
Th i s   imp l i e s   ex t ens ive   cons t ruc t ion   ac t iv i t i e s ,  
such  as  a coa l   t r ea tmen t   p l an t ,   ha rbour ,   a i r   f i e ld ,  
accomodation,  roads,  and  other  service  systems. 

Svea is  located a t  7G0 nor th  and  has a mean 
annual  temperature  of  about - 6 O C .  The r e l a t i v e l y  
pleasant   c l imate   (consider ing  the  extreme  locat ion)  
i s  due t o   t h e  warm Gulfstream  passing  along  the 
western  shores  of  Svalbard. 

GEOLOGIC HISTORY 

A ma jo r   pa r t   o f   t he   cons t ruc t ion   ac t iv i t i e s  w i l l  
t ake   p lace   wi th in   an   a rea  of marine  clay,   This  clay 
was or iginal ly   sedimented  a t   the   bot tom  of   the  van 
Mijenfjord.  A surge o f  the   Paula   Glacier ,  from 
ac ross   t he   o the r   s ide  of  the  f jord,   pushed  the 
f jord-bot tom  clay  in  fronr and onto   the  Svea 
Lowland (see  Figure 2 ) .  This  surge i s  dated t o  
between 600 and 250 years  ago (Kaga 1978, Pewe 
1931) .  

of p a r a l l e l ,   a l m o s t   v e r t i c a l ,   i c e   f i l l e d   c r a c k s  i s  
present  throughout  the whole  of t he   depos i t ,  The 
cracks  can be up t o  20 mm wide  and a r e  more than 
5 m (probably 10 m) deep.   Invest igat ions done a t  
d i f f e r e n t  s i res  wi th in  a 2 km leng th   i nd ica t e   t ha t  
the  cracks  have  the same or ientat ion  throughout   the 
d e p o s i t ,   t h a t  i s ,  p a r a l l e l   t o   t h e   s h o r e   l i n e   ( s e e  
Figure 3 ) .  

The development of  the   ver t ica l   c rack   sys tem i s  
be l i eved   t o  be r e l a t e d  to t he   g l ac i a l   su rge   r e -  
fe r red   to   above .  Squeezed  between t h e   g l a c i e r  and 
the  mountain,   the   c lay was subjected  to   extremely 
high  horizontal   pressure.  As  the   g lac ie r   wi thdrew,  
the   hor izonta l   p ressure  was r e l e a s e d ,   r e s u l t i n g  i n  
a la te ra l   expans ion  of t he   c l ay  and subsequently 
g i v i n g   r i s e   t o   v e r t i c a l   c r a c k i n g  of t he   depos i t .  

The clay  has  a ve ry   spec ia l   s t ruc tu re .  A system 
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FIGURE 2 Sketch of Paula  Gia.cier surge ,  600 t o  
200 ycars ago. 
a) Presurge s tage  b) ?taximum spread 

FIGURE 3 Detai led vicw of ice- r ich  marine c lay ,  
w i t h   p a r a l l e l  ice scams 

ENGINEERING PROPERTIES 

Basic  Data 

Figure 4 shows a soil  profile  of  the  clay, 
giving  the  results  of  laboratory  investigations. 
It should be noted  that  the  water  contents  have 
been  determined  from  the  gross  sample  as  well  as 
from  the  actual  clay  (excluding  the  ice  cracks). 
The  gross  water  content is, as  shown,  above  the 
liquid  limit. 

FIGURE 4 Results  of  laboratory  tests 

The  distribution of salt  within  the  deposit  was 
also  evaluated.  Salt  contents  were  measured on the 
gross  sample, on the  ice  in  the  cracks,  and  on  the 
actual  clay.  The gross salt  content was found t o  
be 30-40 grams  per  litre,  equivalent  to  the  salinity 
of  saltwater.  The  ice  in  the  cracks,  however,  is 
practically  free  of  salt,  while  the  clay  pores  have 
a salt  content  of  about 60 grams  per  litre.  This 
separation of water  and  salt is a result of the 
freezing  process.  Impurities, in this  instance  salt, 
are  forced  out o f  t h e  crystals and hence  give  rise 
to  almost  saltfree  icelenses. 

4 gives  the  clay  fraction  content  with  depth. AS 
seen, it is about 40% and  fairly  constant  with 
depth.  That is, the  material is homogeneous  and  is 
defined  as a clay.  The  mineralogic  composition  is 
found  to  be  illite (15-SO%), clorite (20-30%), and 
kaoline (10-40%) .  Small  amounts of quartz  and  felt- 
spar  were  also  detected. 

function of temperature  was  performed on three 
samples. The clay  specimens  were  melted  and  re- 
moulded  prior  to  testing,  ensuring a uniformly  di- 
stribution  of  water  and  salt  within  the  test 
samples.  The  results  from  tests  of  one  representa- 
tive  specimen  are  shown  in  Figure 5. At -2OC, 100% 
of  the  water  is  unfrozen,  i.e.  the  freezing  point 
depression of this  saline  clay  material i s  2OC. 
At -6OC, the  mean  annual  temperature  of  Svea, 40% 
of the  water  remains  unfrozen. The clay  in  its 
natural  state  will  show  somewhat  different  be- 
haviour.  The  clean  ice in the  vertical  lenses  will 
remain  frozen  up  to O°C, while  the  saline  pore  water 
will  be  completely  melted  at  above - 3 O C .  These  data 
agree  with  field  observations,  that  the  clay  remains 

Grain  size  distribution  tests  were  made.  Figure 

The  determination of unfrozen  water  content  as a 
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s o f t  and  can  be  cut  easily  with a t o o l   a t  tempera- 
t u r e s  a few degrees  below O°C. 

1 I I 1.0 

"C" -I I F , l l ! ,  I 

0 
-10 -8 - 6  -4 - 2  0 

TEMPERATURE,* C 

FIGURE 5 Unfrozen  water  content as a function  of 
temperature 

Strength and  Deformation  Properties 

To obtain  the  long term strength  parameters  
needed for   foundat ion  design,  a r e l a t ive ly   ex ten -  
sive t e s t  program was run. The program  included 
short   term  compression  tes ts  as wel l  as unconfined 
and  confined  creep  tests.   Tests  were  run  at  two 
different   temperatures .  The compression  tes ts  
se rved   as   re fe rence   for   the   c reep   tes t s .   Prepara-  
t i o n  of samples and a l l   t e s t i n g  were performed i n  a 
cold room a t   t e s t   t empera tu re .  

A l l  t e s t s  were  run on cy l ind r i ca l   so i l   s amples  
with  typical  dimensions;  diameter = 7 cm and 
height  = 14 cm. The unconfined  compression  tests 
were  performed  with a cons tan t   r a t e  of s t r a i n  o f  
i: = l%/min. 

i n  a s p e c i a l l y  made t r i ax ia l   c r eep   appa ra tus .  The 
cons tan t   ax ia l   load  i s  applied  through a Bellofram 
a i r   c y l i n d e r  on t o p  of 3 s t a n d a r d   t r i a x i a l   c e l l .  
The apparatus  is  equipped  with  e lectr ical   t rans-  
ducers .  A computer  records  and  processes a l l   t h e  
data  from  the rest  and  produces  report-ready  plots 
(Johansen 1981 a ) .  The dura t ion  o f  the   c reep  tes ts  
var ied  from  only a few hours up t o  mre than 5 
weeks 

A l imi ted  number of t e s t s  were  run  with 
d i f fe ren t   conf in ing   pressures .   In   F igure  6 t h e  
t e s t s   w i th   l oad  of 300 kN/m2 had confining  pressures  
of 0 t o  300 kN/rnZ. The resu l t s   f rom  thoso  tests 
ind ica t ed   t ha t   t he  Svea c l a y  behaved a s  a true co- 
hesive  mater ia l .   Therefore ,  a l l  remaining tes ts  i n  
t h e  program  were  performed as unconfined  creep tests 
only. 

Svea c l a y  was r e s t e d   a t  fwo temperatures ,  -5OC 
and -3OC. Most of the  tes ts  were  performed a t  -5OC 
( I o C  above  the mean annual  surface  temperature).  
The la t te r   t empera ture ,  -3OC,  i s  the   f reez ing   po in t  
of t h e   s a l i n e   c l a y  and was chosen t o   o b t a i n   i n f o r -  
mation on the  behaviour of Khe Svea c l ay ,   nea r  
melting. 

The r e s u l t s  of t h e   c r e e p   t e s t s   a r e  shown i n  
Figures  6 and 7 .  The s c a t t e r   i n   t h e   r e s u l t s  of 
t e s t s   a t  - 3 O C  i s  a resu l r  of d i f f e r e n t   i c e   s t r u c -  
t u re s   i n   t he   s amples ,  as a l a rge   p ropor t ion  of the  
deformation is  s l i d i n g  between  the  ice  lenses and 
the   c l ay .  The tes t  r e s u l t s   a r e  used t o   o b t a i n  

The major  part  of  the  creep  tests  were  performed 
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FIGURE 6 Resul ts  of c r e e p   t e s t s   a t  -5OC 
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FIGURE 7 Resul ts  of c r e e p   t e s t s   a t  - 3 O C  

long term s t r e n g t h  of che c l a y  by using methods 
proposed by Vyalov e t  al. (1966).  The method i s  
s l igh t ly   modi f ied  by using a "20% s t r a i n   c r i t e r i a "  
ins tead  of t he   i n f l ec t ion   po in t  between  secondary 
and t e r t i a ry   c r eep ,   i n   eva lua t ing   t he   c r eep   pa ra -  
meters.   This  modification i s  introduced  because 
t h e   t e s t s   w i t h  low loads   d id   no t   a r r ive   a t   t he  
t e r t i a r y   c r e e p ,  and o f t en   no t   a t   t he   s econda ry  
creep,   within 20-30% s t r a i n .  The highly unhorno- 
geneous  Svea c l a y  was v e r y   d i f f i c u l t   t o   t e s t   t o  a 
s t ra in   larger   than  approximately  30%. 

f o r  Svea clay  based  on  the  creep tes ts .  Each l i n e  
i n  the f igu re   r ep resen t s  1 ,  10, and 100 years  t ime 
t o  fa i lure   (def ined  as 20% s t r a i n ) ,   r e s p e c t i v e l y .  
The corresponding  short  term compressive  s t rength 
a t  -5OC and -3OC i s  900 kN/m2 and 300 kN/m2. 

Based on t h e   l a b o r a t o r y   t e s t   r e s u l t s ,   t h e  long 
term s t r e n g t h  of t h e  Svea c l a y  i s  low, even a t  
-5OC, This  i s  main ly   due   to   the   h igh   sa l in i ty  of  
t h e   s o l i d   p o r t i o n  of  the c l a y ,  and the  influence  of 
t h e   t h i c k ,   v e r t i c a l  and  continuous  ice  lenses.  

A t  -3OC t h e   c l a y   i t s e l f  i s  a lmos t   t o t a l ly  un- 
f rozen.  And i n   t h e   i n t e r f a c e  between the   c l ay  and 
t h e   i c e ,  3 t h i n   f i l m  of unfrozen  water i s  present ,  
strongly  influencing  the  deformation  behaviour 

Figure C shows the   ca l cu la t ed  long te rm  s t rength  
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FIGURE B Calculated  creep  strength  values  as a 
function  of  temperature 

leading  to  extremely  low  creep  strength 
(Berggren 1980, Yohansen 1931 b, and  Furuberg  and 
Johansen 1983). 

Only field  tests  and  monitoring of construc- 
tions  at  Svea  can  give  the  necessary  feed  back o f  
data  to  correlate  laboratory  strength  parameters 
and  in-situ  parameters. 

FOUNDATION DESIGN ALTERNATIVES 

The  assumed  subsoil  profile  consists  of  clay 
with  engineering  properties  as  described  above. 
The  design  ground  temperature,  based  on  measure- 
ments  for  several years, is shown in  Figure 9. 

Three  most  viable  foundarion  types  for 
different  structures  considered  for  the  Svea  clay 
Soil  are  spread  footings  with an air  gap  and 
directly  placed on permafrost,  forced  air  venti- 
lated  gravel  pads,  and  slurried  pile  foundations. 
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A typical  spread  foundation  is  illustrated  in 
Figure IO. Based on the  strength  given  in 
Figure 8 and considering a 20-years  design 
period,  the  allowable soil pressure  on  the  spread 
footing  will  be on the  order o f  100 kN/m2. 

Active layer 

u 
1.5 m square 

FIGURE 10 Proposed  spread  footing  design 

The  heated  structures  with  heavy  floor  loads  may 
be founded on gravel  pad  with  forced  air  circula- 
tion,  as  shown  in  Figure 1 1 ,  The  foundation  de- 
sign  of  such  ventilated  gravel  pads  in  permafrost 
zones  is  principally  concerned  with  two  aspects: 
the  pad  design  for  the  summer  period  and  the  venti- 
lation  requirements  for  the  winter  periods  when  the 
ducts  are  operative  (Phukan  and  Andersland, 1978). 
The  following  data  are  assumed  for a typical case, 
a5 shown in  Figure 1 1 .  

Freezing  Index = 31G0°C days 
Length of freezing  season = 255 days 
Mean  annual  air  temperature = -7.5OC 
Floor  concrete  thickness = 0.2 m 
Air  duct  diameter = 0.30 m 
Gravel  density = 2000 kg/m 
Gravel  water  content = 3% 
The  methods  given  by  Phukan  and  Andersland 

(1978) were  used  to  determine  the  relationship 
between  the  thickness  of  the  gravel  pad  and  insu- 
lation  for a 40 x 20 m gravel  pad with duc t s  0.3 m 
in  diameter,  and  with  c/c = 1 meter  (see  Figure 
12) .  The  air  velocity  required  to  refreeze  the 
gravel  pad  was  also  analysed  and  is  illustrated  in 
the  same  figure.  These  relationships show that  con- 
siderable  savings  may be obtained  by  using  insu- 
lation. 

Another  viable  alternative  foundation  design 
will  be  the  slurried  pile  commonly  used  in  Arctic 

3 

FIGURE 1 1  Ventilated  gravel  pad 
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FIGURE 12 Relationships  between  insulated  gravel 
pad  and  required  air  velocity 

conditions. It is  normally  designed  based on the 
adfreeze  bond  between  the  pile  surface  and  adja- 
cent  frozen  slurry,  which  is  placed  in  the  annular 
space  between  the  drilled  hole  face  and  the  out- 
side of the  pile  surface.  The  design  philosophy 
consists  of: 

must be below some acceptable  shear  strength  for 
the  site  soil  conditions or the  imposed  loading 
does  not  exceed  the  adfreeze  strength  for  the  pile- 
soil  contact,  and 

the  allowable  load  will  maintain  the  anticipated 
settlement ar.  the  end  of  the  design  period  within 
tolerable  limits. 

A typical  slurried  pile  design  for  the  assumed 
soil and  temperature  profiles  is  presented  in 
Figure 13. Assuming an uplift  force o f  200 kN/m , 2 

the  required  effective  length  of  slurried  pile  in 
Svea  clay  will  be on the  order  of 2.5  m below  the 
active  layer  (factor  of  safety  used = 2 ) .  

the  applied  shear  stress  along  the  pile  surface 
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We have  developed  an  instrument  based  upon  the  principle  of  electromagnetic  induc- 
tion  to  measure  the  three-dimensional  position of a  sensor.  This  sensor  can  be 
buried  in  the  active  layer of periglacial  areas  to  study  frost  heaving,  mass  move- 
ment,  and  the  evolution of patterned  ground.  The  system  is  sensitive  to  sensor 
displacements  of 1 mm, a  very  high  resolution  relative  to  anticipated  heave  rates. 
The  present  system  is  effective  at  ranges o f  up  to 1 m, and  this  range  could  be 
easily  extended.  Laboratory  tests  show  the  system t o  be  insensitive  to  variations 
in  temperature,  and  calibration  results  are  independent of the  state  of  the s o i l ,  
whether  frozen o r  thawed. 

INTRODUCTION 

The  principal  geomorphic  processes  characteris- 
tic  of  periglacial  areas,  including  frost  heaving, 
solifluction,  and  the  generation of patterned 
ground,  involve  the  bulk  motion of soil and  the 
relative  motion  of  rocks  through  the  soil  (Washburn 
1980). Valuable  information  about  total  subsurface 
displacements  over  extended  time  periods  has  been 
obtained  from  studies  of  surface  displacements  (Fa- 
hey 1974, Nicholson  1976),  from  excavations  that. 
reveal  displaced  geologic  markers  both  in  the  field 
(Shilts 1978, Washburn 1980) and  in  the  laboratory 
(Pissart  1970,  Burrous 1978, Washburn  et  al.  1978), 
and  from  measurements  of  pressure  and  moisture  re- 
gimes  within  the  active  layer  (Mackay  and  MacKay 
1976). In spite  of  this  substantial  data  base,  our 
understanding o€ patterned  ground  development  and 
the  upfreezing of objects  has  been  limited  by  the 
dearth  of  precise  knowledge of the rate,  direction, 
and  timing of these  subsurface  motions. 

We have  developed  an  experimental  technique  that 
will  allow  ongoing  nondisruptive  observation of 
subsurface  displacements  in  the  active  layer.  The 
scheme  uses  electromagnetic  induction  to  measure 
the  three-dimensional  position of a buried  sensor 
coil,  enabling  one  to  determine  its  trajectory  with 
high  resolution.  The  sensor  can  be  made  to  track 
soil  movement  or  to  simulate  a  rock  that  may  move 
relative t o  the  soil.  Heave  rates  commonly  range 
up to 50-150 mm yr-' for rocks of a  size  (diameter 
%O.l  m) similar t o  that of the  sensor  (Burrous 
1978,  Washburn  1980),  and  our  system  can  readily 
resolve  displacements  of 1 mm. The  present  system 
can  be  used  to  a  depth  of 1 m,  which typically  cov- 
ers  most  of  the  range  of  interest  in  the  active 
layer,(Ferrians  and Hobson 1973,  Washburn  L980), 
I n  addirion  to  obtaining  precise  information  about 
subsurface  movements,  much  could  be  learned  about 
the  underlying  driving  mechanisms  by  simultaneously 
monitoring  temperature,  pressure,  and  moisture  con- 
tent  with  appropriate  transducers  incorporated in 
the  buried  sensor. 

APPARATUS 

General 

The  principle of electromagnetic  induction is 
used  to  measure  the  position of a  buried  sensor. 
The  device  is shown schematically in Figure 1. We 
use  two  wire  coils,  one as  a  drive  coil  on  the su r -  
face  and  the second as a sensor  that is buried in 
the  active  layer,  simulating  a  clast. An ac  cur- 
rent  in  the  drive  coil  produces  an  oscillatory  mag- 
netic  field.  The  component o f  this  field  vector 
normal  to  the  plane  of  the  sensing coil, BZ, in- 
duces  an  electromotive  force (EMF) E i n  the  sensing 
coil.  The EMF is  proportional  to  the  time  deriva- 
tive of the  magnetic  field. For a  sensor  of  fixed 
area, A (Jackson  1975), 

I SOIL SURFACE 

R u r n & u  
HENBUR 
C A m  

FIGURE  1  Schematic  diagram of present  system.  The 
drive  coil  and  its  associated  circuitry  lie  above 
the soil surface,  while  the  sensor  is  buried  in  the 
active  layer.  The  physical  parameter  measured  by 
the  system is z ,  the  separation  between  the  drive 
and  sensor  coils,  once  they  are  coaxial.  The  hori- 
zontal  sensing  coils  are  omitted  for  clarity. 
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For a  sinusoidal  drive  current  of  constant  am- 
plitude  and  frequency,  when  the  drive  coil  is  di- 
rectly  above  the  sensor,  the  induced  EMF i s  a 
measure  of  the  separation  between  the  two  coils 
(Jackson  1975). In this  configuration  the  sensor 
essentially  functions as  a  magnetometer,  and  the 
spatial  variation o f  the  field  amplitude  yields 
vertical  position  information. 

The  horizontal  position  of  the  sensor  is  pro- 
vided  by  two  additional  mutually  orthogonal  acces- 
sory coils,  wound  orthogonal  to  the  main  sensor 
coil  already  mentioned.  When  the  drive  coil  is 
directly  above  the  sensor,  no EMF is  induced  in  the 
accessory  coils,  since  the  component  of  the  field 
normal to  each  of  these  coils is zero.  The  system 
is  very  sensitive  in  this  respect,  since  the IDIF 
scales with  sin y, where y is  the  angle  between  the 
plane of the  coil  and  the  incident  field  vector. 
Conversely,  the  signal  in  the  vertical  sensing  coil 
is  less  sensitive  to  small  horizontal  displace- 

ments,  as  sin y has  a  broad  maximum  at y = zI, This 

is  to  our  advantage. 

measured on the  surface  by  moving  the  drive  coil 
horizontally  until  a  null  is  obtained  in  both  ac- 
cessory  coils.  The  drive  coil i s  then  directly 
over  the  sensor,  and  its  horizontal  position  can  be 
measured.  The  vertical  separation  is  then  deter- 
mined  by  measuring  the  voltage  induced  across  the 
main  sensor  coil  and  comparing  it with  a  calibra- 
tion  curve. To ensure  that  the  sensing  coils  main- 
tain  the  proper  orientation,  the  sensor  system  is 
mounted on gimbals  in  a  housing  like  a  boating 
compass. 

Electronics 

2 

The  sensor's  position  in  the  horizontal  plane  is 

The  drive  circuitry  consists  simply of an  oscil- 
lator  and  a  power  amplifier. We use an RC timer 
( X R  2240)  in  conjunction with a voltage  regulator 
( P A  7805) to  produce  a  square  wave o f  fixed  ampli- 
tude.  The  power  amplifier  has  a  variable  gain 
stage (LM 3 2 4 )  and a unity  gain  buffer (PA 7 5 9 ) .  
The  drive  system  runs on 412 V and is quite  field 
portable.  The  drive  coil  is  placed  in  series with 
a  tuning  capacitor,  giving  an  RLC  series  circuit. 

This  circuit has  a  resonant  frequency, wo = (LC)-', 
at which  its  impedance i s  at  a  minimum.  The  square 
wave  generator  is  tuned so that  its  fundamental 
frequency  coincides with w . Thus  the  current 

drawn  by  the  drive  coil  is  sinusoidal  at  the  fre- 
quency wo, even  though  the  drive  voltage  is  a 

square  wave. T h i s  produces a sinusoidally  varying 
magnetic  dipole  field. We use  a 1 bfd series  tun- 
ing  capacitor,  which  in  conjunction  with  the  induc- 
tance  and  stray  capacitance  of  the  coil  produces  a 

resonant  frequency of f = 2 = 
W 

0 2n 
The  drive  coil  itself  consists of roughly 3,000 

298 Hz. 

turns  of t18 magnet  wire  evenly  distributed on a 
cylindrical  plexiglass  coil form 0.12 m in diameter 
and 0 . 3  m long, 

The  sensor's  coil  has  about 200 turns of 124  
magnet  wire  wound  around  an  iron  core 30 mm in  di- 
ameter  and 120 mm long.  The EMF across  the  sensor 
is processed  through  a  preamplifier (LM 324)  of 

gain 200, and  a  rectifier.  This  dc  voltage  bears 
the  vertical  position  information  and  is  carried  by 
coaxial  cable  to  the  measurement  device on the  sur- 
face.  The  horizontal  information f o r  the  two 
smaller  accessory  coils  is  handled  in  the  same 
fashion. 

to  the  drive  coil  and  similar  in  construction  to 
the  sensor  is  used  to  render  the  system  insensitive 
to small  variations  in  drive  current  amplitude  and 
frequency.  This  is  achieved  by  taking  the  ratio 
between  the EMF induced  in  the  sensor  and  that  in- 
duced  in  the  calibration  coil.  This  ratio  tech- 
nique  provides  good  immunity  to  the  circuitry 
drifts  that  may  occur  under  harsh  field  conditions. 

Both  the  sensor  signal  and  the  calibration  sig- 
nal  are  conveniently  measured by a  microprocessor- 
based  field  data  acquisition  system  (Polycorder  by 
Omnidata)  which  averages  each  signal  for 250 ms and 
stores  the  data in memory.  It i s  worth  noting  that 
a multimeter  will  suffice  for  single  measurements. 

Mechanical 

A calibration  coil  at  a  fixed  position  relative 

Ideally  the  drive  coil  should  be  rigidly  mounted 
on  a  permanent  installation  for  long-term  monitor- 
ing  of  the sen60r's absolute  position,  since  the 
system  measures  the  separation  between  the  drive 
and  sensor  coils.  Periodic  adjustments of the 
drive  coil's  horizontal  position  could  be  made  as 
necessary,  followed by vertical.  position  measure- 
ments.  The  most  stable  configuration  would  involve 
a nonmagnetic  frame  anchored  in  either  bedrock or 
permafrost , 

One  drive  coil  could  service  an  array  of sen- 
sors,  some of which  could  be  outfitted  with  "fins" 
in  order to determine  bulk soil motion. The others 
would  have  their  density,  texture,  and  thermal 
characteristics  tailored  to  mimic  clasts  of  inter- 
est.  Alternatively,  sensors  could  be  designed  to 
explicitly  investigate  any  dependence on a  given 
variable.  The  use of sensors  of  varying  size  and 
shape,  for  example,  would  allow  comparison  with 
past  studies  (Burrous 1978 p. 83,  8 4 ) .  Sensor  size 
is  somewhat  constrained,  as  sensitivity  drops  with 
a  reduction in coil  area,  but  sensors  of  dimension 
50 mm on a side  seem  reasonable, 

sor's  absolute  position  is  measured, To determine 
its  position  relative  to  the  soil  surface;surface 
heave  can  be  measured  by  using  linear  potentio- 
meters  fixed to the  frame  and  coupled  to  the  ground 
through  rods  that  move  freely  with  the  soil  sur- 
face. Two adjacent  sensors,  one with  fins and  one 
without,  would  distinguish  between  bulk  and  rela- 
tive  motion.  If  the  vertical  position of the  sen- 
sor  relarive  to  the  surface  suffices, no frame  is 
necessary, 

Some  disturbance of  the  soil  is  unavoidable  dur- 
ing  the  installation of the  sensor.  This  may  be 
minimized,  however,  by  implanting  it  while  the  Soil 
i s  frozen;  a soil core  could  be  extracted,  and  re- 
placed  after  positioning  the  sensor  in  the  bore- 
hole.  Coring  at  an  angle  to  the  anticipated  path 
of the  sensor's  travel  would  further  minimize  the 
disturbance.  After  installation,  data  can  be  taken 
at  will  without  further  disruption. 

Presently,  some  provision  must  be  made to ensure 
that  the  wires  do  not  impede  the  sensor's  motion. 

By  mounting  the  drive coil  on the  frame  the  sen- 
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This  is  probably  best  achieved  by  packing a spiral 
of wire  in a grease-filled  compartment on the  sen- 
sor 60 that  it  will  feed  freely. The modifications 
proposed in the  section on future  work  eliminate 
external  wire  entirely. 

ELECTROMAGNETIC  AND  THERMAL  CONSIDERATIONS 

Magnetic  Susceptibility 

In general,  substances  respond  to  an  applied 
electromagnetic  €ield,  and  the  internal  and  exter- 
nal fields  differ  (Jackson  1975). As we will  mea- 
sure  the  field  in  the soil, such  effects  must  be 
considered.  The  soil's  effect  is  most  readily  ex- 
pressed  in  rerms of its  magnetic  susceptibility, x, 
except  when  a  substantial  amount  of  iron is pre- 
sent.  Most  media  perturb  a  magnetic  field  only 
slightly,  causing  intensity  changes  of  a  few  parts 
in  lo4 or lo5.  Table 1 lists  the  magnetic  suscep- 
tibility of some  substances  of  interest. 

We  expect  that  most  soil,  frozen  or  otherwise, 
in  which  the  sensor is buried  will  cause  a  relative 
field  perturbation  of  less  than 0,1%. For a  region 
with a large  or  inhomogeneous  concentration  of 
iron,  our  technique  is  of  limited  use.  The  actual 
maximum  tolerable  field  perturbation  in  such  a  case 
will  depend  upon  the  desired  resolution  and  accura- 
cy.  We  made  measurements  in  both  air  and  soil  and 
found  no  measurable  difference  between  the  two  (see 
section  on  results). 

For  a  particular  soil  type,  a  field  calibration 
of one or two  data  points  should  establish  a  scal- 
ing  factor,  if any, to  apply  to  laboratory  calibra- 
tion  curves.  This  scaling  factor  should  be 
essentially  temperature  independent  and  should 
serve  to  reduce  an  already  small  error. 

Eddy  Currents 

The  drive  coil's  magnetic  field  generates  elec- 
trical  eddy  currents  in  the  earth,  which  are 90' 
out of phase  with  the  drive  current.  These  cur- 
rents  have  magnetic  fields  of  their own associated 
with  them,  which  will be detected  by o u r  sensor. 
This  is  essentially  the  operating  principle  of 
previous  permafrost  electromagnetic  induction  work 
(Hoekstra  and  McNeill  1973),  but  is  a  source of 
noise  for  our  experiment.  Our  sensor  will  be so 
close  to  the  drive coil, at  most 1 m  away,  that  the 
drive  coil's  field will dominate  by  a  very  large 
margin. In the  unlikely  event  that  this  noise 
source  must  be  actively  suppressed to attain  higher 
resolution,  synchronous  detection  of  the  induced 
EMF would  surely  be  effective. 

TABLE 1 Magnetic  Susceptibilities. 

Medium 1x1 

Frozen water, 0°C 12.6 x 
Liquid  water, 0°C 12.9 x 
Sedimentary  soil a - 4 1  

*Yeast (1977). 
+Clark (1966). 

The  eddy  currents  also  extract  energy  from  the 
drive  coil's  field,  since  the  earth  is  a  resistive 
medium.  Hence  in  earth  the  magnetic  field  ampli- 
tude  diminishes  more  rapidly  with  depth  than  it 
would  in  Eree  space.  This  effect  can  be  quantita- 
tively  estimated  by  taking  a  simple  functional  form 
for  the  attenuation, 

where  Ea  is  the  actual  field  at  the  position z ,  

is  the  field  in  the  absence of this  effect,  and u 
is  the  skin  depth.  The  skin  depth  is  the  distance 
at  which  the  amplitude of a plane wave of  electro- 

magnetic  radiation  drops  to of its  initial  value. 

The  skin  depth  of  the  earth  at  our  operating  fre- 
quency  is  roughly  1,000  m  (Hoekstra  and  McNeill 
1973). For sensor  depths  of 1 m the  exponential 
can  be  expanded  to  obtain 

BO 

This  energy  loss  due  to  eddy  current  effects  is  es- 
sentially  constant in time,  but  increases  with 
depth  and  will  vary  slightly  with  location. If 
very  high  resolution (>1:103) at  long  ranges  (>l  m) 
is  desired,  a  few  field  calibration  points  should 
provide  a  corrected  calibration  curve;  otherwise 
the  effect  can  be  safely  neglected. 

Temperature 

The relevant  electromagnetic  properties  of  the 
earth  are  effectively  constant  over  the  temperature 
range  of  interest.  Electronic  systems,  however, 
are  often  susceptible  to  errors  introduced  by  tem- 
perature  variations.  Careful  design  and  component 
selection  (including  batteries)  are  mandatory.  Our 
present  drive  system  functions  adequately,  but  will 
be  modified as outlined  in the section on future 
work. 

RESULTS 

Data obtained  in  the  laboratory  indicate  that 
vertical  and  horizontal  resolution  of  up to 1 mm is 
attainable. 

The  sample  data  in  Table 2 were obtained by sus- 
pending  the  sensor  above  the  drive  coil and varying 
the  separation  between  the  two.  Both  coils  were in 
air,  at  room  temperature.  The  drive  frequency  was 
298.5 * 0.2 Hz, and  the  voltage was 3.000 ? 0.OOl V 
rms.  Note  the  distinct  signal  change  in  going  from 
317 to  318 nun. An  average  ratio  is  computed on the 
basis of five  trials  at  each  separation.  This  in- 
formation  constitutes  the  calibration  curve  for  the 
system  and is given  in  Figure 2. 

ble  signal in the  sensor  and  can  be  extended  by  in- 
creasing  the  drive  amplitude.  The  vertical 
resolution  of  the  system  depends  upon  the  separa- 
tion  and  is  governed  by  the  change  in Bz with 

The  range is determined  by  the  minimum  detecta- 
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TABLE  2  Sample Data Obtained  in  Air. 

Cali- 
Sensor  bration 

Z Signal  Signal  Signal 
(mm + 0.5) (VI (VI Rat i o  

317.0 1.246  2.251 
1.249  2.250 
1.247  2.250 

318.0 

320.0 

1.239 2.250 
1.238 2.250 
1.237 2.250 

1.226 2.250 
1.226 2.250 
1,225 2.250 

3-0L 2.5 

2 .o 
0 
F 
- 
a 1.5 

J 

W 
v, 

= I ,O  - 
0 . 5  

0.554 
0.555 
0.554 

0.551 
0.550 
0.550 

0.545 
0.545 
0.544 

0 . 2  .4 .6 .8 I .o 
2 (m)  

FIGURE  2  Calibration  curve  obtained  in  air.  Curve 
A is  the  calibration  curve  obtained  from  a  drive  of 
298.5  Hz  at 3.000 V. B was obtained  at a lower 
resonant  frequency.  C  shows  the  effect  of  adding 
an  iron  core  to  the  drive  coil.  The  uncertainties 
i n  the  ratio  and  the  position  are ?0.001 and k0.5 
mm, respectively,  and  cannot  be  resolved on this 
plot, 

a B Z  separation, - a z .  Hence  by  optimally  shaping  the 

field,  the  region  of  maximum  sensitivity  can  be  ad- 
justed  to  coincide  with  a  depth  of  interest.  The 
field  can  be  modified  by  adding an iron  core,  or 
pole  piece,  to  the  drive  coil.  Figure  2  shows  that 
by  adding  a  laminated i r o n  core we enhanced  the 
sensitivity,  which  is  helpful  in  probing  greater 
depths. A s  the  addition of the  core  changes  the 
coil's  inductance  and  therefore  the  resonant  fre- 
quency,  either  the  drive  frequency  or  the  timing 
capacitor  must  be  adjusted  before  calibraring. 

tion of the  sensor  coil,  then  dismantled  the  drive 
system  and  reassembled  it  after  several  days.  The 
ratio  was  unaltered  within  kO.001. 

The  effects of soil  and  temperature  were  deter- 
mined  experimentally by first  taking  data in air  at 
an arbitrary  separation of roughly 300 mm. The 
sensor  was  then  surrounded  with  frost-susceptible 
soil,  including  the  region  between  it  and  the  drive 
coil.  The  measurement  was  repeated  in  the  presence 
of the  soil.  Water was then  added  to  the  soil,  and 
data again  taken.  Finally,  the  calibration  appara- 
tus,  with  the  wet  frost-susceptible  soil,  was 
placed  in  a -3'C environment  in  the  Periglacial 
Laboratory of the  Quaternary  Research  Center.  The 
soil  was  allowed  to  freeze,  and  the  measurements 
were  repeated,  Our  results  were  obtained  at  a 
drive of  298,5 * 0.2 Hz and  3.000 k 0.001 V and  are 
summarized  in  Table 3 .  

The  daca  taken  at Z show  a  sizable  change  in 
both  signal  values,  but  the  ratio  remains  virtually 
constant.  The  ratio  variation  does  not  jeopardize 
the  resolution  at  the  1-mm  level.  The  utility o f  
the  calibration  coil  is  very  apparent  in  this se- 
quence  of  measurements.  We  anticipated  some  cir- 
cuitry  drifts  to  be  associated  with  the  temperature 
change,  and  indeed  the  resonant  frequency  dropped 
by  about 1 Hz. Furthermore,  the  changes  in  the 
sensor and  calibration  signals  are  consistent  with 
a 5% increase  in  the  magnetic  field  intensity. We 
believe  that  Chis  is  due to an  impedance  change  in 
the  RLC  circuit, an idea  supported  by  the  resonance 
drift. A current-regulated  system  would  avoid  this 
problem,  but  in  any  event  the  ratio  technique  very 
effectively  cancels  it our.  

To examine  reproducibility,  we  fixed  the  loca- 

FUTURE  WORK 

The  most  significant  single  improvement  upon  the 
present  system  would  be  the  elimination of the 
wires  through  which  the  sensor  communicates  with 
the  surface.  This  can  be  achieved  using  a  scheme 
presented in Figure 3 .  Essentially,  the  battery- 
powered  sensor  would  act  like  a  transponder,  trans- 
mitting  information  on  command.  The  use of low 
power  circuitry  should  allow  sensor  lifetimes of 
several years, if  transmitting  is  minimized. A 
precision  voltage  reference  would  be  buried  with 
the  sensor  to  provide  calibration  against  drifts in 
the  sensor  circuitry.  Additional  devices, to mea- 
sure  temperature  and  pressure,  for  example,  could 
be included  in  the  sensor  package. 

The  revised  sensor  would  continuously  monitor 
the  local  magnetic  field  at  the  drive  frequency, 
ud.  When  the  drive  coil is turned on, the 



393 

TABLE 3 Soil  and  Temperature  Effects. 

Temperature  Sensor  Signal  Calibration  Signal 
( " C )  Medium  Separation (V ) Signal (V) Rat  io 

25  Air 
25 Dry soil 
25 Wet  soil 
-3 Frozen  soil 

zo 

zO 

zO 

zO 

1.396 
1 e 397 
1.397 
1.473 

-3 Frozen  soil Z o + l m m  1.462 
-3  Frozen s o i l  Zo + 2 mm 1 . 4 4 9  

2.263  0.617 
2.264  0.617 
2.264  0.617 
2.384  0.618 
2.385  0.613 
2 384 0.608 

A resolution o f  1 m i s  readily  seen. 

CRYSTAL 
OWILLATOR 

DRIVE COIL& RECEIVER RANDPAII 
m!EIl DEMODUTOR 

CALLLlRAnON con 
SOIL SURFACE 

TRAN 
VOLTAGE TO 

FIGURE 3 Schematic of a proposed  wireless  version.  The  underground  device  would  consist of two  sections: 
a  stage  which  is  always  on  and  sensing  the coil, and  a  transmitter  which  would  automatically  switch on 
when  the  drive coil is activated. The position  information  would  consist of a  rectified EMF that  is 
transformed  into  an FM signal,  with ut >>  ud.  The FM signal is transmitted  to  the  surface  via  the  sensing 
coil. A multiplexer  would  switch  between  the  various  transducer  signals  and  a  stable  reference  voltage. 

comparator  would  respond  to  the  increased  magnetic 
field by switching on the  rransmitter  (the  multi- 
plexer,  amplifier,  voltage-to-frequency  converter, 
and  power  amplifier).  The  multiplexer  would  select 
a  signal from the  sensor  coil, a precision  voltage 
reference,  or  one of the  additional  transducers  for 
transmission  at  a  frequency  ut.  Choosing ut >> ud 
allows  decoupling  between  the  incoming  and  outgoing 
signals,  and  thus  the  sensor  coil  can  serve t o  both 
transmit  and  receive  information  without  interfer- 
ence. 

frequency-modulated  (FM)  signal  from  the  sensor. 
On the  surface  the  drive  coil  would  detect  the 

The  demodulated  voltage  should  reflect  the  ampli- 
fied  transducer  signal in the  sensor.  The  buried 
voltage  reference  would  provide  a  fixed  point  for 
calibration. 

Modifications to the  drive  circuitry  are  also 
in order. Our present  drive  system  functions  ade- 
quately,  but  the  voltage  and  frequency  must  be 
periodically  trimmed  by  adjusting  two  variable  re- 
sistors. A crystal-controlled  oscillator  with  di- 
gital  counters  would  provide  a  stable  square  wave, 
with  better  temperature  stability  than  the  present 
device. A current-regulated  system  would  also  be 
preferable  to  the  voltage-regulated  system now in 
use.  This  would  provide  better  field  amplitude 
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regulation. 

CONCLUSION 

The  current  system  ha5  the  requisite  range  and 
resolution  to  be  of  use in a quantitative  investi- 
gation o f  soil and  rock  movement in the  active 
layer.  Laboratory  tests  indicate  that  the  elec- 
tronics  operate  reliably  to  our  lowest  test  temper- 
ature,  -3.0°C,  with no signal  degradation.  High- 
reliability  integrated  circuits  (Mil  Spec)  should 
extend  the  temperature  range  to -55'C. Convenient 
calibration  of  the  system  can  be  performed  in  air. 
We  found  that  introducing  frost-susceptible soil 
(dry,  wet,  frozen)  had no appreciable  effect. Ex- 
cluding  the  support  frame,  the  total  instrument 
package  has a mass  of 10 kg  and  is  easily  field 
portable. 

We  plan  to  install  sensors  both  in  sorted 
circles  in  the  field  and  in  laboratory  experiments 
related  to  sorted  pattern  development.  We  welcome 
comments  and  inquiries  concerning  this  system. 
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ZONATION AND FORMGTION HISTORY OF PERMAFROST I N  QILIAN MOUNTAINS OF CHINA 
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Alpine  permafrost   underl ies  91,000 lan2 i n  Q i l i an  Shan,  and its d i s t r i b u t i o n  shows 
obvious l a t i t u d i n a l  and longi tudina l   zona t ion .  The lower limit of the  permafrost  
is at 3700-3900 rn a.s.1. i n   t h e   s o u t h  and a t  3494-3650 m i n   t h e   n o r t h .  As t h e  
l a t i t u d e   i n c r e a s e s  by 1°N, the  permafrost  lower limit descends 123.7 m; as t h e  
l o n g i t u d e   i n c r e a s e s  1"E, the  permafrost   lower limit descends 56.6 m. I n  the  
in su la r   pe rmaf ros t  zone, the  permafrost  i s  g e n e r a l l y  25-35 m t h i ck ,   w i th  a mean 
annual ground temperature  of 0' t o  -1.5'C. I n  the  discont inuous  permafrost   zone,  
it is 35-95 m t h i c k  and t h e  mean annual  ground  temperature is  -15' t o  -23°C. 
Temperature  inversions,   which become s t ronger   nor thwards ,   a f fec t   permafros t   d i s -  
t r i b u t i o n ;  a maximum th i ckness  of 139.3 m occurs  i n  t h e  Mu Li  and Tuo Lei 
Basins. Permafrost  on nor th- fac ing   s lopes  is 30-50 m thicker than on south- 
f ac ing   s lopes .   Q i l i an  Shan has undergone   severa l   i ce   ages ,   bu t   the   ex is t ing  
permafrost  was formed  around 3000 y r  B.P., because  during the i n t e r g l a c i a l   p e r i o d  
05 t he   P l e i s tocene  and the   pos t -g l ac i a l   s t age  at  the  beginning of the  Holocene 
temperatures  were too   h igh   for   permafros t   p reserva t ion .  

G E N E R A L  DESCRIPTION OF PHYSIOGRAPHY 

Q i l i a n   S h a n  i s  a g r e a t   p e r i p h e r a l   m o u n -  
t a i n   s y s t e m   t o   t h e   n o r t h e a s t   o f   t h e  
Q i n g h a i - X i z a n g   P l a t e a u .  I t  o c c u p i e s  a 
t o t a l  a r e a  o f  a b o u t  2 1 0 , 0 0 0  k m 2 ,   a n d   c o n -  
t a i n s   s e v e n ,   f i v e ,   a n d  t h r e e  r a n g e s   i n   t h e  
w e s t e r n ,   m i d d l e ,   a n d   e a s t e r n   s e c t i o n s  r e -  
s p e c t i v e l y .  A l . l  t h e s e   m o u n t a i n s  r a n g e  
f r o m   4 0 0 0   t o   4 5 0 0  m ,  a n d   t h e   h i g h e s t   p e a k s  
a r e  5 2 4 5   t o   5 8 2 6  m .  T h e r e  a r e  p e r e n n i a l  
s n o w   f i e l d s   a n d   m o d e r n   g l a c i e r s   i n   t h e  
a l p i n e   z o n e s   a b o v e   4 3 0 0  t o  4500 m .  

T n f l u e n c e d   b y   t h e   c i r c u l a t i o n  o f  west 
w i n d ,   t h e   w e s t e r n  p a r t  o f  Q i l i a n   S h a n  i s  
d r y .   T h e   a n n u a l   r a i n f a l l  i s  o n l y  1 5 0  t o  
3 0 0  m m ,  t h e   a n n u a l   a m o u n t   o f   e v a p o r a t i o n  
i s  1 5 0 0   t o  2000  m m ,  b e l o n g i n g   t o   c o n t i n e n -  
t a l  d e s e r t  c l i m a t e .  A f f e c t e d   b y   t h e   o c e -  
a n i c   m o n s o o n ,  a r e  r e l a t i v e l y   h u m i d   t h e  
e a s t  a n d   m i d d l e   s e c t l o n s  o f  t h e   m o u n t a i n s ,  
w i t h   a n   a n n u a l   p r e c i p i t a t i o n  o f  4 0 0   t o  500 
m m ,  b e l o n g i n g   t o   s e m i - a r i d   a l p i n e   s t e p p e  
c l i m a t e .  I t s  m e a n   a n n u a l   t e m p e r a t u r e s  a r e  
0 t o  -3'C, t h e   t e m p e r a t u r e s   i n   J i a n g   C a n g ,  
Tuo Lei a r e  -3 .2  t o  -5.7OC. 

Q i l i a n   S h a n   b e l o n g s   t o   t h e   h i g h  a l t i -  
t u d e   p e r i g l a c i a l   z o n e .   V a r i o u s   p e r i g l a -  
c i a 1  p h e n o m e n a   d e v e l o p   v e r y  w e l l ,  m o s t  o f  
t h e m  l c l o s e l y   r e l a t e d   i n  o r i g i n  a n d  d e v e l o p -  
m e n t  t o  p e r m a f r o s t .   T h e s e   p h e n o m e n a   a r e  
a l s o   d i r e c t   i n d i c a t i o n s o f   m o d e r n   p e r m a -  
f r o s t .  

LAW OF Z O N A T I O N  IN PERMAFROST 
DISTRIBUTION 

T h e   p e r m a f r o s t   i n  Q i l i a n  S h a n   c o v e r s   a n  
a r e a  of  a b o u t   9 1 , 0 0 0   k m 2 ,   w h i c h  i s  43% o f  
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t h e   t o t a l   a r e a   o f   t h e   m o u n ' t a i n s .   A c c o r d -  
i n g   t o   t h e   d i s t r i - b u t l n g   s t a t e   o f   p e r m a -  
f r o s t  a n d   t h e   a r e a   o f  t a l i k s ,  t h e  p e r m a -  
f r o s t  c a n   b e   d i v i d e d   i n t o   t w o  main z o n e s :  
i n s u l a r   p e r m a f r o s t   z o n e   a n d   d i s c o n t i n u o u s -  
l y   b l o c k y   p e r m a f r o s t   z o n e   ( F i . g u r e  1). T h e  
a r e a  o f  t a l i k s  in t h e   i n s u l a r   a n d   d i s c o n -  
t i n u o u s l y   b l o c k y   p e r m a f r o s t  z o n e s  i s  6 0 -  
8 0 % ,  a n d  1 0 - 2 0 %  r e s p e c t i v e l y .  

T h e   C h a n g e s  o f  P c r m a f r o s t  Lowar L i m i t  a n d  
Z o n a t i o n   o f  t h e   T y p e s  o f  P e r m a f r o s t  

T h e   p e r m a r r o s t  In  Q i l i a n  S h a n  i s  o f  t h e  
a l p i n e   p e r m a f r o s t   t y p e   o f   t h e   m i d d l e  l a t i -  
t u d e s .   T h e   e l e v a t i o n s  o f  i t s  l o w e r  limit 
c h a n g e s   w i t h   t h e   l a t l t u d e   a n d   l o n g i t u d e ,  
r e s t r i c t e d  by s o l a r   r a d i a t i o n   a n d   t h e  
t y p e s  o f  c l i m a t e .   T h e   e l e v a t i o n s  o f  t h e  
s o u t h   b o u n d a r y   ( l o w e r   l i m i t )   o f   t h e   p e r m a -  
f r o s t ,   e x t e n d i n g   a l o n g   t h e   s o u t h e r n   s l o p e s  
o f  La 3 i  S h a n ,   Q i n g h a i  N a n   S h a n   a n d   Q a i d a m  
S h a n ,   a r e  3700,  3800, 3 9 0 0  m r e s p e c t i v e l y .  
T h i s   b o u n d a r y   c o i n c i d e s   w i t h   t h e  -2OC 

T h e   a l t i t u d e s  o f  t h e   n o r t h   b o u n d a r y   ( l o w e r  
i s o t h e r m  f o r  m e a n   a n n u a l  a i r  t e m p e r a t u r e .  

limit) O F  t h e   p e r m a f r o s t ,   a l o n g   t h e   n o r t h -  
e r n   s l o p e s  o f  L e n g   L o n g   L i n g ,  Z o u  Lang  Nan 
S h a n ,   a n d   D a n g  He Nan  Shan  a r e  3 4 9 4 ,   3 5 5 0 ,  
3650 m r e s p e c t i v e l y .   T h i s   b o u n d a r y  i s  
i d e n t i c a l   t o   t h e  - 2 . 5 O C  i s o t h e r m   f o r   m e a n  
a n n u a l .  a i r  t e m p e r a t u r e ,   T h e   s o u t h e r n  
b o u n d a r y  i s  2 0 6  t o  2 5 0  m h i g h e r   t h a n   t h e  
n o r t h e r n   b o u n d a r y .  By r e g r e s s i o n   a n a l y s i s ,  
t h e   d e c r e a s i n g   r a t e   o f   t h e   l o w e r   1 1 , m i t  o f  
p e r m a f r o s t  i s  1 2 3 . 7  m p e r   d e g r e e   o f   l a t i -  
t u d e   f r o m   s o u t h   t o   n o r t h .   T h e   p e r m a f r o s t  
l o w e r  limit f a l l s   w j , t h   t h e   i n c r e a s e  o f  
l o n g i t u d e   f r o m  west t o  e a s t ,  d e c r e a s i n g  a t  
a r a t e   o f  5 6 . 6  m p e r   d e g r e e   o f   l o n g i t u d e .  
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FIGURE 1 Map o f   p e r m a f r o s t ,   d i s t r i b u t i o n   i n  O i l i a n  S h a n .  
1. s e a s o n d l l y   f r o z e n   g r o u n d ;  2 .  p e r m a f r o s t ;  3. i n s u l a r   p e r m a f r o s t   z o n e s ;  4. d i s c o n t i n u -  
o u s l y   b l o r k y   p e r m a f r o s t   z o n e s ;  5.  b o r d e r   l i n e   b e t w e e n   t h e   i n s u l a r   a n d   d i s c o n t i n u o u s l y  
b l o c k y   p e r m a f r o s t  7ones ;  6 .  b o r d e r   l i n e   o f   p e r m a f r o s t   d i s t r i b u t i o n ;  7 .  c r y o p l a n a t i o n  
s u r f a c e :  8. f r o s t   h e a v i n u   m o u n d s :  7. d e b r i s   f l o w ;  1 0 .  i c i n g ;  11. t h e r m o k a r s t   d e p r e s s i o n ;  

t a l i k :  1 4 .  m o d e r n   g . l a c i e r s ;  15 .  h o l c s   d r i l l e d  1 2 .  r o c k   s t r e a m   s l o p e ;  1.3.  g r a s s y   m a r s h   i n  
i n   f r o z c n   g r o u n d ;  1 6 .  m a i n  m o u n t a i n   r i d g e .  

T h e s e   c h a n g e s   a r e   c o n t r a r y   t o   t h e  l aw t h a t  
t h e   p e r m a f r o s t  lower  limit i n   E u r o p e ,  
America, a n d   T i a n   S h a n  o f  C h i n a  r i s e s  w i t h  
t h e   d e c r e a s e   o f   c o n t i n e n t a l i t y .  T h e  
r e s t r i c t i o n  of  r e g i o n a l  c l  i m a t , e   c o n d i t i o n s  
o n  t h e  d i s t r i b u t , i o n  o f  p e r m a f r o s t  i s  q u i t e  
a p p a r e n t .   A s s u m i n g   t h a t :  t , h e  r ~ l d t , i o n s  
b e t w e e n   t h e   m e a s u r e d   h e i q h t s  o f  L h c   z o n e s  
o f   p e r m a f r o s t   a n d  q l a c i e r s  a r c  t " a k e n  a s  
t h e   m a r k   d i v i d i n g   t h e  t y p e s  o f   p r r m d f r o s t , ,  
we t h e n   p l o t  a s e c t i n n  (t.igrrre 2) i n  a r -  
c o r d a n c e   w i t h  t h e  r c l a l , i o r t s  b e t w e e n   D u n d e ,  
Y i g e l i q c ,   a n d  Lcrty L o n g   L i n q   q l a c i e r s  a r ~ d  
t h e  l ower  l i m i t :  o f  p r r m a f r o s t  a l o n g  3 8 O N  
f rom west t o  e a s t .   T h e   s n o w   l i n e   a n d   I h e  
p e r m a f r o s t  l ower  1 imit d e s c e n d  r c y u l  a r l  y 
w i t h   i n c r e a s i n g   p r e c i p i . t a t i o n  f r o m  wes t  t o  
eas t , .  T h e   d i s t a n c e   b e t w e e n   t h e   s n o w   l i n e  
a n d   t h e  lower  l imi t  o r  p e r m a f r o s t  i s  1 3 5 0  
m i n   t h e  west p a r t ,   o f   Q i l i a n   S h a n ,   a n d  i s  
less t h a n  1000 m i n   t h e   e a s t   s e c t i o n .   T h e  
a v e r a g e   d i s t a n c e  i s  m o r e   t h a n  1000  m ,  h a v -  
i n g   t h e   c h a r d c t e r i s t i r s   o f  a c o n t , i n e n t , a l  
c l i m a t e   r e g i o n .  

B c c a u s e  o f  t h e   d i . f f c r t > n r c s  o f  c l i m a t i c  
c o n d i t i o n s   a n d   c o r r c s p o n d i n q   t o   t h e   t y p e s  
o f   g l a c i e r s ,  t.hP p c r m a f r o s t   i n   t h e   e a s t e r n  
p a r t  o r  Q i l i d r l  S h a n   b v l o n q s  t o  s u b -  
c o n t i n e n t a l   t v u e   a n d   i n   t h e   w e s t e r n   n a r t  
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FICURE 2 C u r v r s  n f   L h c r c l a t i o n s   b e t w e e n  
t h e   s n o w   l l n e   a n d   p e r m a f r o s t   l o w e r  limit 
i n   Q i l i a n   S h a n .  
( 1 )  Ka Ke Tu  Menu Ke Dun De g l a c i e r ;  
( 2 )  Y i .  Ge L i  Ge g l a c i e r ;  
( 3 )  Ler lq  L o n g   L i n g  g l  a c i e r ;  
( 4 )  S n o w   l i n e ;  
( 5 )  P e r m a f r o s t   l o w e r  1 imil . .  

T h e   t h i , c k n e s s  o f  p c r m a f r o s t   i n   Q i l i a n  
S h a n  var i . es  i,n d i f P e r c n t   p l a c e s .   I n   t h e  
i n s u l a r   p e r m a f r o s t  z o n e s ,  t h e   p e r m a f r o s t  
i s  2 5  t o  35 m t h i c k .   a n d   1 - 1 3  m t h i c k   i n  

.I I 

b e l o n g s  t o  e x t . r e m e  a o n t . i n e n t a 1  l y p e  ( T a b 1 . e   1 ) .  some a r e a s .   T h e   m e a n   a n n u a l   g r o u n d  tem- 
, - .  
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TABLE 1 P e r m a f r o s t   T y p e s   a n d   t h e i r   E n v i r o n m e n t a l   C h a r a c t e r i s t i c s   i n   Q i l i a n   S h a n  

C o m p r e h e n s i v e  
c h a r a c t e r i s t i c s  

E x t r e m e l y   c o n t i n e n t a l  S u b - c o n t i n e n t a l   t y p e  
t y p e   ( i n  west p a r t )  ( i n   e a s t   p a r t )  

P e r m a f r o s t   l o w e r  limit 3 6 5 0 - 3 9 0 0   ( n o r t h   s l o p e -   3 4 9 4 - 3 7 0 0  
( m  ) s o u t h   s l o p e )   ( n o r t h   s l o p e - s o u t h   s l o p e )  

Pe rmaf ros t  l i n e   a n d  lower limit ( m )  f e a t u r e s  

D i s t a n c e   b e t w e e n   s n o w  M o r e   t h a n  1000 Less t h a n  1000 

". 

A n n u a l   a v e r a g e   t e m p e r a -  
t u r e   n e a r   p e r m a f r o s t  - 2 . 5  t o  -3.0 -1.7 t o  - 2 . 5  
lower limit ( O C )  

H e i g h t   o f   s n o w   l i n e  4830 (Ye Ma S h a n  4600-4450 (Zou   Lang   Nan  
( m  1 g l a c i e r s  No. 1 2 )   S h a n - L e n g   L o n g   L i n g )  

A n n u a l   r a i n f a l l   n e a r  
G1 a c i e r   s n o w   l i n e  ( m m )  

400 600  - 8 0 0  

f e a t u r e s  

A n n u a l   a v e r a g e   t e m p e r a -  
t u r e   a l o n g  snow l i n e  ( " c )  L o w e r   t h a n  -11 H i g h e r   t h a n  -11 

Type  o f  g l a c i e r s  

M a i n   p e r i g l a c i a l   i n d i c a t i o n s  

F r o s t   w e a t h e r i n g ,  N i v a t i o n ,   c r y o p l a n a t i o n  
d e b r i s   s l o p e ,  t e r r a c e s ,  r o c k  s e a ,  rook 
c r y o p l a n a t i o n  s t ream,  f r o s t   h e a v e   m o u n d s ,  
t e r r a c e s ,  f r o s t  s o l i f l u c t i o n ,   t h a w   s l u r n p l n g ,  
h e a v e   m o u n d s ,   a l p i n e  s t o n e   r i n q ,   t h a w   s e t t l e m e n t ,  
g r a s s y   m a r s h e s  t h i c k - l a y e r e d   g r o u n d  i c e  

C l i m a t e  
T y p e  o f  c l i m a t e  C o n t i n e n t a l   a r i d  

d e s e r t  c l i m a t e  
C o n t i n e n t a l   s e m i - a r i d  
a l p i n e   s t e p p e  c l i m a t e  

f e a t u r e s  
A n n u a l   p r e c i p i t a t i o n  ( m m )  1 5 0 - 3 0 0  400 - 500 

V e g e t a t i o n   t y p e s  S e m i - s h r u b - d e s e r t  M o u n t a i n   f o r e s t ,   s h r u b ,  
s t e p p e  s t e p p e   m e a d o w  

p e r a t u r e  i s  O°C t o  - 1 . 5 O C .   I n   d i s c o n t i n -  
u o u s   b l o c k y   p e r m a f r o s t   z o n e s ,   t h e   t h i c k -  
ness  o f   p e r m a f r o s t  i s  3 5   t o  95 m .  T h e  
m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e  i s  - 1 . 5  t o  
- 2 , 3 O C  ( T a b l e  2 ) .  

I t  i s  c l e a r  t h a t   p e r m a f r o s t   b e c o m e s  
t h i c k e r   w i t h   t h e  r i s e  i n   a l t i t u d e ,   i n  
r e s p o n s e   t o   t h e   v e r t i c a l   d e c r e a s i n g   l a p s e  
r a t e s  ( F i g u r e  3 ,  4). U n d e r   t h e   i n f l u e n c e  
o f  t h e   c o l d  a i r  d r a i n i n g  f r o m  Q i n g h a i -  
X i z a n g   P l a t e a u ,   c o l d   a i r   " l a k e s "   o f t e n  
o c c u r  i n  s o m e   s m a l l   b a s i n s   i n   t h e   m i d d l e  
p a r t  o f  t h e   Q i l i a n   S h a n ,   a n d   t e m p e r a t u r e  

i n v e r s i o n s   o c c u r .   T h e   m e a n   t e m p e r a t u r e  o f  
3 a n u a r y   i n   t h e  Mu L i  a n d   T u o  Le i  b a s i n s  i s  
-18 t o  -19.7OC r e s p e c t i v e l y ,   t h e s e   b e i n g  
t h e   c o l d e s t   a r e a s   i n   3 a n u a r y .   P e r m a f r o s t  
i n   t h e s e   r e g i o n s  i s  g e n e r a l l y  50 t o  9 5  m 
t h i c k ,   w i t h  a maximum o f   1 3 9 . 3  m .  I n  
a d d i t i o n ,  a s  t h e   i n t e n s i t y   o f   t h e   t e m p e r a -  
t u r e   i n v e r s i o n   b e c o m e s   s t r o n g e r   f r o m   s o u t h  
t o   n o r t h ,   t h e   p e r m a f r o s t   t h i c k n e s s   i n -  
c r e a s e s  a t  a g I v e n   a l . t i t u d e   f r o m   s o u t h   t o  
n o r t h .   T h e   t h i c k n e s s  of  p e r m a f r o s t   i n -  
c r e a s e s   a b o u t  42  m i n  a p p r o x i m a t e l y   1 0 0  km 
a t  a g i v e n   a l t i t u d e   i n   t h e   m i d d l e   s e c t i o n  
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TABLE 2 T h e   T h i c k n e s s   o f   P e r m a f r o s t  i n  Q l l i a n   M o u n t a i n s  

P o s i t i o n   H e i g h t s   T h i c k n e s s   o f   P e r m a f r o s t  Mean a n n u a l  s o i l  
No. ( m )  p e r m a f r o s t ( m )   C a b l e   ( m )   t e m p e r a t u r e  ( O C )  Areas 

Hong S h u i  Ba Z K  2 3 8 2 9  7 9 . 3  
L K  3 4 0 3 3  1 3 9 . 3  

1 . 7   l o w e r   t h a n   - 1 . 5  
1 . 7  

. . . . . . . . . . 

Mu L i  C K  2 3 9 8 9  a b o u t  100 - 2 . 3  
CK 3 3 9 6 8  a b o u t  8 5  - 1 . 8  

CK 90 3888  86 .7  l e s s  t h a n  1 .0  
C K  95 3682 50 l e s s  t h a n  1 . 0  3 i a n g   C a n g  

R e  Shui  well  40 3 6 9 6  30 1.1 
well  301 3 8 6 2  m o r e   t h a n  6 0  2 . 4  

- 0 . 6  
- 1 . 5  

M o u n t a i n  
a r e a  

Z K  11 3 9 5 0  76.4  
Da B a n   S h a n   3 5 0 0   2 5  
Zou   Lang  Nan S h a n   3 5 3 0  3 3 . 2  

4500 I 

3000 1 

4400 

4000 

3600 

3200 

p e r m a f r o s t   t h i c k n e s s   ( m )   p e r m a f r o s t   t h i c k n e s s  ( m )  

F I G U R E  3 C u r v e s   o f   t h e   r e l a t i o n s   b e t w e e n  F I G U R E  4 C u r v e s  of  t h e   r e l a t i o n s   b e t w e e n  
p e r m a f r o s t   t h i c k n e s s   a n d   e l e v a t i o n s   i n   p e r m a f r o s t   t h i c k n e s s   a n d   a l t i t u d e s   i n   t h e  
Mu L i ,  Hong  Shu Ba i n   t h e   m i d d l e   p a r t   o f   e a s t   a n d  west p a r t s   i n  t h e  m i d d l e   s e c t i o n  
Q i l i a n  S h a n .   o f   Q i l i a n   S h a n .  
( 1 )  Mu L i  B a s i n ;  ( 2 )  Hong S h u i  5a B a s i n ,  Re S h u i ,  0 Mu L i ,  * 3 i a n g   C a n g ,  

x Hong S h u l  Ba. 

o f   Q i l i a n   S h a n .   T h i s  i s  a s p e c i a l   p h e n o m -  
e n o n   o c c u r r i n g   i n   a l p i n e   t y p e   p e r m a f r o s t  
i n   m i d d l e   l a t i t u d e s .  

p e r m a f r o s t   t h i c k n e s s  i s  t h e   e v i d e n t   l a c k  
o f   s y m m e t r y   o n   t h e   s o u t h e r n   a n d   n o r t h e r n  
s i d e s  of t h e   m o u n t a i n s ,   d u e   t o   t h e  e f f e c t  
o f   t h e   d u r a t i o n  o f  t h e   i n s o l a t i o n   o n  
m o u n t a i n   s l o p e s   o f   d i f f e r e n t   a s p e c t s .  T h e  
t h i c k n e s s  o f  p e r m a f r o s t   i n   t h e   s o u t h -  
f a c i n g   s l o p e s  i s  30 t o   5 0  m t h i n n e r   t h a n  
t h a t   o n   t h e   n o r t h - f a c i n g   s l o p e s .  

M o r e o v e r ,   m a r s h e s   t h a t   a b s o r b  s o l a r  
r a d i a t i o n   p r e v e n t   p e r m a f r o s t   f r o m   t h a w i n g .  
T h e   t h i c k n e s s   o f   p e r m a f r o s t   v a r i e s  s iqni-  
f i c a n t l y   w i t h   t h e   d i f f e r i n g   d e g r e e   o f  
s w a m p i n g   ( F i g u r e  5 ) .  

A n o t h e r   f e a t u r e  o f  t h e   d l s t r i b u t i o n  o f  

F I G U R E  5 C h a n g e s   o f   p e r m a f r o s t   t h i c k n e s s  
i n   m a r s h   r e g i o n s   ( a c c o r d i n g  t o  t h e   d a t a  
o f  Re S h u i   F r o z e n   G r o u n d  Team). 
(1 1 Grassy m a r s h l a n d ;  
(2) C l a y e y   s o i l ;  
( 3 )  I c e  l a y e r ;  
( 4 )  S a n d   a n d   q r a v e l   b e d ;  
( 5 )   P e r m a f r o s t  lower limit. 
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FORMATION HISTORY OF PERMAFROS I 

I t  i s  w e l l - k n o w n   t h a t   t h e   p r e r e q u j s i t e  
c o n d i t i o n s   f o r   t h e   f o r m a t i o n  o f  p e r m a f r o s t  
a r e   t h e   a n c i e n t   p e r i g l a c i a l  c l i m a t i c  e n v i -  
r o n m e n t s   s i n c e   t h e   Q u a t e r n a r y .  G l a c i e r s  
a n d   p e r m a f r o s t  were p r o d u c e d   u n d e r   c o l d  
c l i m a t i c  c o n d i t i o n s ,   a n d   a n   i m p o r t a n t  w a y  
t o  r e v e a l   t h e   h i s t o r y  o f  t h e   f o r m a t i o n   o f  

p e r m a f r o s t   i n   Q i l i a n   S h a n  i s  by  m e a n s  o f  
c o r r e l a t i o n s   w i t h   t h e   d i v i s i o n   o f   t h e  
g l a c i a l   p e r i o d s .  

Q i l i a n  S h a n   h a s   w i t n e s s e d  P o u r  i c e  a g e s  
a n d   t h r e e   i n t e r g l a c i a l   p e r i o d s   s i n c e   t h e  
Q u a t e r n a r y   ( G u o   P e n g r e i  1 9 8 0 ) .  All t h e s e  
c a n   b e   c o m p a r e d   w l t h   t h e   g l a c i a l   a g e s   i n  
t h e   v a r i o u s '   p a r t s  of: Q i n g h a i - X i t a n g   P l a -  
t e a u  ( T a b l e  3 ) .  T h e r c f o r e ,   f o s s i l   p e r m a -  

TABLE 3 C o m p a r i s o n   o f   t h e   G l a c i a l  Ages i n  O i l i a n  S h a n   a n d   Q i n g h a i - X i z a n g   P l a t e a u  

\ 

Q i l i a n   S h a n   a r e a ,  
Jo . lmolungma a r e a  T a n g g u l a  S h a n  a r ea  

a f t e r  G U O  P e n g f e i  ~ ~ ~ n ~ a ~ ~ ~ ~  a f t e r   Z h a n g  Yong e t  a l .  e t  

K u n l u n   S h a n  a r e a  
a f t e r   Z h a n g  Vong 

\ 

M o d e r n  M o d e r n   g l a c i e r s  n e w   m o r a i n e  M o d e r n   g l a c i e r s  Modern g l a c i e r s  

L i t t l e  i c e  a g e  

Warm p e r i o d  Ya L i  p e r i o d  Warm p e r i o d  Warm p e r i o d  

San   Cha   Kou  
e p i s o d e  

Rong  a u  De 
e p  i. s o d e  Ba S i  Guo g l a c i a l  age  ice  a g e  Ben  Tau Shan 

late I n t e r m i t t e n t  
'leis- e p i s o d e  t o c a n e  

I n t e r m i t t e n t  Z h a   3 i a   Z a n g   B u / B a   S i  X i  Da T a n / B e n  
e p i s o d e  C u o   i n t e r g l a c i a l   p e r i o d  T o u   S h a n   i n t e r -  

g l a c i a l   p e r i o d  

Dong Gou e p i s o d e  3 i  Long S i   Z h a  3 i a  Z a n g  Bu i c e  a g e  Xi Da Tan  i c e  
e p i s o d e   a g e  

Leng  Long-Da  Ban J i a  Bu La i n t e r -  Ru Q u / Z h a  3 1 a  Zang  B U  Na C h i  T a i / X i  Da 
i n t e r g l a c i a l   g l a c i a l   p e r i o d   i n t e r g l a c i a l   p e r i o d   T a n   i n t e r g l a c i a l  
p e r i o d   p e r i o d  

M i d d l e  
P l e i s -  

Bu  Qu i c e  a g e  Na C h i  T a i  i c e  
ag e 

t o c e n e  t - - 

L e n g   L o n g  i c e  Nie N i e  X i o n g   B a i  D u o / R ~ J  Q u  i n t e r -  Wang Kun /Na  C h i  
T a i  i n t e r g l a c i a l  

ag e La i c e  a g e   g l a c i a l .   p e r i o d  p e r i o d  

R a i  Duo g l a c i a l   a g e  Wang Kun i c e  a g e  
- 

T u 0  L a i - L o n g  
L o n g   i n t e r -  
g l a c i a l   p e r i o d   p e r i o d  

P a  L i  i n t e r -  Ke Ma Q u / B a i  D U O  
g l a c i d   p e r i o d  i n t e r g l a c i a l  p e r i o d  

S h i  %i Shan /Wang  
Kurl i n t e r g l a c i a l  

E a r l y  
Na pu c o l d   p e r i o d   S k i  Z i  Shan   c0 i .d  

p e r i u d  
[ > l e i s -  __ 
t o c e n e  

I 

X i  X i a  Bang Ma Ke Ma OLJ/Na Q u  
g l a c i a l   a g e  i n t e r g 1 , a c i a l   p e r i o d  

J i n g   X i a n / S h i  Z i  
S h a n   i n t c r g l  a -  
c i a 1   p e r i o d  

Tuo  L a i  i c e  a g e  

Ke Ma Q u  i c e  a g e   3 i n g   X i a n   g l a c i a l  
a g e  

P 1  i o  - 
c e n e  P e r i g l a c i a l  p e r i o d ,  w a r m  c l i m a t e ,  no  g l a c i e r s  
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f r o s t   m u s t   h a v e   d e v e l o p e d   i n   Q i l i a n  Moun- 
t a i n s   i n   e a c h  i c e  a g e .  I t s  a r e a  o f   d i s -  
t r i b u t i o n   c o u l d   h a v e   b e e n   c o n s i d e r a b l y  
l a r g e r   t h a n   t h a t   o f   t h e   a n c i e n t   g l a c i e r s .  
H o w e v e r ,   t h e  c l i m a t e  o v e r   Q i l i a n   S h a n   i n  
e v e r y   i n t e r g l a c i a l   p e r i o d   i n   t h e   Q u a t e r -  
n a r y  was g r a d u a l l y   b e c o m i n g   d r i e r   a n d  
c o l d e r   f r o m   e a r l y  t o  l a t e  P l e i s t o c e n e  
( Y a n g   H u i q i u   a n d   3 i a n g   D e x i n   1 9 6 5 ) .   T h e  
m e a n   a n n u a l  a i r  t e m p e r a t u r e s   i n   t h e   i n t e r -  
g l a c i a l   p e r i o d  were a b o u t  8 t o  12OC h i g h e r  
t h a n   t h o s e   o f   t o d a y ,   a n d   t h e  mean a n n u a l  
a i r  t e m p e r a t u r e s   i n   t h e   h y p s i t h e r m a l  were  
3 t o  5OC ( E u o   X u d o n g   1 9 7 6 )   h i g h e r   t h a n  
now. F u r t h e r m o r e ,   t h e   i n f l u e n c e   o f   t h e  
H i m a l a y a s ,   l o c a t e d   i n   t h e   s o u t h e r n   p a r t   o f  
Q i n g h a i - X i z a n g   P l a t e a u ,  was n o t   n o t a b l e   i n  
c h a n g i n g   t h e   a t m o s p h e r i c   c i r c u l a t i o n   a n d  
t h e   h y d r o t h e r m a l   c o n d i t i o n   o v e r   t h e   P l a -  
t e a u   b e f o r e   t h e   m i d d l e   P l e i s t o c e n e .  As 
t h e   m o u n t a i n s  rose t o   m o r e   t h a n   4 5 0 0  m i n  
t h e  l a t e  P l e i s t o c e n e ,  i t  d e m o n s t r a t e s   t h e  
f u n c t i o n   o f   " b a r r i e r s " .   T h e   d e v e l o p m e n t  
o f   g l a c i e r s   a n d   p e r m a f r o s t  were p r i m a r i l y  
c o n t r o l l e d   b y   t h e   v i c i s s i t u d e s   o f   g l o b a l  
c l i m a t e ,  a n d   t h e   l a t i t u d e   z o n i n g ,   f o r   b o t h  
Q i l i a n   S h a n   a n d   t h e   P l a t e a u  were u n d e r   t h e  
i n f l u e n c e   o f   t h e   I n d i a n   O c e a n   m o n s o o n   i n  
e a r l y   a n d   m i d d l e   P l e i s t o c e n e .   T h e   a n c i e n t  
p e r m a f r o s t   f o r m e d   i n   T u o  L a i  i c e  a g e   i n  
e a r l y   P l e i s t o c e n e   a n d   i n   L e n g   L o n g   L i n g  
g l a c i a l   a g e   i n   m i d d l e   P l e i s t o c e n e   m u s t  
h a v e   c o m p l e t e l y   t h a w e d   a f t e r   u n d e r g o i n g  a 
r a t h e r   l o n g  warm c l ima te  i n  Tuo L a i - L e n g  
L o n g   a n d   L e n g   L o n g - D a   B a n   i n t e r g l a c i a l  
p e r i o d s .  A c a r e f u l   s t u d y   s h o u l d   b e   u n d e r -  
t a k e  a s  t o  w h e t h e r   t h e   f o s s i l   p e r m a f r o s t  
f o r m e d   i n  Da Ban i c e  a g e   i n   t h e   l a t e  
P l e i s t o c e n e  i s  p r e s e r v e d  now o r  n o t .  E f -  
f e c t e d   b y   t h e   f l u c t u a t i o n  o f  g l o b a l  c l i -  
mate c o n t r o l l e d  b y  s o l a r   r a d i a t i o n ,   t h e  
warm c l i m a t e   i n  Ya L i  p e r i o d   i n   t h e   s o u t h -  
e r n   p a r t  o f  t . h e   p l a t e a u  was common  on t h e  
w h o l e   Q i n g h a i - X i t a n g   P l a t e a u ,   a n d  i t  
c o r r e s p o n d s  t o  t h e  A t l a n t i c  p e r i o d  i n  
E u r o p e   a n d   t h e  Ban  Po warm p e r i o d   i n   C h i n a .  
T h e   a n c i e n t   p e r m a f r o s t   f o r m e d   d u r i n g   t h e  
Da a a n   g l a c i a l   a g e   i n   Q i l i a n   S h a n   m u s t  
h a v e   m e l t e d   g r e a t 1 . y   o r   t o t a l l y   a f t e r   e x p e r -  
i e n c i n g   t h e  warm p e r i o d .  

T h e   p e r m a f r o s t   d i s t r i b u t e d   i n   Q i l i a n  

S h a n  was t h e n   p r o d u c e d   i n   t h e   G a n g   S h i  Ga 
N e o g l a c i a l   e v e n t .   A c c o r d i n g   t o   Z h u   K e z h e n  
( 1 9 7 2 1 ,   a n d   Q i n   D a h e   ( 1 9 8 1   t h e   c o l d e s t ,  
p e r i o d   i n   t h e  l a s t  o n e   t h o u s a n d   y e a r s  was 
d u r i n g   t h e   p e r i o d   l 6 2 0 - 1 8 8 0  A.D., a n d  
l a s t i n g   t w o   h u n d r e d   a n d   f i f t y   y e a r s .  I t  
was a f a v o u r a b l e  t ime f o r   p e r m a f r o s t   t o  
d e v e l o p   a n d  t o  be  p r e s e r v e d .   F r o m   t h e  
o s c i l l a t i o n   o f   r a d i o c a r b o n   r e c o r d s ,   t h e  
c l i m a t i c  f l u c t u a t l o n s   i n   N e o g l a c i a l   p e r i -  
o d s   m a t c h   r e a s o n a b l y  well  i n   s o u t h e r n   a n d  
n o r t h e r n   h e m i s p h e r e s .   C o n s e q u e n t l y ,   n o t  
o n l y  a g r e a t   d e a l  o f  g l a c i e r s  d e v e l o p e d  
t h e r e   b u t   a l s o  a h u g e   a m o u n t  of p e r m a f r o s t  
was f o r m e d .   T h u s  i t  seems a p p r o p r i a t e   t o  
c o n f i n e   t h e   a g e   o f   f o r m a t i o n   o f   m o d e r n  
p e r m a f r o s t   i n   Q i l i a n   S h a n   i n  a p e r i o d  
a f t e r   t h e  Gang S h i  Ga N e o g l a c i a t i o n ,   a b o u t  
3000 y e a r s  B.P. 

A C K N O W L E D G M E N T  

G r a t e f u l   a c k n o w l e d g m e n t ,  i s  made t o  I n -  
t e r p r e t e r   R a n   L o n g d e   f o r   h i s   h e l p   i n  
t r a n s l a t i n g   t h i s   p a p e r   i n t o   E n g l i s h .  
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thirmai infrared data. 

INTRODUCTION 

Permafrost areas are subject to economic devel- 
opment that may well alter their ecological and 
environmental equilibria. Unlike in many non- 
permafrost areas, the tolerance to change i s  
unknown and likely to be small, while the monitor- 
ing of changes is very difficult using conventional 
means because of the remoteness of the areas. 
Remote sensing techniques provide a set of  methods 
that may  allow successful environmental monitor- 
ing in these areas. Several techniques may be 
used: the use of visible and near infrared multi- 
spectral data, which are mainly related to 
vegetation type and biomass, the use of thermal 
data, which may be related to the evapotranspiration 
and the use of microwave data, which may be related 
to the surface roughness and the soil moisture 
status. The properties to  which  these  systems are 
sensitive are related. However, the relationships 
among these properties are not always straight- 
forward. This paper discusses the relationships 
that may exist ,  in an  area of discontinuous perm- 
afrost in central Alaska, among biomass, surface 
temperature and  albedo. Multispectral visible and 
near-infrared data from the Multispectral Scanner 
Subsystem (MSS) and a contemporaneous thermal 
infrared data set from the Heat Capacity Mapping 
Radiometer (HCMR) are employed. As is discussed, 
there are good physicallybased reasons for think- 
ing that these data types should be related in 
this area. There i s  an intricate relationship 
among vegetation, slope, soil type and presence of 
permafrost in the study area. For example, interior 
low brush, muskeg-bog areas and black spruce hard- 
wood associations are generally found in areas 
that are underlain by continuous permafrost (LUPC, 
1973). Bottomland spruce poplar forests are 
generally found in areas in which permafrost is 
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Aerodynamic surface roughness, an important parameter controlling the 
evaporation rate, is related to the biomass. Previous work indicated 
that temperature variations in the Heat Capacity Mapping Mission 
(HCMM) satellite data were related primarily evaporation 
differences for similar albedo values. LANDSAT-derived estimates of 
the biomass were related to HC"-derived estimates of the surface 
temperature for an area of the Alaskan sub-Arctic for which contempo- 
raneous WLNDSAT and H C "  data existed. It was found that the 
relationship showed some scatter, the correlation coefficient being 
only -.62. Thus,  land cover data are not good substitutes for 
remotely sensed thermal infrared data in this area at this time p f  
year, but these  data have ancillary uses for situations in which 
hiKh spatial resolution data are needed to improve coarse resolution 

deep or absent (LUPC, 1973). Thus, a relationship 
exists between permafrost, evapotranspiration and 
surface temperature. 

BACKGROUND 

Previous  work has demonstrated that the 
relationships among the components of the energy 
balance equation can be modeled using remotely 
sensed data, e.g. Price (1980) .  Gurney and Wall 
(1983) used an HCMM scene o f  central Alaska to 
estimate the components of the energy balance 
equation $or 12 May 1978: 

G = R N + L E + H ,  (1) 

where G i s  the soil heat flux, RN the net radia- 
tion, LE the latent heat flux and H the sensible 
heat  flux. The HCMM data used were obtained just 
after the ice breakup.  At this time, when the 
ground is wet and the air is still quite dry and 
cold, evapotranspiration is at or near potential. 
Evapotranspiration within the study area was 
found to vary from 2 to 5 mm day-I. This agreed 
favorably with surface measurements of 
evapotranspiration taken in previous years In 
Arctic and Sub-Arctic areas just after the Ice 
breakup. 

surface energy balance were modeled as follows: 

LE - -C1 Ua (es - ea> ( 2 )  

The latent and sensible heat components of the 

H - -C1 Y Ua (Ts - Ta), ( 3 )  

where Ts is the surface temperature, Ta the air 
temperature, es the surface vapor pressure, ea 
the atmospheric vapor pressure, Ua the wind speed, 
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and y the  psychrometric  constant.  The  constant 
C1 in Equations (2)  and  (3) i s  the  bulk  diffusion 
coefficient.  This  constant,  Cl,  may  be  modeled 
as : 

PC,, k2 
c1 - I 

where p and  c  are  the  density  and  heat  capacity 
o f  air, ra  ani rs are  the  aerodynamic  and  stomatal 
resistances, z is  the  height  at  which  the  meteoro- 
logical  data  are  measured, z o  is the  roughness 
length,  and  k is von  Karman's  constant  (Brutsaert, 
1982). 

The  bulk  diffusion  resistance C1 is thus 
related  to  the  aerodynamic  surface  roughness. 
This  surface  roughness is in  turn  related  to  the 
vegetation  height  and  thus,  at  least in part,  to 
the  vegetation  type  (Monteith 1973). 

been  the  basis o f  previous work,  such  as that of 
Priestley  and  Taylor (1972). They  define  an 
empirical  parameter (x that  relates  potential  and 
equilibrium  evaporation  rates, Ep and E,, 
respectively: 

Ep = u E, . (5) 

Priestley  and  Taylor  (1972)  suggest  that  this 
parameter  has  a  value  of 1.26 for  grass, a value 
supported by subsequent  studies,  as  reviewed  by 
Brutsaert (1982). Other  vegetation  types  with 
different  surface  roughnesses  yield  different 
estimates of this  parameter. For instance, 
McNaughton  and  Black  (1973)  found u = 1.05 
€or  a  young  8-m-high  Douglas  fir  forest.  Thus,  it 
may  be seen that  the  evaporation  is  often  related 
to  the  land  cover  type and, as  mentioned  previously, 
vegetation  type  is  related  to  permafrost.  Land 
cover  types  may  be  estimated  from  multispectral 
remotely  sensed  data,  such  as  supplied  by  the 
LANDSAT MSS.  There  are  thus  at  least  two  ways in 
which  land  cover  type  can  be  used  to  improve 
estimates o f  evaporation,  both  involving  the  use 
of  semiempirical  parameters. The  surface  roughness 
estimates zo (Equation 4 )  can  be  modified  by  the 
type of land  cover, or the  parameter u (Equation 
5) can  be  changed.  Both  cases  presuppose  a  simple 
relationship  between  biomass  and  the  evaporation 
rate. This is tested  here for this  area. 

This  type  of  approach  has,  at  least  indirectly, 

METHOD 

Each of the  components o f  the  surface  energy 
balance  (Equation 1) depends  in  part on the 
surface  temperature.  Gurney  and  Hall  (1983)  found 
that  the  surface  temperature as estimated  by  the 
HCMR i s  a  good  indicator o f  evaporation,  because 
the  other  parameters  (such as the  albedo)  were 
similar  over  much  of  the  area.  It is thus of 
interest  to  compare  the  surface  temperatures 
estimated  by  using  the HCMR to  the  land  cover  types 
estimated  from  LANDSAT,  and  to  existing  vegetation 
maps. The  temperature  estimates  are  closely  related 

UPLAND  SPRUCE. 
HARDWOOD FOREST 

0 LOWLAND SPRUCE. 
HARDWOOD FOREST 

BOTTOMLAND SPRUCE 
HARDWOOD FOREST 

I LOW BRUSH. 
MUSKEG-BOG A!= 

ALPINE TUNDRA 

MOIST TUNDRA 

O d L E S  

FIGURE 1 Land  cover  map of the  Alaskan  study 
area  (after LUPC 1973),  showing  the  major  land 
cover  groups  and  the  locations of areas  used 
to  extract  values  for  use i n  this  study. 

to  the  actual  evapotranspiration,  as  shown by 
Gurney  and  Hall (1983). Gurney  and  Hall (1983) 
used  an HCMM scene  (A0016-22230-2)  of  the  Alaskan 
sub-Arctic  together  with  a  model  described  by 
Camillo et al.  (1983) to estimate  daily  evapo- 
transpiration.  This  same HCMM scene  was  used  in 
the  present  study. A LANDSAT  scene (30068- 
20374)  was  acquired  two  hours  before  the  HCMM 
scene of the  same  area  on 12 May 1978 (see 
Figure 1). The two  scenes  were  geometrically 
registered  (digitally  overlaid),  as  described 
later,  and  compared  by  using  the  following 
method. 

to  the  vegetation  height  and  biomass.  Holben 
et  al.  (1980)  have  shown  that  the  normalized 
difference  (ND)  ratio  obtained  from  MSS  data,  is 
also  related  to  the  biomass: 

The  bulk  diffusion  resistance,  C1, is related 

where R5 and R7 are  the  gray-level  counts for 
LANDSAT MSS Bands 5 and 7 ,  respectively.  The 
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temperature  for  certain  areas  of known cover 
type,  from  a  land  cover  survey (LWC 19731, was 
then  related  to  the ND ratio. If there  is  a 
relationship  between  cover  type  and  evaporation, 
it  should  appear as  a  relationship  between  the 
ND ratio  and  the  surface  temperature. 

DATA MANIPULATION 

To  use  the  information  from  the  HCMM  and 
LANDSAT  data  better,  the  two  images  were 
geometrically  registered so that  the  HCMM  trans- 
formed  data  lay  exactly  over  the  LANDSAT  data. 
The LANDSAT scene  was  used  as  the  base.  The  HCMM 
scene  was  rotated 45O SO that ita orientation  was 
approximately  the  same  as  that  of  the  LANDSAT 
scene. Tie points,  features  that  were  clearly 
identifiable  in  both  scenes,  were  located  within 
the  two  scenes,  a  procedure  that  required  two 
iterations  because  of  the  different  resolutions of 
the  HCMM  and  LANDSAT  data. A second-order  poly- 
nomial  was  fitted  to  model  the  geometric  errors, 
and  cubic  convolution  resampling was performed  to 
obtain  registered  data. The registration  root 
mean  square  error was estimated  at  about 250 m, or 
about  half  an  HCMM  pixel.  The LANDSAT data  were 
reduced  to  the HCMM resolution  by  pixel  averaging 
so that HCMM and  LANDSAT  pixels  were  closely  over- 
laid in order  to  facilitate  the  extraction  of 
surface  temperatures  (from  HCMM)  and ND ratios 
(from MSS) from  precisely  the  same  areas on each 
image. 

An ND ratio  image  was  produced by using  Equa- 
tion 6. This  ratio was used  as  an  estimate of 
the  biomass  to  compare  with  the  HCMM-derived 
estimates  of  surface  temperature  (see  Figure 2) .  
Several  areas  were  chosen  within  each  of four 
cover  types,  as  shown in  Figure 1: low brush  and 
muskeg-bog,  bottom  land  spruce-poplar,  lowland 
spruce-hardwood,  and  upland  spruce-hardwood. In 
each  cover  type, 10 x 5 pixel  areas  were 
selected  and  mean  temperature  and  the ND ratios 
estimated.  The  albedos for  all  the  areas  were 
similar.  None  was in  an  area of  high  relief, 
and so the  surface  temperature  should  be  a  good 
indicator  of  the  evaporation  rate.  The  method 
of  estimating  surface  temperatures  from  HCMM 
data  is  discussed  by  Gurney  and  Hall (1983). 

RESULTS 

The  plot of the  HCMM  estimates o f  the 
surface  temperature  against  the  estimate of 
the  biomass  provided  by  the ND ratio  is  shown 
in Figure 2.  The  points  are  divided  into  the 
four  land  cover  groups as discussed  above. 
It can  be seen that  the  relationship  between 
temperature  and  the ND ratio  exhibits  a  lot 
of  scatter.  The  relationship  is  basically 
linear, with a greater  surface  roughness 
(implying  a  larger  biomass)  being  related  to  a 
lower  surface  temperature. The correlation 
coefficient, r, is -.62, significant  at  the 99% 
level. The coefficient of determination  is 0.38 
and,  therefore,  there  is  a  large  unexplained 
variance,  about 62%. The  use of  LANDSAT  data 
alone I s  thus  unlikely  to  produce  satisfactory 
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FIGURE 2 Relationship  between  surface  temper- 
ature,  estimated  by  using  the  Heat  Capacity 
Mapping  Radiometer,  and  the  Normalized 
Difference  Ratio (ND, Equation 6 )  estimated 
by  using  LANDSAT. 

estimates  of  the  evapotranspiration  either 
through  the  use  of  a  Prlestley-Taylor  method, 
or  through  the  estimation  of  surface  roughnees 
from  vegetation  biomass.  However,  the  use  of 
the  thermal  data  can  provide  additional  infor- 
mation  that  may  be  useful  in  land  cover 
studies  using  the  LANDSAT 4 Thematic  Mapper. 
There  is  sufficient  correlation  between  LANDSAT 
and  HCMM  data for the  LANDSAT  data t o  be  a 
useful  aid  to  interpolation in areas  where  there 
are  mixed  pixels on the  coarser  resolution  HCMM 
or  other  thermal  data. It has  previously  been 
shown  that  the  HCMM  data  provide  adequate 
evaporation  estimates  in  this  area for uniform 
pixels.  However,  the  number  of  small  lakes 
and  areas of bare  ground  where  the  modeling 
assumptions do not  hold  are  sufficient  that 
many  pixels of thermal  data  are  contaminated 
and  the  model  approach  cannot  readily  be  used. 
In these  areas,  LANDSAT  higher  spatial  resolu- 
tion  data  could  allow  useful  evaporation  data 
to  be  obtained  even  though  the  principal  method 
based  on  thermal  data is invalid.  It  would  thus 
be of use  to  have  suitable  multispectral  high 
spatial  resolution  data  co-registered 
with  the low resolution  thermal  data f o r  environ- 
mental  monitoring in areas  of  discontinuous 
permafrost. 
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ANALYSIS OF INTERACTIONS BETWEEN LINED SHAFTS, 
PIPES AND THAWING PERMAFROST 

1. E. Guryanov 

Permafrost  Institute,  Siberian  Branch, 
Academy  of  Sciences,  Yakutsk, USSR 

Changes  in  the  compressibility  properties of permafrost  materials were studied  with 
regard to structures i n  the  ground  subject  to  stress-bending,  e.g.,  shaft  linings 
where  there  is an unfrozen  aureole  around  the  shaft,  or  pipelines  built  on  a  thawing 
foundation.  Expressions  were  derived  for  the  compressibility  coefficient  of  thawing 
materials  in  the  immediate  area  of  contact  depending  on  the  relative  thaw  radius 
around  the  structure.  Limits  for  the  applicability  of  the  calculated  formulae  for 
types of structures  are  indicated.  Permissible  approximations  of  the  calculated 
models  as  dictated  by  the  impact o f  actual  uncertainties in the  interaction  of 
structure with the  ground  are  determined. 

INTRODUCTION 

The  aim  of  this  paper  is  to  describe  the 
compressibility  of  thawing  soil  surrounding  ver- 
tical  structures  such  as  shaft  linings  supporting 
surface  buildings  (head-frames).  A  similar 
problem  can  be  formulated  for  bending  of  buried 
pipes  whose  design  lacks  distributed  vertical 
loads  along  their  length. 

When  shaft  construction is carried  out  in 
permafrost  regions,  warm  operating  conditions 
within a shaft  and  head-frame  give  rise  to  the 
formation  of a thawed  zone  behind  the  lining. 
When  near  the  surface,  say  within  a  few  tens of 
meters,  there  is  no  firm  rock  present  and  founda- 
tion  curbs  are  not  feasible. In most  cases 
vertical  loads  due  to  the  lining  and  head-frame 
can  be  transferred  to  surrounding  rock  only  at 
great  depth. In the  lack of such  transfer an 
analysis  is to be  made of longitudinal  bending o f  
the  lining in  a  pliable  ground  medium, i.e.  the 
thawed  zone. 

When  the  lining  is  deformed  under  the  combined 
action o f  horizontal  stress  near  the  surface,  and 
vertical  loading  from  above,  compression  of  soil 
surrounding  the  lining  results  from  asymmetrical 
redistribution of soil  pressure  in  each  horizontal 
cross-section.  The  magnitude  of  this  redistribu- 
tion,  restricted  by  actual  lining  deflection.  is 
more  than an order  of  magnitude  lower  than  the 
general  level of soil  pressure  values.  Therefore, 
with the  aid  of  the  method  of  superposition,  the 
stressed-deformed  state  can  be  interpreted as  a 
combined  result of axially  symmetric  rock  pressure 
and  unidirectional  soil  compressibility.  Assuming 
the  deformations  associated with soil  pressure  are 
in  equilibrium,  compression  due to unidirectional 
movement  of  the  lining can be  investigated  without 
taking  into  account  the  stressed  state  that  deter- 
mines  soil  pressure. 

Calculations  have  shown  that  horizontal  shifts 
of  the  lining  are  small,  within  the  limit of linear 
deformations.  Accordingly,  the  problem of the 
compression of soil i s  formulated  here  in  terms  of 
the  theory  of  elasticity,  and  deals  with  the  plane 
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deformation of an  annulus  of  thawing  soil  surround- 
ing  the  lining. In this  case  the  frozen  soil 
surrounding  the  thawing zone may  be  assumed  incom- 
pressible  (Guryanov, 1976). The  deformable  lining 
is  considered  as  a  cylindrical  surface  subject to 
radial  displacement  (see  Fig. 1). 

Actual  results o f  construction’do not  always 
correspond  to  expected  boundary  conditions  for  the 
lining-soil  interface  because  the  contribution  from 
contact  friction  is  largely  indeterminate.  To 
assess  possible  errors i n  design,  two  limiting 
cases  are  considered:  complete  connection  of  the 
deformable  lining  and  thawing  soil,  and  complete 
slip  at  the  interface with separation in  an 
extended  zone. 

We  assume  the  maximum  interfacial  strength  of 
the  lining  and  surrounding  soil  to  be  equal  to  the 
shear  strength  of  the  soil  which,  according  to 
current  standards  (SNIP, 1 9 7 4 1 ,  as  well  as L. I. 
Baron’s  investigations  (Baron, 19721, is  two  orders 
of magnitude  lower  than  the  value of deformation 
modulus  E  of  thawed  soil: 

tC * 10-2E 

On the  other  hand,  it  is  easy to show that  for 
tangential  stress Tra the  inequality 

is  valid  in  the  problem  under  consideration, where 
uo is the  maximum  transversal  displacement of soil 
adjacent to  the  lining  (horizontal  displacement of a 
vertical  structure),  and RO is  the  radius  of  the 
structure. 

problem  have  shown  that  maximum  horizontal.  displace- 
ments do not  exceed 5 mm. At RO = 3-4 m we have 
ug/Rg - lod3, Then,  taking  into  account  the  pre- 
ceding  expressions we obtain 

Calculations  of  lining  buckling  for a particular 

T < TC ru 

Thus,  contact  tangential  stress  is at least  an  order 
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of  magnitude  lower  than  the  limiting  interfacial 
shearing  strength, i.e. for  this  particular u(r) = uo ( 4 )  
problem no slio  occurs  at  the  contact  of  shaft pn(rlzn - 1) 
lining  and  surrounding  soil. 

In the  case  of a pipeline  within  a  thawing  zone 
having Ro = 20-30 cm, supposed  shifts  are UO X 1-2 
cm and  therefore  we  have  uo/Ro - IO-'. Following 
the  previous  reasoning  for  the  case  of  shaft 
lining,  for  pipelines  we  get  in  this  case: 

i.e. contact  stress is on the  average an order o f  
magnitude  larger  than  limiting  interfacial  shear- 
ing  strength,  and  therefore  there is virtually  full 
slippage  at  the  contact. 

One  therefore  concludes  that  the two limiring 
cases  of  structural  deformation  within  a  thawed 
zone  are  potentially  observable,  many  other  cases 
will  be  intermediate. 

where p = R / r ,  v = R / R o  are  dimensionless  parameters 
and  r,R  are  the  coordinate  direction  radius o f  
the  deforming  annular  soil  mass  respectively. 

the  known  physical  equations  for  stress,  expressed 
in  terms of shears,  yields  the  following  €unctions 
for  normal  and  tangential  stress  within  the  thawed 
soil  mass: 
according t o  the  solution ( 3 ) :  

Substitution  of  the  solutions (3) and ( 4 )  into 

rl Euo (1-1-1) COS a . 
R '  

R 
0 c -  

R!3(l"t!d(l-2Ld2(rl -1) 

R (5) 
T =  

rl Euo  sin a 
ra 2Ro(1+v) (1-2v) (rlR-l) ' 

ANALYSIS 

Stresses  and  displacements  are  basic  to  the 
definition  of  compressibility  of  soil.  Using  the 
method of degenerated  solutions  extended  to  the 
system of differential  equations of equilibrium ( 6 )  
for  this  problem,  we  apply  to  the  soil  the  con- 
ditions : 

and  according  to  the  solution ( 4 ) :  

Euo(1-u) COS a r12n+l P or = - 
Bo (1+u)  (1-2yj , . , ~ n - ~  1-,, 

(n - - "1 ; 

Euo  sin a -c = -  
ra a 

u = u(r) * u(a) = u(r) cos a ,  

v = v(r) v(a)  v(r) sin a, 

where u,v  are  the  radial  and  tangential  displace- 
ments,  respectively. 

In  the  case  of  no  slippage  between  the  lining 
and soil it is necessary  that u(r) = -v(r) and  the 
degenerated  solution  follows  from  the  equation  of 
equilibrium: 

Tangential  stress  given  by  the  expression (6) 
describes  the  conditions  of  net  shear  in a deform- 
ing  Soil  mass  near  the  surface  of  slippage. How- 
ever,  this  stress  is  not  of  contact  but  of  internal 
nature  and  therefore  is  neglected  in  analyses  of 
the  compressibility of soil  mass. 

unidirectional  force  (case  11,  the  resulting 
compression  along  a  circular  contour  is  the  sum 
of  contact  stresses  projected  onto  the  direction 
of  shear,  and  is  expressed by the  function: 

q = $(or cosc1 - -r sin a )  Eo da 

When a structure in contact with soil  exerts a 

ra ( 7 )  

The  condition o f  complete  slippage, v = 0, where  q  is  a  linear  load  per  unit of length o f  the 
occurring  despite  the  entraining  action  of  the structure. 
deformable  lining,  corresponds to the  condition According to formula (61, the  maximum  tensile 
dv(r) /dr = 0 at  the  interface. In this  case  the stress on the  structure-soil  contact  is of the 
final form of  the  equation o f  equilibrium is: order o f  

r'-+r-- d2u(r)  du(r) 3-4u 
dr dr rn U(r)  = O 

The  solutions  of  equations (1) and (2)  subject  Since  for  soils  the  limiting  tensile  stress is: 
to  the  boundary  conditions: 

0 .. IO-' T~ +. E , 

we get 

u(r) s u o  at r = R o ,  P 
u(r) = O  at r-R I 

are  for  equation (1): 

and  for  equation (2): 

(3)  that  is,  for  a  design  scheme  without  contact  fric- 
tion  (case 2) ,  soil resistance to  separation is 
completely  overcome.  Therefore,  in  the  expression 
fox  the  compression o f  soil  the  circulation  is 
replaced  by  an  integral  around  the  semicircle 
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defining  the  compression zone, and f o r  tangential 
contact  stress, T~~ = 0. Ultimately  we  then  have: 

q = 7 urR0  cos u do. ( 8 )  
0 

Taking  into  account  the  expressions (5) and ( 6 1 ,  
formulas  for  compression (7 )  and ( 8 )  take  the 
form: 
for  case 1 (no slippage): 

for  case 2 (complete  slippage): 

For  an  infinitesimal  thickness  of  the  thawed 
zone (at  the  start  of  thawing) , assuming ug = 
<Ro (tl-1) as rl+ 1,  from  formulas ( 9 )  and  (10) we 
obtain  the  expressions  for  initial  compression: 
for  no  slippage: 

11) 

for  complete  slippage: 

It  is  evident  that  in  the  absence  of  friction,  the 
initial  compression  according to formula  (12)  is 
equivalent  to  compression  along  one-fourth  of  the 
perimeter  of  the  circle.  In  comparison with the 
slippage  case,  the  initial  compression in the 
presence  of  friction  is  greater  by  a  factor of 2 
at p = 0.5, and 3 at 1-1 = 0.  

ly  expressed in the  form  of  the  Fuss-Winckler 
relation: 

q -kuo , (13) 

where k=mE is  the  bed  coefficient  (proportional  to 
the  modulus  of  soil  deformation, E). 

The  bed  coefficient k in  formula  (13)  is  related 
to  the  conventional  expression  for  bed  coefficient 
k through  the  relationship: 

Compression  of  the  deforming zone is  convenient- 

k = 2Rok' , 
since  the  compressibility  q  is  distributed  over  the 
full  diameter  of  the  structure.  In  contrast  to  the 
ordinary  bed  coefficient, k', with  a  dimensionality 
L-2M-2(N*m-3) , the  coefficient k has  a  dimension- 
ality  of  the  deformation  modulus  L*1MT-2(Pa)  and  is 
independent of the  structure  diameter  under  the 
assumptions  since  the  coefficient k'  is inversely 
proportional  to  the  size  of  the  lining  (Gorbanov- 
Posadov, 1953). Accordingly,  the  quantity  m  in  the 
expression  for  k  is  a  dimensionless  function  of 
soil  properties  (of  the  coefficient  of  transverse 
deformation, p )  and of compressible  zone  configura- 
tion.  Formulas  (9)  and (IO) readily  yield  expres- 

sions  for m, which as q+m, i.e. for  unfrozen soil, 
have, in particular,  the form: 
for  no  slippage: 

and  for  complete  slippage: 

Plots  of m [following  formulas (9) and ( l o ) ]  
versus  relative  depth  of  thawing, q, are  presented 
in  Fig.  2.  The  figure  shows  that  the  limiting 
inEluence  of  boundary  conditions  leads  to  a  five- 
fold  (and  more)  change  of  the  compressibility. 

The  obtained  functions  of  compressibility  are 
intended  for  use in  a  linear  differential  equation 
of fourth-order  which  describes  the  bending of 
structures  supported  by  an  elastic  base.  The 
characteristic  polynomial  involved  in  this  equation 
has  conjugate  roots  and  therefore  the  general 
solution  of  the  equation  involves  sine  functions 
of  depth.  Therefore  for  different  values  of  the 
bed  coefficient k the  half-wavelength of sinusoids 
of  transverse  shears  for  a  structure with rigidity 
EkJ  is  generally  inversely  proportional to the 
parameter fi = 4&m. Therefore  a  five-fold 
increase of k and  unchanged  loads  increases  the 
structure's  incline  by  a  factor  of  about  one  and 
a  half (4K). Similar  results  are  obtained  from 
test  calculations.  Consequently,  in  the  analysis 
of a  structure's  effect on an  elastic  foundation, 
the  determination  of  boundary  conditions  is  con- 
siderably  more  important  than  the  refinement  of 
methods  of  calculation. 

Fig.  2  also  shows  limiting  values  of  the  coef- 
ficient  m  for  an  unlimited  increase  of  the  extent 
of  thawing. It is  evident  that  for no slippage  of 
the  structure-soil  interface  and at p + 0 . 5  (for 
incompressible  soil)  the  compressibility  (back 
pressure)  increases  without  bound. In the  case of 
complete  slippage  the  compressibility  remains  a 
finite  value,  different  from  zero.  This i s  an 
important  advantage of the  equation  obtained  here 
over  modifications  of  Flaman's  solutions  which 
specify  that,  for  an  unlimited  compression zone, 
there  are  large  shears  and  therefore  a  zero  bed 
coefficient. 

entire  range 0 5 l~ 5 0.5, up t o  the  second  signifi- 
cant  digit,  coincides with the  expression: 

It is  interesting  that  formula (15)  for the 

(16) 

We  substitute (16) into  the  expression  for  the  bed 
coefficient, 

express  the  compressibility  through  normal  stress, 
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and, introducing  these  values  into  formula (13), 
we  obtain: 

Since  for  this  type  of  stressed-deformed  state 
the  mean  stress  and  deformation  are  zero,  from  (17) 
it  follows  that  compressibility  properties  of  a 
mass of unlimited  size  can  be  related  only  to  its 
shape  change. 

If we use  the  solution  obtained  earlier  for 
the  problem  (Guryanov,  1976)  to  estimate  the  value 
of compressibility,  assuming  its  distribution 
along  the  arc  of  length 0.5 TIRO,  then  the  relevant 
expression for the  bed  coefficient 

has  the  same  features  as  function ( l o ) ,  and  as 
n - f m  the  expression  (17)  also  follows  from (18). 
Equation  (18)  also  implies  the  possibility  of 
determining  the  bed  coefficient  directly  from 
pressure  test  results,  without  using  the  mechanical 
characteristics of the  soil. In particular,  if 
the  working  stress 6 on the  pressure  meter  of 
radius Ro refers  to  radial  shear ug, the  bed 
coefficient  approximating  the  case of contact 
with  slippage  will  then  be: 

Thus, the  compressibility  of  thawing  soils 
interacting with bendible  structures  depends on 
boundary  conditions  no  less  than on values of soil 
mechanical  characteristics. For actual  structures 
the  boundary  conditions  are  generally  indeterminate 
and  therefore  calculations  and  design of bendible 
structures  are  advantageously  done  using  marginal 
variations  of  their  size  and  shears,  The  combina- 
tion  of a large  diameter  and  small  shears  of  the 
bendible  structure,  for  example,  when  shaft  lining 
is being  bent,  is  closer  to  the  case  of  contact 
with no slippage  and  requires t ha t  formulas (9) 
and (14 )  be  used.  The  combination of a  small 
diameter  and  large  shears,  including  deformation 
of pipes  in  unfrozen  soils  is  closer to the  case 
of  complete  slippage  and  requires  that  formulas 
(10) and  (15)  be  used.  For  intermediate  cases, 
calculations  for  both  limiting  variant  can  be  used 
to  judge  design  feasibility. 
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I 
F I G U E X  1 Plan  view  of  deforming  thawed soilannulus 
under  the  action of a  cylindrical  lining. (1) dis- 
placements  for  no  slippage  at  the  structure-soil 
interface, ( 2 )  displacements  for  complete  slippage. 

m 

I 

I 2 3 4'1 

FIGURE 2  Compressibility  m  for  different  values  of 
p, as  a  function of relative  depth of thawing, n, 
(1) no  slippage on the  structure-soil  interface, 
(2) complete  slippage.  The  values of 1-1 on the 
abcissa  correspond to two  limiting  curves for m at  
ll + m .  
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A one-dimensional  mathematical  model of f rost   heave  based upon a nodal domain 
i n t e g r a t i o n   a n a l o g  is compared t o   d a t a   c o l l e c t e d  from a Winchendon, Mass., f i e l d  
site. A i r  and soil temperatures,   pore water p res su res ,  and  ground-water  level 
d a t a  were c o l l e c t e d  on test s e c t i o n s   c o n t a i n i n g   s i x   d i f f e r e n t   s o i l s   d u r i n g   t h e  
win te r s  of  1978-1979 and 1979-1980. The so i l   s amples  were eva lua ted  i n  the 
l a b o r a t o r y   t o   d e t e r m i n e   s o i l   m o i s t u r e   c h a r a c t e r i s t i c s ,   h y d r a u l i c   c o n d u c t i v i t y  as 
a func t ion  of pore water t ens ions ,   dens i ty ,  and other   parameters .  The 
parameters  were  used  together  with  assumed  thermal  parameters  in a 
one-dimensional  model that c a l c u l a t e s   t h e   d i s t r i b u t i o n s  of temperature  and 
mois ture   conten t  as well a s  the amount of ice s e g r e g a t i o n   ( v e r t i c a l l y  lumped 
f r o s t   h e a v e )  and thaw consolidation.  Using  measured air and s o i l   s u r f a c e  
temperatures  as i npu t   da t a ,  the s imulated  f rost   heave  and thaw c o n s o l i d a t i o n  
agreed well with  measured  ground  surface  displacements   that   resul ted  f rom ice 
seg rega t ion   o r  ice lens   mel t ing .  

This  paper  compares  measured  f ield  data o f  
f ros t   heave  and  thaw c o n s o l i d a t i o n  and  simulated 
f ros t   heave  and thaw consol ida t ions   us ing  a one- 
dimensional model t h a t  is being  developed by 
USACRREL f o r  a project   funded by t h e  Corps of Engi- 
neers ,   the   Federa l  Highway Adminis t ra t ion,   and  the 
Federa l   Avia t ion   Adminis t ra t ion  (Guymon et al. 
1981a) .   This   paper   reports  on con t inued   ve r i f i ca -  
t i o n  of the mathematical  model with some of t h e  
f i e l d   d a t a   c o l l e c t e d   f o r   t h e   t r i - a g e n c y   p r o j e c t .  

Beginning i n   t h e  mid-1970's  with  Harlan  (1973) 
and Guymon and Luthin  (1974) ,   invest igators .   have 
i n c r e a s i n g l y   s t u d i e d   t h e  use of mathematical  models 
to   s imula te   coupled  heat and  moisture movement i n  
f r e e z i n g  and  thawing  soils.  I n  the   ea r ly   1980 ' s  a 
number of investigators  proposed  using  such  models 
t o   e s t i m a t e   f r o s t   h e a v e  as well.  Most o f  these 
models are reviewed by Guymon et al. (1980)  and 
Hopke (1980).  Generally,  models are based upon 
de te rmin i s t i c   equa t ions   t ha t   desc r ibe   hea t   and  
moi s tu re   t r anspor t ;  however, t h e  manner of Sncor- 
po ra t ing   r equ i r ed   anc i l l a ry   mode l s ,  i . e .  those  used 
to   de t e rmine   l a t en t   hea t   e f f ec t s ,   hydrau l i c   p rope r -  
ties, and stress d i s t r i b u t i o n   i n   t h e   f r e e z i n g   z o n e ,  
and t h e  manner of assembling  the  complex  models 
var ies   wide ly   be tween  inves t iga tors .  It is  reason- 
a b l e   t o  s ta te  that   agreement  on either the   necessary  
l e v e l  of complexity of f ros t   heave  models o r   t h e  
formulat ion o f  a lgo r i thms   r ep resen t ing   p rocesses   i n  
t h e   f r e e z i n g  zone is  not  wide-spread.  Indeed, there 
i s  s t i l l  cons ide rab le   con t rove r sy   a s soc ia t ed  with 
modeling  endeavors. Due t o   t h e   i n h e r e n t   s p a t i a l  
v a r i a b i l i t y  of s o i l   p r o p e r t i e s ,   d e t e r m i n i s t i c  models 
w i l l  probably  never be e n t i r e l y   s a t i s f a c t o r y ,  and we 
have   i nc luded   p robab i l i s t i c   f ea tu re s  i n  one ve r s ion  
of t h e  model  used h e r e i n  (Guymon et al. 1981b). 

d e t e r m i n i s t i c  mathematical models of f ros t   heave   and  
P robab ly   t he   bes t  way t o  show t h e   u t i l i t y  o f  

the problems  assoc ia ted   wi th   the i r  use i s  t o  compare 
r e s u l t s  from these models wi th  p r o t o t y p e   f i e l d   d a t a  
and   exper imenta l   l abora tory   da ta .  We present   such  
comparisons  using a s p e c i f i c  model t h a t  has been 
re f ined   over   severa l   years .  

THE NUMERIC& MODEL 

where by Guymon et  al .  (1980,  1981a,  1981b,  1983) 
The numerical  model has  been  described else- 

and  Hromadh  et al .  (1982).  Consequently,  only a 
b r i e f   o u t l i n e  of t h e  model is  given here. 

model. The nomenclature  used in t h i s   t a b l e  is  
de f ined  a t  t h e  end of t h i s  paper. 

Phase-change  processes  in  freezing  or  thawing 
zones  are  modeled by an  isothermal   approximation.  
The phase-change  components f o r  d i s c r e t e  times are 
decoupled  using a s imple   cont ro l  volume  approach 
t h a t   a c c o u n t s   f o r   t h e   t o t a l   a v a i l a b l e   l a t e n t   h e a t  
f o r   f r e e z i n g   a v a i l a b l e  water or   thawing  avai lable  
ice .   Overburden   and   surcharge   e f fec ts   a re   approxi -  
mated by computing  an  equivalent   posi t ive  pore water 
pressure,  u, and adding I t  t o   s i m u l a t e d   n e g a t i v e  
pore   water   p ressures  at  d i sc re t e   nodes  where i c e  
seg rega t ion  is occurr ing .   Pos i t ive   pore  water 
pressures   due t o  c o n s o l i d a t i o n   a r e  assumed t o  be 
n e g l i g i b l e  compared to   overburden  and su rcha rge  
s t r e s s e s .  

The equat ions of s t a t e   a r e   s o l v e d  by a nodal  
domain in tegra t ion   ana log   (Hromadh et al. 19821, 
wh ich   r e su l t s  i n  a matrix system similar t o   t h e  
f in i t e   e l emen t   sys t em;   t ha t  is ,  for   the   decoupled  
hea t   t r anspor t   equa t ion :  

Table 1 presents   the   mathemat ica l   bas i s  of t he  

S T + C ? = F  (1) 
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TABLE 1 Mathematical   equation  describing frost  heave model. 

Energy 
state 

Liquid moisture transmrt Sensible heat transport I Ancillary relationrhips 
Soil region 

boundary 
Surface 

Frozen 

Freezing 
or 

thewine 

Unfrozen 

M u m n  bottom 
boundary 

where S is  a matr ix  of conductivity  parameters and 
spa t i a l   d i sc re t i zaF ion ,  C is a matr ix  of capaci tance 
parameters, T and T a r e   t h e  unknown s t a t e   v a r i a b l e  
and  temporal   der ivat ive  vectors ,  and F i s  a vec tor  
o f  specified  boundary  conditions.  The moisture 
t ranspor t   equa t ion   reduces   to   an   ident ica l  form. 

The nodal domain i n t e g r a t i o n  method r e s u l t s   i n  
a C matr ix   that  is a l s o  a func t ion  of a s i n g l e  mass 
lumping  parameter, n;  t h a t  is, C = C(rl)  where rl can 
a r b i t r a r i l y  be  chosen t o  represent  various  numerical  
analogs.   For  instance,   if  n = 2, a G a l e r k i n   f i n i t e  
element scheme results, or  if n-, an  integrated 
f i n i t e   d i f f e r e n c e  scheme r e s u l t s .  The Galerkin 
f i n i t e  element scheme was used in   th i s   s tudy .  

Governing  equations are solved by decoupling 
them €or   d i scre te   computa t iona l   in te rva ls  and by 
holding  each  parameter  constant. The s o l u t i o n  is  
advanced in   cons t an t  time-steps, At, by the  Crank- 
Nicolson  approximation. A t  the  end  of d i s c r e t e  time 
periods,   nonlinear  parameters are updated  with an- 
c i l l a r y   r e l a t i o n s h i p s  and secondary  var iables   are  
computed. The computational  technique and the  sen- 
s i t i v i t y  o f  results to   the  choice of numerical 
analog method are descr ibed i n  d e t a i l  by  Hromadka et 
a l .  (1982).  

f i c a t i o n  of the model with  f reezing test data  from 
l a b o r a t o r y   s o i l  columns, evalua te  the uncer ta in ty  
r e l a t i n g  t o  boundary  condition  errors,   describe 
modeling e r ro r s   i n   gene ra l ,  and present a d e t a i l e d  
ana lys i s  o f  parameter   e r ror   e f fec ts .  

Guymon et al. (1981b, 1983)  describe  the  veri-  

FIELD AND LABORATORY DATA 

F i e l d  data  were c o l l e c t e d  at a t e s t   s i t e   i n  
Winchendon, Massachusetts,   located  about X km (5 
mi.) south of the New Hampshire  border  and  about 32 
Ian (20 m i . )  e a s t  of the  Connecticut  River. The s i te  
c o n s i s t s  of 26 asphal t   concrete  pavement test 
sec t ions  wi th  13   d i f f e ren t  test materials. The test 
sectons  have a 76 nnn ( 3  in . )   asphal t   concre te  
pavement underlain by a uniformly  compacted  subbase 

m a t e r i a l  from 0.9 t o  1.5 m (3  t o  5 f t )  deep. S ix  of 
t h e  test sect ions  are   included  in   the  t r i -agency 
study.  Climatic  data,   ground-water  levels,   soil  
temperatures,   and  soil   pore  water  pressure  data were 
c o l l e c t e d   i n  the f i e l d   d u r i n g   t h e  1978-1979 and 
1979-1980 winters.  Undisturhed  and  disturbed 
samples were obtained frm the  test s o i l s  and 
eva lua ted   i n  the labora tory  t o  determine  the 
physical ,   hydraul ic ,  and mechanical  properties of 
the   var ious  materials. Field  observat ions of f r o s t  
heave, f r o s t  depth,  and s o i l  moisture  tension  were 
monitored  for  the  following test materials: ( a )  
Ikalanian s i l t ,  (b) Graves  sandy s i l t ,  (c )   Har t  
Brothers  sand,  (d)  Sibley till ,  ( e )  Hyannis  sand, 
and (f) dense-graded  stone. 

beginning 10 December 1978  and extending  through 15 
March 1979. These  data  are  determined  from  the 
average o f  the  maximum and minimum d a i l y  tempera- 
tures   taken from a thermograph.  Several  major 
freeze-thaw  cycles  occurred  and, d w  t o   d i u r n a l  
temperature  variations,   there  were numerous d iurna l  
freeze-thaw  cycles  during  the  winter.  Table 2 
presents  the  average  monthly  diurnal  temperature 
var ia t ions .  

Table 3 presents   the   phys ica l   da ta   ob ta ined   in  
the  laboratory.  The s o i l  water c h a r a c t e r i s t i c s   a r e  
represented by the  equation 

Figure 1 shows t h e  mean d a i l y  air temperature 

where the  regression  parameters & and n are   given 
in   Table  3. The f reez ing   so i l   hydraul ic   conduct iv-  
i t y   f a c t o r s ,  E, in   Tables  1 and 3 were determined by 
ca l ib ra t ion   a s   desc r ibed  below. The E factor   (Table  
1) is  a phenomenological  parameter  used t o  a d j u s t  
unfrozen hydraul ic   conduct iv i ty   to   represent   the  
hydrau l i c   conduc t iv i ty   i n   t he   f r eez ing  zone. The 
vers ion of the  model used here in  uses a hydraul ic  
conduct iv i ty   func t ion   in   t abular  form ( i . e .  
hydraul ic   conduct ivi ty  as a func t lon  of tension) .  
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TABLE 2 Average   mon th ly   d iu rna l   t empera tu re   va r i a t ions  a t  t h e  Winchendon test s i te ,  1978-1979. 
~~ ~~ ~ ~~~ ~ ~~ ~~ ~~ ~~ 

Mean d a i l y  
ampli tude 

Mean d a l l y  Max. d a i l y  Min. d a i l y   c o e f f i c i e n t  of 
ampLi tudes ,  O C  arnpli t udes, 'C ampl i tudes ,  'C v a r i a t i o n  ( X )  

Temperature   locat ion  Jan  Feb Mar Jan  Feb Mar J a n  Feb Mar Jan  Feb Mar 

Air (1.5 m above g.s.) 4.7 7.4 7.3  10.3 14.4 18.3 0.6 0.7 1.4 51 50 58 

S o i l   s u r f a c e  

I k a l a n i a n  s i l t  4.6 9 . 2  7.4 8.5 11.4 16.6 0.6 6.6 2.2 50 20 58 

Graves  sandy s i l t  3.2 7.4 5.8 5.0 10.3 17.0 0.1 5.4 1.1 50 30 78 

Hart Brothers   sand 3.1 7.1 8.1 5.8 10.6 17.4 0.2 1.4 2.0 48 42 58 

S i b l e y  t i l l  4.6 10.4 5.9 10.6 14.0 13.2 0.3 5.8 1.8 61 28 69 

MODEL SIMULATION 

A s o i l  column 1 m long was assumed f o r  a l l  
s o i l s   e x c e p t   S i b l e y  t ill ,  where a 1.3 m column was 
used. Gene ra l ly ,   t he  water t a b l e  was a l i t t l e  over  
1 m deep in a l l   s e c t i o n s   e x c e p t   t h e   o n e   c o n t a i n i n g  
S i b l e y  till, which  had a lower water t a b l e   ( l e s s  
t h a n  1.3 m). The s o i l  column was d iv ided  into 50 
va r i ab le -   l eng th   e l emen t s   r ang ing  from 0.5 cm a t   t h e  
column t o p  t o  10 cm a t  t h e  column  bottom. A 
CranlrNicolson  t ime-step of 0.2 h r  and a parameter  
update   f requency of 1.0 h r  were  used. Column bottom 
boundary  condi t ions were determined  from  recorded 
data .  Mean d a i l y   s u r f a c e   t e m p e r a t u r e   d a t a   o r  air 
t e m p e r a t u r e   d a t a   m u l t i p l i e d  by the  Corps of 
Engineers  n-factor  (Berg  1974) were used f o r  the 
upper  boundary  conditions.  A s i n u s o i d a l   d i u r n a l  
s u r f a c e   t e m p e r a t u r e   v a r i a t i o n   w i t h  a 7'C ampli tude 
was used.  Parameters were assumed,  measured i n  the 
labora tory ,   o r   de te rmined  by c a l i b r a t i o n .   T a b l e  3 
summarizes   the  parameters   used  in   the  s imulat ions.  

The r e s u l t s  of S imula t ions   for   the   Graves   sandy 
s i l t  and S i b l e y  t i l l  d u r i n g   t h e  1978-1979 win te r  are 
shown i n   F i g u r e s  2 and 3 a l o n g   w i t h   t h e   r e s u l t s  when 
mean d a i l y   s u r f a c e   t e m p e r a t u r e s  are used  without a 
d i u r n a l   v a r i a t i o n .   S i m i l a r   r e s u l t s  were ob ta ined  
f o r   o t h e r   s o i l s   s t u d i e d .  In g e n e r a l ,   e r r o r s  inrro- 
duced  by  using mean d a l l y   s u r f a c e   t e m p e r a t u r e  were 
n e g l i g i b l e .  The most s l g n i f i c a n t   d i f f e r e n c e  ob- 
se rved  was for   Graves  sandy s i l t  (F igu re  2). I n  a l l  
cases ,   t he   u se  of mean d a i l y   s u r f a c e   t e m p e r a t u r e s  
approximated  measured thaw p e n e t r a t i o n  more accur- 
a t e l y   t h a n   t h e  7'C ampl i tude   d iu rna l   va r i a t ion .  

I n  some c a s e s ,  it was d i f f i c u l t   t o   p r e d i c t  
a c c u r a t e l y   f r o s t   p e n e t r a t i o n   n e a r   t h e  end of t h e  
season.   Measured  f rost  (0°C isotherm)  depths ,   which 
are s u b j e c t  t o  some e r r o r ,   a r e   g e n e r a l l y   d e e p e r   t h a n  
s i m u l a t e d   w i t h   t h e  model. 

s o i l   h y d r a u l i c   c o n d u c t i v i t y   c o r r e c t i o n   f a c t o r .  
A d j u s t i n g   o t h e r   p a r a m e t e r s ,   s u c h   a s   t h e   s o i l   w a t e r  
c h a r a c t e r i s t i c s ,   m i g h t   h a v e   y i e l d e d   b e t t e r   o v e r a l l  

The on ly   pa rame te r   ca l ib ra t ed  was t h e   f r e e z i n g  
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TABLE 3 Soi l   pa rame te r s   fo r  remolded  Winchendon, Massachuset ts ,  test  site soils.  

Ikalanian  Graves Hart Bros. Sibley  Hyannis  Dense  graded 
Parameter s i l t  sandy s i l t  sand t i l l  sand s t o n e  

S o i l   d e n s i t y   ( g / ~ r n ~ > ~  1.70 1.49 1.690 1.970 1.690 1.870 

soi l  p o r o s i t y  (cm3/cm3j1 0.37 0.46 0.391 0.282 0.367 0.334 

Soi l -water   f reez ing   po in t  0 0 0 0 0 0 
depres s ion  ('C)' 

Volumetr ic   heat   capaci ty  of 0.20 0.20 0 200 0.200 0.200 0.200 
s o i l   ( ~ a l / c m ~ / ~ ~ ) ~  

Thermal  Conductivity of s o i l  17.00  17.00 5.000 20.000  17.000 17.000 
(cal /cm/hr/"C)2 

Unfrozen water content  0.03 0.12 0.040 0.150 0.010 0.150 
f a c t o r  (cm3/cm3)2 

S o i l  water c h a r a c t e r i s t i c s  0.000546 0.0056 0.022 0.062 0.00154 0.053 
[Aw,(n)] ( u n i t l e s s ) '  (1.5) (0.9) (0.867) (3.45) (1.806)  (0,462) 

Sa tu ra t ed   hydrau l i c  0.37 1.92 4.080  0.360 1.230 5.540 
conduct iv i ty   (cm/hr ) l  

F r e e z i n g   s o i l   h y d r a u l i c  16.00 4.50 5.000 8.000 15.000 15.000 
conduct ivi  y f a c t o r  
( u n i t l e s s )  5 

' Parameters  measured i n  laboratory  f rom  remolded  soi l   samples .  
Parameters  were  assumed. 
Parameters were c a l i b r a t e d ,  

Heave 
Frost 

IO0 -r Temperature  Amplitude 

Mean  Daily 
Surface  Temperature 

0 
0 

loooo I I I I I I I I I I I 
20 40 60 00 IO0 I20 

IO o!, '78 
Time (days)  

FIGURE 2 S imula t ed   f ros t   heave ,  thaw c o n s o l i d a t i o n ,   f r o s t   p e n e t r a t i o n ,  and   thaw  pene t ra t ion   for   Graves   s i l ty  
sand, 1978-1979 (day 0 = 10 Dec 1978). 

r e s u l t s ,   b u t  t h i s  type of c a l i b r a t i o n  i s  not a wise A l t e r n a t e   f r e e z i n g  and  thawing  occurs  near the 
procedure   s ince  it  may mask e r r o r s   i n   t h e  model. s o i l   s u r f a c e  i n  most f i e l d   p r o t o t y p e   s i t u a t i o n s .  It 
C a l i b r a t i o n   e r r o r s  may stem from three 6ources:  (1) seems appropr ia te   tha t   any   comple te  model of f r o s t  
a sur face   mois ture   f lux   boundary   condi t ion   e r ror ,  heave  should  include  analogs that account   for  
( 2 )  t h e   f a c t   t h a t   s o i l   p a r a m e t e r s   v a r y  due t o  changes   in  key parameters,   such as a hydrau l i c  con- 
f r eeze l thaw  cyc le s ,  and (3 )  use of pavement s u r f a c e  d u c t i v i t y  due t o  f r eeze l thaw  cyc le s .   Ne i the r   t h i s  
temperatures   instead  of  s o i l  surface  temperatures .  model nor a n y   o t h e r   c u r r e n t l y   a v a i l a b l e   a t t e m p t s   t o  
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FIGURE 3 Simulated frost  heave, thaw consolidation, frost penetration, and thaw penetration €or 
Sibley t i l l ,  1978-1979 (day 0 = 10 Dec 1978). 
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FIGURE 5 Simulated frost  heave, thaw consolidation,  frost  penetration, and  thaw penetration  for 
S i b l e y  till, 1979-1980. 
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i nc lude   t he   i n f luence  of a l t e r n a t e   f r e e z i n g  and 
thawing. 

v a l i d i t y  of c a l i b r a t i n g   t h e  E f a c t o r ,   d t a   f o r   t h e  
1979-1980 win te r  were used. Air temperature   data  
and f ros t   heave  and f r o s t   p e n e t r a t i o n   d a t a  are on ly  
a v a i l a b l e   f o r   ( a )   I k a l a n i a n  s i l t ,  (b) Graves  sandy 
s i l t ,  (c) Hart Brothers   sand,   and  (d)   Sibley till. 

f ros t   heave  and f ros t   pene t r a t ion   fo r   Graves   s andy  
s i l t  and S ib ley  till in   F igu res  4 and 5. To match 
the  measured maximum f r o s t   h e a v e   f o r   t h e  1979-1980 
win te r  more c l o s e l y ,   t h e  E f a c t o r s   a r e  10.3, 5.0, 
9.0, and  8.5 f o r   I k a l a n i a n  s i l t ,  Graves  sandy s i l t ,  
Hart brothers   sand,   and  Sibley t i l l ,  r e spec t ive ly .  
Data i n   F i g u r e  4 show computed r e su l t s   u s ing   bo th  E 
f a c t o r s .  

To f u r t h e r  test t h e  model,  and p a r t i c u l a r l y   t h e  

S imula t ed   r e su l t s  are compared t o  measured 

CONCLUSIONS 

The proposed  model  can  reasonably estimate 
f ie ld   f ros t   heave ,   p rovided   accura te   da ta  on bound- 
a r y   c o n d i t i o n s  and  parameters are a v a i l a b l e .  Tests 
OF t h e  model  were f o r   f i e l d   c o n d i t i o n s  where a 
number of f reeze l thaw  cyc les   occur red   as  well as 
s ign i f i can t   d iu rna l   t empera tu re   va r i a t ions .   Us ing  
measured a i r  and s o i l   s u r f a c e   t e m p e r a t u r e s   a s   I n p u t  
da t a ,   t he   s imu la t ed   f ros t   heave  and  thaw consolida- 
t i on   ag reed  well with  ground  surface  displacements  
r e s u l t i n g  from ice seg rega t ion   o r   i ce   l ens   me l t ing .  

determine  the E f a c t o r   € o r   e a c h   s o i l ,   t h e  
phenomenological   parameter   that   accounts   for  
dec reased   hydrau l i c   conduc t iv i ty   i n   f r eez ing   o r  
thawing  zones. The r e s u l t s  of t he   s tudy   r epor t ed  
he re   sugges t   t ha t  i t  is  f e a s i b l e   t o   c a l i b r a t e   t h e  
model €or f i e l d  soils using  imperfect   input  data; 
however, a long  per iod of da ta  is requlred  with a 
number of f r eeze l thaw  cyc le s .  

Cur ren t ly  the model r e q u i r e s   c a l i b r a t i o n   t o  
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NOMENCLATURE 

T =, temperature   (pr imary state v a r i a b l e )  
u = pore water pressure  (pr imary s ta te  v a r i a b l e )  

B U  = volumetr ic   unfrozen water content   (secondary 

B i  = volumetr ic  ice content   ( secondary   s ta te  

O s  = volumetr ic   segregated ice content  (secondary 

s t a t e   v a r i a b l e )  

v a r i a b l e )  

s ta te  v a r i a b l e )  
x = c o o r d i n a t e   v e r t i c a l l y  downward 
R = l eng th  of a f i n i t e   e l e m e n t  
y - lumped t o t a l   f r o s t   h e a v e   ( s e c o n d a r y   s t a t e  

r = time 
v a r i a b l e )  

unfrozen water content   fac tor   (parameter )  
so i l   po ros i ty   (pa rame te r )  
s o i l   t h e r m a l   c o n d u c t i v i t y   ( p a r a m e t e r )  
so i l   vo lumet r i c   hea t   capac i ty   (pa rame te r )  
f r e e z i n g   p o i n t   d e p r e s s i o n  of water  
(parameter)  
KH (u) = hydrau l i c   conduc t iv i ty   func t ion  
(parameter) 
f r e e z i n g   s o i l   h y d r a u l i c   c o n d u c t i v i t y   c o r r e c t i o n  
(parameter)  
ice thermal conduc t iv i ty   ( spec i f i ed   cons t an t )  
water   thermal   conduct iv i ty   ( spec i f ied  
cons t an t )  
thermal   conduct iv i ty  of s o i l ,   w a t e r ,  ice 
mixture  

cons t a m )  

c o n s t a n t )  

ice mixture 

( s p e c i f i e d   c o n s t a n t )  

c i  = ice vo lumet r i c   hea t   capac i ty   ( spec i f i ed  

Cw - water vo lumet r i c   hea t   capac i ty   ( spec i f i ed  

Cm 4 vo lumet r i c   hea t   capac i ty  of so i l ,  water ,  

L = bu lk   wa te r   vo lumet r i c   l a t en t   hea t   coe f f i c i en t  

p i  = ice d e n s i t y   ( s p e c i f i e d   c o n s t a n t )  
pw = water d e n s i t y   ( s p e c i f i e d   c o n s t a n t )  

P a r a m e t e r   r e f e r s   t o  a measured o r  assumed parameter 
r e q u i r e d   i n   t h e  model. Spec i f ic   cons tan t  refers t o  
a parameter   obtained  f rom  s tandard  tables .  
V a r i a b l e s   a r e  computed by t h e  model. 
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PERMAFROST-GLACIER  RELATIONSHIPS IN THE  SWISS ALPS-TODAY AND IN  THE  PAST 

Wilfried  naeberli 

Versuchsanstalt fiir Wasserbau,  Hydrologie  und  Glaziologie,  ETH  Ziirich,  Switzerland 

A conceptual  model  is  proposed to explain  the  geographical  distribution  of  perma- 
frost  and  glacier  phenomena  in  high  altitude/low  latitude  mountains,  The  concept 
developed  shows how the  vertical  distance  between  the  lower  boundary of permafrost 
distribution  and  the  equilibrium  line on glaciers  can  be  related to the  mean  annu- 
al air  temperature  at  the  equilibrium  line.  This  temperature  term  strongly  depends 
on the  continentality  of  the  climate  and  can  be  empirically  linked  to  thermal  con- 
ditions  in  ice  and  permafrost,  and  also  to  glacier  activity.  Conditions i n  the 
Swiss  Alps  both  today  and  in  the  past  are  used to illustrate  the  concept  and  to 
demonstrate  its use for  paleoclimatic  reconstructions. In the  humid  marginal  zones 
of  the  Alps,  where  permafrost  is  restricted  to  rock  outcrops  in  the  accumulacion 
area  of  glaciers,  active,  temperate  glaciers  are  dominant;  on  the  other  hand,  less 
active,  partially  cold  glaciers  and  creep  phenomena  in  perennially  frozen  sedi- 
ments  (such as rock  glaciers  and  push  moraines)  are  abundant  in  the  sheltered  in- 
terior  regions  today.  Partially  warm-based,  cold  glaciers of extremely  low  activi- 
ty  within  continuous  permafrost  were  typical  for  the  coldest  period  of  the  last 
ice  age. In agreement  with  palynological  reconstructions,  this  indicates  that  pre- 
cipitation  was  greatly  reduced  at  this  time. 

INTRODUCTION 

Glaciers  are  the  most  obvious  form of ice on 
many  high  altitudellow  latitude  mountains  and  have 
been  studied  since  long  before  the  beginning of the 
twentieth  century.  However,  high-mountain  perma- 
frost  is a less  striking  feature,  and  research  into 
it  has  only  developed  over  the  last  few  decades. 
The  growing  knowledge  about  glaciers  and  permafrost 
in  the  Swiss  Alps now makes  it  possible  to  discuss 
the  relationships  between  the  two  phenomena.  While 
the  vertical  sequence  of  glacier  and  permafrost zo- 
nes in  the  Alps  (discussed  earlier  by  Haeberli 
(1976, 1978)) mainly  depends  on  the  (mean  annual) 
air  temperature,  the  regional  distribution  of  gla- 
cier  and  permafrost  features  will  be  shown  here  to 
depend  primarily  on  precipitation.  Both  air  tempe- 
rature  and  precipitation  vary  not  only  in  space  but 
also  in  time,  and so does  the  distribution  pattern 
of permafrost  and  glacier  ice. A greater  under- 
standing of the  spatial  relations  between  actual 
glaciers  and  existing  permafrost  should  therefore 
a l s o  lead to a better  interpretation of paleoclima- 
tic  conditions. 

The  purpose  of  this  paper  is  to  propose a con- 
ceptual  model to explain  the  relationships  between 
permafrost  and  glacier  phenomena  in  the  Swiss  Alps. 
The  concept  developed  here is  mainly  based  upon 
ideas  and  observations  by  Shumskii (1964) ,  Haeberli 
(1975), 1978) ,  Barsch (1978), Eorbunov  (1978),  Kuhn 
(1980) and  Shi  and  Li  (1981). 

PERMAFROST-GLACIER  RELATIONSHIPS  IN  THE  SWISS  ALPS 

The  concept  is a combined  consideration  of  seve- 
ral  basic  permafrost  and  glacier  phenomena,  their 

mean annual 
air temperature 

400 mm 

@ 
-2500 mm mean annual 

preclpltatlon 

FIGURE 1 Schematic  model  of  the  structure  of  the 
cryosphere.  Explanation  in  the  text. 

interrelationships  and  their  variation  with  changes 
in  precipiration.  It  is  based  upon a model of the 
cryosphere as depicted  in  Figure 1; the  field,  de- 
fined by  the  mean  annual  air  temperature  (i.e.,"al- 
titude"  in  mountain  regions)  and  the  mean  annual 
precipitation  (i.e.,  "continentality"),  is  subdi- 
vided  by  the  equilibrium  line  on  glaciers  (mass  ba- 
lance=O) and  the  lower  boundary of discontinuous 
permafrost  into  three  main  zones.  Zone A, above  the 
equilibrium  line,  is  the  accumulation  zone of gla- 
ciers  where no sediments  are  deposited,  Zone B, be- 
low the  lower  boundary  of  permafrost  distribution, 
is  free from permafrost.  Zone C, below  the  equilib- 
rium  line  of  glaciers  and  above  the  lower  boundary 
of  permafrost  distribution,  is  the  zone  in  which 
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glacier  ice  can  be  cold  and  unconsolidated  sedi- rectly  observed  in  mass  balance  studies,  is  infer- 
ments can be  in a perennially  frozen  state.  The  ver- red from  an  accumulation  area  ratio of 0.6 to 0.7 
tical  extent of this  zone C is a direct  expression (Gross et  al.  1977). With  increasing  continentality, 
of  precipitation - a principle now used  for  paleo- it moves to colder  regions  because  the  decreasing 
climatic  reconstructions  (Kerschner  1978,  1982, amount of snow  accumularion  can  be  balanced  by  lower 
1983,  Haeberli 1982). In a maritime  climate, zone C amounts  of  melting  (temperature  dependent). In these 
disappears  because  the  equilibrium  line  descends colder  regions  (lower  TE)  the  amount  of  liquid  pre- 
below  the  lower  boundary  of  permafrost  distribu- cipitation  in  the  lower  reaches  of  the  glacier  de- 
tion, creases.  This  lowers  the m a s s   b a l a n c e   g r a d i e n t ,  the 

change  in  snow  and  ice  balance  with  altitude  for a 

mean  annual  air  temperature  at  the  equilibrium given  glacier,  often  referred  to  as  the  "activity 

line, TE, via  the  air  temperature  gradient  (assumed index"  (Meier  1961).  The  mass  balance  gradient  not 

to  be  constant  in  this  paper,  viz.,  0.65°C/100 m). only  depends  on  precipitation  (Schytt  1967,  Kuhn 

The  vertical  extent of zone C is  related  to  the 

As is  the  case  for  the  mean  air  temperature  during lgao) and TE but is an expression Of the Inass 
the  ablation  period, t o  which  it  is  obviously cor- exchange at the 'IJrface Of a glacier with a given 

related  via  precipitation, TE is a good  indicator size. A t  the  same  time,  it  drives  the  mass  flux 

1982).IT is this term, Tg, which may be considered volving  both  ice  deformation and sliding  at  the 
as the  central  point  of  the  concept,  because  it  is glacier  bed,  depends  in a  nonlinear  way on the 

not only  related to precipitation, to the  vertical b a s a l   s h e a r  stress i n  a g l a c i e r  (Paterson  1981). The 

extent of zone C (where  geomorphological  expres- basal  shear  stress  therefore  varies  with  varying 

sions of  permafrost  such  as  rock  glaciers,  push mass  exchange  at  the  glacier  surface;  for a given 

moraines  or  ice  wedges  can  occur),  and  to  thermal size  it  decreases  with  decreasing  balance  gradient 

conditions  in  glacier  ice  and  permafrost,  but  also (Maisch  and  Haeberli  1982)  and  decreasing TE, at 

to  processes  of  mass  exchange  at  glacier  surfaces least  for  small  or  continental  glaciers. It is  re- 

(mass balance  gradient)  and  glacier  activity  (ice lated  to  glacier  geometry  (thickness,  inclination, 

of precipitation (cf. Ahlmann  1924,  1933,  Kuhn  1980,  within a glacier  via  glacier  flow.  The  latter,  in- 

thickness,  shear  stress,  glacier flow). These  terms cross section) and furnish information 

of the  concept  and  their  interrelationships  are  ex- about glacier activity during past glaciations, 
plained  below. 

f ros t  as measured  in  boreholes is, on  average, 

even  though no mass  balance  or  flow  velocity  measu- 
cements  are  possible  for  the  vanished  glaciers. 

Values  for  balance  gradients  and  basal  shear The  mean s u r f a c e   t e m p e r a t u r e  i n  ice and  perma-  

about 3 O - 4 O C  warmer  than  the  mean  annual  air  tempe- stresses, as quoted in this paper, are averaged 

rature  at  the  same  place (cf. data  given by Haeberli Over the Of the gla- 
1975,  1976,  Mark1  and  Wagner  1978,  Barsch  et  al. ciers.  It  is  for  these  areas  only  that  balance  gra- 

1979). Because  of  the  effect  of  latent  heat  ex- dients  are  more or less  linear  and  glacier  geometry 

change  by  percolating  meltwater,  the f i r n  t e m p e r a -  (for  stress  calculations)  is  relatively  well  docu- 

t u r e  is O°C providing  the  mean  annual  air  tempera- mented,  both  by  drilling5  and  geophysical  soundings 

ture i s  higher  than  about  -8OC.  Temperate f i r n  bo- in  recent  glaciers  (e.g.,  Siisstrunk  1951,  Waechter 
dies  (within zone A) therefore occur where TE > -8Oc  lgS1)  and  by moraines in the of ice age  gla- 
and are absent in  continental regions,  whereas  ciers (Maisch  1981). A n n u a l   p r e c i p i t a t i o n   a n d   m e a n  

cold g l a c i e r  i ce  (zone C )  exists  in  regions  where a n n u a l   a i r   t e m p e r a t u r e  are  long-term  averages  esti- 
TE < - 3 ~  to -4~c but not in regions with a ma- mated  from  weather  station  records.  Values €or pre- 
ritime  climate. cipitation  refer  to a standard  altitude  of 2,000 m 

a.s.1.  and can  only  be  rough  estimates.  Emphasis  is 

of  ground  temperatures  at a given  altitude  (about placed  upon  relative  differences  rather  than on ab- 

+ 3 O C ) ,  the l o w e r   b o u n d a r y   o f   d i s c o n t i n u o u s   p e r m a -  solute  numbers. p e r m a f r o s t  and g l a c i e r s  are  consi- 
frost  f o ~ ~ o w s  the to -2oC isotherm, whereas the dered  to  be  in  equilibrium  with  climate.  This  is 

the  -60 to -goc isotherm (Haeberli 1978). gla- not  inrroduce  too  large  an  error  into  the  overall 
ciers are  the  morphological  expression  of  creep  in picture.  The  remainder  of  this  paper  illustrates 
perennially  frozen,  supersaturated  sediments  under the  concept  outlined  above  and  demonstrates  its use 

the  influence of gravity  alone  (Barsch  1978,  Fisch €or a better  understanding o f  paleoclimatic  condi- 
et al.  1978,  Haeberli 1978). On the  other  hand,  the 
deformation of such  sediments  through  flow of (par- CONDITIONS TODAY 
tially)  cold  glaciers  leads  to  the  formation  of 
p u s h   m o r a i n e s  in  the  strict  sense ( s . s . )  (Haeberli The Swiss Alps  are  characterized  by a transition 
1979). These  two  phenomena  can  be  used  to  recon-  from  maritime  to  continental  climate  without  show- 
struct  the  position of the  lower  boundary  of  dis-  ing  extreme  conditions.  An  example of each-the  "hu- 
continuous  permafrost  or  the  -lo  to -2OC isotherm  mid"  margin"  and  the  "dry  interior",  respectively- 
in  regions or times  without  weather  station  records,  is  described  here.  Many  regions  in  the  Alps  belong 
if TE > - 2 O C ,  where zone C disappears. Ice wedge to  the  transitional  zone  (Figure 2 )  between  the  two 
occurrence  is  limited  to  the  continuous  permafrost  examples. More extreme  conditions  can  be  found  in 
zone  (PEwE  1966,  Brown  and  Pew6  1973)  or  to  regions  other low latitude  mountain  chains  of  the  world 
with  TE < -60 to  -8OC (low precipitation).  (e.g.,  Asia,  South  America). 

As a consequence of the  topographical  variation 

l o w e r   b o u n d a r y  of c o n t i n u o u s   p e r m a f r o s t  is  close  to a simp1ification, but it probably does 

T h e   e q u i l i b r i u m  l i n e  on g l a c i e r s ,  when  not  di-  The "humid   marg in"  of the  Alps,  with  an  annual 
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PIGURF: 2 Bodmergletscher  near  the  Simplon Pass,  an 
example  from  the  transitional  zone  between  the  ”hu- 
mid  margin”  and  the  “dry  interior“  of  the  Swiss 
Alps.  Typical  phenomena  discussed  in  the  text  are 1, 
Bergschrund; 2 ,  accumulation  area; 3 ,  equilibrium 
line  (accumulation  equals  ablation); 4 ,  ablation 
zone  (partially  debris-covered); 5, lateral  moraine 
of  historical  and  postglacial  advances; 6 ,  (small) 
rock  glaciers  (creep  of  perennially  frozen,  super- 
saturated  sediments). The  arrow  points  to a holoce- 
ne push  moraine  (glacially  deformed  frozen,  super- 
saturated  sediments)  and  at  the  same  time  to  the 
north.  During  postglacial  times,  Tg  was  around  -4OC, 
corresponding  to  an  annual  precipitation  at  2,000 m 
a . s . 1 .  of 1,000-1,500 mm. 

precipitation  of  about 2,000 mm, is  exemplified  by 
the  regions  of  Engelberg  in  central  Switzerland, 
the  upper  Reuss  valley  in  the  Bernese  Alps,  and  by 
wide  parts of the  Alps  of  Uri  and  Glarus. A surface 
trend  analysis of snow  line  altitudes  in  the  Swiss 
Alps  (Muller  et al. 1976)  shows low values  in  the 
regions  considered,  and  the  equilibrium  line on 
glaciers  indeed  descends  below 2,600 m a.s.R.  TE  is 
about -1’ to -2,5OC, and  below  the  bergschrund,  in 
most  cases,  the  glaciers  are  temperate  throughout. 
Balance  gradient$  show  annual  values  close  to 
1 dl00 m (Kasser  1981,  p.  123:  Silvretta)  and  ba- 
sal  shear  stresses in large  glaciers  are  between 1 
and  1.5  bars  (Unteraargletscher,  Rhonegletscher). 
As  the  equilibrium  line is very  close  to  the  lower 
boundary of discontinuous  permafrost,  the  presence 

of permafrost  is  essentially  limited  to  rock  out- 
crops  such as sumits, sharn  crests,  and  very  steep 
walls,  all  within  the  accumulation  area of gla- 
ciers.  Active  rock  glaciers  and  push  moraines S . S .  

are  absent  because  unconsolidated  sediments  are  not 
in a perennially  frozen  state.  The  firn  of  the 
accumulation  area  of  glaciers  is  temperate  to  an 
altitude o f -  about 3,500 m a.s.8..  at which  level 
the  mean  annual  air  temperature  is  around -8oC and 
permafrost  starts  to  be  continuous.  The  landscape 
above  the  timberline  is  characterized  by  active, 
temperate  glaciers,  nonfrozen  sediments,  and  bed- 
rock. 

Glaciological  mountain  research  in  the  western 
world  has  traditionally  concentrated on this  “humid 
margin” type  of  landscape  in  which  the  most  specta- 
cular  glaciers  are  found. In the  corresponding  li- 
terature,  low-latitude  mountains  are  often  general- 
ly  assumed  to  be  free  from  permafrost  and  to  be  co- 
vered  with  temperate  glaciers  only.  The  resulting 
discrepancies  in  the  identification of rock  gla- 
ciers  and  debris-covered  glaciers  has  mainly  evol- 
ved  from  this  viewpoint. 

The  Mischabel  group  within  the  Wallis  Alps  or 
the  mountains  around  the  Engadin  Valley  in  the  Alps 
of  Grisons  are  good  examples o f  the  relatively 
“dry interior” of the  Alps,  Annual  precipitation  is 
close to, or  below,  1,000 m and  the  equilibrium 
line  rises  to 3,000 m a.s.1.  and  higher.  TE  is 
about -5O to -7OC.  Between  the  equilibrium  line  and 
the  lower  boundary of discontinuous  permafrost 
(2,400 m a.s.R.),  ice temperatures  are  between O°C 
and about -4OC, and  many  glaciers  ending  in  this 
belt  are  probably  frozen to their  beds  at  the  mar- 
gins, as is  the  case  for  the  Grubengletscher 
(Haeberli  1976). In the  driest spot s ,  the  equilib- 
rium  line  approaches  the  -8OC  isotherm  of  mean an- 
nual  air  temperature,  and  here  fira  starts  to  be 
cold and permafrost  is  continuous,  Balance  gradients 
are 0.5-1 m/100 m annually  and  shear  stresses  in 
glaciers of considerable  size  are  around 0.8-1.2 
bars  (Grubengletscher,  Griesgletscher:  Kasser  1981, 
p. 123  and  author’s  unpublished data). Large  amounts 
of unconsolidated  sediments  between  the  equilibrium 
line  and  the  lower  boundary  of  discontinuous  per- 
mafrost  are  in a perennially  frozen  state  and  are 
supersaturated  with  ice.  Creep o f  such  sediments  at 
a rate  which  is  roughly 1 order of magnitude  less 
than  the  creep of glacier  ice  is  frequent  and  leads 
to  the  formation of numerous  rock  glaciers.  Push 
moraines S . S .  are abundant  in  places  where  partial- 
ly  cold  glaciers  and  perennially  frozen  sediments 
are,  or  have  been,  in  direct  contact  with  one  ano- 
ther  (many  transitions  between  push  moraines  and 
rock  glaciers:  Figure 3) .  

For  dry,  low  latitude  mountains  of  the  western 
world  there  is  only  scant  information  available  in 
this  context.  However,  more  observations  are  repor- 
ted  from  Asia,  where  arid  mointains  are  widespread 
(e.g.,  Krenke 1975, Gorbunow  1978,  Huang  et  al. 
1982,  Cheng  and  Wang  1982,  Huang  and  Sun  1982). 

CONDITIONS IN THE PAST 

By going  back  in  time, we leave  the  world of 
measurements  and  soundings  and  we  entes  the  delicate 
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FIGUm 3 Val  Muragl,  Upper  Engadin  Valley - an  example  from  the  "dry  interior".  Here 1, active  rock  gla- 
cier; 2 ,  fluted  ground  moraine,  indicating  that  the  perennially  frozen  sediments  were  overridden  by a par- 
tially  cold  glacier  during  postglacial  times;  3,  holocene  push  moraine  (upslope  deformation,  caused  by  gla- 
cier  flow,  of  perennially  frozen  sediments  during  postglacial  times)  with  transitions  to  rock  glacier  flow; 
4 ,  late  glacial.  lateral  moraine  showing  signs  of  past  permafrost  creep.  Arrow  points  to  north.. TE in  the 
region  is  around -5OC, corresponding  to an annual  precipitation  at 2,000 m a.s.R..  of about  800-1,000 mm. 

field  of  estimations  and  analogies.  Some  features 
are  nevertheless  striking  and  therefore  worthy of 
mention  here.  Since  climatic  conditions  during 
holocene time probably  did  not  differ  much  from 
those  of  the  last  few  centuries  (Patzelt  1977, 
Gamper  and  Suter  1982),  they  need  no  special  atten- 
tion  in  this  paper. 

The  picture  changes  abruptly  during  the  time of 
the late-Wurm glacier retreat (10,000-15,000 years 
B.P . ,  Maisch 1982). The  mean  annual  air  temperature 
during  the  Younger  Dryas  cold-phase (10,000-11,000 
years B.P.) was  lower  than  that  of  today  by  about 
2.5O-4OC. As outlined  by  Kerschner  (1982, 1983), 
precipitation  in  regions  of  the  "humid  margin"  de- 
scribed  above  did  not  differ  too much from  today's 
values  but  was  reduced  to  about 60-70% of  those  of 
today  in  the  "dry  interior"  (cf.  Burga  1982, p. 177). 
Thus the climatic  contrasts  seem t o  have been con- 
siderably  greater;  permafrost  boundaries  were  lower 
by 400 m or  more,  whereas  the  depression  of  the 
equilibrium line in  the  sheltered  interior  regions 
was  only  about 250 m or less. TE in  these  interior 
regions  was  lower  than  today  by  about l o - 2 O C ,  shear 
stresses  in  glaciers  were  slightly  reduced  (Haeberli 
1982, Maisch  and  Haeberli  1982),  the  vertical  ex- 
tent  of zone C (Figure 1) was  enhanced,  permafrost 
phenomena  such  as  rock  glaciers  were  widespread 
(Maisch  1981),  and  most of the  glacier  tongues  may 
have  been  partially  cold  and  frozen  to  the  bed  at 
the  margins. Less information  is  available at pre- 
sent  about  earlier  stages o f  glacier  retreat (Dam/ 
Gschnitz,  Pre-BSlling, 13,000-15,000 years B.P.) 
when  a  depression of the  mean  annual  air  temperaru- 

re  by  at  least 4.5O-5OC took  place, a fact  which i s  
inferred  from the depression  of  the  boundary  of 
permafrost  and  rock  glacier  occurrence  (Kerschner 
1983). Shear  stresses  in  glaciers oE comparable  size 
were  definitely  smaller  than  during  postglacial 
times  by  about 0.3-0.5 bar  in  the  interior  regions. 
This  indicates  probably  an  even  more  continental 
climate  than  that of the  Younger  Dryas  time  period 
(Maisch  and  Haeberli  1982, p. 1241,  with  even  lower 
TE values,  lower  ice  temperarures,  lower  balance 
gradients,  and  less  active  glaciers.  Firn or ice 
covered  many  steep  slopes  favourable  for  rock  gla- 
cier  formation,  Since  push  moraines form indepen- 
dently of local  slope  conditions,  through  shearing 
at  the  beds of partially  cold  glaciers,  they  are 
probably  better  i-ndicators  of  permafrost  boundaries 
during  this  time. A distinct  lack  of  information 
exists  to  date  about  glacier-permafrost  relation- 
ships  during  earlier  periods o f  Oldest  Dryas  time. 

Extreme  conditions  must  have  existed  during  and 
shortly  after  the  time of maximum glacier advance 
within the Wurm i ce  age (about  18,000  years B.P.). 
Large  push  moraines  and  periglacial  ice  wedges  are 
the  predominant  indicators of permafrost (e.g. 
Schindler  et  al. 1978, Van  der  Meer 1980), because 
only  flat  lowlands  were  free  from  glacier  ice;  rock 
glaciers  therefore only occurred  in  exceptional 
cases (e.g., Van  Husen 1981). The  lower  boundary  of 
continuous  permafrost  reached  beyond  Switzerland 
(Kaiser  1960,  Washburn 1979), whereas  equilibrium 
lines on glaciers  were  around 1,000-1,500 m a.s.R. 
(JHckli  1970,  Keller  and  Krayss 1980). The  depres- 
sion  of  permafrost  boundaries  by  more  than 3,000 m 
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corresponds  to a lowering o f  the  mean  annual  air 
temperature  by  at  least  l5OC  compared to today's. 
These  boundaries  were  depressed  at  least  twice  as 
much  as  the  equilibrium  lines  on  glaciers,  and TE 
is estimated ro have  been  -100 t o  -15OC.  Surface 
temperatures  were  well  below  @Cy not only  in  the 
ice  of  the  ablation  areas  bur  probably  a150 KhrOugk 
out  the  firn  of  the  accumulation  areas.  Geothermal 
hear  flow  and  frictional  hear  production  must  have 
nevertheless  led  to  phase  equilibrium  temperatures 
at  the  beds,  near  the  fronts,  of  piedmont  glaciers 
(Blatter  and  Haeberli,  in  preparation).  Shear  stres- 
ses  in  these  piedmont  glaciers  amounted  to  only 
about  0.3-0,5  bar, a stress  condition  which  can  be 
more  easily  explained  by  the  present  concept,  than 
by  extraordinary  deformation of unconsolidated, 
nonfrozen  sediments  at  the  glacier  bed  (cf.  Boulton 
and  Jones  1979,  Haeberli 1981). Balance  gradients 
and  ice  flow  must  have  been  at a very  low  level. In 
agreement  with  palynological  reconstructions,  pre- 
cipitation  must  be  assumed to have  been  in  the  or- 
der of 30% or less  of  today's  values  (Frenzel  1980, 
Haeberli 1982). 

IFS AND BUTS 

As is the  case  with  every  generalization,  the 
proposed  concept  cannot  hope  to  explain  all  the  in- 
tricacies of natural  phenomena. It can  nevertheless 
be  considered as a guideline  for  the  interpretation 
of  distribution  patterns  of  permafrost  and  gla- 
ciers.  These  two  phenomena  are  nor  only  related  to 
each  other  but  also  to  climate  in  many  ways.  Thus 
a combined  consideration of  all  three  may  furnish 
improved  knowledge  about  paleoclimates  and  present 
ice  conditions on earth. 
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STRATIGRAPHIC  DISTRIBUTION OF PERIGLACIAL FEATURES  INDICATIVE OF 
PERMAFROST IN THE UPPER PLEISTOCENE LOESSES OF BELGIUM 

Paul Haesaerts 
Koninklijk Belgisch  Instituut  voor  Natuurwetenschappen,  Vautierstraat 2 9 ,  

B-1040 Brussels,  Belgium 

Anon& the  various  types of perielacial  features known withh the  loesses of Belpium, 
only  ice-wedee  casts  and  tundra  gleys,  mainly  those  associated  with  an  ice-segreFa- 
tion  structure,  may  be  considered  as  indicative of permafrost.  The  distribution of 
those  features i n  the  upper  Pleistocene  loesses o f  Belgium  implies  that  the  most 
widespread  episodes  of  permafrost  formation took place  at  intervals,  between 33,000 
and 20,000 years B.P., before  and  durins  the  sedimentation of the  late  Peichselian 
loess  cover.  Permafrost  conditions  did  also  occur at the  beginning  of  the  middle 
Weichselian  (around 60.000 years B.P.)  and  during  the  second  half  of  the  late  Weich- 
selian  (around 15,000 years B.P, ) .  

INTRODUCTION 

In Belgium,  two  loessic  deposits,  named  Braban- 
tian  and  Hesbayan,  were  recognized  within  the  upper 
Pleistocene.  Assigned  to  the  late  Weichselian  and 
to  the  middle  Weichselian  respectively,  they  are 
separated  by a cryoturbated  soil  horizon  named  Kes- 
selt  Soil  (Gullentops 1 9 5 4 ) .  This  has  been  correla- 
ted  with  the  cryoturbated  peaty  horizon of Zelzate 
(Flanders)  dated 28,000 $ 400  years B.P.  (Paepe  and 
Vanhoorne 1967), and  subsequently  used  as a major 
marker  bed  for  correlations  with  northwestern  Fran- 
ce  (Paepe  and SomG 1970, Lautridou  and SommE 1974, 
1981). 

Considering  the  distribution of desert  pavements 
and  large  frost  wedpes  within  the  loessic  deposits, 
those  authors  concluded  that  two  major  cold  episo- 
des  occurred  during  the  upper  Pleistocene. The 
first  has  been  placed  during  the  beginning of the 
middle  Weichselian,  approximately  around 55,000 
years B.P.,  and  the  second  one  during  the  late 
Weichselian, i n  the  interval  between 26,000 and 
14,000 years B.P. Fore  recently,  Kolstrup (1980),  
havine  reviewed  the  main  wedge  cast  localities of 
northwestern  Europe,  considered  that  the  major  pe- 
riod of continuous  permafrost  occurred  between 
23,000 and 19,000 years B.P. 

Since la70 new  data  have  been  obtained  for  the 
upper  Pleistocene  loesses of Belgium,  especially 
regarding  fossil  soils,  periglacial  features,  ar-. 
cheology  and  tephrostratigraphy  (Haesaerts  and  Van 
Vliet 1974 ,  1981, Haesaerts  and  de  Heinzelin 1979,  
Waesaerts  et  al. 1981). 

Prom  these  data  it  can  be  considered  that  the 
upper  part  of  the  Hesbayan  loess  sequence,  as  defi- 
ned  by  Gullentops ( 1 9 5 4 ) ,  belongs  to  the  late 
Weichselian,  and no t  to  the  middle kichselian as 
previously  stated  (Haesaerts  et  al. 1981). A s  a  re- 
sult,  a  new  stratigraphic  sequence  has  been  develo- 
ped  (Figures 1 and3) suggesting a  more  consistent 
distribution  of  periglacial  features  which  could be 
used  as  markers  for  long  distance  correlations  be- 
tween  Belgium  and  northwestern  Prance. 

INDICATORS OF PERFIAFROST IN LOESS 

Various  types  of  periglacial  features  are known 

within the  upper  Pleistocene  loesses,  namely  invo- 
lutions,  large  wedpes  (isolated or in polygons net- 
works),  small  fissures  (isolated  or  in a row), de- 
sert  pavements,  hummocks,  tundra  pleys,  and  soli- 
fluction  structures. The genesis  and  the  climatic 
environment of these  features  were  discussed  durinp 
the  field  meeting o f  the  I.G.U. Commission for Pe- 
riglacial  Research  held in Belgium  and  in The Ne- 
therlands  in  the  autumn  of 1978 .  A s  far  as  loess 
formations  are  concerned,  only  tundra  pleys,  mainly 
those  associated  with  ice-segregation  structures, 
and  ice-wedee  casts  were  considered  as  permafrost 
indicators (hesaerts and  Van  Vliet 19el ) .  

Tundra p leys  

Those  soils,  also  called  "Nassboden" or "nnnno- 
podzols"  (Gullentops 1954) ,  are  well  represented 
within  the  upper  Pleistocene  loess  sequence. 

They  usually  show a  lightgrey  horizon, the 
thickness  of  which  may  vary  from n.1 to 0.5 F, res- 
ting in a brown-yellow  iron  enriched B  horizon  (see 
units H.C.6-F..C.3, Figure 3 ) .  The  lower  part of the 
greyish  horizon  generally  presents a  well  developed 
fine  Eoliated  platy  structure;  downwards,  this 
structure  often  abruptly  grades  into a more cOarse 
lenticular  to  subangular  blocky  structure  usually 
with  iron  coatings.  Sometimes,  a  coarse  prismatic 
structure  is  present,  startine  from  the  bottom of 
the  preyish  horizon. 

By  comparison with present-day  arctic  soils  (Te- 
drow 196R), the  bleaching of the  upper  horizon,  due 
to a release of iron,  requires misture and a  low 
surface pE. Considering  the  high  permeability of 
the  loamy  or  loessic  sediments on which  those  soils 
developed,  this  process  necessarly  implies  the  pre- 
sence  of a permafrost  underneath. 

This  interpretation  is  supported by the  presence 
of a laminated  structure  across  the  soil  profile. 
It has  been  demonstrated  that the upper  platy 
structure  did  orieinate from repeated  seasonal 
frost,  while  the  underlying  subangular  blocky 
structure  resulted  from  the  slow  growth  of  ice  len- 
ces  into  the  upper  part of the  permafrost  (Van 
Vliet 1976, Faesaerts  and  Van  Vliet 1981). There- 
fore  the  abrupt  transition  between  both  types of 
structure  at  the  bottom of the  iron-enriched  hori- 
zon most probably  corresponds  to the mean  position 
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HARMiGNiEs HUCCORGNE KESSELT ROCOURT 
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FIGURE 1 Lithostratigraphic correlations o f  upper Pleistocene type-sections from, Belpium. 
Left part of each coluvn: lithosrratigraphy; right parr of each colunn:  pedology  and  periglacial  features. 
Legend : I ,  loess: 2 ,  sand; 3, colluviated sediment: 4 ,  humic sedi'ment: 5, peat: 6,, P.lfksoil (Et horizon); 
7 ,  weakly developed  Alfisofl ( B  hori'zon): 8, eluvial horizon; 9 ,  chalk o r  Zhestone; 10, bleached or redu- 
ced sediment: 1 1 ,  weakly bleached or reduced sedlment; 12, iron stalni'ng; 13, radiocarbon date; 1 4 ,  ice- 
segregation structure; 15, volcani'c tuff layer; 16-17, artffacts (U.?,: upper Paleolithic: Y.F+:  middle 
Paleolithic); 18, generally occurring polygons; 19, occasional polygons; 20, isolated ice-wedge casts; 21, 
narrow frost-wedges in a row; 22, solifluction structures: 23-27, paleoclimat5c curve based on data derived 
from fossil so i l s ,  periglacial features and from paleontological, palynological and sedlmentological analy- 
sis: R, rigorous climate (with continuous or  discontinuous permafrost); C, cold clhate (without active 
permafrost); PIC, moderately cold  climate:, CT, cool  temperate  climare: T ,  temperate  climate. 
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of the  perm 
This-  type of sc 

afrost table. 
)il profile  has  been  usually  ob- 

served on loamy  sediments,  in  various  topographical 
environments  such  as  valley-floors,  well  drained 
plateaus, as well  as on hill-slopes. In very  dry 
environments, as on pure  loesses,  the  structure  is 
usually  absent,  while  the  upper  greyish  horizon  may 
be  less  developed. In both  situations,  ice-wedge 
casts  start  from  the  top  of  the  greyish  horizon  and 
confirm  the  relationship  between  tundra  gley  and 
permafrost. 

Ice-wedge  casts 

lbst  of  the  large  wedge-like  structures  examined 
by  us  within  the  upper  Pleistocene  loess  sequence 
have a loessic o r  loamy  filling.  Wedges  with a san- 
dy  or a gravelly  infilling  are  also  recorded  but 
are  restricted  to  the  upper  and  the  lower  part  of 
the  sequence. 

Almost a l l  the  large  wedge-like  structures  ob- 
served  within  the  loess  possess  characteristics ge- 
nerally  attributed to  ice-wedge  casts  (cf.  Washburn 
1979, Black 1976) ,  and  therefore  may  be  considered 
as  indicators of former  permafrost  conditions. 

A l l  wedges  appear  to  be  epigenetic,  although in 
several  localities a cone-in-cone  superposition  has 
been  observed. In  Harmignies  (Haine  Valley),  where 
one  of  the  most  complete  upper  Pleistocene  loess 

sequence  has been recorded  (Haesaerts 1 9 7 4 ,  Haes- 
aercs  and  Van  Vliet 1974),  at  least  nine  genera- 
tions o f  wedges  are  present  (Figure I ,  colum l ) .  
The  distribution  of  the  wedges, as well  as  the  geo- 
metry  of  the  surmounting  layers,  likely  indicate 
that  each  generation  has been filled with loess  or 
loam  before  the  development of the  following  gene-' 
ration. 

sediments  requests a complete  melting  of  the  ice- 
core  as well as the  degradation  of  the  surrounding 
permafrost  (Black 1976), each  generation  of  ice- 
wedpe  casts  corresponds to one distinct  epis0d.e o f  
permafrost  development. 

selt  (Fipure l ) ,  a different  type of larpe  wedge- 
like  structure  has  been  observed  within  the  late 
Weichselian loess cover.  It  results  from  the  coa- 
lescence  of  several long and  narrow  fissures  which 
form  polygons  between 0.2 to 0.5 m in  diameter  (see 
Figure 2 ,  top of  unit K . B . ) .  Vost probably  origina- 
ted  from  dessication  (Black 1976) ,  this  type of 
structure  is  not  indicative  of  permafrost.  Never- 
theless, in Narmignies,  the  narrow  fissures  always 
start  from  the  lower  part of  weakly  developed  tun- 
dra  gleys  which  were  probably  formed  under  perrna- 
frost  conditions as suggested  by  the  presence of 
occasional  ice-wedge  casts  at  this  level. 

Since  the  infilling of awice-wedge by  overlying 

I n  Harmignies,  as  well as in Facourt  and i n  Kes- 

I swl 
~ 

37 1 
~ 

373 

FIGURE 2 Harmignies (Belgium):  distribution o f  ice--wedge  casts  within  the  upper  part o f  the  ?liddle  Veich- 
selian  deposits  (same  symbols  as  for  Figure 1) .  
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STRATIGRAPHIC  AND  REGIONAL  DISTRIBUTION 
OF PER?IAFROST INDICATORS 

Figure 3 shows a lithostratigraphical  sequence 
of the  upper  Pleistocene  loessic  deposits of Bel- 
gium.  Also  shown  is  the  distribution  of  fossil 
soils,  radiocarbon  dates,  periglacial  features  in- 
dicative of permafrost  and  proposed  paleoclimatic 
curve.  The  curve  is  based on data  derived  from fos- 
sil  soils,  periglacial  features,  and  from  sedimen- 
tological,  palynological  and  paleontological  analy- 
sis  (Haesaerts 1974, Eaesaerts  and  Van  Vliet  1981). 
The  paleoclimatic  curve  fluctuates  from  rigorous 
climate  (left)  with  discontinuous or  continuous 
permafrost,  to  temperate  climate  (right)  similar  to 
the  present-day  climate  of  northwestern  Europe. 

In most of the  loess  sections of Belgium,  rhe 
early  Weichselian  is  poorly  recorded,  except at 
Harmignies  where  it  is  represented  by  two  distinct 
loamy  colluvial  deposits,  each  having a grey-brown 
podzolic  soil  developed on top  (Villers-Saint-Ghis- 
lain  Soil  and  Malplaquet Soil, Figure 1 ,  column 1 ) .  
During  this  period,  humid  and  rather  mild  climatic 
conditions  probably  prevailed;  however,  several 
colder  episodes  occurred  as  the  small  ice-wedge 
casts  present in the  lower  part  of  the  second  col- 
luvial  deposit  suggest. 

During  the  lower  part  of  the  middle  Weichselian 
(approximately 70,000 to 45,000 years B.P,), a 
first  loess  cover,  locally  preserved,  was  deposited 
under  cold  climatic  conditions. In Harmignies,  two 
tundra  gleys  are  preserved in the  lower  part o f  the 
loess  cover,  the  lower one, locally  associated  with 
small  ice-wedge  casts,  being  the  most  developed. 
Tundra  gleys  were  also  observed,  in  a  similar  stra- 
rigraphic  context, in the  M6haigne  Valley  at Huc- 
corgne  (Figure 1 ,  column 2) and in Normandy  (sec- 
:ion  of  Efesnil-Esnard,  author's  observations);  this 
episode of permafrost  development  is  stratigraphi- 
cally  placed  around 60,000 years  B.P. 

Ouring  the  central  part of rhe  middle  Weichse- 
lian  (approximately 45,000 to 33,000 years B.P.), 
mild  and  humid  climatic  conditions  probably  exis- 
ted  (Zagwijn  and  Paepe 1968); this  period  is  poorly 
represented  in  the  loess  sequence  because  of  the 
dominance of erosional ?recesses 

The  main  period o f  permafrost  development un- 
doubtedly  took  place  during  the  upper  part  of  the 
middle  Weichselian,  between 33,000 and 25,000 years 
B.P. In Barmignies,  at  least  three  dtstinct  net- 
works  of  ice-wedge  polygons, 10 to 30 m in diameter 
are  recorded  (Figure 2 ,  u n i t s  H.C.2,  H.C.4  and 
I . A . ) .  The upper  ice-wedge  polygons ( I . A * ) ,  asso- 
ciated with  a tundra  gley  (H,C.6),  are  the  most  vi- 
sible  and  were  stratigrapliically  Situated  around 
26,000 years B.P.,  just  before  the  depos5tfon of 
the  late  Weichselian  loess  cover  (Figure 2, units 
K.A. t o  K.C.). 

In a  similar  stratigraphic  posirion,  tundra 
gleys  and  large  ice-wedge  polygons  were  also  recor- 
ded in most of the  loess  sections of Belgium  and 
northwestern  France,  in  plateau  position  as  well 
as on valley-floor  (Figure 4 ) .  From  north t o  south, 
the  maximum  width  of  the  ice-wedge  casts  varies 
from 1.5 to 0.1 m, while  the  thickness of the  ac9- 
tive  layer  is  estimated  to  be  between 0.8 and 0.4m. 

On this  basis,  it  is  likely  that  around 26,000 
years B.P,, a continuous  permafrost  extended  across 
northwestern  Europe,  probably  up to northern  Fran- 

ce.  Considering  the  present-day  climatic  environ- 
mknt  necessary for  ice-wedge  polygons to form 
(Washburn 1979) ,  one  may  conclude  that  at  that  time 
mean  annual  air  temperatures  were  lower  than -6'C 
and  mean  January  temperatures  were  close  to -2O'C. 
On the  other  hand,  the  maximum  width of the  ice- 
wedge  casts (1 .5  m  in  Farmignies)  suggests  that 
permafrost  was  present  for a considerable  period o f  
time,  probably  more  than  one  thousand  years. 

0 

FIGURE 4 Distribution  within  the  loess  area of  the 
permafrost  indicators  reported  for  the  period 
26,000-25,000 years B.P. (author's  observations). 
Legend:  a,  tundra  gley; b, tundra  gley  associated 
with  ice-wedge  polygons; 1 ,  Kesselt; 2,  ?.ocourt; 
3 ,  Ans; 4 ,  Huccorgne  (valley-floor); 5 ,  Tonprinne: 
6 ,  Wezembeek-Oppem; 7,  VaisiPres-Canal  (valley- 
floor); 8, Parmignies; 9, Poperinge; 10, Yarcoing; 
1 1 ,  Beaumetz-les-Loges; 12, Corbie; 13, Sourdon; 
14,  Vesnil-Esnard; 15, R.oumare. 

During  the  first  part  of  the  late  Peichselian 
(25,000 to 20,000 years B.P.), the  deposition of 
the  upper loess cover  took  place;  permafrost  recur- 
red  several  times  up  to  Normandy,  as  shown  by  the 
distribution of the  tundra  gleys  within  the  loess 
cover.  However,  climatic  conditions  were  dryer,  as 
suggested  by  the  weak  development  of  the  tundra 
gleys  associated  with  narrow  dessication  fissures, 
and  the  rare  occurrences  of icewedge polygons. 

conditions  is  situated  stratigraphically  around 
15,000 years B.P.; it is recorded on the  valley- 
floor  of  the  Eaine  river  at  EZaisiSres-Canal,  near 
Mons, where  a  network  of  ice-wedge  polygons, 10 to 
20 m in  diameter,  is  present  at  the  base  of  the 
late  Weichselian  coversands  (Faesaerts  and de Hein- 
zelin 1979, Eaesaerts  and  Van  Vliet 1981). Further- 
more,  evidences of permafrost  seem  also  to  be pre-  
sent  within  most o f  the  Alfisoils  developed on top 
of  the  late  Weichselian  loess  cover  in  Belgium  (Van 
Vliet  and  Lanehor 1981). 

Finally,  the  last  important  period o f  permafrost 

CONCLUSIONS 

The  distribution of permafrost  indicators  within 
the  upper  Pleistocene  loess  sequence of Belgium  and 
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surrounding  areas,  implies  that  many  relatively 
short  episodes of permafrost  formation  occurred 
across  Belgium  and  northwestern  France  during  the 
Weichselian.  The  most  widespread  episodes  took  pla- 
ce  at  intervals,  between 33,000 and 20,000 years 
B.P.,  mainly  before  and  during  the  sedimentation o f  
the  late  Weichselian  loess  cover. I n  Belgium  and in 
northern  France  at  least  one  episode of continuous 
permafrost  existed  around 26,000 years B.P. 

Permafrost  conditions  did  also  occur at the  be- 
ginning of the  middle  Weichselian  (around 60,000 
years B.P.)  and  during  the  second  half of the  late 
Weichselian  (around 15,000 years B.P. ) .  Furthermo- 
re, it seem that,  at  least  in  the  loess  area  of 
Belgium,  main  periods  of  permafrost  development 
always  precede  important  episodes of eolian  sedi- 
mentation. 
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PFKCGLACIAL PHENOMENA IN A R I D  REGIONS 
OF IRAN 

Horst  Hagedorn 
G e o g r a p h i s c h e s   I n s t i t u t ,   U n i v e r s i t a t  Wiirzburg 

Am Hubland, D-8'700 Wiirzburg, Federa l   Republ ic  o f  Germany 

F i e l d  work i n   t h e  Shir-Kuh  Mountains  (el .  4,055 m )  o f  c e n t r a l   I r a n  
i n c l u d e d   s t u d i e s  o f  p e r i g l a c i a l  phenomena as w e l l  as o f  t h e   p r e s e n t  
ana   P l e i s tocene  limits of   pa t te rned   ground and t h e  snow l i n e .  

The c l i m a t e  i s  semi -a r id .   Average   annua l   p rec ip i t a t ion  is about  
200 mm a t  2,000 m and aboutuPGOmm a t  4,000 m. P r e c i p i t a t i o n   o c c u r s  
a l m o s t   e x c l u s i v e l y   i n   w i n t e r   i n   t h e  form  of  snow. The summer months 
a r e   c h a r a c t e r i z e d  by low c loud   cover ,   and   thus   h igh  so la r  r a d i a t i o n .  

A l l  o f   t h e   m o u n t a i n   a r e a   p o s s e s s e s   P l e i s t o c e n e   g l a c i a l   l a n d f o r m s  
down t o  1,900 m ,  as w e l l  as p r e s e n t   p e r i g l a c i a l   f o r m s   a b o v e  2,000 m. 
Four groups o f  p e r i g l a c i a l   f e a t u r e s   a r e   d i s t i n g u i s h e d :  
I. On the  Shir-Kuh summit p l a t e a u  a t  4,055 m s t o n e   c i r c l e s ,   s t o n e  

s t r i p e s   a n d   s o l i f l u c t i o n   l o b e s   o c c u r ,   c o m p a r a b l e   t o   a l p i n e  forms. 
S t o n e   c i r c l e   d i a m e t e r s   a r e  50 - 100 cm. L i m e s t o n e   f r o s t   d e b r i s  i s  
upturned   and   wel l   o r ien ted .  

2. Between 3,400 and 4,000 m ,  smooth   s lopes   ( "Gla t thangE")   cu t  
a c r o s s   l i m e s t o n e   s t r a t a .   S l o p e   i n c l i n a t i o n s   a r e   b e t w e e n  35 and 40'. 
Thqy a r e   i n t e r p r e t e d  as p e r i g l a c i a l   f o r m s .  

t h e r e   a r e   f r e q u e n t   o c c u r r e n c e s  of v e g e t a t i o n   g a r l a n d s  o f  p e s l g l a c l a l  
o r i g i n .   S t o n e   s t r i p e s   a r e  a l a 0  common ana   ex tend  down t o  2,500 m. 

4. Occurrences   o f   pa t te rned   ground  a re   found as low as 2,100 m. 
With t h e   e x c e p t i o n   o f   t h o s e   o n   v e r y   s u i t a b l e   s u b s t r a t e s   t h e y   a p p e a r  
to  be  convergence  forms  due t o  wet t ing   and   dry ing  of c l a y s   a n d   s a l t s .  

There i s  some evidence € o r  p rog res s ive   d ive rgence  of  t h e  snow l i n e  
and   the   lower  limit of   pa t te rned   ground  towards   the   a r id   zones .  

3. A t  t h e   f o o t  o f  l imes tone   ou tcrops ,   be tween 3,000 and 3,400 I?, 

INTRODUCTION 

There  has  been a long-standing  and 
c o n t r o v e r s i a l   d i s c u s s i o n   o n   t h e   a l t i t u -  
d ina l   range   and   lower  limit O f  p e r i g l a -  
c i a 1  phenomena in   a r id-zone   mounta ins .  
One opin ion ,   as   summar ized   by   Tro l l  
(1944,  1947), h o l d s   t h a t   t h e   l o w e r  limit 
of   pa t t e rned   g round   r i s e s   and  f a l l s  i n  
accordance w i t h  t h e   t r e e   l i n e   a n d   t h e  
snow l i n e ,   t h u s   n o t   c u l m i n a t i n g   i n   t h e  
humid t r o p i c s ,   b u t   i n   t h e   a r i d   z o n e s  of 
bo th   hemispheres .  'Phis view i s  cha l l en -  
ged by H6vermann (1962) who a s s e r t s   t h a t  
t h e r e  is a g e n e r a l  r i s e  of   the  lower 
limit of pa t t e rned   g round   f rom  the   po le s  
t o   t h e   e q u a t o r ,   a n d   t h a t   t h i s   t r e n d  is  
i n t e r r u p t e d ,  o r  e v e n   r e v e r s e d ,   i n   t h e  
a r id   zones .   S ince   t he   pa t tE rn  of  a l t i -  
t u d i n a l  limits i s  impor t an t  f o r  t h e   r e -  
c o n s t r u c t i o n  o f  p a l e o c l i m a t e s ,   t h e r e  i s  
a n e e d   t o   s e t t l e   t h i s   c o n t r o v e r s y .  

m e s e n t   p e r i g l a c i a l  phenomena "have 
been   repor ted   f rom many a r e a s  of  I r an .  
Hovermann (1960) a t t r i b u t e s   a n   a l t i t u d e  
of  2,000 m t o  t he   l ower  limit of  pat-  
t e rned   ground  on   the  dry s o u t h e r n   f l a n k  
of  the  Alborz  Mountains  whereas Bobek 
(1937, 1952) places  t h e  same l i n e  
1,000 m h i g h e r .   S i m i l a r   f i g u r e s   a r e  

g i v e n   f o r   t h e   P l e i s t o c e n e   d e p r e s s i o n   o f  
a l t i t u d i n a l  limits i n  I ran.  Bobek (1955) 
c a l c u l a t e s  a r a t h e r   i n s i g n i f i c a n t  de- 
p r e s s i o n ,   i n t e r p r e t i n g   t h i s  as ev idence  
t h a t  more o r   l e s s   t h e  same f o r c e s  gov- 
e r n e d   t h e   a r i d   h i g h l a n d s   d u r i n g   t h e  
l a s t   g l a c i a l  as today.  

When members of  the  Department o f  
Geography o f  t h e   U n i v e r s i t y  o f  Wurzburg 
d id   geomorpho log ica l   f i e ldwork   i n   t he  
Shir-Kuh  Mountains  (Figure I ) o f   c e n t r a l  
I r g n   ( e l e v a t i o n ,  4,055 m; l a t i t u d e  
31 30'N) from 'I972 t o  1977, t h e y   a l s o  
c o l l e c t e d   i n f o r m a t i o n  upon t h e   p r e s e n t  
a n d   P l e i s t o c e n e   p o s i t i o n s  of  t he   l ower  
limit o f  pat te rned   ground  and   of   the  
snow l i n e .  

GEOLOGY AND GEOMORPHOLOGY 

g r a n i t e   b a s e   t o p p e d   b y  as much as 600 m 
of hard   Cre taceous   l imes tones   and  dolo-  
mites. The mountain  block is t i l t e d  
northward. I t s  sed imen tasy   b l anke t  
covers  most of  t h e   n o r t h   f l a n k ,   w h i c h  is 
dissected  by  deep  canyons.   Limestone 
f o r m s   t h e   h i g h e s t   e l e v a t i o n s :  4,055 m at 
t h e   S h i r  Kuh summit proper ,   and   about  
3,900 m i n   t h e  Kuh-e-Barfkhaneh.  Steep 

The Xhir-Kuh Mountains   consis t  o f  a 
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FIGURE I Topographic map o f  the  Shir-Kuh  Mountains ,   central  
I r a n ,   a n d   l o c a t i o n  o f  t h e   s t u d y   a r e a   w i t h i n   I r a n .  

walls  plunge  from a l l   s i d e s  of   the sum- the   mounta ins   can   thus   be   ca l led   semi-  
mits. The t r a n s i t i o n   t o   t h e  g x p i t i c o  . b a s e m e n t ,   w i t h   s t e e p   s l o p e s  50 - 40 ~n 

a r i d .  
Most o f  t h e   p r e c i p i t a t i o n  f a l l s  du- 

angle ,  c u t s   a c r o s s  a s e r i e s   o f   m a r l s   a n d   r i n g   t h e   w i n t e r ,   a b o v e  2,000 m a lmost  
conglomera tes   o f   var iab le   th ickness .  Be- 
low t h e   b a s e  of t he   Cre t aceous   ou tc rops  

e x c l u s i v e l y  as snow. There is a con- 
t i n u o u s  snow c o v e r   a t   h i g h e r   e l e v a t i o n s  

V-shaped v a l l e y s   a r e   c u t   i n t o   t h e  gran- each   year   f rom November t o   A p r i l .  Snow 
i t e .  The a symmet r i c   p ro f i l e  o f  t h e  moun- p a t c h e s   s u r v i v e   u n t i l   e a r l y   J u n e :  On t h e  
t a i n s  is fur ther   emphas ized  by t h e  d i f -  north  s ide  of   the  Kuh-e-Barfkhaneh,  
f e r e n t   h e i g h t s  of t h e   f o r e l a n d   p l a i n s .   w h i c h  means  'snow  house  mountain', 
On t h e   n o r t h   s i d e   t h i s  i s  t h e   M e h r i z   t h e r e   a r e   p e r e n n i a l   f i r n   p a t c h e s   i n  
p l a i n   b e l o w  1,900 m ;  i t s  b e d r o c k   d e e p l y   p r o t e c t e d   p o s i t i o n s  a t  3,500 m. 
b u r i e d  by a l l u v i a l   f a n   d e p o s i t s .  The Winter   snowfal ls   are   accompanied by 
s o u t h e r n   f o r e l a n d  i s  a wide g r a n i t i c  low  temperatures   (Figure 2) .  Even a t  
p l a n a t i o n   s u r f a c e ,   a t t a i n i n g  2,400 m a t  Yazd,   January  night t ime  hemperatures  
t h e   f o o t   o f   t h e   m o u n t a i n .   f r e q u e n t l y  f a l l  below -5 C. I n   t h e   h i g h  

va l l eys   o f  Deh Bala   and  Tezerjan 

There i s  no w e a t h e r   s t a t i o n   w i t h i n  below -15 C are n o t  uncommon. For t h e  
CLIMATIC CONDITIONS (2,200 - 3,500 m),   ground  temperatures  

the  mountains. The n e a r e s t   s t a t i o n ,   d e v e l o p m e n t  of p e r i g l a c i a l   f e a t u r e s   t h e  
Yazd (F igu re  2 )  l i e s  a t  1,200 m on  the  beginning  and  end of w i n t e r   a r e  of prime 
eas t ,  o r  l e e ,   s i d e  o f  the  mountains .  It impor tance .   Al te rna t ing   in roads   o f   co ld  
r e c e i v e s  124 mm/yr o f   p r e c i p i t a t i o n .  The and warm a i r  m a s s e s   l e a d   t o   f r e q u e n t  
mountains are l i k e l y   t o   b e   l e s s  ar id .  f r eeze - thaw  cyc le s   i n   a r eas   above  
Incomplete   records  f rom a former  moun- 2,500 m. D u r i n g   t h e   w i n t e r   t h e   s o i l  
t a i n   s t a t i o n ,  among o t h e r   e v i d e n c e ,   r e m a i n s   f r o z e n   a t   t h e s e   a l t i t u d e s ,   w i t h  
s u g g e s t  200 mm f o r  2,000 m e l e v a t i o n ,  o c c a s i o n a l  +,haws on   t he   sou th   s lopes .  
a n d   f u r t h e r   i n c r e a s e  t o  around 400 a m  i n  The summer months,  from  June t o  
t h e  summit  region. The h i g h e r   p a r t s  o f  S e p t e m b e r ,   a r e   h o t   a n d   p r a c t i c a l l y  

p r e c i p i t a t i o n - f r e e .   T h e s e   a r e  a lso t h e  
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months   wi th   l eas t   c loud   cover ,   and  thus 
wi th   h igh   r ad ia t ion   and   evapora t ion .  
T h e s e   c o n d i t i o n s   r e s u l t   i n   t h e   r a t h e r  
h i g h   e l e v a t i o n   o f   t h e   p r e s e n t  snow l i n e .  

J F M A M J  J A S O N 0  

FIGURE 2 C l ima t i c   d i ag ram o f  Yazd, 
e l e v a t i o n  1,200 m, NE: of 
the  Shir-Kuh  Mountains 
(DJavadi ,  1966). 

PERIGLACIAL  FEATURES 
1. SHIR-KUH SUMMIT PLATEAU (4,000 - 

4,055 m) 
The h i g h e s t   e l e v a t i o n   o f   t h e  moun- 

t a i n s  i s  a nar row  l imes tone   p la teau  
bounded  by   s teep   s lopes   on  i t s  s o u t h ,  
w e s t   a n d   e a s t   s i d e s .  The r o c k   w a l l s  
t hemse lves   a r e   a lmos t   ba re .  A t  t h e i r  
base  i s  a f r i n g e   o f   f r e s h   t a l u s   c o n e s  
i n d i c a t i n g   r a p i d   f r o s t   w e a t h e r i n g  of 
t h e   h e a v i l y   j o i n t e d   l i m e s t o n e  walls. 
Freeze- thaw  cyc les   a re   f requent  and 
o c c a s i o n a l l y   o c c u r   d u r i n g   t h e  summer 
months. 

t h i s   a l t i t u d e   a r e   s t r a i g h t ,  smooth 
s l o p e s   ( " G l a t t h a n g e " ) ,   t h a t   b e g i n  a t  t h e  
summit p l a t e a u .  On S and SW exposures  
they   ex tend  down t o   a b o u t  5,700 m. A l l  
l i m e s t o n e   s g r a t a   a r e   u n i f o r m l y   c u t  a t  an  
ang le  of 35 - 40'. The d e b r i s   c o v e r  i s  
t h i n ,   b u t   h i g h l y   m o b i l e ,   i n d i c a t i n g  
cons iderable   denudat ion .   Accord ing   to  
Klae r  (1962), Schweizer  (1975) and 
o t h e r s ,   t h e s e  s m o o t h   s l o p e s   a r e   t y p i c a l  
for t h e   p e r i g l a c i a l   a l t i t u d i n a l   z o n e   o f  
t he   w in te r - co ld   con t inen ta l   moun ta ins  
of  the   Near   Eas t .  

A d d i t i o n a l   p e r i g l a c i a l   f e a t u r e s  
occur  on the  Shir-Kuh  summit  plateau 
between 4,000 and 4,055 m. These  in- 
c lude   s tone  c i r c l e s ,  s t o n e   s t r i p e s ,  
s o l i f l u c t i o n  l o b e s ,  a n d   t u r f   g a r l a n d s .  
A l l  a re  well deve loped   ove r   l a rge   a r eas  
and   compare   wel l   wi th   a lp ine   per i -  
g l a c i a l   f e a t u r e s   ( H a g e d o r n   e t  a l .  1978). 

d iame te r .   The i r   coa r se   angu la r   s l abs  o f  
l i m e s t o n e   f r o s t   d e b r i s   a r e   c l e a r l y  
o r i e n t e d   a n d   p u s h e d   i n t o   n e a r - v e r t i c a l  

The d o m i n a n t   p e r i g l a c i a l   f e a t u r e s  a t  

The s t o n e   c i r c l e s   a r e  70 - 100 m i n  

p o s i t i o n s .  The ave rage   d i ame te r  o f  t h e  
rubb le  i s  I 5  em, t h a t  o f  t h e   l a r g e s t  
d i s p l a c e d   s l a b s  25 cm. S o r t i n g   g e p t h  is 
40 cm. On s lopes   o f  more t h a n  5 t h e  
s t o n e   c i r c l e s   c h a n g e   t o   s o l i f l u c t i o n  
lobes .  

Where t h e   s u b s t r a t e  i s  s l i g h t l y  more 
l o a m y ,   s t o n e   s t r i p e s  a few  metres An. 
Length  occur   on  s lopes  of   about  I O  In-  
c l i n a t i o n .  The s t r i p e s   a r e   w e l l   s o r t e d  
i n t o   f i n e   a n d   c o a r s e   m a t e r i a l .  The l a t t e r  
h a v e   a n   a v e r a g e   p a r t i c l e   l e n g t h  of  '15 cm 
and a s o r t i n g   d e p t h   o f  as much a s  30 cm. 

The l e s s   i n c l i n e d   p a r t s   o f   t h e  summit 
p l a t e a u   b e a r  a dense  network  of  vegeta- 
t i on   ga r l ands .   S t rong   roo t   Leng then ing  
i n d i c a t e s   t h a t   s o l i f l u c t i o n  i s  q u i t e  
e f f i c i e n t .  The vege ta t ion   ga r l ands   axe  
r e s t r i c t e d   t o   t h e  windward s i d e   o f   t h e  
p la teau   where  snow is blown o f f  and  which 
i s  t h u s   r a t h e r   d r y .   S t o n e   c i r c l e s  con- 
c e n t r a t e   i n   t h e   l o w e r   l e e   p o s i t i o n s   a n d  
d e p r e s s i o n s .   T h i s   c l e a r l y   i n d i c a t e s   t h e  
dependence o f  t h e s e   f e a t u r e s   o n   m o i s t u r e  
s u p p l y ,   w h i c h   r e l a t e s   t o   d i f f e r e n c e s   o f  
snow cover. A few snow p a t c h e s   s u r v i v e  
w e l l   i n t o  summer. 

2. KLJH-E-BARFKHANEH ( 3,900 m) 
The Kuh-e-Barfkhaneh i s  a n   i s o l a t e d  

l i m e s t o n e   m o u n t a i n   r e s t i n g ,   j u s t  as t h e  
Shir-Kuh  summit p l a t e a u ,  on g r a n i t e .  The 
less r e s i s t a n t   m a r l y   s t r a t a  of t h e   b a s a l  
Cretaceous  bed8  are   smoothly  cut   by 
s l o p e s  30 - 40 i n   a n g l e ,   i n   c o n t r a s t   t o  
t he   l imes tone   wa l l s   above   and   t he   dense ly  
d i s s e c t e d   g r a n i t e   r e l i e f   b e l o w .  

I n  a few  places  a t  t h e   f o o t   o f   t h e  
n o r t h  wall some snow su rv ives   even   t he  
h o t t e s t  summer months. In  August  and 
September of  1974 ana 1975 there   were  
fou r   pe renn ia l .  snow pa tches  a t  3 ,300  m. 
The l a r g e s t  was 100 x 30 x 5 m i n  dimen- 
s ions   and   cons i s t ed  of a t   l e a s t   f o u r  
a n n u a l   f i r n   l a y e r s .  The snow p a t c h e s   a r e  
f l a n k e d  by mora ine   r idges  7 - 1 0  m h i g h  
which go down t o   t h e   g r a n i t e   c o n t a c t   a t  
7,150 m ,  a n d   c o n t i n u e   i n t o   t h e   s t e e p  
r a v l n e s   o f   t h e   g r a n i t e   t e r r a i n .  They can 
b e   t r a c e d   t o  a 40 m h i g h   m o r a i n e   i n  a 
bowlshaped  val ley at t h e   f o o t  of   the 
Kuh-e-Barfkhaneh.  This  follows  the 
v a l l e y  down t o  2,500 m ana   g ives  some 
impress ion   o f   t he   r emarkab le   P l e i s tocene  
a lac ia t ion   o f   the   mounta ins   (Hagedorn  - 
e t   a l .  1925). 

The 30 - 40' slooe of   the  Creta- .~ 

ceous  base i s  covereh   by   loamy  debr i s ,   in  
some p laces   by   rock fa l l   masses   f rom  the  
l imes tone   wal l .  On t h e   n o r t h   s i d e  of   the 
mounta in   there  i s  always a pronounced 
n ick   be tween  the   wal l   and  i t s  f o o t ,  
w h i l e   t h e r e  i s  a smooth t r a n s i t i o n  On 
t h e   s o u t h   s i d e .   E s p e c i a l l y   i n  SW ex- 
p o s u r e s   p e r i g l a c i a l  smooth  s loges 
( " G l a t t h a n g e v )   a r e   i n c l i n e d  35 - 40' 
a c r o s s   t h e   l m e s t o n e   b e d s   b e t w e e n  
3,300 and 3,800 m e l e v a t i o n .  

- . " 
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S m a l l e r   p e r i g l a c i a l   f e a t u r e s ,   s u c h   a s  
s o i l   s t r i p e s   a n d   v e g e t a t i o n   t e r r a c e s ,  
a r e   a l s o   p r e s e n t .  The b i g g e s t   a r e a   o f  
s o i l   s t r i p e s   l i e s   i n  a SW exposure 
unde r l a in   by   Cre t aceous   rocks  a t  an 
e l e v a t i 9 n  o f  3,250 m. On a n   a r e a  o f  
3,000 m s t r i p e s  of  walnut -s ize   l imes tone  
rubb le   w i th  a diameter   between 2 and 3 
cm a l t e r n a t e   w i t h   t h e   f i n e s   f r o m   t h e  
unde r ly ing   basa l   beds .  The s t r i p e s   a r e  
spaced a t  I 5  - 20 cm. g o r t i n g   d e p t h  i s  
20 cm; t h e   s l o p e  i s  25 . They t y p i c a l l y  
bend   a round   l a rge r   obs t ac l e s ,   where   t hey  
g e t   c l o s e r   t o   e a c h   o t h e r ,   b u t   n e v e r  
u n i t e .  

h e i g h t  (3,100 - 3,300 m )  on t h e   s l o p e s  
o f  t he   Cre t aceous   base ,   p re fe rab ly   on  
the  sunprotected  and  thus  more  humid 
nor th   s ide .   As ide  from some g r a s s   t h e  
pa t chy   vege ta t ion   ma in ly   cons i s t s  of  
woody s h r u b s   t h e   r o o t s   o f   w h i c h   a r e  
lengthened  downslope.   This   indicates  
t h a t  c o n s i d e r a b l e   d e b r i s   t r a n s p o r t   b y  
s o l i f l u c t i o n  still o c p r s   a t   t h i s   h e i g h t  
on   s lopes  of  30 - 35 . Severe  over- 
graz ing   by   goa ts   and   innumerable   goa t  
t r a c k s   t e n d   t o   o b s c u r e   t h e   p e r i g l a c i a l  
component. Undamaged t e r r a c e s   a r e   p r e -  
s e rved  i n  on ly  a f ew  inaccess ib l e   p l aces .  

V e g e t a t i o n   t e r r a c e s   o c c u r  a t  t h e  same 

3. "BLACK" PASS (2,650 m) 
The "Black" P a s s ,   i n   t h e   w e s t e r n   p a r t  

of the   mounta ins ,  owes i t s  name t o   t h e  
d a r k   s c h i s t   d e b r i s   c o v e r i n g   t h e   a d j a c e n t  
s lopes.  Pa t te rned   ground is  common above 
2,700 m o n   t h e   e a s t   s l o p e .   S o i l   s t r i p e s  
a r e   m o s t   f r e q u e n t ,   w i t h   s t o n e   c i r c l e s  on 
more gen t l e   s lopes .   Bo th  f o r m s  a r e   i n t e r -  
mingled  with  dwarf  shrubs.  

The b i g g e s t   a r e a   o f   s o i l   s t r i p e s  i s  
about  I 5  m . The s t r i p e s   a r e  20 - 25 cm 
a p a r t ;   s o g t f n g   d e p t h   a t  a s l o p e   i n c l i n a -  
t i o n  o f  7 1s 12 cm. A l l  p a r t i c l e s   a r e  
o r i e n t e d   w i t h   t h e i r   l o n g e r   a x e s  down- 
s lope .  The coarser  components  have  been 
pushed   up   subver t ica l ly .  The s o l i f l u c -  
t i o n   m a t e r i a l  i s  s p l i n t e r i n g   d a r k   s c h i s t ;  
t h e   p a r t i c l e s  3 - 10 cm l o n g   a r e   i n  a 
m a t r i x  of s i l t  and  clay.  The s o l i f l u c -  
t i o n   h o r i z o n  i s  u n d e r l a i n   b y  a reddish-  
brown f o s s i l  s o i l  w i thou t   any   so r t ing .  
D e b r i s   a c c u m u l a t i o n   o n   t h e   u p s l o p e   s i d e  
of  Obs tac l e s  i s  ev idence  o f  r a t h e r  
s t r o n g   s o l i f l u c t i o n .  Where t h e   d e b r i s  has 
moved a r o u n d   o b s t a c l e s ,  i t  h a s   f u l l y  
p re se rved  i t s  s t r iped .   appea rance ,   t hus  
e x c l u d i n g   t h e i r   i n t e r p r e t a t i o n  as 
mudflow d e p o s i t s .  

z o n t a l  slope t e r r a c e s   h a v e  a d iamter   o f  
30 cm; s o r t i n g   d e p t h  i s  I 5  cm.  Up t o  a 
l e n g t h  of 12 cm t h e   s p l i n t e r e d   p a r t i c l e s  
a r e   t u r n e d   u p   a n d   o r i e n t e d   t a n g e n t i a l l y .  
The f i n e - e a r t h   c o r e s ,   j u s t  as i n   t h e  
s t o n e   c i r c l e s ,   a p p e a r   t o   h a v e   b e e n  
squeezed   up ,   t hus   r e sembl ing   f i ne -ea r th  
buds. I n  summer t h e i r  smooth  surfaces  

The s t o n e   c i r c l e s   o n   t h e   a l m o s t   h o r i -  

a r e   d i s s e c t e d   b y   s m a l l   d e s s i c a t i o n   c r a c k s .  
S i m i l a r   s t o n e   c i r c l e s   o c c u r   i n   o t h e r  

p a r t s  of the   mounta ins   a t   comparable  
a l t i t u d e s ,   b u t   m o s t l y   o n l y  on a s u i t a b l e  
s u b s t r a t e .  In mos t   ca ses   t h i s  i s  loamy 
mora ine   ma te r i a l ,  as f o r  i n s t a n c e  a t  t h e  
s o - c a l l e d   h e m a t i t e   p a s s   a t  2,640 m ,  where 
polygons   wi th  a d i ame te r  of 20 cm e x i s &  
on   the   mora ine   sur face   s lop ing   about  2 . 

P r a c t i c a l l y   n o t   p a t t e r n e d   g r o u n d   h a s  
deve loped   on   the   g rus-s ize   weather ing  
d e b r i s  of t h e   g r a n i t e  a t  comparable 
heights .   Poorly  developed  forms  were  dis-  
c o v e r e d   i n   o n l y   o n e   p l a c e ,   i n  a sha l low 
depres s ion   on   t he   "Pass   t o   Sun i j "  a t  
2,800 m, Occas iona l   ex i s t ence  o f  pa t -  
terned  ground  on  the s l o p e s  would  be  hard 
t o  prove ,   because   o f   heavy   d i s turbancs  o f  
t h e   s u r f a c e   b y   g r a z i n g   g o a t s .  

4. "MEIRBIiz PASS" (2,150 m) 
The lowes t   occur rences  o f  p a t t e r n e d  

g round   a r e   found   a t  2,000 t o  2,200 m i n  
var ious   pas t s   o f   the   mounta ins .  One such 
l o c a t i o n  is  a b r o a d   r i d g e   n e a r   t h e  so -  
ca l led   "Marble  Pass" a t  2,150 m. This  
g e n t l y   s l o p i n g   r i d g e  i s  covered w i t h  f i n e  
d e b r i s   c o n t a i n i n g  much s i l t .  I n  a few 
p l a c e s ,  small polygons  have  developed 
t h a t   a r e   t r a n s f o r m  d i n t o  downslope 
s t r i p e s   a t   a b o u t  5' i n c l i n a t i o n .  The 
polygons   resemble   des icca t ion   c racks .  
The i r   d i ame te r  is 15 cm, d is tance   be tween 
s t r i p e s  10 cm, a n d   s o r t i n g   d e p t h  5 - 7 
cm. The l a t t e r  i s  c l e a r l y   v i s i b l e ,  as t h e  
l i g h t - c o l o r e d   s o r t e d   s o i l   o v e r l i e s  o. 
red-brown f o s s i l   s o i l .  The fo l lowing  
p r o f i l e  i s  t y p i c a l :  
I. A more o s  l e s s   w e l l   s t r u c t u r e d  

stone  pavement 2 - 3 cm t h i c k   o n   t o p ;  
components  up t o  5 cm d iame te r  s t i l l  
show s i g n s   o f   u p t u r n i n g   a n d   o r i e n t a t i o n ;  

2. underneath  the  pavement  a s tone-  
f r e e   v e s i c u l a r   l a y e r   a b o u t  2 cm t h i c k ,  
m o s t l y   s i l t y   w i t h  some c l a y ;  

3. o c c a s i o n a l l y  a t h i n  gypsum c r u s t ;  
4. and  below t h a t  c r u s t s   a t  5 - 7 cm 

the   wea the red   bed rock   w i th   deb r i s - r i ch  
r e l i c t s  o f  a f o s s i l  red-brown s o i l .  

These   obse rva t ions   r a i se   t he   susp i -  
c i o n   t h a t   t h e   p a t t e r n e d   g r o u n d   n e a r  
Marble  Pass i s  not   wholly a f r o s t -  
dynamic   f ea tu re   bu t  a t  l e a s t   p a r t l y   t h e  
r e s u l t  o f   pe r iod ic   swe l l ing   and   sh r ink ing  
of t h e   c l a y s   i n   t h e   p r o f i l e .  The p r o f i l e  
r e sembles   t hose   desc r ibed   by  Cooke (1970) 
f rom  the   Ch i l ean   ana   Ca l i fo rn ian   dese r t s .  
Cooke a t t r i b u t e s   t h e   p r e s e n t   f o r m a t i o n  o f  
the   s tone   pavement   and   the   ves icu lar  
l a y e r  t o  swe l l ing   and   sh r ink ing  o f  c lay-  
r i c h   s o i l s  (20 - 70 % c l a y   c o n t e n t ) .  He 
r e p o r t s   t h a t   s t o n e s   w e r e  moved up I - 2 
cm i n   o n l y  4 - 11 c y c l e s   i n   l a b o r a t o r y  
t e s t s .  



ALTITUDINAL LIMITS AND PRESENT 
SNOWLINE 
Observa t ions   sugges t  an approximate 

p o s i t i o n  of t he   l ower  limit o f  " t r u e "  
p e r i g l a c i a l  phenomena t o   b e   a r o u n d  2,500 
m. Occas iona l ly  i t  may be  as low as 
2,000 m, b u t   o n l y  on s u i t a b l e  loamy 
subs t r a t e   and   on   no r the r ly   exposures .  
The limit shou ld   be   h ighe r  on t h e   s o u t h  
s ide   o f   t he   moun ta ins ,   bu t   ev idence  i s  
l a c k i n g ,  as t h e   f o r e l a n d   p l a i n   r i s e s   t o  
2 ,400  m, a n d   t h e   g r a n i t e   s l o p e s   r i s i n g  
up t o  3,000 m a r e   u n f a v o r a b l e   t o   t h e  
development  of  patterned  ground. 

2,000 m elevat ion  are   pseudoforms  and 
n o t   p e r i g l a c i a l .   T h i s  is  e s p e c i a l l y  
ev ident   where   beaut i fu l   po lygonal   g round 
e x i s t s  on   the   hard  s a l t  c l a y s   i n   t h e  
c e n t e r   o f   t h e   k a v i s s ,  as i n   t h e  Bafq 
k a v i r   a t   1 , 0 0 0  m. They m o s t   l i k e l y  owe 
t h e i r   e x i s t e n c e  t o  p r o c e s s e s   o f   s a l t  
s o l u t i o n   a n d   r e c r y s t a l l i z a t i o n   t o g e t h e r  
w i th   s t rong   evapora t ion .  

t i c a l   r a n g e  o f  t h e   p e r i g l a c i a l   z o n e ,  
i. e . ,   t h e   v e r t i c a l   d i s t a n c e   b e t w e e n  
the   " zona l "   l ower  limit o f   p a t t e r n e d  
ground as d e f i n e d   b y  T r o l l  (1944)  and 
Hal lermann  (1967,   1972)   and  the  present  
snow l i n e .   I n   t h e  maps pub l i shed   by  
Bobek (1937,   1952)   theopresent  snow l i n e  
west  of  I s f a h a n ,   a t  32 30', has   been  
drawn a t  4,000 m. Only a s h o r t   d i s t a n c e  
t o  t h e   e a s t   t h e   i s o c h i o n e   t u r n s   s h a r p l y  
w e s t w a r d ,   l e a v i n g   a n   u n u s u a l l y   s t e e p   r i s e  
o f   t h e   p r e s e n t  snow l i n e   i n   t h e   s t u d y  
a r e a   t o  4,500 o r  4 ,600  m. This  hypo- 
t h e t i c a l   r i s e   o f   t h e  snow l i n e   t o w a r d  
t h e   a r i d   i n t e r i o r   o f   I r a n  was e x t r a -  
p o l a t e d   b y  Bobek f rom  h i s   obse rva t ions  
i n   t h e  Alborz Mountains. 

Assuming  the  "zonal"  lower limit of 
p a t t e r n e d   g r o u n d   a t  2,500 m and t h e  
p r e s e n t  snow l i n e   a t   a r o u n d  4,300 m t h e  
v e r t i c a l   e x t e n t   o f   t h e   p e r i g l a c i a l   z o n e  
of   the  Xhir-Kuh Mountains  would  be 1,800 
m. This  supports  Hijvermannls  (1960, 1962, 
1972)   theory   o f   the   wedgel ike   d ivergence  
o f  t h e  snow l i n e   a n d   t h e   l o w e r  limit of 
pa t te rned   ground  toward   the   a r id   zones  
o f   t he   ea r th .  

The P l e i s t o c e n e  snow l i n e  may have 
been   depressed   by  1,000 m, s i n c e   t h e  
l o w e s t   t e r m i n a l   m o r a i n e s   a r e   a t   1 , 9 0 0  m 
o n   t h e   n o r t h   s i d e ,  and o f   t he   so -ca l l ed  
I 'u rkes tan   type ,  i. e. ,   avalanche-fed.  
This  i n t e r p r e t a t i o n  i s  suppor t ed   by   t he  
t o t a l   a b s e n c e   o f   t r u e   c i r q u e s   a n d   t h e  
v e r y   r a r e   o c c u r r e n c e   o f   f i r n   f i e l d s   i n  
t h e   h i g h e s t   p a r t s   o f   t h e   m o u n t a i n s  (Hage- 
d o r n   e t  a l .  1975) .  

S ince   t he   ave rage   e l eva t ion   o f   t he  
v a l l e y  floors i s  2,500 m ,  and  assuming 
t h a t   t h e   v a l l e y   g l a c i e r s   w e r e  as much a s  
300 m t h i c k ,   t h e   P l e i s t o c e n e  snow l i n e  
must   have  occured  between  the  ancient  
g l a c i e r   s u r f a c e  a t  2 ,800  m and  the 

A l l  pa t t e rned   g round  phenomena below 

The n e x t   q u e s t i o n   c o n c e r n s   t h e   v e r -  
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enclosing  rockwall   summits  a t  3,800 - 
4,000 m. By s imply   ha lv ing  this  i n t e r v a l  
a snow l ine   be tween  5,300 and 3,400 m on 
t h e  n o r t h  s ide   and   be tween 3,700 and 
3,800 m o n   t h e   s o u t h   s i d e  i s  sugges ted .  

C ONC LUST ONS 
P e r i g l a c i a l   f e a t u r e s   d i m i n i s h   i n   s i z e  

w i t h   d e c r e a s i n g   a l t i t u d e   i n   t h e   S h i r - K u h  
Mountains,  and a t  t h e  same t ime become 
l e s s   c l e a r .   S i m i l a r l y   t h e   d e p t h   o f  
s o r t i n g   d i m i n i s h e s .  On t h e   n o r t h   s i d e  
the   "zonal"   lower  limit o f  p e r i g l a c i a l  
phenomena l i e s   n e a r   2 , 5 0 0  m, and  the 
"ex t ra -zonal"   lower  limit of   pa t t e rned  
ground  near   2 ,000 m. La rge - sca l e   so l i -  
f l u c t i o n  as a f a c t o r   o f   s l o p e   f o r m a t i o n  
does   no t   occur   be low 3,000 m. The de- 
v e l o p m e n t   o f   f r o s t   s t r u c t u r e s   d e p e n d s  
h e a v i l y   o n   t h e  suitability o f  the  sub-  
s t r a t e .  Loamy m a t e r i a l   o n   s l o p e s  o f  
metamorphic   sch is t s  o r  on  moraines i s  
s u i t a b l e ;   g r a n i t e   g r u s  i s  n o t   s u i t e d .  
Exposure i s  no t   an   impor t an t   con t ro l  
o v e r   t h e   d i s t r i b u t i o n   o f   p e r i g l a c i a l  
phenomena wi th   the   except ion   of   smooth  
s l o p e s   ( " G l a t t h a n g e " )   t h a t   a r e   b e s t  
developed on sou th - fac ing   s lopes .  
Pa t te rned   ground as a convergence 
phenomenon e x i s t s   b e l o w  2,500 m ,  w i t h  
o n l y  a few  genuine forms on   h igh ly  
s u i t a b l e   s u b s t r a t e .  For most ,  a ves i -  
c u l a r   l a y e r  o r  salt c r u s t   i n d i c a t e s  a 
n o n p e r i g l a c i a l   o r i g i n .  A zone 300 - 500 m 
h i g h   s e p a r a t e s   " t r u e "   p e r i g l a c i a l   f e a t u r e  
f r o m  convergence  forms. 
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THE BREAKDOWN OF ROCK DUE TO FREEZING: A THEORETICAL MODEL 

Bernard Hallet 
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F ros t   wedg ing  -- the   b reakdown o f  r o c k   d u e   t o   f r e e z i n g  I- is viewed a s  a 
m a n i f e s t a t i o n   o f   s l o w  crack p r o p a g a t i o n   i n   r o c k s   d u e   t o  i ce  g r o w t h   i n   c r a c k s ,  
F ros t   wedg ing  is modeled  through a s y n t h e s i s   o f   G i l p i n ' s   ( 1 9 8 0 a )   a n a l y s i s  o f  
f r eez ing   i n   po rous  med ia   and   we l l - e s t ab l i shed   p r inc ip l e s   o f   f r ac tu re   mechan ics .  
The mode l   p red ic t s   mos t   r ap id   b reakdown a t  t e m p e r a t u r e s   t h a t   r a n g e   f r o m  -!io t o  
-15OC f o r  most  rocks, A t  h igher   temperatures ,  ice p res su res   su f f i c i en t   t o   p roduce  
s i g n i f i c a n t  ra tes  o f   c r a c k   p r o p a g a t i o n  are not  thermodynamically  possible. A t  
l o w e r   t e m p e r a t u r e s  t h e  r a t e  o f  i ce  g r o w t h  i s  g r e a t l y   r e d u c e d   b e c a u s e  water 
mobility  and,  hence, the flux of  water necessary   to   sus ta in  crack growth decrease 
considerably.  

The model clarifies the  dependence of f r o s t  wedging on l i thology,  temperature,  
and  moisture   condi t ions.   Four   important   rock  propert ies   f igure  in   the  analysis :  
p o r e   s i z e ,   p e r m e a b i l i t y ,   a v e r a g e   c r a c k   l e n g t h ,   a n d   f r a c t u r e   t o u g h n e s s .  Crack 
g r o w t h  ra te  has a complex   dependence   on   t empera tu re   and  i s  p r o p o r t i o n a l   t o  
t e m p e r a t u r e   g r a d i e n t .  The m o i s t u r e   c o n t e n t   o f   r o c k   c a n   s t r o n g l y   a f f e c t   f r o s t  
wedging r a t e s  p r i m a r i l y  by c o n t r o l l i n g  the  p o r e  water p r e s s u r e .   S o l u t e :  ..re 
i n f e r r e d   t o   i n f l u e n c e  crack growth rates i n   s e v e r a l   d i s t i n c t  ways. 

INTRODUCTION 

A number o f   c a r e f u l   s t u d i e s   o f   t h e  breakdown of 
rock   due  t o  f r e e z i n g   h a v e   y i e l d e d   c o n s i d e r a b l e  
empirical data (Washburn  1980,  McGreevy  1981, 
Lautridou  and  Ozouf  1982).   However,  t he  a c t u a l  
mechan i sms   o f  rock d e g r a d a t i o n ,   a n d   t h e   r e l a t i v e  
i m p o r t a n c e   o f   l i t h o l o g i c ,  thermal, a n d   h y d r a u l i c  
p a r a m e t e r s   h a v e   y e t  t o  b e   c l e a r l y   d e f i n e d .  The 
t h e o r e t i c a l   m o d e l   p r e s e n t e d  h e r e  p r o v i d e s  
c o n s i d e r a b l e   a i d   i n   i n t e r p r e t i n g   t h e  numerous  and 
va r i ed  e x p e r i m e n t a l   r e s u l t s   a n d  in e v a l u a t i n g  
ex is t ing   concepts  of frost-induoed  rock breakdown. 
I n  some cases the model  helps  reconcile  conceptual 
models that  are in   appa ren t   con f l i c t .   F ina l ly ,   t he  
model of fe rs   gu idance   for   fUture   l abora tory ,  f i e ld ,  
a n d   t h e o r e t i c a l   s t u d i e s  o f  f r o s t   w e d g i n g  by 
p r e c i s e l y   d e l i n e a t i n g   t h e   i m p o r t a n t   c o n t r o l l i n g  
parameters. 

MODEL DESCRIPTION 

F r o s t   w e d g i n g  i s  v iewed as  r e s u l t i n g   f r o m   t h e  
progressive  growth  of  cracks that a re   p ressur ized  
i n t e r n a l l y  by the freezing  process .  As i n   s t u d i e s  
o f   f r o s t   h e a v i n g   i n   s o i l s   ( T a b e r   1 9 2 9 ,   G i l p i n  
1980a) ,  the  p r e s s u r e   c a u s e d  by ice  g r o w t h  is not 
a t t r i b u t e d   p r i m a r i l y   t o   t h e   v o l u m e t r i c   e x p a n s i o n  
t h a t  a c c o m p a n i e s   t h e  water-ice p h a s e   t r a n s i t i o n .  
Rather, t he  i n d u c e d   p r e s s u r e  is a s s u m e d   t o  ar ise  
thermodynamical ly   because  mineral   surfaces  effec-  
t i ve ly   dec rease   t he  chemical p o t e n t i a l  of water i n  
t h e i r   c l o s e   p r o x i m i t y   ( G i l p i n   1 9 7 9 ) .   T h i s  e f f ec t  
h a s   t w o   i m p o r t a n t   a n d   r e l e v a n t   c o n s e q u e n c e s :   ( 1 )  
c o n s i d e r a b l e   u n f r o z e n  water p e r s i s t s   i n   p o r o u s  
media a t  subzero  temperatures  (Taber  1929,  Anderson 
and  Morgenstern  1973, Miller 1978,   Gi lp in   1979) ,  
and   (2)  water t e n d s   t o   f l o w   t o w a r d   m i n e r a l  

s u r f a c e s ,   b u t  a t  e q u i l i b r i u m  t h i s  f l o w  is  
counteracted by an   e f f ec t ive   p re s su re   i nc rease   nea r  
su r faces   (G i lp in   1979 ,   1980b) .  T h i s  s u r f a c e -  
i n d u c e d   i n c r e a s e   i n   p r e s s u r e   g i v e s  r ise t o  a 
" d i s j o i n i n g   p r e s s u r e "  t ha t  can   be  re la ted t o   t h e  
h e a v e   p r e s s u r e   i n   f r e e z i n g   s o i l s   ( G i l p i n   1 9 8 0 a ) .  
The d i s jo in ing   p re s su re  is assumed here t o   c o n t r o l  
t h e   p r e s s u r e   g e n e r a t e d  by i ce  g r o w t h   w i t h i n   r o c k  
c r a c k s  a n d ,  a s  s u c h ,  i t  i s  a f o r m  o f  
%rys ta l l iza t ion   pressure" ,  as used by Taber  (1929) 
and  Robin  (1978). 

A n a l y s e s   o f   t h e   t h e r m o d y n a m i c   e q u i l i b r i u m  
be tween ice  and water i n  porous media l e a d   t o  a 
modified  version of the  Clausius-Clapeyron  equation 
(Radd  and Oertle 1973,  Loch  1978,  Gilpin  1980a).  
The e f f e c t   o f   m i n e r a l   s u r f a c e s  on t h e   c h e m i c a l  
p o t e n t i a l   o f  water renders  it p o s s i b l e  for ice a t  a 
c e r t a i n   p r e s s u r e   t o   e x i s t   i n   c o n t a c t   a n d   i n  
thermodynamic  equilibrium w i t h  water a t  a d i f f e r e n t  
pressure. When the  water is hydraulically  connected 
t o  a r e s e r v o i r  a t  r e f e r e n c e   p r e s s u r e  Po, t h e  i ce  
p r e s s u r e   a n d  ice-water i n t e r f a c e   t e m p e r a t u r e  a t  
equi l ibr ium are r e l a t e d  by 

LT1 

vsps + Ta = O ' 
( 1 )  

where  vs is  the s p e c i f i c   v o l u m e   o f  ice ,  L is t he  
h e a t  o f  f u s i o n   o f  ice, Ta(OK) is e f f e c t i v e l y  the 
freezing  temperature  of pure water a t  pressure  Po; 
P, is t h e  ice  p r e s s u r e   i n   e x c e s s  o f  Po, and T1 is 
t h e   d e v i a t i o n   f r o m  Ta of t h e  ice-water i n t e r f a c e  
t e m p e r a t u r e . F o r   c o n v e n i e n c e ,  Po i s  t a k e n   t o   b e  
a t m o s p h e r i c ;  Po = IO5 Pa  and in t h i s  case, T1 i s  
simply the Celsius  temperature.  

From e q u a t i o n   ( 1 )  i t  is e v i d e n t t h a t  water a t  
O°C and atmospheric p r e s s u r e   c a n  be i n   t h e r m o -  
dynamic  equi l ibr ium  ui th  water i n   c o n t a c t   u i t h  ice 
a t  a p r e s s u r e  Ps t h a t   i n c r e a s e s   l i n e a r l y   w i t h  the 
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n e g a t i v e   C e l s i u s   t e m p e r a t u r e  a t  t h e  r a t e  o f  
L/(TavS).   This r a t e  i s  1.14 MPa 'C-'. If P, i s  
l o w e r   t h a n   t h e   e q u i l i b r i u m   v a l u e   g i v e n  by ( I ) ,  it 
would be thermodynamically  favorable for water t o  
f low  to  the ice in t e r f ace   desp i t e   adve r se   p re s su re  
g rad ien t s .   I n   t he   con tex t   o f   f ro s t  wedging,  given 
s u f f i c i e n t l y  low temperatures ,  water would tend   to  
flow t o   a n  ice  body i n  a r o c k  crack even  i f  t h e  
p res su re   i n   t he   un f rozen  water film between  the ice 
a n d   t h e   c r a c k  w a l l  i s  a l r e a d y   h i g h .  Let  u s  
consider,   for  example,   the ice p r e s s u r e   i n  a crack 
to be  about 10 MPa (100 bars) ,  a value on the   o rde r  
o f   t h e   t e n s i l e   s t r e n g t h   o f  sound  rock. Water flow 
into  the  crack,  and  hence  crack  expansion, would be 
t h e r m o d y n a m i c a l l y   f a v o r e d  as l o n g  as  t h e   c r a c k  
temperature  i s  below  about -9OC. 

The e q u i l i b r i u m   c o n d i t i o n  ( 1 )  h a s   b e e n  
e x p e r i m e n t a l l y   v e r i f i e d  a t  t e m p e r a t u r e s  down t o  
approximately -18OC (Radd and Oertle 1973, Bui l  e t  
al .  1981,   Takashi  e t  al .  19801 ,   w i th   heav ing  
p r e s s u r e s  Ps o f  up t o  20 MPa (200 bars ) .  It is 
a p p a r e n t   f r o m  these s t u d i e s   t h a t   f r e e z i n g   c o u l d  
g e n e r a t e   p r e s s u r e s  on the  o r d e r   o f   t e n s  o f  MPa i n  
rock  pores  and cracks if thermodynamic  equilibrium 
is approached a t  temperatures  on the   o rder   o f  -1OOC 
or  lower. As the t ens i l e   s t r eng th   o f   rocks   s e ldom 
e x c e e d s  10 MPa, s u c h   f r o s t - i n d u c e d   p r e s s u r e s   i n  
r o c k   c r a c k s   c o u l d   c a u s e   p r o g r e s s i v e   c r a c k  
propagation. 

Crack  growth  depends on the  magnitude  (Atkinson 
1982) and maintenance  of p r e s s u r e   i n s i d e   c r a c k s .  
T h e r e f o r e ,  i t  will b e  c o n t r o l l e d   b o t h  by the ice  
p r e s s u r e   a n d  the  ra te  o f  water f l o w   n e c e s s a r y   t o  
main ta in   p ressure   in  an expanding  crack. A complex 
dependence  can  be  ant ic ipated  between  temperature  
a n d   c r a c k   p r o p a g a t i o n  rate.  A t  ve ry   l ow  t empera -  
t u r e s ,  h i g h  p r e s s u r e s   c a n  b e  g e n e r a t e d   i n  cracks 
b u t  crack e x p a n s i o n  is l i m i t e d  because  water 
mobili ty  decreases  sharply  with  decreasing  tempera- 
t u r e   ( M i l l e r  1978, Gilpin 1980a). I n   c o n t r a s t ,  a t  
n e g a t i v e   t e m p e r a t u r e s   c l o s e r   t o  OOC, water i s  
c o n s i d e r a b l y   m o r e   m o b i l e ,   b u t   p r e s s u r e s   i n s i d e  
cracks are  l i m i t e d   t o   l o w   v a l u e s   d i c t a t e d  by t h e  
equi l ibr ium  condi t ion  (1). 

Because of space  Limitat ions,   only  the  s implest  
f o r m   o f   t h e   m o d e l   t h a t   c o n t a i n s  t he  e s s e n t i a l  
p h y s i c s ,   i n c l u d i n g   t h e s e   c o m p e t i n g  effects,  is 
presented.   Ongoing  work by Joseph  Walder  and the  
a u t h o r   h a s   s h o w n   t h a t  the  m o d e l   c a n   r e a d i l y   b e  
r e f i n e d  and  rendered more realistic. 

- Crack Propagat ion   in  Rocks 

M o d e r n   f r a c t u r e - m e c h a n i c s   t h e o r y   f o c u s e s  
a t t e n t i o n  on t h e  stress i n t e n s i t y   f a c t o r  KI. This 
quan t i ty   r ep resen t s   t he   s t r eng th   o f  the s i n g u l a r i t y  
i n  the crack- t ip  stress f i e ld  that  tends  to   produce 
o p e n i n g - m o d e   ( t e n s i l e )   f a i l u r e   ( P a r i s   a n d   S i h  
1965). For   example ,   neglec t ing   d i rec t   in te rac t ions  
b e t w e e n   a d j a c e n t  cracks a n d   i d e a l i z i n g   r o c k s  as 
i s o t r o p i c   l i n e a r  elastic media, 

where 1 is t h e  length of a two-dimensional  crack, P 
is t h e   p r e s s u r e   i n s i d e  the c rack ,   and  a is  t h e  
"applied"  normal stress pe rpend icu la r   t o   t he   c r ack  
p l a n e   ( t e n s i l e  stresses are posi t ive) .  

I n   m i n e r a l s   a n d   r o c k s   u n d e r  Low KI c o n d i t i o n s ,  
p r o g r e s s i v e   c r a c k   g r o w t h - - o f t e n  known as  stress 
c o r r o s i o n  or s u b c r i t i c a l   c r a c k   g r o w t h - - o c c u r s  a t  
rates t h a t  are sensi t ively  dependent  on KI, and on 
the p r e s e n c e   o f  water, water vapor ,  or other 
r e a c t i v e  species  i n   t h e   c r a c k - t i p   e n v i r o n m e n t  
(Atkinson  1982).  One of the  most  commonly  used 
equat ions   to   descr ibe   s low crack propagation data 
is Charles' power l a w  (Atkinson 1982): 

Vc = Vo exp (- E) KI , AH a 

where Vc i s  the c r a c k   v e l o c i t y ,  Yo is  a p r o p o r -  
t i o n a l i t y   f a c t o r  characteristic of the material, 13 €i 
is the   ac t iva t ion   en tha lpy ,  R is the   gas   cons tan t ,  
a n d  T i s  t h e   a b s o l u t e   t e m p e r a t u r e .  n is a 
m a t e r i a l - d e p e n d e n t   c o n s t a n t   k n o w n  a s  t h e  stress 
corrosion  index  which is t y p i c a l l y  in the   range  of  
40 5 10 f o r   r o c k s ( A t k i n s o n   1 9 8 2 ) ,   i n d i c a t i n g   a n  
extremely  sensit ive  dependence o f  crack propagation 
rates on t h e  magnitude  of  crack  loading.  Equation 
(3 )  adequately  descr ibes   f racture  data for s e v e r a l  
t y p e s   o f   c r y s t a l l i n e   r o c k s  down t o   c r a c k   v e l o c i t i e s  
o f  m s-', and for  Lac du  Bonnet g r a n i t e   t o  
crack v e l o c i t i e s   o f l o - '  m s-'. 

E x p e r i m e n t a l   s t u d i e s   o f   f r o s t   w e d g i n g   o f t e n  
i n d i c a t e   t h a t   s i g n i f i c a n t   d i s a g g r e g a t i o n  o f  
i n d i v i d u a l   m i n e r a l   g r a i n s   o c c u r s   i n  few temperature 
c y c l e s  w i t h  p e r i o d s   r a n g i n g   f r o m   h o u r s   t o   d a y s .  
T h i s   w o u l d   i m p l y  t h a t  c r a c k s   m u s t   p r o p a g a t e  
d i s t a n c e s   o n   t h e   o r d e r   o f   g r a i n   d i a m e t e r a ,  which 
t y p i c a l l y   r a n g e   f r o m  0.1 t o  10 m m ,  w i t h i n   p e r i o d s  
r ang ing   f rom 1 t o  100  days.  The c o r r e s p o n d i n g  
aver   ge  cr ck  propagation rates range  from  to 
lo-'' m s-', Because the c rack   ve loc i ty  is r e l a t e d  
t o  KI r a i s e d   t o  a high  power (40 2 l o ) ,   t h i s  4 
order-of-magnitude  span  for   inferred  crack  veloci ty  
c o l l a p s e s   t o  a n a r r o w   r a n g e   o f  stress i n t e n s i t y  
f a c t o r s   f o r  a p a r t i c u l a r   r o c k ,   w i t h   t h e  h i g h e s t  
value  exceeding the lowest  by about 50%. 

F o r  i l l u s t r a t i v e  purposes, l e t  u s   f o c u s   o n  
cond i t ions   t ha t  lead t o  Kx values   cor responding   to  
t he  m i d r a n g e   o f   p r o b a b l e   c r a c k  ve loc i t ies  (Le . ,  

m s - ' ) .   E x p e r i m e n t a l   v a l u e s   f o r  KI a t  these 
crack v e l o c i t i e s  a re  p r e s e n t e d  by Atkinsor.  (1982) 
for   several   rock  types.  He reports  approxlmate KI 
v a l u e s  o f  1.1, 1.5 and  2.1 M N  m-3'2 f o r   g r a n i t e ,  
b a s a l t ,   a n d   d o l e r i t e   s a m p l e s ,   r e s p e c t i v e l y .  
According t o  equat ion (2) w i t h  u set a t  zero, these  
v a l u e s   c o r r e s p o n d   r e s p e c t i v e l y   t o   p r e s s u r e s  P 
i n s i d e  cracks o f  28, 38, and 53 MPa for I-mm 
c racks ,   and  of 9 ,  12, and 17 MPa f o r  10-mm c r a c k s .  
T h u s ,   r e l a t i v e l y   h ? g h   p r e s s u r e s   i n   c r a c k s  are  
r e q u i r e d   t o   f r a c t u r e   c r y s t a l l i n e   r o c k s   d e v o i d   o f  
large fractures.   Although  data on re levant  stress 
i n t e n s i t y   f a c t o r  KI for sedimentary  and  metamorphic 
rocks are scarce, it i s  evident  that pressures   only 
a f rac t ion   of   those   necessary   for   c rys ta l l ine   rocks  
w o u l d   s u f f i c e   t o  crack many s e d i m e n t a r y   a n d  low- 
grade  metamorphic rocks. 

S igni f icant   sus ta ined   c rack   growth   requi res   tha t  
pressure  inside  cracks  be  maintained by ice growth 
as  cracks propagate .  The rate o f  ice  growth   and  
h e n c e   o f  crack widening  i s  a n a l y z e d   i n  the n e x t  
sec t ion .  

(3) 
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Ice Growth i n  Rock Cracks 

T h e   m o d e l   d e v e l o p e d   b y   G i l p i n   ( 1 9 8 0 a )  for 
p r e d i c t i o n   o f  ice Lensing  and  heave i n  soi ls  affers 
a p a r t i c u l a r l y   s u i t a b l e   t h e o r e t i c a l  basis  f o r  
analyzing ice growth  in  rocks.  He d e r i v e s  a s imple 
relat ionship  between the flow rate o f  water and the 
d r i v i n g   p o t e n t i a l   i n  films of u n f r o z e n  water a t  
i c e - m i n e r a l   i n t e r f a c e s .  The water f l u x ,   w h i c h  is 
assumed t o  be rate l i m i t i n g ,  is t h e n   r e l a t e d   t o   t h e  
ra te  o f  ice  g r o w t h   t h r o u g h  a c o n t i n u i t y   r e l a t i o n .  
The pr inc ipa l   govern ing   equat ions  will be  presented 
h e r e   ( t h e   r e a d e r  is referred t o   G i l p i n   ( 1 9 7 9 ,  
1 9 8 0 a )   f o r  t he  comple t e   deve lopmen t ) .  The water 
flow rate is p ropor t iona l   t o  the d r iv ing   po ten t i a l :  

V 
q = - k L d  (Ps + -1 LT1 I 

v1 dx 
(4)  

where  k is  the  h y d r a u l i c   p e r m e a b i l i t y ,  vs  and v1 
are the s p e c i f i c   v o l u m e s   o f   t h e   s o l i d   a n d   L i q u i d  
phases, and x is  t he  d i s t a n c e   n o r m a l   t o   t h e  ice  
l e n s   ( p e r p e n d i c u l a r   t o   t h e   c r a c k ) .  A s  c an   be   s een  
f r o m   e q u a t i o n s  (4 )  and ( I ) ,  water f l o w   v a n i s h e s  
when thermodynamic  equilibrium is established, that 
is, when Ps -LT1/vsTa. It s h o u l d   a l s o   b e   n o t e d  
t h a t ,   i n   t h e   d r i v i n g   p o t e n t i a l  term, t h e   e f f e c t s  o f  
b o t h   p r e s s u r e   a n d   t e m p e r a t u r e  are l i k e l y   t o   b e  
important. For example, a p res su re   d i f f e rence   o f  
1 MPa i n  i c e  i s  e q u i v a l e n t   t o  a t e m p e r a t u r e  
d i f f e r e n c e   o f  0,8B°C as f a r  as t h e   p o t e n t i a l   f o r  
d r i v i n g  water flow is concerned. 

The mobil i ty   of  water is a complicated  f inct ion 
o f  t e m p e r a t u r e   b e c a u s e  i t  appears  t o  b e  l a r g e l y  
d i c t a t e d  by the   pe rmeab i l i t y   o f  a p a r t i a l l y   f r o z e n  
zone   on   t he  warmer s i d e  o f  a n   i c e - f i l l e d  crack 
( F i g u r e  1). After a d e t a i l e d   a n a l y s i s ,   C i l p i n  
( 1 9 8 0 a )   s h o w e d   t h a t  t h e  p e r m e a b i l i t y   o f  t h e  
pa r t i a l ly   f rozen  fringe i n   n o n - c o l l o i d a l   s o i l s  can 
be  approximated  adequately by 

VsTa 

k f = k  ( - T   + T )  1 I f  
-2 

x 
UNFROZEN ZONE 

Figure 1 Schematic diagram o f  ice ( o b l i q u e   s t r i p e  
p a t t e r n )   i n  a rock  crack  with an in te rvening  water 
f i l m .  Wavy l i n e s   r e p r e s e n t  p a t h s  of water f low 
necessary €or sus ta ined  ice and  crack  growth. 

where k l  is a c o n s t a n t   d e p e n d e n t  on g r a i n   s i z e  
( G i l p i n   1 9 8 0 a ,   F i g u r e  5). T f ,  t h e   t e m p e r a t u r e  
d e p r e s s i o n   r e q u i r e d   t o  fo rm ice i n  s o i l  p o r e s ,  is 
i n v e r s e l y  re la ted t o   p o r e   r a d i u s   ( G i l p i n   1 9 8 0 a ,  
e q u a t i o n  18). On t h e   b a s i s  o f  e q u a t i o n s  (4) and 
( 5 ) ,  t o g e t h e r   w i t h   c o n s e r v a t i o n  o f  mass, G i l p i n  
(1980a )   de r ived  h i s  e q u a t i o n  (25) for the  r a t e  of 
heave or  ice growth as a func t ion   o f   t he  effective 
hydraul ic   res i s tance   p rovided  by the frozen fringe 
and by t h i n  water films t h a t   e n v e l o p   g r o w i n g  ice  
lenses .  

For the frost-wedging  problem, water i n f l u x  is 
s i m p l y   r e l a t e d   t o   t h e   v o l u m e   i n c r e a s e  o f  c r a c k s ,  
t h e   s h a p e   o f   w h i c h  is d i c t a t e d  by the e f f e c t i v e  
i n t e r n a l   p r e s s u r e   ( P  + 0 )  a n d   c r a c k   l e n g t h .  To 
s t r e a m l i n e   t h i s   a n a l y s i s ,   h o w e v e r ,   s h a p e w i l l  be 
taken as i n v a r i a n t  by fixing t h e  c r a c k   a s p e c t   r a t i o  
A ( c r a c k   w i d t h / l e n g t h ) .   T h i s   s i m p l i f i c a t i o n  is 
appropr ia te  fo r  increments  of crack  growth that  are 
small r e l a t i v e   t o   c r a c k   l e n g t h .  The rate o f  i ce  
g r o w t h   c a n   t h e n   b e   s i m p l y  re la ted t o   t h e  crack 
propagation rate Vc: 

v5 kl dT 
T L  1 

s a  ' c  - vlgA (Tf-T1)3 dx ('l-' c - -I' v T  ( 6 )  

where g i s  a c c e l e r a t i o n   d u e   t o   g r a v i t y ,   d T / d x  i s  
the t e m p e r a t u r e   g r a d i e n t ,  PC is t h e   p r e s s u r e  
e x e r t e d   o n  crack walls by i ce  v i a  the i n t e r v e n i n g  
water f i l m  and P1 is the  p o r e  water p r e s s u r e  
outs ide  the frozen  f r inge.   Equat ion (6) is derived 
d i r e c t l y  from Gi lp in ' s   (198Oa)   equat ion  (25) by 
a s s u m i n g  t h a t  t he  h y d r a u l i c   r e s i s t a n c e  a t  ice  
bodies  is n e g l i g i b l e   r e l a t i v e   t o  that o f  the frozen 
f r i n g e .   T h i s   a s s u m p t i o n  is  l i k e l y   t o   b e   v a l i d   i n  
r o c k s  f o r  f r e e z i n g   i n   c r a c k s   t h a t  a r e  large 
relative t o  the spacing of pores   and   in t ragranular  
cracks. I m p l i c i t   i n   e q u a t i o n  (6) is the hydraul ic  
r e s i s t a n c e   o f   t h e   f r o z e n   f r i n g e ;  it scales wi th  the 
i n v e r s e  of k f ,  a p p r o x i m a t e d  by e q u a t i o n  (51, and 
w i t h  f r i n g e   t h i c k n e s s  a, which  depends  on the  
temperature   gradient :  a (Tf - Tl)/(dT/dx). 

The r a t e  o f  c r a c k   p r o p a g a t i o n ,  Vc ,  c a n   b e  
o b t a i n e d   s i m p l y  from e q u a t i o n  (6) by s e l e c t i n g  
v a l u e s   f o r   t h e   p r e s s u r e  PC i n s i d e   c r a c k s  t h a t  
c o r r e s p o n d  t o  t h e   b r o a d  V c  r a n g e  or  i n t e r e s t   f o r  
p a r t i c u l a r   r o c k   t y p e s ,  as d i s c u s s e d   a b o v e .  
Al te rna t ive ly ,  to avoid selecting a f ixed  value o f  
PC, t h e   f r a c t u r e   e q u a t i o n s  (2 )  ,and (3) can   be  
combined   and   so lved   s imul taneous ly   wi th   equat ion  
(6) t o   c a l c u l a t e   b o t h  Vc and PC. 

RESULTS 

From t h e   f o r m   o f   e q u a t i o n  (6) i t  i s  a p p a r e n t  
that  crack  growth  occurs  only when 

- TIL 
~ 4- PI > PC (7) 

For n e g l i g i b l e   p o r e   p r e s s u r e s  P l ,  T1 must   be less 
t h a n  vSTaPc/L. For e x a m p l e ,   f o r   v a l u e s   o f  PC 
around 10 MPa, crakk g r o w t h   c o u l d   o n l y   o c c u r  a t  
temperatures  Tl below about  -9OC. As t h e  tempera- 
t u r e   d r o p s   b e l o w  t h i s  c r i t i c a l   v a l u e ,  Vc f i r s t  
i n c r e a s e s   s t e e p l y   b u t  soon f a l l s  o f f   b e c a u s e  o f  a 
r a p i d  decrease i n   p e r m e a b i l i t y ,   w h i c h  scales 
roughly as T -3. This dependence on T1 arises from 
e q u a t i o n  (6f  because ,  as s e e n   i n   t h e   n u m e r i c a l  
e x a m p l e   b e l o w ,   t h e   c o n t r i b u t i o n   o f  Tf  is o f t e n  

VsTa 
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i n s i g n i f i c a n t   r e l a t i v e   t o  tha t  of T1. It is a l s o  
a p p a r e n t  t h a t  Vc i s  d i r e c t l y   p r o p o r t i o n a l   t o   t h e  
temperature   gradient ,   which  controls  the th ickness  
o f  t he  f r o z e n   f r i n g e   a n d ,   h e n c e ,  o f  t h e   e f f e c t i v e  
rock  permeabili ty.  

A c a l c u l a t i o n   o f   c r a c k - p r o p a g a t i o n  ra te  as a 
f u n c t i o n   o f   t e m p e r a t u r e   i l l u s t r a t e s  many o f   t h e s e  
r e l a t i o n s h i p s   q u a n t i t a t i v e l y .  The r e s u l t s  shown 
i n   F i g u r e  2 were obtained  using  reasonable   values  
for   the   var iab le   phys ica l   parameters :  k l  was taken 
t o  b e  m s - l  OC2 because ,  a t  I o C  b e l o w   t h e  
f r e e z i n g   t e m p e r a t u r e  T it c o r r e s p o n d s  t o  a 
p e r m e a b i l i t y   o f   a b o u t   l o f " 3  m s-', a r e a s o n a b l e  
v a l u e   f o r   s o u n d   c r y s t a l l i n e   r o c k s .  The c r a c k  
l e n g t h  1 was a s s u m e d   t o   b e   1 0 0  times i t s  w i d t h  w ,  
c o r r e s p o n d i n g  t o  A = 0.01. The t e m p e r a t u r e  
g r a d i e n t   i n   t h e   f r o z e n   f r i n g e  was t a k e n   t o  b e  3 O C  
m-l and  the  freezing  point  depression Tf r e l a t e d   t o  
p o r e  s i z e  was t a k e n   t o   b e  -1OC. T h i s  T f  
c o r r e s p o n d s   t o   p o r e s  0.1 p m  i n   d i a m e t e r   i v e n   a n  
ice-water in t e r f ac i a l   ene rgy   o f  0.03 N m-' (Gilpin 
1980a,  equation  18).  Crack p r o p a g a t i o n  r a t e s  were 
c a l c u l a t e d  for  i n t e r n a l  crack pressures  PC Of 5 MPa 
(appropr ia te  for r e l a t i v e l y  weak sedimentary  rocks) 
and  10 MPa (for g r a n i t e s ) .  The p o r e   p r e s s u r e  PI  
o u t s i d e  the f r o z e n   f r i n g e  was assumed  negligible. 

Although Vc v a l u e s  a re  ra ther  p o o r l y   d e f i n e d  
p r i m a r i l y   b e c a u s e   o f   u n c e r t a i n t i e s   i n   k l   a n d   P C ,  
the  form of the  temperature  depencence of Vc shown 
i n   F i g u r e  2 is no t  e x p e c t e d   t o   v a r y   a p p r e c i a b l y .  
Thus i t  i s  e v i d e n t   t h a t   f r O S t - i n d U C 8 d   c r a c k i n g  o f  
r o c k  is e x p e c t e d  t o  occur   on ly   be low a c r i t i c a l  
t e m p e r a t u r e   a n d   t h a t   c r a c k i n g  is f a s t e s t  a t  a 

0' / I  I I 
-5 -10 -15 -20 

TEMPERATURE (OC) 

F i g u r e  2 Rate o f  crack p r o p a g a t i o n  a s  a f u n c t i o n  
of t e m p e r a t u r e  TI and i ce  p r e s s u r e  P, i n  cracks. 
Craok  growth is most rap id  a t  t empera tu res   s l i gh t ly  
Lower  than t h a t  a t  which ice  u n d e r   p r e s s u r e  PC i s  
i n   t h e r m o d y n a m i c   e q u i l i b r i u m  w i t h  water a t  
a t m o s p h e r i c   p r e s s u r e .  For l o w e r   t e m p e r a t u r e s ,  
water m o b i l i t y  is so l o w   t h a t  ice  g r o w t h  is 
s e v e r e l y  l imited by water f l u x .  PC = 5 and 10 HPa 
are g e n e r a l l y   a p p r o p r i a t e   v a l u e s   f o r   s e d i m e n t a r y  
rocks  and  for   plutonic  rocks, respect ively.  

s l ight ly   lower  temperature .  Below t h i s   t h e   r a p i d  
decrease i n   p e r m e a b i l i t y   c a u s e s   t h e  crack g r o w t h  
ra te  t o   d i m i n i s h   w i t h   t e m p e r a t u r e   b e c a u s e  water 
flux becomes severely  Limiting. 

DISCUSSION 

The a n a l y s i s  shows t h a t   f r e e z i n g   c a n   g e n e r a t e  
s u f f i c i e n t   p r e s s u r e   i n   r o c k   c r a c k s  t o  c a u s e  
s igni f icant   c racking   over  a time scale o f   i n t e r e s t .  
It is emphas ized  t ha t  c r a c k s  are assumed t o  be  
p re s su r i zed   i n t e rna l ly  by ice wi th   an   in te rvening  
f i l m  o f  water. As only water contac ts   c rack  walls 
i n   t h e   m o d e l ,   t h i s   m e c h a n i s m   c o u l d  b e  v iewed as a 
f o r m   o f   h y d r a t i o n  c r a c k i n g ,  w h i c h   h a 3   b e e n  
perceived by o t h e r s  (e+, White 1976) as be ing   i n  
d i r e c t   c o n f l i c t   w i t h   f r o s t - s h a t t e r i n g   c o n c e p t s .  
S i m i l a r l y ,   t h e   d i s t i n c t i o n   e m p h a s i z e d  by  Hudec 
( 1 9 7 4 )   b e t w e e n   " f r o s t   s e n s i t i v e v 1   r o c k s   a n d  
' * s o r p t i o n   s e n s i t i v e "   r o c k s  now a p p e a r s   l a r g e l y  
a rb i t ra ry   because ,   accord ing   to  the model presented 
here, b o t h   % e n s i t i v i t i e s l '   r e s u l t   d i r e c t l y   f r o m   t h e  
r e d u c t i o n   o f  the c h e m i c a l   p o t e n t i a l   o f   v i c i n a l  
water d u e   t o   m i n e r a l   s u r f a c e s .  The thermodynamic 
p r o p e r t i e s  t ha t  are  f u n d a m e n t a l  t o  the   mode l  
c o n s t i t u t e  common ground for a number of   apparent ly  
d i s t i n c t   f r o s t   s h a t t e r i n g   h y p o t h e s e s .  A6 a r e s u l t ,  
t h i s  model e f f e c t i v e l y   u n i f i e s   s e v e r a l   h y p o t h e s e s  
t h a t  commonly f i g u r e   u n d e r   s e p a r a t e   h e a d i n g s :  
c rys t a l l i za t ion   p re s su re ,   cap i l l a r i t y ,   and   o rde red  
water (Washburn  1980, McGreevy 1981). 

The p r i n c i p a l   i m p l i c a t i o n s  o f  t h e   m o d e l  are  
subdivided  into the effects of  l i thology,  tempera- 
ture,   moisture,   and  solutes  on frost wedging. 

Litholotzic  Controls 

S u s c e p t i b i l i t y   t o   f r o s t   w e d g i n g  is g e n e r a l l y  
r e c o g n i z e d   t o  b e  s e n s i t i v e l y   d e p e n d e n t  on  
l i t h o l o g y .  T h i s  is t o  be e x p e c t e d   b e c a u s e   l i t h o -  
l o g i c  charac te r i s t ics  f i g u r e   i n   t h e   a n a l y s i s   o f  
crack-growth rates i n   s e v e r a l  ways: (1) pore   s i ze  
a f f e c t s   t h e   t e m p e r a t u r e  Tf a t  which  ice forms i n  
p o r e s ;  ( 2 )  i n t r i n s i c   p e r m a a b i l i t y   c o n t r o l s  water 
m o b i l i t y  a t  s u b f r e e z i n g   t e m p e r a t u r e s   t h r o u g h   k l ;  
(3)  the r e l e v a n t  stress i n t e n s i t y  factor KI of' the  
rock, together w i t h  crack g e o m e t r y  A,  d i c t a t e  t h e  
v a l u e   o f  PC. T h e s e   p a r a m e t e r s  a l l  c o r r e s p o n d   t o  
rock   p rope r t i e s  known e x p e r i m e n t a l l y   t o   i n f l u e n c e  
t h e   f r o s t   s u s c e p t i b i l i t y   o f   r o c k   ( L a u t r i d o u   a n d  
Ozouf 1982). 

For e x a m p i e ,   r a p i d   f r o s t   w e d g i n g   i n   s h a l e s   a n d  
a r g i l l i t e s  p r o b a b l y   r e s u l t s   f r o m   l o w  KI v a l u e s ,  
h i g h   p e r m e a b i l i t y  a t  s u b f r e e z i n g   t e m p e r a t u r e s  
b e c a u s e   o f   h i g h   u n f r o z e n  water c o n t e n t - - a  
c h a r a c t e r i s t i c   o f   f r o s t   s e n s i t i v e   r o c k s  (HcGreevy 
1981)--, and   l ong   na r row  c racks - -o f t en   p re sen t   i n  
rocks   wi th   wel l -deve loped   f i s s i l i ty .   In   cont ras t ,  
d o l e r i t e  w i t h  f r a c t u r e   p r o p e r t i e s  similar t o   t h o s e  
reported by Atkinson (1982 and  above) would be  very 
r e s i s t a n t   t o   f r o s t   w e d g i n g   u n l e s s   l o n g ,  pre- 
existing  cracks  could  be  exploited.  
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Thermal ReEime 

It is c lear  f r o m   e q u a t i o n  (6) and  F igure  2 t h a t  
frost-induced  breakdown o f  rock is not   expected  to  
occur  a t  appreciable  rates a t  temperatures  warmer 
than a c r i t i ca l  subzero  value. The instantaneous 
rate o f  frost wedging is expected t o  be h ighes t  a t  
a t e m p e r a t u r e ,  Tr, s l i g h t l y   b e l o w   t h e  c r i t i c a l  
value. The r a t i o  Tw/P, is approximately 1,3OC/MPa 
f o r   n e g l i g i b l e  T p  

The lack  of consensus  about   thermal   condi t ions 
t h a t  are mos t   f avorab le   fo r   f ro s t  wedging  (Washburn 
1980,  McGreevy  1981) is n o t   s u r p r i s i n g   i n  V i e w  o f  
t h e  complex  dependence of  crack-propagation rate on 
both  temperature  and  l i thology, as i l l u s t r a t e d   i n  
Figure 2. The r e s u l t s ,  however, are compatible  with 
f r o s t   w e d g i n g   b e i n g  most a c t i v e   i n  areas where 
temperatures  are subs t an t i a l ly   be low 0' C but  not 
a t  t h e  extremes found, f o r  example, i n  Antarctica. 

Other  aspects  o f   t h e   t h e r m a l   r e g i m e   o f t e n  
r e p o r t e d  to f a v o r  frost w e d g i n g ,   i n c l u d i n g  
frequency o f  f reeze- thaw  cyc les ,  r a t e  o f   c o o l i n g ,  
minimum temperature,  and  duration of cold  per iod,  
can be i n t e r p r e t e d  w i t h  new ins ight   ga ined  from the 
model.   Both  the ra te  o f   c o o l i n g   a n d  the  c y c l e  
f r e q u e n c y  a f fec t  Vc by c o n t r o l l i n g   t e m p e r a t u r e  
g r a d i e n t s  dT/dx- The lowes t   t empera tures   a t ta ined  
can  play a c r i t i ca l  r o l e   i n   f r o s t  wedging of sound 
c r y s t a l l i n e   r o c k   w i t h  small cracks t h a t   o n l y  
p r o p a g a t e  when s t r e s s e d   h i g h l y .  The d u r a t i o n   o f  
t h e  cold period is c lear ly   impor tan t   because   c rack  
propagation is p r o p o r t i o n a l   t o  time. 

Moisture  Controls 

High i n i t i a l   m o i s t u r e   c o n t e n t   a n d   a m p l e  water 
s u p p l y  are  commonly  recognized t o  f a v o r   f r o s t  
wedging  (Mellor   1973,  McGreevy  1981, White 1976). 
The effect  o f   mo i s tu re   con ten t   i n   unsa tu ra t ed   rock  
canno t   be   ana lyzed   exp l i c i t l y   i n   t h i s   s imp le  model, 
which  pa ra l l e l s  Gi lp in ' s   (1980a)   heave   model  fo r  
s a t u r a t e d   p o r o u s  media. However ,  the  model 
presented   here   does   p rovide   cons iderable   gu idance  
f o r  a q u a l i t a t i v e   a s s e s s m e n t  of moisture effects, 
As water f r e e z e s   i n   r o c k   p o r e s ,   t h e   t o t a l  volume o f  
water i n   r o c k   e x p a n d s  by a b o u t  9%. I n   s a t u r a t e d  
r o c k s   f r e e z i n g   r e s u l t s   i n   e x p u l s i o n  of water ahead 
o f   t he   f r eez ing   f ron t  as long as crack expansion is 
i n s u f f i c i e n t  t o  accommodate t h e  volume  increase  due 
t o   t h e  ice-water t r a n s i t i o n .   T h i s   e x p u l s i o n   o f  
water, which is characteristic o f  ice lensing  under 
h i g h   c o n f i n i n g   p r e s s u r e   ( G i l p i n   1 9 8 0 a 1 ,  will 
i n c r e a s e  the p o r e   p r e s s u r e  P It is e v i d e n t   f r o m  
equat ion   (6)   tha t   increas ing  .b; d i r e c t l y   i n c r e a s e s  
t h e   c r a c k - p r o p a g a t i o n  r a t e ,  a n d   c a n   c a u s e  
s i g n i f i c a n t   c r a c k i n g  a t  t e m p e r a t u r e s   a b o v e   t h o s e  
r e q u i r e d   w h e n  P 0. I n  f a c t ,  i f  P1 i s  
su f f i c i en t ly   h igh  dl z PC), hydrof rac tures  may form 
in   rock   regard less   o f   t empera ture .   This   s i tua t ion  
is m o s t   l i k e l y  to o c c u r  when rock f r a g m e n t s  are  
f rozen  from a l l  sides, as may be common for  ta lus .  
H ighes t   p re s su res   wou ld   be   r eached ,   and   hence  
c rack ing   wou ld   be  most l i k e l y ,   i n  the c e n t r a l  
por t ion   o f   rocks  w i t h  high water contents.  Such an 
e f f e c t  may u n d e r l i e  a c a u s a t i v e   r e l a t i o n s h i p  
b e t w e e n   t h e   s i z e  of rock f r agmen t s   and  c l imat ic  
var iab les .  

So lu te   E f fec t s  

C u r r e n t   m o d e l s   o f   f r e e z i n g   i n   p o r o u s   m e d i a  
(Miller 1978, Gilpin  1980a)  have  been  developed for 
p u r e  water sys tems.   Al though it is beyond  the 
s c o p e   o f   t h i s   p a p e r  to t r e a t  s o l u t e s  
q u a n t i t a t i v e l y ,  several  o b s e r v a t i o n s   c a n   h e l p   u s  
u n d e r s t a n d  why s o l u t e s   g r e a t l y  accelerate the 
breakdown of   rock   under   f reez ing   condi t ions   in  some 
e x p e r i m e n t s   ( W h i t e   1 9 7 6 ,  Williams and  Robinson 
1 9 8 1 )   a n d   h a v e  t h e  o p p o s i t e  e f f e c t  i n   o t h e r  
experiments  (McGreevy 1982). 

Solu tes  are a n t i c i p a t e d  to a f f e c t  frost wedging 
i n   s e v e r a l  ways: 1)   the  freezing temperature  Tf is 
L o w e r e d ,   t h e r e b y   i n c r e a s i n g  the u n f r o z e n  water 
c o n t e n t   a n d  water  m o b i l i t y  a t  s u b f r e e z i n g  
C e m p e r a t u r e s   i n   a c c o r d   w i t h   t h e  known e f f ec t  of 
s o l u t e s   o n   p h a s e - e q u i l i b r i a   i n   f r o z e n  s o i l s  
(Anderson  and  Morgenstern  1973);  (2) Tf and   t he  
c h e m i c a l  p o t e n t i a l   o f  water n e a r   f r e e z i n g  
i n t e r f a c e s   w o u l d   b e   s e l e c t i v e l y   l o w e r e d  by t h e  
i n t e r f a c i a l   s o l u t e   b u i l d u p   t h a t   r e s u l t s  as growing 
ice  p r e f e r e n t i a l l y  r e j ec t s  s o l u t e s ;   a n d  ( 3 )  t h e  
r e l e v a n t   s t r e s s - i n t e n s i t y  factor KI, and  hence PC, 
required to  cause  particular  crack-growth rates may 
be reduced   subs tan t ia l ly  by high-solute  concentra- 
t i o n s   i n   c r a c k s   ( A t k i n s o n   1 9 8 2 ) .  The l o u e r l n g   o f  
Tf e f f e c t i v e l y  s h i f t s  the c u r v e s   i n   F i g u r e  2 t o  
l o w e r   t e m p e r a t u r e s ;   t h i s   c a n  e i ther  i n c r e a s e  or 
decrease frost-wedging rates depend ing   on   whe the r  
the dominant  experimantal   temperatures are below or 
a b o v e   t h e   t e m p e r a t u r e  T* a t  w h i c h   c r a c k i n g  i s  
fastest. The in t e r f ac i a l   l ower ing   o f   t he   chemica l  
p o t e n t i a l   w o u l d  tend  to speed   up   c r ack   g rowth  by 
increas ing  water t r a n s p o r t  to freezing in te r faces .  
T h i s   e f f e c t  i s  l i k e l y  to b e   i m p o r t a n t  for low 
s o l u t e   c o n c e n t r a t i o n s   b e c a u s e ,  a t  c o n c e n t r a t i o n s  
a p p r o a c h i n g   t h e   s a t u r a t i o n   v a l u e ,   t h e   i n t e r f a c i a l  
solute  buildup  cannot  develop  fulLy, as t h e   s o l u t e  
c o n c e n t r a t i o n   c a n n o t   a p p r e c i a b l y   e x c e e d   t h e  
e u t e c t i c   c o n c e n t r a t i o n .   T h i s  is i n   a c c o r d  w i t h  
McGreevy ' s   (1982)   expe r imen ta l   f i nd ing   t ha t  for 
e a c h  s a l t  s o l u t i o n   t h e   g r e a t e s t   f r o s t - i n d u c e d  
d a m a g e  was a s s o c i a t e d   w i t h  t h e  m o s t   d i l u t e  
s o l u t i o n s  used. I n   c o n t r a s t ,  however, Williams and 
R o b i n s o n   ( 1 9 8 1 )   f o u n d   t h a t   f r o s t   w e d g i n g   i n  rocks 
c o n t a i n i n g   s a t u r a t e d  s a l t  s o l u t i o n s  was 
c o n s i d e r a b l y   m o r e   r a p i d   t h a n   i n   t h e  same r o c k  
containing water. T h i s   r e s u l t  may reflect  a s t rong  
i n f l u e n c e   o f   s o l u t e   c o n c e n t r a t i o n   i n   t h e   v i c i n i t y  
o f   c r a c k   t i p s  on crack-propagation rates. Such  an 
i n f l u e n c e  i s  e v i d e n t   i n  s t ress  c o r r o s i o n  
e x p e r i m e n t s   o n   s a n d s t o n e s   i n  wh ich  c rack  
p r o p a g a t i o n  r a t e s  i n c r e a s e d   b y   a n   o r d e r  o f  
magnitude as the NaCl concent ra t ion   o f   pore   f lu ids  
was i n c r e a s e d   a b o v e  0.1 M (D. M. J o h n s o n ,   p e r s o n a l  
communication  1983 1. 

CONCLUSIONS 

The s i m p l e   m o d e l   d e v e l o p e d   h e r e   f o r   f r o s t -  
i n d u c e d   b r e a k d o w n   o f   r o c k s   p r o v i d e s   c o n s i d e r a b l e  
g u i d a n c e   i n   i n t e r p r e t i n g   t h e   l a r g e   e x i s t i n g   d a t a  
base obtained  through  laboratory and f ie ld  s tudies .  
L i t h o l o g y   a n d   t e m p e r a t u r e  take o n   m u l t i p l e   b u t  
c l e a r l y   d e f i n e d   r o l e s   i n  the ana lys i s ,  The r e s u l t s  
o f  t h e   m o d e l   p r o v i d e   g u i d e l i n e s   f o r   f u t u r e  
l a b o r a t o r y   a n d   f i e l d   s t u d i e s   a n d   m o t i v a t e  
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complementary  theoretical   treatments.   Analyses  of 
p o r e   p r e s s u r e   a n d   s o l u t e   d i s t r i b u t i o n   i n   p o r o u s  
med ia   unde rgo ing   f r eez ing   wou ld  be p a r t i c u l a r l y  
h e l p f u l   f o r  improved  understanding o f  t h e  breakdown 
o f   r o c k   u n d e r   s u c h   c o n d i t i o n s ,  Some o f   t h e s e  
ana lyses  are c u r r e n t l y  underway. 
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ALASKA HIGHWAY GAS PIPELINE PROJECT (YUKON)  SECTION 
THAW SETTLEMENT DESIGN APPROACH 

A. J. Hannal. R. J. Saundersl, G. N. Leml and L. E. CarLson2 

IHardy Associates  (1978) Ltd.,  Calgary,  Alberta, Canada T2E 655 
2Footh i l l s   P ipe   L ines  (Yukon) Ltd. , Calgary,  Alberta, Canada T2P 2V7 

The Alaska Highway Gas Pipe l ine  w i l l  t raverse   permafros t   t e r ra in   for  much o f  the r o u t e  
through  the Yukon T e r r i t o r y .  In the  predominantly  frozen  ground, the p i p e l i n e  will 
opera te  i n  the "cold" mode. Where t h e   t e r r a i n  is predominantly  unfrozen,  the  pipe 
w i l l  operate  in t h e  "warm" mode requi r ing   mi t iga t ive   des ign   for  t h a w  se t t lement   in  
some f rozen   t e r r a ins .  

The r e s u l t s  of the  t h a w  se t t lement  tests car r ied   ou t  for the   p ro jec t  are presented a8 
well as o t h e r   d a t a   a v a i l a b l e   i n  the l i t e r a t u r e .   S t a t i s t i c a l  methods were used   t o   a r r ive  a t  
c o r r e l a t i o n s  between thaw se t t lement  and moisture  content  or  density.  The t h a w  se t t lement  
pred ic t ions  were based on a computerized  Borehole Data Bank containing  simplified  borehole  logs 
and a computerized thaw se t t lement  program. 

The thaw se t t lement   p red ic t ions  were a p p l i e d   t o  the pipel ine  design by assuming that 
the predicted thaw sett lement  could  occur as. a d i f f e ren t i a l   s e t t l emen t   ove r  a rela- 
t i v e l y   s h o r t   l e n g t h  of pipe. The var ious  mit igat ive  designs are presented. 

INTRODUCTION 

The Alaska Highway Gas Pipeline  has  been 
proposed  to  transport   gas from the  Prudhoe Bay 
area on the   nor th   shore  o f  Alaska, USA, across 
Alaska  through  northwestern Canada t o  the southern 
states. Figure 1 shows t h e  Yukon s e c t i o n  of the  
proposed  route. The 1.2 m diameter   pipel ine w i l l  
t raverse   permafros t   t e r ra in   for  much o f  the r o u t e  
through  the state of Alaska  and  the Yukon 
T e r r i t o r y .  The p i p e l i n e  w i l l  be operated 
cont inuously a t  temperatures  below O0 C f o r  the 
en t i re   por t ion   wi th in   Alaska  and for t h e   f i r s t  214 
km i n t o   t h e  Yukon T e r r i t o r y .  Compressor S t a t i o n  
313 a t  KP 214 is  the las t  point  of co ld   f low,   jus t  
northwest of Kluane Lake (see Figure 1). The 
remaining  portion of t h e   l i n e  is proposed to  be 
o p e r a t e d   i n  a warm mode. Between  Kluane  Lake  and 
Whitehorse, a high  percentage of the   rou te  is 
under la in  by permafros t .   I f   s ign i f icant  amounts 
of excess ice are present   in   the  ground,   the 
thawing  created by the warm pipe would cause thaw 
sett lement  beneath  the  pipe  over a per iod of time 
and   l ead   t o   poss ib l e   p ipe l ine   s t ab i l i t y  problems. 

t h e  t h a w  se t t lement   des ign   process   tha t  were 
undertaken for t h e  Yukon por t ion  of t he   p ipe l ine  
route.  These are as Eollows: 
1. i n v e s t i g a t i o n  of extent and  condition6 of 
permafrost   along  route;  
2.  assembly of test data  and  compilation  into 
bas i c   so i l   g roups ;  
3, e s t a b l i s h i n g  thaw Set t lement   cor re la t ions ;  
4. predic t ion  of t h a w  depths   and  resul t ing 
Settlement;  and 
5 .  a p p l i c a t i o n  of the  predicted thaw se t t lements  
to   design.  

This paper  summarizes the various components of 

831 Km 

FIGURE 1 The Alaska Highway Gas Pipe l ine   rou te  
through Yukon. 

EXTENT AND CONDITIONS OF PERMAFROST 

Extensive  programs of t e r r a i n   a n a l y s i s ,   f i e l d  
reconnaissance,  geophysical  surveys, and borehole 
d r i l l i n g  have  been ca r r i ed   ou t   i n   t he  Yukon. 
P a r t i c u l a r   a t t e n t i o n  was pa id   t o   de l inea t ing  
permafrost  and  determining its proper t les  where 
present .  T h e  ex ten t  of permafros t   in   the  warmflow 
por t ion  of the   rou te  I s  summarized i n  Tab le  1 
accord ing   to   d i f fe ren t   phys iographic   reg ions  
es tab l i shed  as p a r t  of t h e   o v e r a l l   t e r r a i n  assess- 
ment for the   route .  Based on a i rpho to   i n t e rp re t a -  
t i o n  and  considerable  borehole data, t e r r a i n  
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ana lys  i s  has made u o s s i t  t i o n  of  
p o t e n t i a l l y   i c e - r i c h   t e r r a i n   u n i t s   a l o w   t h e  

de the   de l inea  t h e  

Eoute. The e x t e n t  of ice-rich t e r r a i n  is also 
g i v e n   i n   T a b l e  1. 

TABLE 1 Extent  of Permafrost   South of Kluane 
Lake. 

Physiogrephic  Length of Percentage  Percentage 

(KP  Range)* 
Regions Region Permafrost IceRich 

(km) Permafrost 

226.3-314.5 88.2 46.9 24.3 
314.5.439.0 124.5 19.6 13.3 
439.0-549.6 110.6 16.9 11.1 
548.6-662.0 11 2.4 I 8.5 13.4 
662.0-769.1 107.1 3.6 0.5 
769.1 -829.5 60.4 3.1  3.1 

226.3-829.5 603.2 18.3 11.2 

*KP is  the  distance in km from the  Alaska-Yukon  border. 

T H A W  SETTLEMEm TEST DATA 

P r o j e c t   T e s t  Data 

A t o t a l   o f  185 thaw s e t t l e m e n t  tests have  been 
performed on f rozen  core   samples   obtained  during 
the   va r ious   d r i l l i ng   p rog rams   a long   t he   rou te  
s i n c e  1976. Par t icu lar   emphas is  has been made t o  
d e f i n e  the t h a w  s e t t l e m e n t   c h a r a c t e r i s t i c s   f o r  
s o i l s  w i t h  r e l a t i v e l y  low ice con ten t s .  

The development of the b a s i c  thaw s e t t l e m e n t  
test has been  out l ined in Watson e t  a l .  (1973).  
The gene ra l  test procedure   cons is t s  of thawing a 
f rozen   core   under  some nominal (5 kPa)   p ressure ,  
and  then two or more subsequent  load  increments 
(e.g., 40 and 80 kPa) are appl ied.   This  test 
procedure  permits  a d i s t inc t ion   be tween   t he  
se t t lement   due   to   thawing  of the excess  ice a lone ,  
f rom  tha t  of t h e   a d d i t i o n a l   s e t t l e m e n t  
a t t r i b u t a b l e   t o   a n   i n c r e a s e   i n   p r e s s u r e ,  as 
i l l u s t r a t e d   i n   F i g u r e  2 ( a f t e r  Watson et al .  
1973).  

were c a r r i e d   o u t  on the test specimens  to   permit  a 
c o r r e l a t i o n  between  thaw se t t l emen t   and   t hese  more 
r e a d i l y   a v a i l a b l e   s o i l   p r o p e r t i e s .  

Mois ture   conten t   and   f rozen   bu lk   dens i ty  tests 

Other   Avai lab le  Thaw Se t t l emen t  Data 

Two main sources  of a d d i t i o n a l  t h a w  settlement 
data  have  been  used:  Mackenzie  Valley, N.W.T., 
da ta   p re sen ted  by McRoberts e t  a l .  (1978)  and 
Alaskan data publ ished by Luscher  and A f l f i  
(1973).  

t he   Sou th  Yukon da ta .  All .  the   data   f rom the two 
sources  were p lo t t ed   s epa ra t e ly ,   and  a v i s u a l  

The  Mackenzie  Valley data were compared wi th  

0.5 

0.4 

P w 
E 0.3 

E 2 0.2 

0.1 

0 

T" E50 (Le. at COkPa) L 10 20 30 40 1 50 60 70 80 

Applled Pressure p (kPa) 

FIGURE 2 Typical  t h a w  se t t l emen t  test r e s u l t .  

COmpaTiSOn was made fo r  each of t h e   s o i l   t y p e s  
represented.  The test data f o r   p e a t s   d i f f e r e d  
very  considerably,   and so the  Mackenzie  Valley 
data  for  peat  have  not  been  used. The o t h e r   s o i l  
types were found  to  compare  favorably. 

The test data fo r   g rave l s   p re sen ted  by Luscher 
and   Af i f i  (1973)  r e p r e s e n t  the only  major  source 
of data on g r a n u l a r   s o i l ,  and t h e r e f o r e ,  no real 
comparison  with Yukon g r a v e l s  is poss ib l e .  

T H A W  SETTLEMENT  CORRELATIONS 

Some of the  earliest a n a l y s i s  o f  thaw settle- 
ment was c a r r i e d   o u t  by Tsytovich  and Sumgin 
(1937) .  More r e c e n t  works include  Morgenstern  and 
Nixon (1971), and  Crory (1973) .  In basic form 
(Figure 2) t h e  thaw s t r a i n   u n d e r  any  given 
p res su re  is expressed by: 

E = Ao+m,-p (1) 

where c p  is thaw s t r a i n   a t   p r e s s u r e ,  p; 
A, i s  i n i t i a l  thaw s t r a i n  a t  zero  overburden 
pressure ;   p  is t h e   e f f e c t i v e   p r e s s u r e   ( k P a ) ;   a n d  
% is the c o e f f i c i e n t  of c o m p r e s s i b i l i t y  ( l /kPa) .  

For  the  purposes  of thaw s e t t l e m e n t   e v a l u a t i o n  
ove r   t he   p ipe l ine   rou te ,   t he  thaw s t r a i n  a t  a 
r e p r e s e n t a t i v e   e f f e c t i v e   p r e s s u r e   o f  50 kPa has  
been  taken. This pres su re   conse rva t ive ly  
r e p r e s e n t s   t h e   i n s i t u   e f f e c t i v e   p r e s s u r e   i n  the 
upper   layers  of t he  thaw bulb  where  most of the 
thaw se t t l emen t   occu r s .  The a c t u a l   p r e s s u r e  
s e l e c t e d  is not   very c r i t i ca l  f o r   g e n e r a l   r o u t e  
eva lua t ion ,  as the major  component of t h e  thaw 
s t r a i n   v a l u e  is  t h e   i n i t i a l  t h a w  va lue ,  h. 

Figure  3 shows a t y p i c a l   d a t a   p l o t .   B e c a u s e  
t h e r e  is t h e   p o s s i b i l i t y  of e r r o r   o r  random v a r i a -  
t i o n  in both the thaw strain  value  measured  and 
the mois ture   conten t   o r   bu lk   dens i ty   de te rmined  
f o r  each test, there e x i s t s  a j o i n t   p r o b a b i l i t y  
d i s t r i b u t i o n .  Two " b e s t   f i t "   l i n e s  have been ob- 
t a i n e d  by l i nea r   r eg res s ion ,   cons ide r ing   each  
v a r i a b l e   e r r o r f r e e ,   r e s p e c t i v e l y ,  as i l l u s t r a t e d  
i n   F i g u r e  3. The b e s t  estimate of the true  cor-  
r e l a t i o n   l i e a   b e t w e e n   t h e s e  two l i n e s  (Lyon, 1970). 
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FIGURE 6 Thaw streinmoisture correlation for 
gravel. 
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For the upper t h a w  s e t t l emen t   r ange ,   t he  
c o r r e l a t i o n  has been de f ined   t o   p rov ide  a thaw 
s t r a i n   o f  1.0 when the  sample becomes pure ice 
(volumetr ic   moisture   content   100%; or f rozen  
bu lk   dens i ty  o f  917 kg/m3). This  upper limit 
t h a w  s e t t l e m e n t  is j o i n e d   t o   t h e   i n t e r s e c t i o n  of 
t h e  two r e g r e s s i o n   l i n e s  (see F igure  3) .  

The lower  portion  of the c o r r e l a t i o n  i s  taken 
as t h e   b i s e c t o r  o f  t h e  two r e g r e s s i o n   l i n e s ,  
below the   po in t  of  i n t e r s e c t i o n .  

The  thaw s t r a i n   v a l u e  €50, a t  50 kPa, has 
been  obtained  from a l l  t h e   a v a i l a b l e  test da ta .  
(The s t r a i n  a t  a minimum pres su re  o f  100  kPa is 
presented for t h e   g r a v e l s  by Luscher   and   Af i f i  
(1973).)  Based on the   visual   comparisons of a l l  
data, b a s i c   s o i l   g r o u p s  were s e l e c t e d ,  i.e., p e a t ,  
o rgan ic  silts, g r a v e l s ,  non t o  low p l a s t i c  s i l ts  
and  c lays ,   and medium t o  h i g h   p l a s t i c  silts and 
c l ays .  All of t he  thaw s t r a i n   v a l u e s  are 
p resen ted   w i th   r e spec t   t o   vo lumet r i c   mo i s tu re  
con ten t  of t h e   s o i l   g r o u p s   i n   F i g u r e s  4-8. 
Volumetric water con ten t  was chosen as a dependent 
v a r i a b l e   r a t h e r   t h a n   t h e  more usua l   g rav ime t r i c  
water c o n t e n t ,  as t h e   f u l l   r a n g e  of  vo lumet r i c  
water con ten t  is confined  between 0 and 100%. The 
thaw s t r a i n   v e r s u s   f r o z e n   b u l k   d e n s i t y  is 
p r e s e n t e d   i n   F i g u r e  9 f o r   t h e  low p l a s t i c  
f ine-gra ined   so i l s   on ly .  
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The a c t u a l   c o r r e l a t i o n s  have been  obtained as 
fol lows:  

Frozen Bulk Denrlty (kg/m3) 

FIGURE 9 Thaw s t r a i n - d e n s i t y   c o r r e l a t i o n   f o r  low 
p l a s t i c   f i n e - g r a i n e d   s o i l s .  

The e s t a b l i s h e d  t h a w  s t r a i n   c o r r e l a t i o n s   f o r  
t h e   v a r i o u s   s o i l   t y p e s  are shown i n  Figures 4-9. 
In t h e  case o f  the low p l a s t i c   f i n e - g r a i n e d   s o i l s  
(F igu re  7) ,  t h e   m i s t u r e   c o n t e n t  (37% by vol . )  
for   which   zero  thaw s e t t l e m e n t  was i n d i c a t e d  by 
the   b i sec tor   appeared   too   h igh .  It was judged 
that the   mo i s tu re s   and   dens i ty   co r re spond ing   t o  
z e r o  thaw s t r a i n   s h o u l d  be: 

moisture   content   (dry  wt . )  * 17.0%; 
(volumetr ic)  = 31.3% 

f rozen   bu lk   dens i ty  - 2165 kg/m3 

and  the  lower  port ion of the c o r r e l a t i o n   f o r   t h e s e  
low p l a s t i c   s o i l s  was modif ied  accordingly.  

THAW SETTLEMENT  PREDICTIONS 

Geothermal   Predict ions 

Thermal s imula t ions  of the ground  thawing  in- 
duced by a non insu la t ed  warm b u r i e d   p i p e l i n e  
were carried out   us ing  a computerized  geothermal 
model (Hwang, 1976). S e v e r a l   d i f f e r e n t   p i p e  
t empera tu res   and   so i l   cond i t ions  were considered.  
This   s tudy  provides  the u l t ima te   dep th  or zone of 
s o i l   t h a t  may e v e n t u a l l y  be thawed by t h e  
o p e r a t i o n  of t h e  warm pipe.  These p red ic t ed  t h a w  
dep ths  (see F i g u r e  10) have  been  used  for 
s e l e c t i n g  the base of t he  thaw  bulb for t h a w  
s e t t l e m e n t   c a l c u l a t i o n s .   T h i s  is  p r imar i ly  
dependent on s o i l  type  and water con ten t ,  as these 
in f luence   t he   t he rma l   p rope r t i e s .  
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FIGURE 10 P red ic t ed  (30 y e a r )  thaw depths  below 
the  ground  surface.  

Thaw Se t t l emen t  Program 

A computer  program was developed   to   ca lcu la te  
t h a w  s e t t l emen t   fo r   bo th  the p ipe   and   the   r igh t -  
of-way ( R O W ) .  A b r i e f   f l o w   c h a r t   i n   F i g u r e  11 
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i l l u s t r a t e s   t h e   m a j o r   s t e p s  In the program. The 
se t t l emen t   can   be   ca l cu la t ed  for each   i nd iv idua l  
borehole  and for any  given  depth  range by d e f i n i n g  
the   depths   to   the   top   and   bo t tom of t h e  thaw 
zone. 

1 Thaw Depth 
t 

Borehole Data 
Records 

Thaw  Settlement 
Correlations 

t 
Read Next Thaw  Strains 

t 

Thaw Strains 
Integrate 

t 
Thaw Settlement 
for PipelOround Rewiant Terrain 

Store In flle for 

Surface 

R W r d  in Soil Layers 

I Statistical Analysis 
of Thaw Settlement 

bv Reaion 

FIGURE 11 Conceptual  flow chart f o r  thaw 
s e t t l e m e n t   c a l c u l a t i o n s .  

The a c t u a l  thaw s e t t l e m e n t   c a l c u l a t i o n  was 
c a r r i e d   o u t  for each   i nd iv idua l   bo reho le ,   l aye r  
by l a y e r ,   u s i n g  the d a t a   s t o r e d   i n  a borehole 
d a t a  bank  which l i s t e d  up t o   e i g h t   l a y e r s   p e r  
borehole   wi th   mois ture   and   dens i ty   da ta .  Over 
1,000 borehole   records  were a v a i l a b l e   f o r   t h i s  
area of t h e   p i p e l i n e  i n  t he   Sou th  Yukon, and  these 
were s t o r e d  on f loppy  d i scs   and  accessed by a 
Hewlett Packard HP-9845 minicomputer. The l a y e r  
s e t t l e m e n t s  were then summed to   p rov ide  the t o t a l  
s e t t l e m e n t   p r e d i c t i o n   f o r   t h e  t h a w  zone  defined. 
The thaw s t r a i n   v a l u e s  of t h e   i n d i v i d u a l   l a y e r s  
were obtained  f rom the mois ture   conten t  
c o r r e l a t i o n   i n   p r e f e r e n c e   t o   t h e   d e n s i t y  
cor re la t ion   because   mois ture   da ta  were more 
abundant.  
The mean thaw se t t l emen t  was c a l c u l a t e d   f o r  each 
borehole  as 

where SB is t h e  mean borehole   se t t lement ;  
Xi i s  the   t h i ckness  of s o i l   l a y e r  i and 

obta ined   f rom  the   cor re la t ions .  

va lue  was ca l cu la t ed   based  on t h e   s t a n d a r d   e r r o r  
for e a c h   s o i l   l a y e r   a n d   t h e   l a y e r   t h i c k n e s s  as 
fo l lows  : 

E i  is the  mean thaw s t r a i n   f o r  the l a y e r ,  

The s t a n d a r d   d e v i a t i o n  i n  the  above  set t lement  

0 6 -  - J 0 , 2 + 0 2 2 + * * * + 0 2  8 (3 )  

where 01 =(X1)(S1].etC. 
and @E is the i n   l v i d u a l   b o r e h o l e   s t a n d a r d  
d e v i a i l o n ;  X1 i s  the   t h i ckness  of layer   one;  
and 81 is t h e   s t a n d a r d   e r r o r  i n  t h e  mean t h a w  
s t r a i n   f o r   l a y e r   o n e .  

For  most design  purposes  it was r e q u i r e  d t o  
e v a l u a t e   t h e  thaw s e t t l e m e n t   p o t e n t i a l  for a g iven  
t e r r a i n   u n i t  by examining a l l  the boreholes  in 
that ter ra in-uni t .   Therefore ,   the  mean value  of  
s e t t l e m e n t ,  S, f o r  a t e r r a i n   u n i t  with M boreholes  
is : 

and the o v e r a l   s t a n d a r d   d e v i a t i o n , a ,   f o r   t h e  
t e r r a i n   u n i t  is: 

- 

For any r equ i r ed   conf idence   l eve l ,   t he  thaw 
se t t l emen t   can   t hen  be s t a t e d  as 

s B + (z@) 
where 2, I s  t h e  number  of s t a n d a r d   d e v i a t i o n s  
for a g iven   conf idence   l eve l .  
2, = 0.0 f o r  50%; 1.04 f o r  85%; and 2.33  f o r  
99% conf idence   l eve l ,   u s ing  a one-sided test. 

While these s t a t i s t i c a l l y   d e t e r m i n e d  data f o r  
t e r r a i n   u n i t s   p r o v i d e d   t h e   m a j o r   i n p u t   i n t o   f i n a l  
thaw se t t l emen t  design, thaw s e t t l e m e n t   p r e d i c t i o n  
fo r   i nd iv idua l   bo reho les  were a l s o   u s e d   f o r  
c e r t a i n   i s o l a t e d  areas. 

DESIGN PROCESS 

A des ign   conf idence   l eve l  of 85W was adopted 
f o r  the p ro jec t .  The a p p r o p r i a t e   p r e d i c t e d  t h a w  
s e t t l e m e n t s  were compared t o  the a l lowab le  t h a w  
set t lements   developed by pipe stress analyses .  TO 
a r r i v e  a t  the al lowable thaw s e t t l e m e n t ,  i t  was 
assumed that the cons idered   se t t lement   could   occur  
s u d d e n l y   i n  a s t epwise   f a sh ion   ac ross   an   i n t e r -  
face. This interface  could  occur   anywhere  within 
t h e   t e r r a i n   u n i t   u n d e r   c o n s i d e r a t i o n  (see Johnson 
e t  al .  1982). The b a s i c  model analyzed i s  shown 
i n   F i g u r e  12. The a n a l y s i s  was performed  using a 
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FIGURE 12 D i f f e r e n t i a l  thaw se t t l emen t  a t  a 
t r a n s i t i o n .  

commerc ia l ly   ava i l ab le   s t ruc tu ra l   p ipe  stress 
model (PIPLIN-III, S t r u c t u r a l   S o f t w a r e  
Development, Inc . ,  1981). The al lowable thaw 
s e t t l e m e n t  was predic ted   based   on   es tab l i shed  
p r o j e c t   p i p e   s t r a i n   c r i t e r i a  and was dependent 



l a r g e l y  on the bear l n g  s t r eng t  :h o f  t h e  so 
benea th   the   p ipe  on the  thaw-stable  side  and the 
weight of b a c k f i l l  on the   p ipe  on the s e t t l i n g  
s i d e .  

The de ta i l ed   des ign  of t h e   p i p e l i n e  has been 
c a r r i e d   o u t   f o r  two "warm-flow" c o n s t r u c t i o n  sec- 
tions. On a kilometer-by-kilometer basis t h e  
p red ic t ed   and   a l lowab le   s e t t l emen t s  were compared 
c o n s i d e r i n g   f i r s t  o f  a l l  a standard  depth  of 
bu r i a l   (p ipe   i nve r t   app rox ima te ly  2 m below 
o r i g i n a l   g r a d e ) .  Where the   p red ic t ed   s e t t l emen t  
exceeded the a l lowab le   s e t t l emen t ,  the des ign  
proceeded  toward  select ing one of  t h e   a l t e r n a t e  
des ign  modes t o   m i t i g a t e   t h e  thaw s e t t l e m e n t  
problem. 

Mit igat ive  Design Modes 

The f i r s t   o p t i o n  was to   bury  the  pipe  deeper .  
This  mode was p a r t i c u l a r l y   a p p r o p r i a t e  where i c y  
su r face   so i l s   ex t ended   t o   dep ths   g rea t e r   t han  
s t anda rd   p ipe   bu r i a l   dep th ,   bu t  were unde r l a in  st 
reasonable   depth by dense,   thaw-stable soil types 
The p r a c t i c a l  limits t o  the   dep th  of d i t c h  are 
normally 3.5 t o  4 m ,  though i n  s p e c i a l   s i t u a t i o n s  
up t o  5 or even 6 rn was considered.  Where i c y  
s o i l s   e x t e n d e d   t o   d e p t h s   g r e a t e r   t h a n   t h i s ,   f o r  
s i g n i f i c a n t   l e n g t h s  of p i p e l i n e ,  a combination o f  
deep   bu r i a l   w i th  a foamed  bedding material was 
considered.  The purpose of the foam (polyurethane 
was to   p rovide ,  in e f f e c t ,  a weaker  bearing 
support  on the   thaw-s tab le   s ide  of the b a s i c  model 
(Figure 12). The a l lowable   se t t lement   could  be 
e f f e c t i v e l y   i n c r e a s e d  by t h e  amount the  foam could 
compress. 

I n   p a r t i c u l a r l y   i c e - r i c h   t e r r a i n   u n i t s ,   s u c h  
as l a c u s t r i n e  silts and  c lays   and  organic  de- 
p o s i t s ,  the des ign   s e l ec t ed  was inva r i ab ly   an  
above-grade  mde. The conc re t e - r e s t r a ined  mode 
evolved   dur ing   the   des ign   process  as t h e   p r e f e r -  
red  above-grade  design mode. I n  t h i s  mode, t he  
p ipe  was e s s e n t i a l l y   p l a c e d  on a n   i n s u l a t e d  
g r a v e l  pad l a i d  on t h e  cleared ROW, and s p e c i a l l y  
des igned ,   insu la ted   concre te   weights   p laced   over  
t h e   p i p e   ( s e e   F i g u r e  13). F u r t h e r   d e t a i l s  o f  
t h i s   d e s i g n  mode are presented by Carlson  and 
Butterwlck (1983). 

insu la ted   p ipe .   This  mode was only  considered 
where an  above-grade mode would otherwise 
i n t e r s e c t  a highway,  and a b u r i e d   c r o s s i n g  of t h e  
highway is  required.  

Another   special   design  considered was a bur i ed  
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VESICLES I N  THIN SECTIONS O F  PERIUACIAL SOILS FROM NORTH 
AND SOUTH NORWAY 

Charles  Harris 

Department of Geology, Universi ty   Col lege  Cardiff ,   Cardiff  CF1 lXL, U.K. 

Micromorphologica l   inves t iga t ions   o f   s i l ty   sand   so i l s   f rom  a   so l i f luc t ion   s lope   in  
Okstindan,  North Noxway, r evea led   ves i c l e s   appa ren t ly   i den t i ca l   t o   t hose   encoun t -  
e r ed   i n   s amples  from t h e   c e n t e r s   o f   s o r t e d  circles a t  Grisubreen,  Jotunheimen, 
Norway. Ves ic les   appeared   in   th in   sec t ion  as smooth-walled  spherical   voids.  
Walls were clean  with no ev idence   o f   i l l uv ia l  s i l t  l inings.   Other   e lements  o f  t h e  
micromorphology were d is rupted   by   ves ic les ,   inc luding  si l t  coat ings on sand   gra ins  
and s i l t  d r o p l e t   f a b r i c s .  On the  basis   of   s imple  laboratory  experimentat ion  and 
f i e l d   o b s e r v a t i o n  it w a s  conc luded   tha t   ves ic les   resu l ted   f rom  the   fo l lowing  con- 
d i t i o n s :  (1) low i n i t i a l   b u l k   d e n s i t i e s   d u r i n g  thaw of   i ce- r ich  soils; ( 2 )  h igh 
m o i s t u r e   c o n t e n t s ,   b u t   a i r   p r e s e n t   i n   l a r g e r   p o r e s ;  ( 3 )  disturbance of t h e  
s e n s i t i v e  soil due t o  thaw-consolidation, or to   the   p rocess   o f   sampl ing .  
Dis turbance   caused   repacking   of   g ra ins ,   reduct ion   in   vo id   ra t io ,   increase  i n  pore 
water pressures  and l i q u e f a c t i o n .  A i r  i n   l a rge r   vo ids   and   po res  became bubbles ,  
forming   the   ves ic les   observed   in   th in   sec t ion .  

INTRODUCTION 

There  have  been  a number o f   r epor t s   o f  arct ic  
and  a lpine soils conta in ing   spher ica l   bubble  pores 
o r   v e s i c l e s   i n   t h e i r   u p p e r   l a y e r s .  The occurrence 
of   ves ic les   has ,   for   ins tance ,   been   recorded   in  
t h e  Mesters Vig area  of  Greenland  (Ugolini 1966), 
the   i s lands   o f   the   Canadian  High Arct ic   (Bunt ing 
and  Jackson  1970,  Bunting  and  Fedoroff  1974, 
Bunting  19771,  Spitzberqen  (Chandler  1972), 
Elephant  Island,  South  Shetlands  (O'Brien e t  a l .  
1979) , northern Norway (Harris 1977, Harris and 
E l l i s  1980)  and  South-east  Iceland (Romans, 
Robertson  and  Dent  1980). Vesicles axe commonly 
developed  in   areas  of patterned  ground  such as 
sor ted   and   nonsor ted   c i rc les   and   ge l i f luc t ion  
lobes  and  terraces  where soils are immature, 
e i t h e r  due t o  envi ronmenta l   fac tors   o r   recent  exp- 
osure  of the   su r f ace  t o  pedogenesis,  and  where 
soils are w e t ,  a t  least du r ing   t he  thaw period.  

In   t h i s   pape r   ves i c l e s  are descr ibed from a 
so i l  developed on t h e   t r e a d   o f  a turf-banked sol i -  
f luct ion  lobe  in   Okst indan,   North Norway, and  from 
the   f i ne -g ra ined   cen t r e   o f  a s o r t e d   c i r c l e  below 
the  glacier  Grgsubreenin  Veodalen,  Jbtunheimen, 
southern Norway (Figure I). On t h e   b a s i s   o f   f i e l d  
observations  and  simple  laboratory  experimentation 
a mechanism of   ves ic le   format ion  is  proposed. 

SITE DESCRIPTION 

In   Oks t indan   so l i f luc t ion   l obes  are developed 
on an   eas t - fac ing   s lope  of g r a d i e n t  5O-1So 
a n   a l t i t u d e  of around 710111, some 2km t o   t h e  east 
of the   ou t le t   g lac ie r   Aus t re   Oks t indbreen   (F igure  
l a ) .  Mean annual  temperatures  are  approximately 
-0.5OC (Harris 1982) , and  annual   f reezing  has   been 
measured t o  depths   in   excess   of  L.5m (Harris 
1974).  Permafrost i s  absent .  A t  G r k u b r e e n   i n  
the  Jotunheim,   sor ted circles some 3m in   d iameter  
are p r e s e n t  a t  an alt i tude  of  around1,860mimmedi- 

a glacier &P rnowpotch icecoredmoraine 

/ altiplenation terrace 
convex break of slope 

FIGURE: 1 (a) Location mau Okgtindan 
(b)  Location map Grasubreen 

4 4 5  



a t  e l y   i n   f r o n  it o f  a l a r ae   i ce -co re  d (Ostrem 1964, 
1965) terminal   moraine  iFigure  lb)  . The circles 
c o n s i s t   o f   c e n t r a l   i s l a n d s   o f   f i n e s ,   s u r r o u n d e d  by 
concent ra t ions   o f   coarse  clasts. The coarser  m a r -  
g i n s  form  an  irregular  polygonal  network  which 
g r a d e s   l a t e r a l l y   i n t o   s t r i p e s  where the   g rad ien t  
increases .  Mean annual  temperature w a s  es t imated 
as approximately -5OC f rom  the   ana lys i s   o f  Green 
and  Harding (1980). I t  i s  not  known i f  permafrost 
i s  p r e s e n t  a t  t h i s  s i te ;  none was encountered 
during  sampling,   but   soi l   water logging  prevented 
deep  excavation. A t  both sites moisture   contents  
were high  during  sampling, water be ing   suppl ied  by 
l a t e  snow patches  immediately  upslope  in  both  cases.  

MATERIALS AND METHODS 

S i l t y   s a n d  t i l l s  deposi ted by t h e  l as t  major 
Scandinavian  glaciat ion form t h e   s u b s t r a t e  a t  both 
the  Okstindan  and  the  Jotunheim sites, t h e  t i l l s  
being  derived  from mica schists  and  pyroxene  granu- 
l i t e  gneiss   respect ively.   Grain-s ize   determina-  
t i ons   (F igu re  2 )  show b o t h   s o i l s  t o  be   f ros t   susc -  
ep t ib le .   L iquid  limits a n d   p l a s t i c i t y   i n d i c e s  are 
low (Okstindan s i t e  27% and 5%, r e s p e c t i v e l y ;  
Jotunheimen site 24% and   l%,respec t ive ly)   and   shear  
s t rength   de te rmina t ion   for   samples  from the  Okst in-  
dan so l i f luc t ion   s lope   r evea led  a peak  angle of 
f r i c t i o n  of 35O. wi th   r e s idua l   ang le  o f  f r i c t i o n  
between 29O and 3 3 O ,  the   cohes ion   in te rcept   be ing  
z e r o   i n   b o t h  cases (Harr i s  1 9 7 7 ) .  S imi la r   shear  
s t rength   parameters   a re  t o  b e   a n t i c i p a t e d   f o r   t h e  
s o r t e d   c i r c l e   s i t e   i n  view  of i t s  s i m i l a r i t y   i n  
t ex tu re   and   A t t e rbe rg   p rope r t i e s   t o   t he   Oks t indan  
s o i l s .  Both sites, the re fo re   have   nonp las t i c   f r i c -  
t i o n a l   s o i l s  whose consis tency i s  l i k e l y   t o   b e  
s e n s i t i v e   t o   r e l a t i v e l y  small v a r i a t i o n s   i n  moist- 
ure   s ta tus .   Uni t   weights   for   the   Oks t indan   so i l  
a r e   r e l a t i v e l y  low, with  an  average  of 1.58Mym-3 
(Harris 1977). 
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FIGURE 2 Gra in   s i ze   d i s t r ibu t ions   w i th   enve lopes  
of so i l s   suscep t ib l e   t o   bubb le   po re  
formation 

P e d o l o g i c a l   d e s c r i p t i o n s   o f   p r o f i l e s  on t h e  
Okst indan  turf-banked  sol i f luct ion  lobes w e r e  given 
by Harris and E l l i s  (1980). The t h i n   s e c t i o n s  
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repor ted   here  are from the   upper   par t  of t h e   s l o p e  
( p r o f i l e  1, Harris and E l l i s  1980), where la te  
ly ing  snow restricts v e g e t a t i o n   t o  mosses, with 
some Salix hexbacea  and  Carex  bigelowii.  Pedoqene- 
sis is l i m i t e d   t o  a 3cm t h i c k  Ah horizon  which 
merges i n t o   t h e   u n d e r l y i n g   s i l t y   s a n d   s o l i f l u c t e d  
till. A t  t h e  Gr:subrcen s i t e t h e v e g e t a t i o n  is  
l a r g e l y  mosses  and  l ichens,   and  the  pedological 
s o i l   c o n s i s t s   o f  a black   organic   c rus t  up t o  2cm 
t h i c k  above t h e   f r o s t - s o r t e d  till s u b s t r a t e .  

Undisturbed samples were c o l l e c t e d   i n  6cm2, 
4cm deep  open p l a s t i c   boxes .  A t  t h e   s o l i f l u c t i o n  
s i te  two samples were taken  f rom  three  depths ,  2 -  
8cm (nominally  5cm), 22-28cm (nominally 25cm) and 
47-53cm (nominally  50cm),  and a t  t h e   s o r t e d  
circles three  samples  were c o l l e c t e d  from t h e  
c e n t r e  of a circle at depths   o f   5 - l lcm,   so i l  sat- 
uration  preventing  deeper  sampling.  Following 
i rnnregnat ion ,   ver t ica l   and   hor izonta l   th in   sec t ions  
were prepared   for   microscopic   inves t iga t ion .  

VESICLES 

A t  b o t h   s i t e s  rounded  bubble-like  pores  formed 
Frominent  elements  of  the  soil   micromorphology 
(Figure 3 ) .  Vesicles were most numerous i n   t h e  
near-surface  samples  from  Okstindan,  were less nm-  
erous a t  25cm, and were not  observed  in  samples 
from 50cm depth.  Samples  taken  from  the  center  of 
t he   Jo tunhe im  so r t ed   c i r c l e  showed a s i m i l a r   f r e -  
quency t o  the  near-surface  samples  in  Okstindan. 
One hundred  vesicles  were measured  for  each  sample, 
and r e s u l t s   a r e  summarized in   Tab le  1. 

TABLE 1 Dimensions  of  Vesicular  Pores 

Okstindan Okstindan Jotunheimen 
5cm depth 25cm depth s o r t e d   c i r c l e  

mean 
diameter (urn) 664 390 772 

maximum 
diameter (urn) 4000 1000 2 600 

A t  both sites v e s i c l e s  were simple  smooth-walled 
voids ,   approximately  spherical   in   shape.  Walls 
were  c lean  with  no  evidence  of   i l luvial  s i l t  
l i n i n g s .  These  pores  appeared t o  resemble  c losely 
the   bubbly   pores   in  soils from  Elephant  Island, 
South  Shetland  Islands,   and  Iceland,  described by 
O'Brien e t  al .   (1979).   Other  elements of t h e  mic- 
romorphology w e r e  d i s rupted  by ves i c l e s ,   i nc lud ing  
si l t  coat ings on sand  grains   and  lent icular   concen-  
t r a t i o n s   o f  silt   ("silt d r o p l e t s " ,  Romans and 
Robertson  1974)  (Figure 3 ) .  Clea r ly   t he   ves i c l e s  
formed more recent ly   than   the   g ra in   coa t ings   and  
s i l t  d r o p l e t s .  Only  one gene ra t ion   o f   ves i c l e s  w a s  
present ,   and  they  had  not   pers is ted  long enouqh t o  
a c q u i r e   i l l u v i a l   l i n i n g s .  

EXPERIMENTALLY PRODUCED VESICLES 

During  sampling a t  Grzsubreen,  one  undisturbed 
sample was accident ly   shaken  out  of i t s  conta iner  
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and  disturbed.  Examination  of  this  disturbed 
sample showed c lear ly   v i s ib le   bubbly   pores ,   and  
fu r the r   po res  were  found i n  a w e t  bulk  sample 
taken  by  trowel. The p o s s i b i l i t y   a r o s e ,   t h e r e f o r e ,  
t ha t   ves i c l e s   obse rved   i n   t h in   s ec t ion   d id   no t  
r e s u l t   d i r e c t l y  from t h e  s o i l  f r eez ing   p rocess  as 
suggested  by  Fitzpatrick  (1956) , b u t   r a t h e r  from 
consol idat ion  of   the  soi l   under   wet   condi t ions 
fol lowing thaw. A simple  laboratory  experiment 
t e s t e d   t h i s   h y p o t h e s i s .  

S o i l  from t h e   E r k u b r e e n s o r t e d c i r c l e s  was placed 
i n  a p l a s t i c  box 6cm square  and 8cm h igh .   Theso i l  
was l i g h t l y  compacted  and  then  thoroughly  wetted. 
The specimen was p laced   wi th  i t s  base  immersed i n  

a 

FIGURE 3 Vesicles  
(a)  5cm sample,  Okstindan 
(b)   with  grain  coat ing,  5cm, Okstindan 
(c )  w a l l ,  5cm sample,  Okstindan 
(d)   wi th  s i l t  d rop le t   f ab r i c ,   Grkubreen  
( e )   d i s r u p t i n g  si l t  droplets,   Grzsubreen 
( f )   wi th   g ra in   coa t ing ,   Grzsubreen  
(9) wall, Grzsubreen 
(h)  r e s u l t i n g  from  freezing  experiment  usinq 

Erzsubreen   so i l  

a reservoir  of  water,   and  then  frozen  from  the 
sur face  downwards. Ice segregat ion  during  f reez-  
i n g  gave  an  excess water con ten t   i n   t he   f rozen  
soil of  0.3cm3 p e r m 3   s o i l .   F o l l o w i n g   f r e e z i n g  
t h e  specimen w a s  allowed t o  thaw  from t h e   s u r f a c e  
downwards, th i s   be ing   assoc ia ted   wi th   consol ida t ion  
and  the  shedding  of  excess water. The sur face  w a s  
then  pressed  f i rmly downwards with a rubberp is ton .  
Consol idat ion led to   expuls ion of excess  water a t  
t he   su r f ace ,   and   t he  specimen was t ransformed  into 
a very  viscous  s lurry.  The sample w a s  then a i r  
d r i e d   f o r  one  week,  oven d r i e d   f o r  24 hours,   and 
impregnated   wi th   res in   p r ior   to   the   p repara t ion  of 
ve r t i ca l   and   ho r i zon ta l   t h in   s ec t ions .  These 
revealed  abundant  vesicles,   impossible t o   d i f f e r e n -  
t i a t e  under  the  microscope  from  those  observed  in 
the   f ie ld   samples   (F igure  3 ( h ) ) .  The experiment- 
a l l y  produced vesicles had a maximum diameter  of 
2500pm, and mean diameter 552vm. This  experiment 
was r epea ted   u s ing   so i l  from t h e   O k s t i n d a n   s i t e  
and   aga in   ves i c l e s   i den t i ca l   i n  form t o   t h o s e   i n  
t he   f i e ld   s amples  were produced. A d u p l i c a t e  con- 
t r o l  specimen was prepared ,   us ing   Oks t indan   so i l ,  
b u t  no t  f rozen   o r  compacted. No v e s i c l e s  were 
obse rved   i n   t h in   s ec t ions   o f   t h i s   con t ro l   spec imen .  
F ina l ly ,   d ry   Oks t indan   so i l  was mixed with  water 
t o  form a p a s t e ,   p l a c e d   i n   t h e  specimen  container 
and  compacted  with the   rubber   p i s ton .   L iqui f ica-  
t i on  and  expulsion  of water resu l ted ,   and  when t h e  
d r i e d  specimen was broken  open  abundant  vesicles 
up t o  3.6mm diameter were found. 

DISCUSSION 

It is un l ike ly   t ha t   t he   ves i c l e s   obse rved  fo l l -  
owing the  freezing  experiments  could  have  formed 
dur ing   t he   f r eez ing   p rocess   i n   t he  way proposed  by 
F i t z p a t r i c k  (1956). s i n c e   i d e n t i c a l   v e s i c l e s  were 
produced  simply  by  compacting a wet s o i l  specimen, 
with no pr io r   f r eez ing .  The specimens were also 
not   subjec ted  t o  rapid  drying,   such as t h a t  which 
g e n e r a t e d   v e s i c l e s   i n  Devon I s l a n d ,  N.W.T., Canada 
(Bunting 19771, and i n i t i a l   w e t t i n g   d i d   n o t   g e n e r -  
a te  a i r  bubbles i n   t he   con t ro l   spec imen ,  as was 
described  by Chaplow (1974) and Romanov (1974) .  
Bunting  (1977,p.94)  describes  vesicular  pores i n  t h e  
f i n e   c e n t r e s   o f   s o r t e d  circles as  "presumably  best  
r e l a t e d  t o  e j e c t i o n   o f   m i s t u r e   a n d  a i r  migration 
under the stress of cryoturbat ion".  In t h e  
experiment  described  here it seems l i k e l y   t h a t   t h e  
observed  vesicles  developed  due t o  t h e  stresses 
appl ied   dur ing   and   a f te r   the   thawing  stage of cryo- 
tu rba t ion   r a the r   t han   du r ing   t he   f r eez ing   s t age .  

The r e s u l t s  of these  s imple  laboratory  experi-  
ments  suggest  the  following  sequence  of  vesicle 
formation: 
(1) low bulk  density  immediately  following thaw 
due t o  incomplete   consol idat ion.  The volumes of  
the  GrXsubreenandOkstindan  soil   specimens  increased 
by 37.5% and 11.25% r e s p e c t i v e l y  due t o   i c e   s e g r e -  
gat ion  during  f reezing;  
12) some drainage of excess water i m e d i a t e l y   f o l -  
lowing  thaw,  and  prior t o  compact ion,   a l lowing  a i r  
t o   e n t e r   t h e   l a r g e r   p o r e s ;  
( 3 )  compaction  under w e t  condi t ions   l ead ing  to  a 
th ixo t rop ic   r eac t ion  as pore  space was reduced, 
excess  water  expelled,   and  pore  pressures  conse- 
quent ly   increased .  The s o i l  became a viscous 
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s lur ry ,   and   pores   conta in ing  a i r  became bubbles ,  
fo rming   t he   ves i c l e s   obse rved   i n   t h in  sections. 

considered t o  have  developed  by a very similar 
process  I 

Winter   f reezing  in   Okst indan is as soc ia t ed   w i th  
cons idexable   f ros t   heave   due   to  ice segregat ion 
(Harris 1972) . A t  the   Grzsubreen  sor tedcircle  s i te  
f r o s t   h e a v i n g   i n   w i n t e r  i s  sugges ted   by   the   l en t -  
i cu l a r   concen t r a t ions   o f  s i l t  obse rved   i n   t h in  
sec t ions ,   cons ide red   t o  mark t h e  former l o c a t i o n s  
o f  ice lenses (Harris and E l l i s  1980) , and  by t h e  
ice segrega t ion   observed   in   the   l abora tory   exper i -  
ment using so i l  from t h e  Grgsubreen site. The u n i t  
weight  determinations for t h e   O k s t i n d a n   s i t e  con- 
f i rmed   r e l a t ive ly  low values   fol lowing  spr ing  thaw,  
and Williams (1959) also repor ted  low unit weights 
immediately  following  thaw  in a s o l i f l u c t e d  till i n  
Rondane, Norway, with  subsequent  increase  through 
the   fo l lowing  summer. 

high a t  b o t h   f i e l d  sites, so tha t   any   d i s turbance  
o f  t h e  l o w  dens i ty  soils, e i t h e r   n a t u r a l l y  due t o  
consol idat ion  of   the  thawing so i l ,  o r  due t o   t h e  
soi l   sampling  procedure,  w a s  l i k e l y   t o   c a u s e   l i q u e -  
f a c t i o n  as g r a i n s   r e s e t t l e d   i n t o  a denser  packing, 
reducing   the   vo id  ra t io  and  increasing  pore  press-  
ures  as excess  pore water w a s  expel led.   Harr is  
(1972)   recorded  set t lement   of   the   soi l   surface a t  
t h e   O k s t i n d a n   s i t e  o f  up t o  8.8cm dur ing   t he  sUrrmEr 
thaw o f  1971. A i r - f i l l e d  pores would,  under  these 
condi t ions  become bubbles. Chaplow (1974)  explain- 
ed  bubble  voids  in  borehole  samples  of  sand  from 
t h e  Lar Dam i n   n o r t h e r n   I r a n  as r e s u l t i n g  from 
l i q u e f a c t i o n   o f   p a r t i a l l y   s a t u r a t e d   s a n d   d u r i n g  
sampling,  and  used  the  grading  envelope  for soils 
s u s c e p t i b l e   t o   f l o w   s l i d e s  of Andresen  and Bjerrum 
(1968) as a guide t o   s o i l s  liable to  develop 
bubb le   s t ruc tu res .  The soils a t   b o t h  Norwegian 
sites d e s c r i b e d   i n   t h i s   p a p e r  f a l l  w i th in   t he  
Chaplow/Andresen  and  Bjerrum  range of grading 
curves  (Figure 2 ) .  Chaplow found tha t   bubb le  
pores  developed when t h e   d e g r e e   o f   s a t u r a t i o n   i n  
t h e   i n i t i a l  sample was i n  excess  of 75%, b u t   t h a t  
as   saturat ion  approached 100% t he   l ack  of s o i l  a i r  
prevented  bubble  formation. 

i n   t h i s   p a p e r ,   t h e i r   l a c k   o f   i l l u v i a l  silt l i n i n g s ,  
and  the  absence o f  traces of fo rmer   ves i c l e s   i n  
t h e   s o i l  micromorphology  suggests  ei ther  that   they 
do no t   su rv ive  from  one  season t o   t h e   n e x t ,   o r  
t ha t   t hey   a rose   pu re ly   a s  a r e s u l t   o f   d i s t u r b a n c e  
during  sampling  and  did  not  form under   na tura l  
condi t ions.  However, a t  the  Okstindan s i te  a t  
least, t h a w  consol idat ion  has   been shown t o   o c c u r ,  
so t ha t   he re   cond i t ions   conduc ive   t o   ves i c l e  form- 
a t i o n  are p rov ided   na tu ra l ly .  

The ves i c l e s   obse rved   i n   t he   f i e ld   s amples   a r e  

During  the thaw period  moisture   contents  were 

The f resh   appearance   o f   the   ves ic les   descr ibed  

CONCLUSIONS 

On the bas is   o f   f ie ld   observa t ions   and   s imple  
exper imenta t ion   the   ves ic les   descr ibed   in   th i s  
pape r   a r e   Cons ide red   t o   r e su l t  from thawing  of 
i c e - r i c h   s i l t y   s a n d   s o i l s   w i t h  low l i q u i d  lidts 
and  p las t ic i ty   ind ices .   Thaw-consol ida t ion   leads  
to   t h ixo t rop ic   behav iour  as excess  water i s  expel- 
led,   and a i r  p r e s e n t   i n   v o i d s  o r  l a r g e r   p o r e s  
becomes  bubbles. I t  i s  clear tha t   any  s o i l  susc- 
e p t i b l e   t o   l i q u e f a c t i o n   c o u l d  form v e s i c l e s  as a 

resu l t   o f   consol ida t ion   under   appropr ia te   mois ture  
condi t ions.  The thawing   of   i ce- r ich   so i l s   p rovides  
pa r t i cu la r ly   f avourab le   cond i t ions   fo r   ves i c l e  
formation, so t h a t  many micromorphological  studies 
o f  p e r i g l a c i a l  soils have  reported  their   presence.  
They are unl ike ly  t o  g r e a t l y   a f f e c t   t h e   h y d r a u l i c  
conduc t iv i ty   o f   t he  soi l  during  thaw, for a p a r t  
f rom  be ing   a i r - f i l l ed ,   they  do n o t  form  an in t e r -  
connecting  system  of  voids. 

from pe r iq l ac i a l   pa t t e rned   g round  may t h e r e f o r e  
i n d i c a t e   t h a t   l i q u e f a c t i o n   o c c u r s   d u r i n g   t h e  thaw 
per iod .  Such l i q u e f a c t i o n  i s  l i k e l y   t o  form  an 
important  component in   the   p rocess   o f   format ion  of 
the   pa t te rned   ground i tself ,  e spec ia l ly   so r t ed   and  
nonsorted circles, and   so l i f luc t ion   lobes   and  
terraces. 

The presence  of  bubble  pores or v e s i c l e s   i n  soils 
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COMPARISON OF THE  CLIMATIC  AND  GEOMORPHIC  METHODS OF PREDICTING 
PERMAFROST  DISTRIBUTION IN WESTERN  YUKON  TERRITORY 

Stuart  A.  Harris 

Department of Geography,  University of Calgary,  Calgary,  Alberta,  Canada  T2N  1N4. 

Drilling  and  ground  temperature  measurements  along  the  Dempsrer  Highway  demonstrate  that  continuous  perma- 
frost  is  at  least  twice  as  extensive  in  Western  Yukon  Territory as previously shown on  maps. An extensive 
belt  occurs  in  the  foothills  below  the  St.  Elias  Range  west of Destruction  Bay,  while  continuous  permafrost 
extends  south  to  the  North  Fork  Pass  along  the  Dempster  Highway.  Between  the  zones  of  continuous  permafrost 
are  areas of discontinuous  permafrost  in  lowland  areas,  with 30-80% of  the  landscape  underlain  by 
permafrost.  The  climatic  predictive  method  is  reasonably  successful a t  predicting  the  permafrost  distri- 
bution on small  scale  maps  but  tends  to  slightly  underpredict  the  distribution  in  montane  valleys.  Cold 
air  drainage  is  widespread  and  very  marked  in  these  areas,  and  may  cause  the  anomalies,  Groundwater 
movement  is  undoubtedly  also  important  locally.  The  geomorphic  method  based on the  distribution of zonal 
permafrost  landforms  is o f  little use in mapping  the  permafrost  boundaries.  It  was  the  evidence used to 
augment  the  sparse  ground-temperature  data  available  to  previous  workers. 

INTRODUCTION 

Permafrost  is a temperature  condition of the 
ground  where  it  remains  below O°C for  more  than  2 
years.  These  conditions  can  be  found  occupying 
some very extensive  areas o f  Canada,  Alaska,  the 
USSR, and China,  and  mapping  them  presents a 
considerable  problem.  Direct  methods  involving 
measuring  ground  temperatures  are  expensive  and 
time-consuming,  and so there  is a great  need for 
indirect  methods  of  prediction. 

In  1981,  a  climatic  method of mapping  or  pre- 
dicting  was  described  based on a correlation 
between  freezing  and  thawing  indices,  calculated 
from  daily  air  temperatures,  and  the  distribution  of 
permafrost  zones  in  areas of low winter  snowfall 
(Harris,1981).  The  method  is  potentially  useful 
where  sufficient  climatic  data  are  available  from 
representative  sites. 

general  correlation  between  active  zonal  permafrost 
landforms (as defined  by  Tricart  and  Cailleux,l950) 
and  the  freezing  and  thawing  indices  in  areas  of 
low  winter  snowfall  (Harris,1982a).  Since  many  of 
these  landforms,  e.g.,  ice  wedges  and  pingos,  can 
be  identified  on  aerial  photographs  taken  at  suit- 
able  scales, it  would  seem  that  this  method 
involving  photo-interpretation  could  have  consider- 
able  value  for small scale  mapping,  if  it  works 
adequately. 

Recent  work  in  determining  the  permafrost 
conditions  along  the  proposed  Alcan  Gas  pipeline 
route  in  southern  Yukon  Territory  (courtesy  of  John 
Elwood  and  Doug  Fisher,  Foothills  Pipe  Lines 
(Yukon),  Ltd.)  and  along  the  Dempsrer  Highway, 
provides  good  control  for  the  western  Yukon,  The 
purpose of this  paper  is  to  compare  the  actual 
permafrost  distribution  in  Western  Yukon  Territory, 
as  determined  by  drilling  and  ground  temperature 
measurements,  with  the  predictions  based on the 
climatic  and  landform  methods.  This  provides a 
good  test of the  adequacy  of  these two methods  for 
prediction of permafrost  in  constructing  small-scale 
maps, 

Subsequently,  it  has  been  shown  that  there  is a 

METHODS  USED 

FIGURE  1  Acrual  distribution  of  permafrost  in  the 
western  Yukon  Territory  based on ground  temperature 
data from our  175  thermistor  strings  along  the  pro- 
posed  Alcan  and  Dempster/Klondike  pipeline  routes 
(data  courtesy  of John Elwood  and  Doug  Fisher, 
Foothills  Pipelines  (Yukon),  Ltd. 1. 
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The  data  on  permafrost  conditions  derived  from 
over 50 thermistor  cables  along  the  Alcan  route 
west of  Whitehorse  were  used  to  identify  and  map 
the  permafrost  distribution  along  the  Alcan  route 
in  southwest  Yukon  Territory  (Figure 1). The  data 
from  the 125 thermistor  strings  emplaced  between 
Whitehorse  and  Inuvik  along  the  Klondike  and 
Dempster  highways  were  examined  and  used.  Some 
extra  readings  were  obtained  by  the  writer  from 
six key cables t o  check  the  results.  Areas  of  con- 
tinuous  permafrost  (defined  a5  greater  than 80% of 
the  thermistor  strings  in  an  area  proving  perma- 
frost)  were  separated  from  those with discontinu- 
ous or  sporadic  permafrost  and  mapped on 1:50,000 
scale  topographic  maps.  The  boundary  was  then 
extrapolated  throughout  the  western  Yukon 
Territory  and  the  adjacent  portions o€ the  North- 
west  Territories,  using  the  topography,  vegetation, 
aspect  and  active  permafrost  landforms  (e.g. 
pingos,  palsas)  as a guide. 

were  examined  and  it  was  found  that  the  number  of 
Class A weather  stations  had  increased  sub- 
stantially  in 1974. All 30 stations  showed  under 
50 cm mean  winter  snow  covers. A check  was  there- 
fore  made  to  select  two  subsequent  years  (post- 
1974)  for  which  the  freezing  and  thawing  indices 
were  close  to  the long term  means  of  four  typical 
older  weather  stations.  The  means  for  1975  and 
1876  gave  roughly  comparable  results,  bearing  in 
mind  the  rather  wide  range  of  individual  values 
from  year  to  year. 

for a given  weather  station  provide  the  basis  for 
calculation  of  the  freezing  index  (sum of the 
negative  values)  and  the  thawing  index  (sum  of  the 
positive  values), In this  way,  the  freezing  and 
thawing  indices  for  all  the  Class A weather 
stations  in  western Yukon and  the  adjacent  portions 
of  the  Northwest  Territories  for  1975  and  1976  were 
calculated  and  averaged.  The  results  (Appendix  A) 
were  plotted  on a freeze-thaw  index  diagram  and 
then  classified  into  continuous  and  discontinuous 
permafrost  by  the  climatic  method  (Harris  1981). 
To provide  extra  detail,  the  discontinuous  perma- 
frost  sector  was  subdivided  into  five  equal  parts 
(DA, DE, DC, DD, and  DE)  as  in  Figure 2. This 
gave  greater  precision to mapping  the  climatic 
zonation  at  the  margin  of  the  area  of  continuous 
permafrost.  The  latitude,  longitude,  and 
altitude of each  station  were  used to check  the 
homogeneity  of  the  climatic  parameters  within  the 
area,  and  to  establish  the  relationship of 
altitude  to  the  indices. 

as  being  related  to  permafrost  conditions in the 
western  Yukon  Territory  and  adjacent  portions  of 
the  Northwest  Territories  is  indicated  in  Figure 3.  
Considerable  detail  was  found  in  Zoltai  and 
Tarnocai  (1975)  and  in  Hughes  (1969),  while  other 
information  is  given  in  Klassen  (1979). The data 
have  been  augmented  by  field  observations  and 
study  of  the  aerial  photographs.  The  occurrences 
of  most  zonal  permafrost  landforms  were  mapped  for 
the  western  Yukon,  although  the  rock  glaciers  were 
omitted  since a conclusive  separation  of  tongue- 
shaped  and  lobate  forms  is  difficult,  while  too 
little  information  is  available  concerning which 
are  active  and  which  are  fossil. 

The  available  climatic  data  for  the  same  area 

The  mean  daily  temperatures ( "C)  for  the  year 

The  distribution  of  landforms  usually  regarded 
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FIGURE 2 Mean  annual  freezing  and  thawing  indices 
for  1975  and  1976  for  the  Class A weather  stations 
in  western  Yukon  Territory  and  the  adjacent  areas 
of  the  Northwest  Territories,  plotted on a rreeze- 
thaw  index  diagram.  Also  shown  are  the  boundaries 
of continuous,  discontinuous  and  sporadic  perma- 
frost  in  areas of low winter  snow  cover.  Note  the 
way  most  stations  from  the  central Yukon Plateau 
plot near the  boundary  between  continuous  and 
discontinuous  permafrost.  To  provide  closer 
resolution o f  climate  in  the  discontinuous zone, it 
is  divided  into  five  equal  parts  labeled  DA-DE 
(warmest). 

RESULTS 

The  data on permafrost  distribution  based on the 
boreholes  were  compiled  in  Figure 1, and  the 
boundaries  extrapolated  through  the  remaining 
portions  of  the  western  Yukon  Territory.  The 
results  indicate a  far  larger  area of continuous 
permafrost  than  previously  indicated,  except  by 
Brown (1967a). A check  with  the  drill  hole  logs 
for sites where no ground  KemperatUre  cables  were 
installed  suggested  that  the  results  are  correct. 
In  view  of  the  large  number  of  thermistor  cables 
(over  175)  and  the  backup  data  from  over 200 drill 
hole  logs  without  ground  temperature  cables,  the 
results  should  be  far  more  accurate  than  the  maps 
produced  previously (e.g. Brown  1967a,  1978; 
Washburn  1979),  which  were  based on measurements  of 
about a dozen  ground  temperature  cables,  data  from 
mines,  and on landforms. 
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FIGURE 3 Distribution of landforms  usually 
regarded  as  being  related  to  permafrost  conditions 
in  the  western  Yukon  Territory  and  adjacent 
portions of the  Northwest  Territories,  based on 
Zoltai  and  Tarnocai  (1975),  Hughes  (1969),  Klassen 
(1979),  and  observations  by  the  author.  Rock 
glaciers  are  omitted,  since  their  degree of 
current  activity  is  unknown  and  their  origin  in 
many  cases  is  open  to  question, 

Comparison of the  Actual  Distribution of Permafrost 
Ei7ith that  Predicted  by  the  Climatic  Method 

Figure 4 shows  the  results  of (l), calculating 
the  mean  freezing  and  thawing  indices  €or  1975- 
1976 for  the  class A weather  stations, (2), using 
these  to  classify  the  stations  into  predicted  con- 
tinuous  permafrost  or  predicted  discontinuous 
permafrost  using  Figure 2, and ( 3 ) ,  then  plotting 
the  results on a map of the  western  Yukon 
Territory.  Boundaries  were  then  interpolated  and 
extrapolated  using  the  topography  as a guide.  It 
was  assumed  that  permafrost  was  more  widespread  at 
higher  elevations,  i.e.,  no  cold  air  drainage 
occurred.  The  boundaries  between  the  predicted 
continuous  and  discontinuous  permafrost  zones  show 
considerable  similarity  to  those  in  Figure I. 

FIGURE 4 Predicted  permafrost  distribution  using 
the  climatic  method  (see  Harris,l97la).  The 
discontinuous  permafrost zone is subdivided  into 
five  equal  parts  as  in  Figure 2, but  only  three 
are  found  in  the  area.  Note  the  similarity  to 
Figure 1, apart  from  underprediction  in  the  valleys 
below  mountain  ranges. 

Thus,  in  general,  the  method  of  climatic  pre- 
diction  described  in 1981 seems  to  work  quite  well. 
even  though  it  disagrees  with  the  maps of perma- 
frost  published  previously  (e.g.  Washburn,l979 
Figure 3 . 3 ;  Brown,1978). 

In detail,  there  are  noticeable  differences 
between  Figures I and 4 .  From  the  Alaska  border 
(Snag)  to  the  west  end  of  Kluane  Lake  (Burwash 
Landing),  along  the  Alaska  Highway,  the  actual 
distribution of continuous  permafrost  is  more 
extensive  than  would  be  expected  by  the  results of 
the  climatic  method.  The  same  results  apply  in 
south-central  Yukon.  Since  this  is  also  the  zone 
of  maximum  frequency of forest  fires,  it  is 
probable  that  the  distribution of permafrost  in 
southwest  Yukon  is  in  equilibrium  with  its 
climatic  environment.  Disturbance  and  removal of 
vegetation  would  have  caused  the  development of a 
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new  thermal  profile  in  the  ground,  in  equilibrium 
with  present-day  conditions.  Maximum  permafrost 
thickness  is  commonly  about 22 m. Again,  the 
presence o f  permafrost  and  active  thermokarst sub- 
sidence  at  Haines  Junction  in  an  area  which  was 
under  Neoglacial  Lake  Alsek  in  the  mid-late 
nineteenth  century  (Clague  and  Rampton,1982) 
indicates  that  Permafrost  is  actively  forming  in 
this  century.  In  order  to  try t o  determine  the 
cause o f  these  differences, a series  of  extra 
checks  were  used. 

known to correlate  with  different  thermal 
properties  (conductivity  and  diffusivity) 
(Johnston,l981).  This  is a major  cause  of 
variations  in  thickness of permafrost,  and  can 
also  determine  its  presence  or  absence  in  areas  of 
discontinuous  permafrost.  However  examination  of 
the  textures  of  the  materials  encountered  in  the 
boreholes  indicates  that  there  are  two  main 
materials  present,  viz.:  river  gravels  and  loess- 
derived  silts  (apart  from  one  sample  of  till), 
based on the  data  in  Klohn  Leonoff  Consultants, 
Ltd,, 1979.  Both  gravels  and  silts  occur  in  the 
floors  and  sides  of  the  valley, so the  materials 
are  too  homogeneous  for  this  to  be  the  explanation 
of the  differences  in  Figures 1 and 4 .  

Differences  of  grain  size  and  lithology  are 

Variation of mean  freezing  and  thawing 
indices for 1975 and  1976  with  latitude  of  the ~ 

weather  stations  in  western  Yukon  Territory  and 
the  adjacent  portions  of  the  Northwest  Territories. 

Another  possible  cause  could  be  heterogeneity of 
the  climate  across  the  region.  Both  freezing  and 
thawing  indices  may  show  abrupt  change in their 
trends  across a part of a  continent,  e.g.,  from 
Medicine  Hat  to  Inuvik  (Harris,l981).  Figure 5 

shows  the  results  of  plorring  the  mean  freezing 
and  thawing  indices  for  1975  and  1976  for  the 
weather  stations  in  western  Yukon  and  the  adjacent 
parts  of  the  Northwest  Territories  against 
latitude.  The r value  will.  be  extremely  small  when 
the  regression  line  is  nearly  parallel to  an  axis, 
due  to  the  high  sensitivity of the  factor.  As 
demonstrated on the  Medicine  HatIInuvik  traverse, 
an  abrupt  change  in  trend  of  the  thawing  and 
freezing  indices  occurs  in  the  vicinity  of  Old 
Crow  and  it  appears t o  be  present on both  sides  of 
the  Richardson  Mountains.  However,  south  of  there, 
the  trend  for  the  thawing  index  is  fairly  contin- 
uous and  indicates a constant  relation of index 
to  latitude  right  up  to  the  foot  of  the St. Elias 
Range.  This  fits  with  previous  work on the  climate 
of southwest  Yukon  where  Taylor-Barge  (1969)  has 
claimed  that  there  is  an  abrupt  change  in  climate 
between  the  Maritime  influence of the  north 
Pacific  Ocean  and  the  more  continental  interior'  of 
Yukon,  which  lies  along  the  continental  divide. 

The  freezing  indices  show a break  in  trend  just 
north  of  Dawson.  The  change  is  marked  and  corre- 
sponds  to  the  transition  from  dominantly  tundra  to 
dominantly  forest.  Freezing  index  increases  more 
rapidly  with  increasing  latitude  under  tundra 
vegeration.  Figure 5 also shows  that  while  the 
data  for  the  thawing  indices  fall  close  to  the 
trend  line, tfmsefor the  freezing  index  show 
rather  more  scatter.  This  suggests  that  there 
could  be  something  complicating  the  microclimate 
in  winter. 

Harris  (1982b)  has  shown  that  pronounced  but 
sporadic  cold  air  drainage  can  occur  at  the  lati- 
tude of Fort  Nelson  along  the  valleys  leading  from 
the  higher  mountains.  This  can  become  extremely 
important  in  areas  where  the  discontinuous  and 
sporadic  permafrost zones lie  in  the  area  where  the 
cold  air  drainage  occurs,  e.g.  east of Steamboat 
Mountain  (west  of  Fort  Nelson, B.C.). 
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FIGURE 6 Variation  of  mean  freezing  and  thawing 
indices  for  1975  and  1976  with  altitude  of  the 
weather  stations  in  western  Yukon  Territory  and 
the  adjacent  portions  of  the  Northwest  Territories. 
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:h a modification  an ;how5  the  results  of  plotting a l l  t 
mean  freezine  and  thawinn  indices  for  the  same 

Figure 6 E he may  cause su( d would  appear t o  
be a probable  contributing  factor  €or  the 
differences  between  the  actual  distribution  of 
permafrost  (Figure  1)  and  those  predicted  by 
using  freezing  and  thawing  indices  (Figure 4 ) .  
The  effect of snow  cover  variability  is  minimized 
by  the  method,  but  the  effects  of  zones of ground- 

~~ - - 
stations  for  1975  and  1976  against  altitude  of  the 
climatic  station.  The  thawing  index  shows a 
pattern  decreasing  with  altitude.  The  only 
exceptions to the  trend  lie  below 350 m and 
represent  the  stations  along  the  Arctic  coast  and 
the  Mackenzie  valley. 

The  trend  of  the  freezing  indices  is  quite 
different  from  that  found  at  lower  latitudes (see 
€or  example  Figure 8 in  Harris,  1981)  in  that  the 
index  decreases  with  altitude,  There  is  consider- 
able  scatter, but above 700 m  altitude,  the  rate 
of change  is a mere 200 Codays/yr  every 600 m. At 
lower  elevations  it  is  over  100°C  dayslyr  every 
100 m. This  indicates  that  the  winter  air  temper- 
atures  below  about 700  m above  mean  sea  level  are 
considerably  colder  than  those  at  higher  elevations. 
This  is  consistent  with  the  presence  of  cold  air 
drainage  occurring  throughout  the  region 
especially  during  the  long,  cold  winter  nights 
(Marcus,  1974,  Harris,  1982b). 

temperatures  near  Stewart  Crossing-Keno  Hill  and 
Dawson  City  and  vicinity  are  shown  in  Figure 7. 
In both  cases,  the  highest  stations  have  the low- 
est  freezing  indices.  The  effects of the  cold  air 
drainage  are so great  that  they  even  cause a 
reversal  of  the  direction  of  the  normal  lapse  rate 
at  lower  elevations  based on mean  annual  temper- 
atures  (Figure 81, indicating  the  influence  of a 
strong  persistent  winter  inversion. 

The  effects  of  this  process on mean  annual  air 

water  movement  are  obviously  also  consider 
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FIGURE 8 Change  in  mean  annual  air  temperature 
for  1975  and 1976 with  altitude  for  Class A 
weather  stations  around  Dawson  City  and  Keno  Hill. 
Note  the  reversed  slope  of  the  lapse  rate  at  lower 
elevations. 

Comparison  of  the  Actual  Distribution of  Permafrost 
with  that  Predicted  Using  Zonal  Permafrost 
Landforms 

Figure 3 shows  the  distribution  of  zonal  perma- 
frost  landforms  in  western  Yukon  Territory  and  in 
the  adjacent  portions  of  the  Northwest  Territories. 
When it  is  compared  with  the  actual  distribution 
of  permafrost in Figure 1, it  becomes  clear  that 
only  the  major  areas  of  continuous  permafrost  can 
be  recognized  using  the  variety  and  frequency  of 
the  landforms.  Even  then,  it  is  only  the  areas 
with  considerable  ground  ice  that  exhibit  marked 
varieties  and  abundances of zonal  permafrost 
landforms. The better  drained  alpine  permafrost 
in the  central  Yukon  Plateau  lacks  appreciable 
diagnostic  permafrost  landforms. 

permafrost  present  shows  scattered  zonal  geomorphic 
features,  mainly  pingos,  but  these  are  inadequate 
for  mapping  the  boundary  between  them.  They  merely 
suggest  the  presence of scattered  permafrost 
throughout  the  area,  which  is  very  different to the 
actual  distribution (see Figure 1). 

The  area  with  both  continuous  and  discontinuous 

1 
t 

FIGURE 7 Changes  in  mean  freezing  (open  circles) 
and  thawing  indices  (solid  circles)  with  altitude 
around  Dawson  City  and  at  Keno  Hill  for  1975  and 
1976 

The  fact  that  both  the  freezing  index  and  the 
thawing  index  decrease  with  altitude  (Figure 7) 
makes  detailed  prediction of the  presence or 
absence  of  continuous  permafrost  by  climatic  para- 
meters  in  the  Yukon  Territory  particularly  hazard- 
ous.  Re-examination of Figure 2 shows  that  the 
stations  from  the  Yukon  Interior  Basin,  i.e.  south 
of Dawson  City,  lie  straddling  the  boundary 
between  the  discontinuous  and  continous  permafrost 
zones.  This  means  that  any  local  microclimatic 
modifications to the  temperature  regime  such  as 
variations  in  thickness  of snow cover  and  zones  of 
groundwater  movement can have  a profound  effect on 
the  distribution  of  permafrost.  Cold  air  drainage 

CONCLUSIONS 

Data from  thermistor  strings  in  boreholes  along 
the  proposed  pipeline  routes  show  that  permafrost 
is much more widespread  in  western Yukon Territory 
than  previously  suspected  (Figure 1). Continuous 
permafrost  extends  throughout  the  region,  although 
discontinuous  permafrost  is  found  in  the  lower 
parts  of  the Yukon River  valley  and  again  near 
Whitehorse. 

It i s  clear  from a  comparison of Figures 1 and 4 
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that  the  climatic  method  using  freezing  and 
thawing  indices  for  weather  stations  in  areas  of 
low  winter  snowfall  works  fairly  well  in  predict- 
ing  the  distribution  of  present  day  permafrost on 
small  scale  maps.  However,  in  southern Yukon, 
variations  in  soil  moisture  and  snow  cover,  and 
the  presence o f  localized  cold  air  drainage  in 
winter  probably  cause  an  extension of the zone o f  
continuous  permafrost  downslope  into  valleys  below 
high  mountains, e.g. along  the  foot  of  the St. 
Elias  range  from  Snag  to  Burwash  Landing. 

western  Yukon  Interior  Basin  is  borderline  between 
continuous  and  discontinuous  permafrost.  This 
explains  why  the  prediction  of  permafrost  is so 
difficult  here.  Both  the  freezing  index  and  the 
thawing  index  decrease  with  altitude,  unlike  the 
situation  in  areas  without  appreciable  cold  air 
drainage, so that  the  vertical  zonation o f  perma- 
frost  is  weaker. 

The  geomorphic  method of predicting  permafrost 
works  well  for  the zone of  icy  continuous  perma- 
frost  in  the  north  and  also  for  showing  that 
scattered  permafrost  occurs  throughout  the  area. 
However,  it  fails to provide  enough  data  for 
mapping  the  boundary  between  continuous  and  dis- 
continuous  permafrost  and  also  fails  to  separate 
dry,  well  drained  continuous  permafrost  from  areas 
with  sporadic  icy  permafrost.  Thus  the  climatic 
predictive  method i s  far  superior. 

As  can be  seen  in  Figure 2 ,  the  climate  of  the 
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API'ENVIX A Freezing and Thawing  Indicea for ths  class A 
Climatic  Stations in Wtstern Yukon Territory and the 
AdjacRnt  Arsas of the  Northwest  Territories 

Station  Freezing  Thawing  Clanaifi- 
Index  Index  cation 

Aiahihik A* 
Aklavik 
Arctic Red River 
Beaver Creek 
urarhurn 
Burwash  Lending 
Carnacka 
Clinton  Crcck 
Davson A 
Demplitur 
Dempster 203 
Duty Crlek 
Elsa 
Faro 
Port McPherson 
Fort Selkirk 
Haincs  Junction 

Johnsuns Croasing 
Ieuvik  A 

Keno Hill 
Yluane  Lake 

Mayo A 
bnakuk math 

2946 
4465 
5000E 
3749 

2950 
3164 

3058 
3650 
3200 
3850 

2869 

. .. 
2564 
2905 

4b57 
2670 

3507 
2566 
4913 
2318 
2730 
2 5 0 3  
(1900 
3156 

1340 
1256 
16OOE 
1459 

1&17 
1523 

1640 
1696 
1850 

1490 
1240 

1542 
1702 
1852 
1565 
1763 
1512 
1284 
15SZ 
1065 
1350 

1945 
575 

DA 
C 
C 
C 

OB 
DA 
DB 
OB 
DA 
C 
C 

OB 
V H  
DC 

DA 
c 

DB 
C 

OB 
C 

DA 
C 

DU 
nii. 34. 

Boundary Rd. 
Onilvie  Uiver 

2830 
4600 

1392 DA 
1350 C 

Oid Crow A 5193 1454 c 
Shingle Point 4750 C 
Seewart  Crossing 3256 1819 DB 

887 

Tuktoyaktuh  A 4906 C 
Whitehorse  A 2174  lb64 

923 
VC 

Based on daily  temperaturea ("C) in  monthly meteorolog- 
ical  data  (Environment Canada). 

DD  is oiscontinuoua Pe-front. 
E is  estimate; C is continuous Pemafrost; DA, DB. PC, 

*A€ter Brow (3967b) and  Thompson (1963). 
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On southwest  Banks  Island,  the  melt-out of ice  within  unconsolidated  permafrost 
sediments  has  resulted  in  the  formation o f  numerous  thaw  lakes. A majority  of  basins 
are  oriented  perpendicular  to  prevailing winds and  possess  a  D-shaped  outline  which  is 
in equilibrium  with  wind-generated  geomorphic  processes. In particular,  a  strong 
relationship  exists  between  lake  morphology  and  the  storm  wind'  regime  during  the 
summer  period of open  water  conditions.  Thaw  lakes  in  this  area  cannot  be  interpreted 
within  the  traditional  "thaw  lake  cycle"  and  appear  to  represent  quasi-equilibrium 
landforms.  Shoreline  erosion  results in asymmetrical  expansion  rather  than  a  lateral 
migration  of  the  basin.  Lake  drainage  occurs  primarily  by  catastrophic  outflow, 
following  basin  capture or  truncation by coastal  retreat. 

INTRODUCTION 

Thaw  lakes  develop by thermokarst  subsidence  of 
ice-rich  permafrost.  Their  widespread  occurrence 
has  been  reported  from  lowland  tundra  regions  of 
Alaska,  Siberia,  and  Arctic  Canada (e.p., Sellmann 
et  al.  1975,  Tomirdiaro  and  Ryabchun  1978,  Bird 
1967 pp.  211-216). The  conditions  under  which  they 
evolve  are,  however,  poorly  understood  and  many  of 
the  questions  raised  by  Black  (1969), in a  review 
of  the  early  literature on the  subject,  remain 
unanswered. In particular,  the  common  development 
of  a  preferred  long  axis  orientation,  first  de- 
scribed  in  North  America  by  Black  and  Barksdale 
(1949), is  still  open  to  interpretation (e.g., 
Carson  and  Hussey  1960,  1962,  Rex  1961,  Mackay 
1956, 1957). Since  the  development  of  a  preferred 
orientation  is  not  restricted to thaw  lakes 
(Kaczorowski  1977,  Price  1968),  it  follows  that  the 
presence  of  permafrost  serves only to  modify  the 
action  of  essentially  azonal  processes. 

thaw  lakes  within  the  Sachs  and  Kellett  drainage 
basins  of  southwest  Banks  Island  (Figure 1). 
Observations o f  contemporary  lakes  and  drained  lake 
basins  in  this  area  permit  an  evaluation of  the 
traditional  "cycle" of thaw  lake  evolution  (Britton 
1967). An alternative  model  is  proposed,  based 
upon the  identification  of an equilibrium  basin 
morphology  which  develops  in  response  to  currently 
active  lacustrine  processes. 

This  paper  describes  the  evolution of oriented 

LAKE: DISTRIBUTION 

High  concentrations  of  lakes  occur  in  two  major 
areas  of  southwest  Banks  Island.  Southeast'of 
Sachs  Harbour,  the  Sachs  River  lowlands  are  charac- 
terized  by  a  number  of  large  lakes,  greater  than 
1.0 km in  diameter,  together  with  numerous  smaller 
tundra  ponds  (Figure 2). Most  of  this  area  has  a 
lake  cover  in  excess  of  20%,  rising  in  some  places 
to  over 50%. North  of  Sachs  Harbour,  lake  cover 
exceeds 20% in  parts  of  the  Kellett  River  valley, 

with  highest  concentrations  occurring on low  ter- 
races  above  the  present  floodplain.  Numerous  small 
ponds  occupy  low-centered  polygon  sites,  while  lar- 
ger  lakes  have  formed  apparently  by  basin  coales- 
cence  following  breaching  of  the  polygon  ramparts 
(Figure 3 ) .  

Both  areas  are  underlain  by  outwash  sediments, 
deposited  when  the  late-Pleistocene  ice  margin  lay 
to  the  east  of  Sachs  Harbour  (Vincent  1982). 
Permafrost  is  continuous  on  Banks  Island  and  proba- 
bly  extends t o  depths  in  excess  of 500 m (Taylor  et 
al.  1982); however, it is likely  that  open  taliks 
exist  beneath  the  larger  lakes  and  principal  river 
channels  in  the  Sachs  River  lowlands  (Harry 1982). 
The  surficial  sediments  are  ice-rich,  and  are  char- 
acterized by  the  development  of  multiple  ice-wedge 
systems  (French  et  al.  1982). 

ORIGIN AND AGE 

The  coastal  truncation of thaw  lakes  in  the 
Sachs  River  lowlands  enables  stratigraphic  studies 
to  be  undertaken  of  their  age  and  evolution. A 
thermokarst  origin I s  indicated by  the  vertical 
compression of stratigraphic  units  beneath  many 
basins  and  by  the  reduced  ice  content  of  the  sedi- 
ments  (French  and  Harry  in press). Typically, 
sediments  beneath  drained  lake  basins  contain 40- 
50%  less  excess  ice  than  equivalent  materials  out- 
side  the  basins.  Ground  ice  may  constitute  nearly 
60% by  volume  of  the  upper 8.0 m  of  permafrost  in 
this  area,  and  thawing  of  this  material  would 
result  in  subsidence  of  at  least 3.0 m. This  is 
consistent  with  stratigraphic  observations  beneath 
drained  basins,  which  suggest  an  average  thaw  set- 
t lement I of 5.0-6.0  m. 

the  age of thaw  lake  initiation  in  the  Sachs  River 
lowlands.  Organic  material  collected  from  the 
basal  hurizon of lacustrine  sediments  beneath  one 
drained  basin  yields  a  I4C  date  of  0560 ? 210 
ears B.P. (GSC-3292). At a  second  locality,  a 

date of 8280 * 140  year B.P. (GSC-2246)  has 

Several  radiocarbon  age  determinations  relate to 
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FIGURE 1 Location  map  of  southwest  Banks  Island,  showing  distribution  of  thaw  lakes. 
Density  is  expressed as percentage  lake  cover  per 25 km2. 

been  obtained  from  peat  underlying  lacustrine  mate- 
rial  (Vincent 1980). Third,  blocks  of  fibrous 
organic  material,  contained  within  silts  beneath  a 
lake  basin 4.0 km west  of  Sachs  Harbour,  yield  a 
14C  date of 9490 * 80 years B.P. (GSC-2364). These 
dates  suggest  that  many  lakes  were  initiated 
approximately 8000-9000 years B.P. This  period 
corresponds  to  an  early  phase  of  the  mid-Holocene 
climatic  optimum,  during  which  warmer  air  tempera- 
tures  may  have  triggered  the  melt-out  of  ground 
ice. 

River  valley  has  not  yet  been  determined.  However, 
the  observed  influence of ice  wedge  polygons on 
basin  location  suggests  that  lakes  in  this  area may 
have  been  initiated  during  a  period  of  cold  climate 
conditions. A t  that  time,  the  formation  of  a  poly- 
gon network on the  terrace  surface  would  have 
facilitated  the  ponding of water  bodies  and  the 
initiation of self-sustaining  thermokarst. 

The  age of  thaw  lake  development  in  the  Kellett 

EQUILIBRIUM MORPHOLOGY 

Many  thaw  lakes  possess  an  equilibrium  shape 
which, in its  simplest  form,  is  expressed  as  a  pre- 
ferred  long-axis  orientation  (e-p.,  Carson and 
Hussey 1962, Mackay 1956). Random  sampling  from 
1:60,000 scale  air  photographs  indicates  that 84% 
of  lakes in the  Sachs  River  lowlands  and 97% of 

lakes  in  rhe  Kellett  River  valley  have  a  measurable 
long-axis  orientation  (defined  by a length-width 
ratio  greater  than 1.1). Mean  lake  elongation  is 
1.53 in the  Sachs  River  lowlands,  as  compared t o  
1.92 in  the  Kellett  River  valley.  This  disparity 
is  partly  accounted  for  by  the  prevalence of basins 
in  the  latter  area  which  have  coalesced in the 
direction of elongation.  Lake  orientation  pat- 
terns  are  similar  in  the  two  areas,  with  a  major 
norrheast-southwest  component  and a minor  perpen- 
dicular  component  (Figure 4). Lakes  in  the  Kellett 
River  valley  display  a  particularly  strong  prefer- 
red  orientation,  with  approximately 60% of long 
axes  possessing  azimuths  between 230' and  240". 

identification  of  commonly  occurring  lake  shape 
categories.  These  were  defined  as  circle,  oval, 
ellipse,  and  rectangle. A D-shaped  class  was  added 
to  describe  highly  asymmetrical  elliptical  lakes, 
and  a  "complex"  category  was  established  to  include 
irregular  or  multiple basins. Lake  shape  in  each 
area  was  determined by visual  comparison of these 
standard  categories to 100 lake  outlines  randomly 
sampled  from 1:60,000 scale  air  photographs.  In 
the  Sachs  River  lowlands,  elliptical or D-shaped 
morphological  types  are  most  common  (Table 1). In 
the  Kellett  River  valley,  morphology  is  frequently 
complex,  reflecting  the  high  percentage of coales- 
cent  basins.  However,  over 50% of lakes  possess  a 
D-shaped  element. 

Detailed  morphological  analysis  was  based on the 
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FIGURE 2 Typical  r ~ ~ a ~  lake terrain i n  t h e  Sacbs 
River   lowiand~.  Bote t h e   shaped m o r ~ b o l o ~ y  sf 
many lakes  and the n u ~ ~ ~ a ~ ~  ~ r a i n ~ d   b ~ s i n s .   ~ e t a i l  
of the o u t l e t   c h a ~ n e l  at  lscal i ry  A is ~ h o ~  i.n 
Figure 7, 'Lake B  rained c a ~ a 6 t r o p h i ~ ~ l l y  i n  
3 ~ n ~ ~ r y  1977, 

F~~~~ 3 Thaw l akes  ~ e ~ e l ~ p e ~  on ferraces of the 
Kellett Riv~r. Note a e e u ~ r e ~ c e  of small lakes  
w i t h i n   i c e - w e d g e   p a ~ y ~ o n s  and l a r g e r  basins w h ~ ~ h  

TABLE 1 Lake  Shape  Classification,  Southwest 
Banks  Island 

Basin  Kellett  River  Sachs  River  Total 
Morphology  Valley  Lowlands 

( X )  ( X )  ( X )   ( X )  

D-shape 52.0 22.0  37.0 
Complex 18.0 17 .o 17.5 
Ellipse 4 .O 30.0 17.0 
Rectangle 18.0  12 .o 15.0 
Oval 6 .0  13.0 9.5 
Circle 2.0 6.0 4.0 

Total 100.0 100.0 100 .o 

Under  equilibrium  geomorphic  conditions,  it  is 
probable  that  a  lake  basin  developed  upon  a  homo- 
geneous  surface  will  possess  an  outline  consisting 
of a  number  of  smoothly  curved  bays.  This  form 
should  be  widespread  and  developed  upon  a  range  of 
surficial  materials. On southwest  Ranks  Island, 
lakes o f  the  D-shaped  category  most  consistently 
satisfy  these  criteria.  The  D-shape is, in fact, 
curvilinear;  the  "straight"  segment forms 
approximately  half  of  an  extremely  flattened 
ellipse,  while  the  opposing  "bow"  segment  forms  a 
broad  semi-ellipse or  semicircle.  Morphometric 
analysis of D-shaped  lakes  of  varying  size  in  the 
Kellett  River  valley  indicates  only  slight  varia- 
tion  from  the  mean  shape shown in  Figure  5a. It is 
suggested,  therefore,  that  this  shape  represents 
the  equilibrium  form of  thaw  lakes on southwest 
Banks  Island. 

Many  lakes  are  oriented  perpendicular  to  the 
prevailing  wind  direction  during  the  July-September 
period  of  open  water  (see  Figure 4 ) .  Directional 
wind  data  recorded  at  the  Sachs  Harbour  meteorolo- 
gical  station  between 1971 and  1977  display  a 
bimodal  frequency  distribution,  dominated by nor- 
therly  and  southeasterly  components.  The  mean 
long-axis  orientation  of  lakes  bisects  the  vector 
resultants o f  this  opposed  wind  regime. In parti- 
cular,  the  long  axes of D-shaped  lakes,  which 
extend  parallel  to  the  "straieht"  shoreline 
segment,  have  an  orientation  almost  exactly  perpen- 
dicular  to  the  northwest  and  southeast  wind  resul- 
tanrs.  Similar  relationships  between  lake 
orientation  and  wind  direction  exist  elsewhere, 
especially in parts  of  northern  Alaska  and  the 
Mackenzie  Delta. 

These  observations  suggest  that  an  understanding 
of  equilibrium  lake  morphology  may be  based on 
models  of  wind-generated  wave  and  current  diatrlbu- 
tions  as  first  proposed  by  Livingstone (1954) and 
Rex (1961). It  has  been shown that  the  equilibrium 
form of a  shoreline  developed  in  unconsolidated 
sediment  is  a  cycloid,  within  which  erosion  is 
greatest  in  zones  oriented  at 50' to wave  approach 
(Bruun 1953). Mackay (1963 pp. 46-55) described  a 
simple  process-response  model o f  lake  morphology, 
based on the  assumption  that  winds  from  each  com- 
pass  point  tend t o  develop  cycloidal  bays. In this 
way,  equilibrium  morphology  may  be  regarded as the 
integrated  farm o f  a  number of cycloids of differ- 
ent  size. 

This  model  was  applied  to  thaw  lake  morphology 

have e a a l e ~ e e ~  along a north@a6t-~outh~~~t axis. 
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2IGURE 4 Thaw  lake  orientation,  southwest  Banks 
Island.  Sample  size  for  each  area is 100; R1 
and R2 are  opposed  vector  resultants of the 
summer  storm  wind  regime  at  Sachs  Harbour. 

on southwest  Banks  Island,  using  seasonal  wind  data 
from  Sachs  Harbour.  Predicted  lake  morphology is 
elliptical,  with  a  length-width  ratio of 1.23  and  a 
long-axis  azimuth  of  approximately 247'. Although 
this  provides  a  reasonable  first  approximation  to 
observed  lake  morphology,  a  closer  correspondence 
is obtained  when storm wind  data  are  used.  Storm 
events  are  defined,  following  McCann  (1972),  as 
periods  during  which  hourly  wind  speed is 20 kn (37 
km/h)  or  more  for  at  least  three  consecutive 
hours. In this  case,  the  model  predicts  a  D-shaped 
lake,  with  a lengthsidth ratio of 1.54 and  a  long- 
axis  azimuth  of  approximately 237'  (Figure  5b). 
The  significantly  better  fit  suggests  that  storm 
events  play  a  major  role in  shoreline  evolution. 

Field  observations of thaw  lakes  in  the  Kellett 
River  valley  tend t o  support  this  model.  Shoreline 
characteristics  may be interpreted  with  respect  to 
the  inferred  pattern of wind-generated  littoral 
drift. At the  northeast  and  southwest  corners, 
where  maximum  rates of littoral  drift  are  expected 
to occur,  shoreline  morphology is predominantly 
erosional.  The  10-50  cm  high  shoreline  bluff is 
undercut  and  terrace  gravels  are  exposed in the 
lake bottom.  By  contrast,  the  "straight"  shoreline 
corresponds  to  a  zone  of  minimum  littoral  drift  and 
is characterized by broad,  low-angle  depositional 
flats.  Shoreline  morphology is therefore 
consistent  with  the  energy  environments  predicted 
by  Rex's  (1961)  model  of  lake  circulation. 

LAKE DRAINAGE 

Many  lake  basins,  especially  within  the  Sachs 
River  lowlands,  are  either  partly  or  completely 
drained. Two models of lake  drainage  may  be 

J Orlentation - 231" 

Orientation = 231' 
Elonsation = 1.49 

FIGURE 5 Thaw  lake  morphology,  nouthwest  Banks 
Island. (a) Observed  morphology,  based on 
analysis  of  five  D-shaped  lakes  in  the  Kellett 
River  valley. (b) Predicted  morphology,  based on 
calculation  of  equilibrium  bays  related  to  the 
summer stom wind  regime  at  Sachs  Harbour. 

considered.  The  first  consists of gradual  infilling 
and  segmentation (e-g., Kaczorowki  1977 p. 1111, 
while  the  second  consists  of  catastrophic  outflow, 
following  lake  tapping  or  truncation  by  coastal 
retreat (e.g., Mackay  1979 p. 31,  Walker  1979, 
Weller  and  Derksen 1979). On southwest  Banks 
Island,  evidence  points  strongly  to  the  importance 
of  the  catastrophic  outflow  model. 

Catastrophic  lake  drainage  in  the  Sachs  River 
lowlands  has  occurred  as  a  result  of  tapping  by 
headward  erosion of streams  along ice wedges,  coa- 
lescence with a  basin  at  a  lower  elevation,  or 
coastal  retreat  (Figure 6). Once  flow  is  initiated 
through  the  new  outlet,  drainage  may  be  extremely 
rapid,  resulting  in  the  formation of box-canyon .. 
outlet  channels.  These  are  characterized  by  steep 
lateral  bluffs  and  flat  flaars,  which  may  be 
incised  into  the  former  lake  bed  (Figure 7). 

Under  certain  circumstances,  buried  ice  bodies 
may  provide  subsurface  outlets  for  lake  drainage. 
For example,  one  lake  located  approximately 40 km 
southeast of Sachs  Harbour  (see  Figure 2, Lake B) 
experienced  catastrophic  subterranean  drainage in 
January  1977  (David Nasogahak, personal  communica- 
tion). While  this  may be common  in  areas  of  thin 
or  discontinuous  permafrost,  resulting  in  the 



FIGURE 7 Box  canyon  drainage  channel,  eroded  into 
the  lake  floor  following  basin  capture  (see  Figure 
2, locality A). Note  figures  for  scale. 

formation of  thaw  sinks  (Hopkins 1949, Tedrow 
1969), it is rarely  reported  from  regions  underlain 
by  thick,  continuous  permafrost.  This  lake  lies 
within an area of morainic  topography,  attributed 
to  the  Sand  Hills  Readvance  (Vincent 1982>, part  of 
which  may  be  ice-cored  (Harry 1982 pp. 88-99). It 
is possible,  therefore,  that  lake  drainage  resulted 
from  thermal  contraction  cracking,  allowing  water 
to  escape  into  an  ice  cave. 

DISCUSSION AND CONCLUSIONS 

The  concept  of  a  thaw  lake  cycle,  consisting  of 
sequential  stages of  initiation,  expansion  and 
drainage  is  well  established (e.g., Billings  and 
Peterson 1980, Britton 1966, Everett 1981, Tedrow 
1969). The  results of this  study  suggest,  however, 
that  such  models  are  by no means  universally  appli- 
cable. A number of alternative  models of thaw  lake 
development  are  possible,  reflecting  a  delicate 
equilibrium  between  process,  materials,  and  mor- 
phology. 

have  originated  either  by  melt-out of ground  ice 
On  southwest  Banks  Island,  thaw  lakes  appear  to 
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during  a  mid-Holocene  period  of  climatic  ameliora- 
tion, or by  ponding  within  ice-wedge  polygons 
developed  under  cold  climate  conditions. In the 
absence o f  topographic  control,  subsequent  lake 
expansion  is  strongly  influenced by  wind-related 
patterns of wave  and  current  erosion. This results 
in the  development of a preferred  long-axfs  orien- 
tation  and  D-shaped  equilibrium  morphology.  The 
sensitivity  of  this  process  is  demonstrated by the 
relative  rarity  of  oriented  lakes  elsewhere on 
Banks  Island.  The  development of  preferred 
orientarion  appears  dependent on an opposed  summer 
wind  regime,  unmodified by local  topographic 
effects. 

It has  been  suggested  that  the  processes 
responsible  for  thaw  lake  orientation  may  also 
result  in  migration of the  lake  basin  across  the 
tundra  surface (e.g., Tedrow 1969, Tomirdiaro  and 
Ryabchun 1978). No  geomorphic or stratigraphic 
evidence  for  this is found on southwest  Banks 
Island.  Wind-generated  patterns of shoreline 
erosion  result in asymmetrical  expansion, to form 
D-shaped  lakes,  rather  than  causinp;  an  overall 
translocation  of  the  basin.  Oriented  thaw  lakes in 
this  area  appear,  therefore, to represent 
quasi-equilibrium  landscape  elements. 
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RELATIONSHIPS BETWEEN ESTIMATED MEAN ANNUAL AIR AND 
PERMAFROST  TEMPERATURES I N  NORTH-CENTRAL ALASKA 
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Mean annual a i r  temperatures  (MAAT) a r e   e s t i m a t e d   f o r  a t r a n s e c t  from 
cen t r a l   t o   no r the rn   A laska .  The est imated MA4T are compared t o  mean annual  
ground  temperatures (MAGT) r e p r e s e n t a t i v e  of upper  permafrost  tempera- 
t u re s .  The e s t ima t ion  of MA4T for   the  remote  and  topographical ly   complex 
t r a n s e c t   a r e a  was based on t r e n d   s u r f a c e   e s t i m a t e s  of numerous short-term 
(1-7 years )   t empera ture   records   ob ta ined  from c l i m a t i c   s t a t i o n s   o p e r a t e d  by 
r e s e a r c h   p r o j e c t s  and longer  records  from  existing  National  Weather  Service 
s t a t i o n s .  The s t anda rd   e r ro r  of the   es t imated  MAAT f a l l s   w i t h i n  a degree 
( C )  of observed MAAT for   s ta t ions   wi th   long- te rm  records .  The MAGT are 
based on subsurface  thermistor   measurements  made at c o n s t r u c t i o n   s i t e s   a n d  
a r e   t h e r e f o r e  from d i s t u r b e d   t e r r a i n ,   b u t   d a t a  were se lec ted   to   min imize  
the e f f e c t s  of dis turbance.  MAGT measurements  ranged  from -7.5'C i n   t h e  
n o r t h   t o  -0.7'C near   Fairbanks.   Predicted MAAT ranged  from -11.5'C at 
Prudhoe Bay t o  -4.5'C i n  the Fa i rbanks   a rea .  A s imple   r eg res s ion   r e l a t ion -  
s h i p  showed MAGT to   average  3.6'C higher   than  MAAT. This   s tudy   sugges ts  
tha t ,   based  on est imated MAAT and MAGT values,   the  boundary  between  the 
zones of continuous  and  discontinuous  permafrost  is loca ted  a t  or s l i g h t l y  
no r th  of the con t inen ta l   d iv ide   a t   A t igun  Pass. 

Our understanding of t h e   r e l a t i o n s h i p s  o f  
p e r m a f r o s t   d i s t r i b u t i o n  and a i r  temperature  in 
cent ra l   and   nor thern   Alaska  is l i m i t e d  by the l a c k  
of ava i l ab le   d i r ec t   obse rva t ions .   Fo r   t he  most 
part ,   permafrost   temperature  observations  have  been 
c o n f i n e d   t o   p o p u l a t e d   a r e a s   i n   i n t e r i o r  Alaska and 
i n   t h e   n o r t h e r n   c o a s t a l   r e g i o n s .   S i m i l a r l y ,  long- 
te rm  observa t ions  of a i r  temperature  are scarce, and 
a r e   m o s t l y   r e p r e s e n t a t i v e  of populated  lowland  or 
c o a s t a l  areas. 

a t  sites a l o n g   t h e   r o u t e  of the  Trans-Alaska  Pipe- 
Line  System  extending  from  the Yukon R ive r   t o   t he  
A r c t i c  Ocean. These  measurements,   together  with 
d a t a  from addi t ional   remote  upland sites in  i n t e r i o r  
Alaska,  have  been  summarized  (Aaugen 1982) and 
provide a data  base  from  which mean a i r  temperature 
va lues   can   be   e s t ab l i shed   fo r   t h i s   poor ly  hown 
c l ima t i c   r eg ion  of no r th -cen t r a l  Alaska. 

Fol lowing  construct ion o f  the  Trans-Alaska 
P i p e l i n e ,   t h e r m i s t o r   s t r i n g s  were i n s t a l l e d  a t  
se l ec t ed   l oca t ions   a long   t he   p ipe l ine   t o   mon i to r   t he  
performance of  i t s  eng inee r ing   s t ruc tu res .   These  
sites a r e   l o c a t e d  i n  both  discontinuous  and  continu- 
ous  permafrost   zones  (Ferrians 1965). Most of t h e s e  
temperature  measurements were as soc ia t ed   w i th  
thermal  disturbances.   Only a few of the subsu r face  
t h e r m i s t o r   a r r a y s  were judged  to be s u f f i c i e n t l y  
f r e e  of the in f luence  of t h e   p i p e l i n e   o r  i t s  
a s soc ia t ed   s t ruc tu res   t o   p rov ide   subsu r face   t empera -  
t u r e s  for comparison  with  the  regional a i r  tempera- 
t u re   da t a .  The o b j e c t i v e s  of t h i s   p a p e r  are t o  
p re sen t  a method  of e s t i m a t i n g   a i r   t e m p e r a t u r e  
v a l u e s   f o r  a r eg ion  of d i v e r s e   t e r r a i n  and climate 

Beginning i n  1975, c l i m a t i c   d a t a  were c o l l e c t e d  

and t o  examine t h e   r e l a t i o n s h i p  of mean annual a i r  
temperature  to  ground  temperature  measurements. 

REGIONAL  CLIMATE 

The Alaskan   i n t e r io r  is a zone of temperature  
extremes  and of r e l a t i v e l y   h i g h   p r e c i p i t a t i o n  
compared t o  the   Arct ic   (Bowling 1979). During  the 
summer, s torms  t rack  through  the  region  f rom  the 
south  or  southwest.  Most summer p r e c i p i t a t i o n  is  of 
the  convect ive  type  and is  wide ly   s ca t t e r ed  and 
v a r i a b l e   i n  amount.  During  the  winter, the i n t e r i o r  
is  dominated by r e l a t i v e l y   d r y   C o n t i n e n t a l   P o l a r  a i r  
masses, and s i n k i n g  cold air creates high  atmospher- 
i c  pressure.   Occa8ionally,  maritime a i r   i n t r u d e s  
in to   the   a rea   f rom  the   wes t   o r   southwes t ,   caus ing  
major  snowstorms  and,  rarely,   winter  rain.  The 
a l p i n e  areas w i t h i n   t h e   i n t e r i o r   t y p i c a l l y   h a v e  less 
ext reme  tempera tures   bu t   h igher   p rec ip i ta t ion   than  
t h e   f o r e s t e d  areas a t  lower  e levat ions.  

extremely low winter   t empera tures ,  low summer 
temperatures ,  and r e l a t i v e l y  low p r e c i p i t a t i o n .  
U n l i k e   t h e   c o n t i n e n t a l   i n t e r i o r ,   t h i s  is a r eg ion  
where  wind i s  a major  environmental  factor  through- 
out much of the  year .   Al though  winds  rarely  exceed 
17 m/s on t h e  Arctic Coastal   Plain,   calms are a l s o  
rare. 

Average  annual a i r  temperatures  range  from 
-11.5'C a t  Prudhoe Bay t o  -3.5'C at Fairbanks.  The 
temperatures  are some of t h e  most  extreme  encoun- 
t e r e d  on the  North  American  continent.   Extremely 
low temperatures  ((-50°C) r eco rded   a t   va l l ey  

North of t h e   c o n t i n e n t a l   d i v i d e  is a region of 
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s t a t i o n s  in t h e   s o u t h e r n   f o o t h i l l s  of t h e  Brooks 
Range (e.g. Prospec t ,   Co ld foo t ,   D ie t r i ch )   a r e   t he  
r e s u l t  of i nve r s ions  of the v e r t i c a l   t e m p e r a t u r e  
prof i le ,   caused  by cold a i r  d r a i n i n g  downslope. The 
h i g h e r   e l e v a t i o n s ,   r e p r e s e n t e d  by Gobbler 's  Knob, 
Chandalar  Shelf,  and  Atigun  Paos, are above the 
average   he ight  of t h e   i n v e r s i o n  and  have  higher 
average  winter   temperatures .  The lower summer 
temperatures  a t  t h e   h i g h - e l e v a t i o n   s i t e s   r e f l e c t  a 
normal  decrease of tempera ture   wi th   e leva t ion .  A t  
least ha l f  the s t a t i o n s   h a v e  summer maximum tempera- 
t u re s   ove r  3OoC for   an  annual   range of more than 
80°C. 

APPROACH TO ESTIMATING TEMPERATURES 

The s u c c e s s f u l   e s t i m a t i o n  of a i r   t e m p e r a t u r e s  
over an a r e a  of complex  topography  requires (1) a 
method f o r   f i l l i n g  i n  short   gaps in t he  data base 
which  occur at many of the  remote sires, (2)  a pro- 
cedure   for   ad jus tment  of a s h o r t   r e c o r d   ( i n   t h i s  
case, 2 t o  7 yea r s )  t o  s t anda rd  30-year  normal 
va lues ,  and ( 3 )  the  development  and  testing of 
methods f o r   e x t r a p o l a t i n g   s i t e - s p e c i f i c  a i r  tempera- 
t u r e   d a t a   t o   l o c a t i o n s   w i t h   d i f f e r i n g   e l e v a t i o n s  and 
u l t i m a t e l y   d i f f e r i n g   s l o p e s  and exposures.  The 
i n i t i a l   e f f o r t  was t o  estimate mean monthly a i r  
temperatures  and f r e e z i n g  and  thawing  desree-day 
accumula t ions   for   the   Arc t ic   S lope  (Haugen  1982). 
Although that a r e a  is  no t   t opograph ica l ly  complex, 
t h e   s p a r s i t y  of i n l and   s t a t ions   c r ea t ed   p rob lems .  
However, s i m p l e   r e g r e s s i o n   a n a l y s i s ,   u t i l i z i n g  
d i s t a n c e  from the ocean ,   o r   mul t ip le   regress ion ,  
u s i n g   l a t i t u d e ,   l o n g i t u d e ,  and e l e v a t i o n  as inde- 
pendent   var lables ,   proved  reasonably  successful   for  
t h i s   r eg ion .  The technique was less s u c c e s s f u l   f o r  
t h e   t o p o g r a p h i c a l l y  complex a r e a s  of central   Alaska,  
pr imari ly   because of the l a c k  of data.  The present  
approach treats a 600 x 800 km area extending  north-  
ward  from t h e   l a t i t u d e  of Fairbanks t o  the A r c t i c  
Ocean (SW corner  64.0°N, 158.0"W). 

Air Temperature 

The s t a t ions   u sed  i n  t h i s   a n a l y s i s   ( F i g u r e  1) 
were operated by the  National  Weather  Service and 

150n00'W Distance, km 

FIGURE 1 Topography of study  area.   Distance  from 
point  of g r i d   o r i g i n  at 64"N, 158'W used t o  
determine  temperature   values   (Equat ions 1 and 2). 
Numbers a r e  keyed t o   s t a t i o n   d a t a ,   T a b l e  2. 

CRREL. Most of t he   r emote   s t a t ions  began o p e r a t i o n  
i n  1975 o r  1976  and  have  continued a t   l e a s t   i n t e r -  
m i t t e n t l y  since then.  Fewer  data were c o l l e c t e d  in 
t he   w in te r   t han   i n   t he  summer because o f  t h e   d i f -  
f i c u l t y  of se rv ic ing   t he   i n s t rumen t s   i n   w in te r .  It 
was dec ided   tha t  the e x i s t i n g  data base  could be 
most e f f ec t ive ly   u t i l i zed   fo r   compar i son   w i th  perma- 
f ros t   t empera tu res  by cons ider ing   on ly   the  warmest 
month (TMAX) and the c o l d e s t  month (TMIN). TMAX and 
TMIN are not  always fo r  t h e  same month each  year. 
The determinat ion of mean annual   temperature  i s  
based on t h e  sum o f  TMAX -t WIN  divided by 2 f o r   t h e  
per iod of s t a t i o n   r e c o r d .  A comparison of MAAT 

TABLE 1 Comparison of mean annual a i r  temperatures  based on 
long-term  records  and  short-term  coldest  and wannest month. 

. . ". . . . 

Period of Barrow B a r t e r   I s l a n d  B e t t l e s  Fairbanks 
record 1941-70 1948-70 1952-70 1941-70 

Long-term -12.6 -12.7 -5.9 -3.5 
average of 
12 months 

1975-81 
average of -11.7 -12.0 -5.6 -3.8 
TMAX-TMIN 
month 

Di f f e rence  "0.9 fo. 7 M.3 44.3 
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TABLE 2 C l i m a t i c   s t a t i o n s   g r i d   l o c a t i o n s  and c a l c u l a t e d  1975-1981 mean maximum 
("MAX) and minimum (TMIN) monthly a i r  temperatures.  

Locat ion Lone. Lat . Elev. TMAX T M I N  
(map no.) Locat ion x (L) y (lan) 2 (m) ( " C )  ( " C )  

1 Allakaket 235.82 238.90 183.00 14.0 -30.6 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 579.33 

1035.00 
1400.00 
15.25 
9.20 
12.20 

198.00 
264.00 
773.00 
564.00 

1000.00 
152.40 
325.00 
18.20 

445.00 
690.00 
1130.00 
762.00 
884 00 
87.00 
732.00 
133.00 
10.00 

145.00 
108.00 
820.00 
650.00 
290.00 
767.00 

161.00 

406.00 
337.00 
18.50 
14.50 
6.20 
3.00 

80.00 
305 00 
70.75 

691.00 

760.00 
850.00 
81.00 
55.00 

372.00 

3.05 

690.00 

10.6 
9.5 
9.0 
4.7 
4.8 
15.6 
12.5 
12.9 
12.4 
11.8 
15.4 
15.3 
7.9 
14.3 
11.3 
1 1 6 2  
11.5 
10.6 
11.9 
12.6 
17.0 
9.2 
15.4 
13.4 
10.7 
15.9 
13.0 
12.1 
14.7 
15.7 
4.9 
13.8 
14.4 
7.9 
6.8 
6.0 
6.1 

11.1 
11.4 
15.6 
13.5 
13.3 
13.1 
12.1 
12.7 
11.6 

-20.9 

-28.6 
-28.6 
26.6 

-25.2 
-15.7 
-28.6 
-22.2 
-26.2 
-24.0 
-28.1 
-28.3 
-28.3 
-19.7 
-19.1 
-18.5 

-19.9 
-24.0 

-29.1 
-32.3 
-25.7 

-29.9 
-17.9 
-22.7 
-24.0 

-25.6 
-23.2 
-29.9 

-29.0 

-30.6 
-25.5 
-28.6 

-31.9 

A t  i gun Camp 
Atigun  Pass 
Atkasook 
Barrow 
B a r t e r   I s l a n d  
Bet t les 
Caribou  Creek 
Caribou  Peak 
Chandalar  Lake 
Chandalar  Shelf 
Chena Dam 
Coldf oot 
Deadhorse 
Dietrich 
Eagle  Creek  Lodge 
Eagle Summit 
Eagle  Creek  Tussock 
Eagle  Summit t r e e l l n e  
East  Oumalik 
E l l i o t t  Highway 
Fairbanks 
Fish  Creek 
Five Mile Camp 
Frankl in   Bluff  Camp 
Galb ra l   t h  
Gobbler's Knob 
Happy Val ley 
Haystack M t .  
I nd ian  M t  . 
Livengood 
Lonely 
Old Man  Camp 
Prospec t   A i r f i e ld  
Prudhoe (Arco) 
Prudhoe ( d r i l l   s i t e )  
Prudhoe  (Pad F) 
Prudhoe (West P i e r )  
Sagavani r k t  o k 
Sagwon Bluff 
Tanana 
Yukon River 
Timber l ine ,   Die t r ich  
Tooli  k Lake 
Tool ik   River  
Umiat 

352.90 
349.91 
22.33 
43.56 
540.04 
281.87 
486.16 
485.25 
402.62 
348.46 
520.60 
332.89 
358.27 
346.61 
586.66 
576.86 
586 6 66 
587.11 
88.98 

411.61 
477.37 
230.01 
369 28 
358.11 
346.50 
325.98 
361.44 
467.01 
195.29 
434.46 
172.73 

320.85 
354.80 
356.32 
344.76 

357.07 
365.02 
275.04 
384.85 
344.26 
340.80 
352.80 
229.75 

328.75 

352 59 

437.51 
425.88 
663.49 
756 05 
682.45 
283.42 
110.21 
115.69 
363.82 
421.20 
34.82 
328.36 
660.80 
381.69 
143.50 
184.66 
143.50 
143.59 
573.91 
120.10 
73.82 

655.81 
182.80 
606.78 
465.82 
270.41 
545.44 
111.59 
171.15 
145.92 
719.98 
236.04 
276.53 
665.89 
668.37 
674.50 
680.18 
621.24 
563.96 
86.16 
172.53 
415.02 
477.39 
482.40 
551.93 

West O u m a l i  k 84.91 . . . . .  . .  

Grid o r i g i n :  64.004N, 158.00'W 

d e r i v e d   i n   t h i s  manner with MAAT c a l c u l a t e d   i n   t h e  
usual  manner,  based on the mean of 12-monthly 
t empera tu res   fo r   s t a t ions   w i th   ava i l ab le   r eco rds ,  is 
shown i n  Table 1. The d i f f e r e n c e s   i n  MAAT according 
t o  the two methods a r e   u s u a l l y  less than 1OC. TMIN 
temperatures   during  the 1975-1981 per iod  were 1.7'- 
3.1OC higher  than  long-term mean temperatures  
c a l c u l a t e d   i n  the same fash ion  (i.e. based on t h e  
c o l d e s t  month  each  year). TMAX temperatures  were 
a l l  less than l0C h ighe r   i n   t h i s   compar i son .  

32 s t a t i o n s  and TMAX was a v a i l a b l e  a t  47 s t a t i o n s  
(Table  2). Matrices by l o c a t i o n   c o n s i s t  of maximum 
("MAX) and minimum (TMIN) mean monthly  temperatures 
for   each   year .   Miss ing   va lues  are computed accord- 

A t  l e a s t  one year of TMIN d a t a  was a v a i l a b l e  a t  

ing  t o  the  average of depa r tu re s  from t h e   r e g i o n a l  
c l ima te  f o r  those  years  when data   does exist. The 
matr ix   has   the  fol lowing  form: 

Departures  
f o r  

~ 1975  1976 ' - 0  1981 ,al::;;ars 

Allakaket  T( 1,l) T( 1 ,NK) 

T(L,K) 
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0 1 0 0  The  row index is L, represent ing   the   loca t ion ,  and 
the  column is K, represent lng  the  year .  The mean 
monthly  temperature of the   reg ion   dur ing  a given 
year is the  mean value of the e n t r i e s   i n   e a c h  column 
excluding  the  missing  matrix  element.  Thus,  there 
is for  each  year a mean va lue   i n  what might be 
termed the   reg iona l   c l imate   vec tor  C(K). The 
average  deviat ion D(L) a t  a c l i m a t e   s t a t i o n  is t h e  
mean value of [T(L,K) - C(K)]  f o r   each   s t a t ion ,  
again  excluding  the  missing  entr ies  in the  matrix.  
When replacing a missing  entry  in   the  matr ix ,   the  
best   esr imate  would be the  SVIU of the  monthly mean 
climate €or  the  region C(K) and the  average  value of 
the   d i f fe rence   be tween  tha t   s ta t ion   va lue  and the 
reg iona l  climate mean  when those  data  were ava i l -  
able .  The replacement of a missing  matrix  element 
is then T(L,K) + C(K)  + D(L). 
TMIN and "AX values  for  any  location in t h e  
eeographic  grid. The model t h a t   b e s t   f i t t e d   t h e  
da ta  is  described by Equations 1 and 2, 

A stepwise  regression model is used to   p red ic t  

WIN = -22.3 - 0.303 10-lY + 0.283 + o 752 . 10-522 
R'10.65 SE = 2.7OC (1)  

"AX = 12.9 + 0.265 10"Y - 0.346 10-22 
lW*00 w 

Oirlnncs. hm - 0.494 l ( r 4 Y 2  
R'30.83 SE = 1.3'C ( 2 )  

FIGURJS 2 Cold month a i r   t empera ture  map. Shaded 
areas  represent  elevations  above  climatic  data  where Y i s  the   d i s tance   nor th  (h), 2 is the  eleva- 
sample  population.  t ion (m), and SE is the   s tandard   e r ror  of estimate. 

Distance east was not s t a t i s t i c a l l y   s i g n i f i c a n t  i n  
t h i s  model. Elevat ions  within  the  s tudy  area are 
shown in Figure 1. A spa t i a l   r ep resen ta t ion  of the 
TMIN and TM4X equat ions is shown in   F igu res  2 and 3, 
respect ively.   Large  var ia t ions of WIN and WAX 
over the shor t   d i s tances  shown i n   t h e s e   f i g u r e s  
(e.g. the  Fairbanks  area)  are due to   e l eva t ion  

the  topographic map (Figure 1). 
PO0 $ 0 0  400 6 0 0  di f fe rences  and  should be viewed in comparison wifh 

FIGURE 3 Warm month temperature map. Shaded a r e a s  
as in   Figure 2. 

Ground Temperature 

Temperatures  representative of the upper perma- 
f r o s t  were obtained from t he rmis to r s   i n s t a l l ed  a t  
locations  between  the  Tanana  River and t h e   v i c i n i t y  
of Prudhoe Bay. These temperature sites were 
designed EO monitor  the  performance of t he   o i l   p ipe -  
l i n e  and i ts  a s s o c i a t e d   s t r u c t u r e s   I n  areas o f  ice- 
rich permafrost. The thermis tor   loca t ions   u t i l i zed  
i n   t h i s   a n a l y s i s  were selected  to   minimize the 
e f f e c t s  of surface  dis turbance or of the p ipe l ine  
i tself .   Unfortunately  temperature   data  are not  yet 
a v a i l a b l e  from areas   ad jacent   to   the   p ipe l ine   rou te  
i n  essent ia l ly   undis turbed  areas. Therefore,   the 
d a t a  used  probably  differ  from data  for t he   ad j acen t  
undisturbed  ground.  Temperatures  obtained  near  the 
bur ied   ho t   p ipe l ine   o r   near   ver t ica l   suppor t  members 
(VSM's) tha t  were a r t i f i c i a l l y   c o o l e d  by thermopiles 
were not  used. A t  some o f  the sites with thermo- 
p i l e s ,  two the rmis to r   s t r i ngs  were i n s t a l l e d ,  one 
near  the VSM and the o ther  some dis tance  (1-10 m) 
away. In   t hese  cases, the  temperatures a t  a 
distance  from  the VSM were used. 

var ied  from a minimum  of 3.5 m in   t he   no r th   t o   abou t  
16 m a t  some  of the   southern  sites. Most tempera- 
tu re   observa t ions  were obtained  bimonthly  over a 
per iod of 2 or 3 years.  For  each s i te ,  t h e  maximum 

The depths of the   subsur face   observa t ions  used 
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and minimum temperatures   recorded by the   deepes t  
t he rmis to r   ove r   t he   en t i r e   obse rva t ion   pe r iod  were 
ave raged   t o   ob ta in   t he  mean value.  The f i r s t - y e a r  
data were not   used ,   to   avoid   the   thermal   e f fec ts  
a s s o c i a t e d  w i t h  i n s t a l l a t i o n .  Snow depth was 
recorded a t  the  t ime of observa t ion   bu t  was not 
considered in this study. 

1- 1 
1 ' 3 6 0  ' *uo2-" 4 O 

Dirtanca, km 

FIGURE 4 Mean annual a i r  temperature  (MAAT) map. 
Shaded a r e a s   a s  i n  Figure 2.  

1;. 
, ' ' ' ' ' 1 0 0  e00 Soli 400  500 .. , , , , 6:o 

" . ~ . ? ~  I::: 

Distance, kin 

FIGURE: 5 Mean annual  ground  temperature (MAGT) 
map. Shaded a r e a s  as in Figure 2. 

RESULTS AND DISCUSSION 

Mean annual a i r  temperatures  were est imated €or 
l o c a t i o n s  where  permafrost  temperatures were 
a v a i l a b l e   a l o n g   t h e   p i p e l i n e   t r a n s e c t .  This was 
done by averaging   the  TMAX and TMLN value8  obtained 
from  Equations 1 and 2 f o r   t h e   d i s t a n c e   n o r t h  of 
64'50'N l a t i t u d e  and t h e   e l e v a t i o n  of t h e  site. The 
g e o g r a p h i c   d i s t r i b u t i o n  of es t imated MAAT in t h e  
s tudy  area is shown i n  Figure 4 .  A simple 
r e g r e s s i o n   r e l a t i o n s h i p  Y = 1.25 .f 0.71X between 
MAAT (X)  and the  upper  permafrost   temperature (Y) 
based on t h e   d a t a  shown i n   F i g u r e  4 i n d i c a t e s   a n  
average  temperature   difference of 3 . 6 Y  and a 
c o e f f i c i e n t  o f  de te rmina t ion  (r2) of  0.85. This 
d i f f e r e n c e   f a l l s   w i t h i n   t h e   r a n g e  of 1" to 5.5'C 
(average 3.3'C) g e n e r a l l y  assumed  between a i r  and 
upper  permafrost mean annual   temperature  (Brown and 
Pgwwi 1973,  Hydrological Atlas of Canada 1978, P l a t e  
32). The mapped values  of MAGT are shown i n  Figure 
5. A p r o f i l e  showing t h e   r e l a t i o n s h i p  from 
Fairbanks  to   Prudhoe Bay is shown i n  Figure 6. 

h i g h e r   e l e v a t i o n s   i n   t h e  Brooks  Range were i n f l u -  
enced by the   bu r i ed   p ipe l ine :   t hey  were above  freez- 
ing.  Therefore,  normal  temperature  measurements 
from  Chandalar  Shelf  and  Atigun  Pass were not used 
in t h e   p r e d i c t i v e  MAGT equat ion .   Exis t ing  maps show 
the t r ans i t i on   f rom  d i scon t inuous   t o   con t inuous  
permafrost  090% on an   a r ea   bas i s )   sou th  of t h e  
c o n t i n e n t a l   d i v i d e   ( F e r r t a n s  1965, Brown and P6we' 
1973).  Recent  observations from borings  suggest  
t h i s   l i n e  more properly  belongs i n  t h e   v i c i n i t y  of 
t he   con t inen ta l   d iv ide   (Kre ig  and  Reger 1982). The 
MAAT i so the rm  de l inea t ing   t hese  two zones is i n   t h e  
range of -7'C ( F e r r i a n s  1965) t o  -8.5'C (Brown and 
P&w6 1973),  which  corresponds t o  an  approximate 
subsurface  permafrost   temperature  of -4'C t o  -5OC. 
Using  Equations 1 and 2, we f ind   an   es t imated  MA4T 
€or  Atigun Pass o f  -6.3% and,   applying  the  s imple 
r e g r e s s i o n   r e l a t i o n s h i p ,  we ob ta in  a mean annual 
ground  temperature of -2.7'C. Chandalar   She l f ,   jus t  
t o   t h e   s o u t h  of Atigun  Pass a t  an   e l eva t ion  of 1000 
m, i n d i c a t e s  a MAAT o f  -5.2'C and MAGT of -1.6'C. 
This s t u d y   i n d i c a t e s   t h e   p o s l t l o n  o f  t he  -8.5'C MAAT 
isotherm at o r   s l i g h t l y   n o r t h  of t h e   c o n t i n e n t a l  
d i v i d e ,   a s  shown in   F igure  4 .  

Severa l   o ther   permafros t   t empera ture   observa-  
t i o n s  from  comparably  shallow  depths are a v a i l a b l e  

Subsur face   t empera tu re   da t a   ava i l ab le  for t h e  
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FIGURE 6 Comparison of MAAT, MAGT, and est imated 
MAGT i n  prof  iZe f r e  Fairbanks  to   Purdhoe Bay. 
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for  comparison  with  our  approach. A t  Deadhorse, a 
M4GT of -8.5'C was obtained  over   5   years  at  23 m 
(J. Brown, personal  communication),  and a t   I v o t u k ,  
240 Irm west of Tool ik ,  a MAGT of -4.7'C was obtained 
at  7 m (Kachadoorian  and Crory 1983). U t i l i z i n g   t h e  
procedures   descr ibed in this study,  we o b t a i n  
est imated MAGT of  -7.9OC for  Deadhorse and -3.3'C 
for  Ivotuk.  Both of t h e s e  estimates are on t h e  warm 
s i d e ,   p r o b a b l y   r e f l e c t i n g  the e f f e c t s  of d i s tu rbance  
on our  ground  temperature  data set. 

Measurements of pe rmaf ros t   t empera tu res   i n  
u n d i s t u r b e d   t e r r a i n  are rare e x c e p t   f o r  sites along 
t h e  Arctic Ocean  (Lachenbruch et al. 1982) o r  i n  
some populated areas i n   t h e   i n t e r i o r  (Brown and P6w6 
1973).  Observed  upper  permafrost  temperatures  along 
the Arctic Coast  range  from -8.5" t o  -1O.q:C and 
i n c r e a s e   t o  -6.5OC nea r  Umiat (Brown and Pew; 
1973).  South of t h e  Brooks  Range,  permafrost tem- 
pera tures   approach  O°C near   Fairbanks.  The th i ck -  
ness  of the   pe rmaf ros t   a l so  decreases southward. 
Osterkamp  and  Payne  (1981) i l l u s t r a t e d   t h i s   t h i n n i n g  
of the  ice-rich  permafrost   between  Prudhoe Bay, 
where it exceeds 600 m, and the Brooks  Range,  where 
i t  becomes less than 200 m thick.  

This a n a l y s i s  is i n t ended   t o   p rov ide  a broad 
r eg iona l   pe r spec t ive  f o r  t h e   r e l a t i o n s h i p  of MAAT 
and MAGT. Direct obse rva t ions  of bo th   va lues  are 
f o r   t h e  most part l a c k i n g   i n   t h i s   r e m o t e  and  topo- 
g r a p h i c a l l y  complex p o r t i o n  of Alaska.  Although  the 
MAAT is ca lcu la ted   based  on somewhat spa r se   da t a  and 
the  upper  permafrost   temperatures are obtained  from 
a d is turbed   sur face   envi ronment ,  we b e l i e v e   t h a t   t h e  
r e l a t ionsh ips   desc r ibed   a r e   r eg iona l ly   r ep resen ta -  
t i v e .  It is p o s s i b l e  that us ing   f r eez ing  and thaw- 
ing .degree -days   t o   desc r ibe  a i r  temperatures  in 
r e l a t i o n   t o   p e r m a f r o s t   d i s t r i b u t i o n  will provide 
g r e a t e r   p r e c i s i o n  (e.g. H a r r i s  and Brown 1982). 
However, the approach   taken   here   ( the   average  of 
TMAX + WIN) is appropr ia te   for   compar ison   wi th   the  
a v a i l a b l e  MAGT da ta  and wi th  previous mapping of t h e  
region. As more a i r  and  ground  temperature  data 
become a v a i l a b l e ,  these re l a t ionsh ips   can  be f u r t h e r  
ref ined.  
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Embankment sett lements  have  presented a long-term  track  maintenance  problem  where  the 
Hudson Bay Railway  crosses  extensive  peatlands of northern  Manitoba.  Localized  zones 
of set t lement ,   termed  s inkholes ,   typical ly   consis t  of s h o r t   s e c t i o n s  of t r a c k   t h a t  
sett le about 100 mm each summer. F i e l d   s t u d i e s  have v e r i f i e d  that subsidence is caused 
by thaw a t  t h e   u n s t a b l e   t r a n s i t i o n  between  unfrozen  fen  and  permafrost-cored  peat 
p l a t eaus .   In  1978, f i v e  test s e c t i o n s  were cons t ruc ted  on the   ra i lway to  study  tech- 
niques €or s t ab i l i z ing   t he   roadbed  by stopping  permafrost   degradation. A to ta l  of 40 
two-phase hea t   p ipes  were i n s t a l l e d   a l o n g  the toe of t h e  embankment a t  four  of t h e  
sites. Ground temperatures ,   t rack movements and  surface  set t lements  were monitored 
from October 1970 through March 1982. A well-defined  ground  cooling  trend was evident  
at  a l l  of t h e  test sites and se t t lements  were s u b s t a n t i a l l y   r e d u c e d   a f t e r   t h e   f i r B t  
year  of operat ion.  The research  program  successful ly   demonstrated  that   heat  pipes 
provide a v i a b l e  means of a r r e s t i n g   l o c a l i z e d  thaw se t t l emen t   fo r  embankments  con- 
s t r u c t e d  on pea t lands  where permafrost  is warm and  discontinuous. 

INTRODUCTION 

The Hudson Bay Railway was t h e   f i r s t  major 
t r a n s p o r t a t i d n   f a c i l i t y  to  be b u i l t   i n   t h e  perma- 
frost region of Canada. The l i n e   p r o v i d e s  a ship-  
p i n g   r o u t e   f o r   p r a i r i e   g r a i n   t o   p o r t   f a c i l i t i e s  
located  on Hudson Bay a t   C h u r c h i l l ,  Manitoba. The 
rai lway  runs  northeast  for 820 km from The Pas t o  
Churchi l l ,   a long  the  route  shown i n   F i g u r e  1. 
During  construct ion,   i solated  permafrost   bodies  
were observed i n  p e a t  bogs as f a r   s o u t h  as 
Wabowden. The s ize   and  f requency of permafrost 
i s l ands   i nc reased  as the   l ine  advanced  toward  the 
north  and east. 

and  immediately  following  construction, was a 
precursor  t o  long-term  behavior of the roadbed. 
The most common manifestat ions of t r a  k se t t lement  
have  been  termed  sinkholes by Canadi  n  National 
Railway (CNR) maintenance  personnel.  Sinkholes 
c o n s i s t  of s h o r t   s e c t i o n s  of t r a c k  t a t  t y p i c a l l y  

two-month period a t  the  end of sumner. These 
seasonal  sags  caused by thaw  and  compression  of 
permafrost  soils i n  the subgrade  necessi ta te  
f r e q u e n t   t r a c k   l i f t i n y   a n d  bank widening. Main- 
tenance  recorda  confirm that the   s inkholes  recur a t  
approximately  the same loca t ions   yea r   a f t e r   yea r .  

This  paper  describes a t r a c k   s t a b i l i z a t i o n  
research  program  undertaken  between 1976 and 1982. 
The aim of the program was to develop   prac t ica l  
means fo r   e l imina t ing  or reducing   the   ex ten t  of 
sinkhole  development.  Tangible  benefits t o  t h e  
rai lway would include  reduced  operatiny restric- 
t i o n s ,  improved s a f e t y ,  and a reduc t ion   i n   t r ack  
maintenance costs. 

TEack and roadway subsidence,  experienced  during 

experience 100 t o  150 nun of  se t t lement  f during  a 

REGIONAL ENVXRONMENT 

The route   north of the   Nelson  River   crossing,  
a t  G i l l a m ,  Lies wi th in   the  Hudson Bay Lowland 

C""""". J 
HUDSON BAY 

! WINNIPEG. f,! 

FIGURE 1 Location map, Manitdba Canada. 

physioyraphic  region. The topography is subdued, 
with a maximum e leva t ion   about  150 m above mean sea 
leve l .  The climate var ies   main ly   wi th   l a t i tude   bu t  
is modified t o  some degree by t he   p re sence  of 
Hudson Bay. ?he c o n t i n e n t a l  climate r e s u l t s   i n  
long  cold  winters   and  short   sumers   that   can be 
q u i t e  warm. Mean annual a i x  temperatures  for 
Churchi l l   and G i l l a m  are -7.loC and -4.SmC, 
r e spec t ive ly .   P reva i l i ng  wind d i r e c t i o n s  are 
wes ter ly   to   nor thwes ter ly .  Between G i l l a m  and 
Churchi l l  the ra i lway  t rends   in  a nor ther ly  
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direc )t ion;  therefore.  4 d r i f t  .ing results in snow 
accumulation on e i the r   s ide  of the embankment. 

Throughout t he  Hudson  Bay Lowland Limestone and 
dolomite bedrock is overlain by a thick sequence of 
quaternary  sediments. Between G i l l a m  and 
Churchill,   the  thickness of quaternary  sediments 
ranges from 10 t o  50 m. Bedrock outcrops  are 
confined  to  valleys of deeply  incised  rivers. 

During the  Wisconsin g lac ia l  maximum, i c e  
occupied  the Hudson  Bay basin. A 6  the   i ce   re t rea t -  
ed,   the   Tyrel l  Sea penetrated  to   the  east   wel l  
beyond the shore of the  present bay (Dyke e t   a l .  
19821. Glacia l   re t rea t  was followed by i s o s t a t i c  
upl i f t   that   eventual ly   forced  the  Tyrel l  Sea t o  
r e t r e a t  toward  the  present-day  shoreline.  This 
r e t r e a t  exposed  a f l a t   p l a i n  with  a few t i l l -cored  
knolls  protruding above a  veneer of fine-grained 
marine  and lacustrine  sediments. The climatic and 
drainage  conditions  prevailing  since  deglaciation 
have resulted  in  the  accumulation of subs tan t ia l  
thicknesses of peat  throughout  the  entire  lowland. 
This area ex i s t s  today as one of the most extensive 
uninterrupted  peatlands  in  the  world. 

suggests  that  most of the  peat  in  northern Canada 
was deposited i n  a  permafrost-free  environment 
(Zol ta i  and  Tarnocai 1975). Permafrost  found i n  
peat  landforms  near  the  southern boundary of the  
Hudson  Bay Lowlands may be only 600 years  old, 
having been i n i t i a t e d  by a brief  period of cooler 
climate a t   t h a t  time  (Thie 1974). Once permafrost 
aggradation has been ini t ia ted  in   peat-covered 
s o i l ,  growth of ice lenses  elevates the ground 
surface,  permitting  the new p lan t   spec ies   to  
es tab l i sh .  Domed or  elevated  surfaces  then con- 
t inue  to   provide  the  par t icular   thermal   character-  
i s t i c s  and  microclimate  required to   sus t a in  perma- 
f r o s t  (Brown 1968). Most of the  re l ief   d isplayed 
by frozen  peat  landforms can be a t t r i b u t e d   t o   t h e  
formation of ice lenses  in  the  mineral  soil  beneath 
the  peat  (Salmi 1968). Proprietary  s tudies  of 
ground ice distribution  conducted  adjacent  to  the 
railway,  along  a  proposed  route  for  the  Polar Gas 
pipeline,  supports  this  hypothesis. 

t ed  to refer  to  these  elevated  landforms.  Peat 
plateaus  are  the common landforms  within  the  study 
region, where more than 50% of the   area i s  under- 
l a i n  by permafrost. They plateaus assume a wide 
range of l a t e r a l  dimensions  and  are  typically 
surrounded by unfrozen,  water-saturated  fens  in 
which ponds  and strearms are  common.  The fens are 
invariably wet and are predomtnated by marsh sedges 
and th in  non-Sphagnum mosses. Conversely,  peat 
plateaus  usually have a dry  surface and are  covered 
with  dense to   sca t te red   s tands  of Black  Spruce 
t rees .  The qround has a  thick  forest   peat  cover 
consisting of Sphagnum mosses and lichens. The 
peripheries of frozen  peat  landforms show a dis- 
t i n c t  response to  regional  drainage,  being molded 
smooth by the slow flow of  ground  and surface  water 
in  the  adjacent  fens.  

The dimensions of peat  plateaus are controlled 
by climatic  conditions,  drainage, and loca l   r e l i e f .  
Although  they  appear t o  be stable,   they  respond  to 
both natural  and a r t i f i c i a l   d i s tu rbances .  Perma- 
frost   aggradat ion and  degradation  processes can 
exist  simultaneously  according t o  Thie (19741, so 
the   isolated  mel t ing of frozen  peat  landforms  daes 
not necessar i ly   re f lec t  a c l imat ic  warming trend. 

The in te rna l   s t ruc ture  of frozen  peat  landforms 

The terms palsa and  peat  plateau have been adop- 

CONSTRUCTION  HISTORY 

Construction of t he  Hudson  Bay Railway began a t  
The Pas, Manitoba in  1910. The f a c t   t h a t  much of 
t h i s   r a i l   l i n e  would be built   across  permafrost  
terrain was not readily  appreciated.  Procedures 
t h a t  evolved for  coping  with  the  permafrost  terrain 
are described  in an his tor ic   paper  by Charles 
(1959) .  Demands  on  manpower and material  imposed 
by World War 1 resu l ted  in  the  project   being su6- 
pended i n  1917. By t ha t  time, track had been l a i d  
t o   t h e  Limestone  River (north of Gillam), and the 
right-of-way had been cleared from the end Of t rack  
all. the way to   Po r t  Nelson on  Hudson  Bay.  Con- 
s ide rab le   c iv i l  workp associated  with port deve- 
lopment a t   t h e   m u t h  of the Nelson River had a l so  
been undertaken. For a   var ie ty  of technical and 
polit ical   reasons,   a  controversy  erupted  regarding 
the  select ion of Port  Nelson as the  terminus  for 
the  railway. When construction resumed in  1927, 
the   port   locat ion had been changed t o  Churchill,  
following recommendations of the Palmer  Royal 
Commission. 

rehabilitate  approproximately 320 km of t rack   tha t  
had been l a i d  and abandoned 10 years  previously. 
Many embankments and cuts had experienced  substan- 
t i a l  settlement: ponded water was found lying 
across  the  right-of-way i n  many places,  leaving  the 
t rack  and ties suspended in  the  air.  Surveys were 
conducted to  provide  a more e f f ec t ive   bas i s   fo r  
planning  drainage, which led  to   the  construct ion of 
offtake and para l le l   d i tches   in  advance of placing 
the  roadbed. However, within  the  study  region 
shown in  Figure 1, the  topography is so subdued 
t h a t  it is not   feasible   to   maintain  effect ive 
drainage  control  along  the  right-of-way (J. L. 
Charles,  personal communication, 1978). 

Route reconnaissance  for  the l i n e  between the  
Limestone  River and Churchill was carr ied  out  on 
foot  during  winter.  Charles (1959) r epor t s   t ha t  
t es tholes  dug  by hand in  frozen ground,  encountered 
up t o  5.5 m of organics  that  were usually  ice-rich. 
Recognizing  the  increasing amount of permafrost 
encountered  north of t he  Nelson River, it was 
decided to  build  the  remaining  railway  almost 
en t i r e ly  as an embankment, keeping  cuts  to a 
minimum. In i t ia l   g rad ing  was r e s t r i c t e d   t o   t h a t  
requi red   to   permi t   t rack   to  be laid,   but  occasional 
cut t ing  into  high  re l ief   peat   p la teaus  could  not  be 
avoided. These cuts were made by using  picks  and 
shovels  to  excavate the frozen  peat. The peat was 
transported by wheelbarrows to adjacent  fens where 
it w m  used as f i l l .  Track l a i d  on the  frozen  peat 
was l i f t e d  through  train-hauled  sand and gravel 
tha t   o r ig ina ted  from o f f l i ne  borrow pits.   Figure 2 
provides   a   typical   aer ia l  view of t he  Hudson Bay 
railway  traversing  fens and peat  plateaus  within 
the   t es t   a rea .  The t r a c k  reached  Churchill  in 
March 1929 and  has been maintained and operated 
continuously  for more than 50 years. 

The f i r s t   s t e p   i n  resuming  construction was t o  

SINKHOLE  DEVELOPMENT 

A geotechnical  investigation was conducted i n  
1976, comprising f ie ld   observa t ions   p lus   d r i l l ing  
and  sampling a t   s e l ec t ed   s i t e s .  The program's 
objective was t o  develop an understanding of the 
thaw-subsidence mechanism and to   r a t iona l i ze   t he  



FIGURF: 2 ~ ~ d ~ ~ n  Bay ~ ~ i l w a y  c ~ o s ~ i n g   w at land^. 

d ~ s t ~ i ~ u t i o n  of ~ i ~ k ~ o ~ e ~  a long   t he  ~ a i ~ ~ a y .  
~ b u n d ~ n t   s e g ~ ~ ~ a t ~ d  ground ice was i d ~ n t ~ f i e d   i n  
t h e   p e a t  and mineral soil ~ u b s t r a t e  a t  each of the  
s i t e s  d r i l l e d .  T h ~ ~ m ~ s t ~ r  c a b l e s   i n s t a l l e d   i n  
~ o r e h o ~ e ~  ind ica t ed   t ha t   maxim^  round tempera- 
tu res   wi th in   permafros t   in  the v i c i n i e y  of Gillarn 
ranged  from -0 .4QC to OOC, Pieid o ~ s e r ~ ~ t ~ # ~ s  
~ ~ ~ p l e ~ ~ n t e ~  wi th   ana lys i s  of the ~ r ~ h ~ ~ e  data 
v e r i f i e d   t h a t  localizes ~ ~ b ~ i d ~ ~ ~ ~  or s inkhole  
~ o r ~ a t i o n  is due t o  ~ h a w - s ~ t t ~ ~ m e n t  of t h e  e ~ a n ~ -  
ment at  t h e  t r a n ~ ~ t ~ ~ h  zone  between t h e  ~ o n ~ ~ ~ r n ~ -  
frost fen   and   the   pea t   p la teau .   Track   se t~ lement  
a t  a typ ica l   s inkho le  site is shown in   F igu re  3. 

FIGURE 3 ~ y p i ~ a l   in^^^^^* 

Very l i t t l e  track  maintenance  has  been  required 
on t h e   c e n t r a l   p o r t i o n s  of pea t   p l a t eaus .  Between 
t h e   f e n  and the thermal ly-s tab le   por t ion  of t h e  
pea t   p l a t eau ,  however, the t r a c k  is often  bordered 
by a hummocky actively  slumping  remnant of t h e  
former  plateau.  These areas of degraded  permafrost 
a re   usua l ly   occupied  by thaw  ponds 1.5 t o  3 m 
deep. 

The hypothesis  that was der ived t o  expla in  
development of the   s inkholes  is i l l u s t r a t e d   i n  
Figure 4. The r a i l  grade shown i n   t h e   f i g u r e ,  
passes  from a s u b s t a n t i a l  embankment across  the fen  
t o  a small embankment or  perhaps a cu t  across t h e  
t o p  of the  peat   p la teau.   Disturbance  develops a t  
t h e   p o i n t  where t h e   g r a d e   f i r s t   c o n t a c t s   t h e  boun- 
dary of the   pea t   p la teau .  As small amounts of 
permafrost   degradat ion  accumulate ,   a   t ransi t ion 
zone  develops  and  permafrost  thaw  proceeds  along 
the   shoulders   before  thaw  ana  accompanying settle- 
ment  occur  beneath the rai lway embankment proper. 
Gradual  degradation  along  both toes of t h e  embank- 
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FEN APEAT PLATEAU- 

FIGURE 4 Sinkhole  development  model. 

ment eventual ly  coalesce, r e s u l t i n g   i n   a   l o c a l i z e d  
s a g   i n   t h e  embankment. These  sinkholes  migrate 
very   s lowly   a long   the   t rack   in to  the pea t   p l a t eau  
from the  original  fen-plateau  boundary. From year  
to   year ,   main tenance  crews have  perceived  that  
settlements recur a t  t h e  same locat ion,   thus  lead-  
i n g   t o  the d e s c r i p t i v e  t e r m  sinkhole. 

I n i t i a t i o n  of permafrost   degradation a t  t h e  
t r a n s i t i o n  zone is c lose ly   l i nked   t o   t he   ve ry  warm 
ground  temperatures  that  are present  a t  t h e   p e r i -  
phery of a pea t   p l a t eau  and the high  unfrozen  water 
content  of the   c l ayey   so i l s   i nvo lved   i n  thaw. The 
degradat ion is sus ta ined  and of t en   acce le ra t ed  by 
ponded water and by detrimental   snow-drift ing 
p a t t e r n s .  The impl ica t ion  of the thaw-subsidence 
hypothesis  described  above is tha t   s inkho les  w i l l  
require   maintenance  in   perpetui ty   unless   progres-  
s i v e  lateral s h i f t i n g  df t h e   t r a n s i t i o n  zone  can be 
stopped. 

Several   a l ternat ive  remedial   measures  were 
proposed  and  then  tested by geothermal  simulation 
t o  determine  their   long-term  affect .  Two-dimen- 
s iona l   f i n i t e   e l emen t   ana lyses  were f i r s t  used t o  
inves t iga te   the   ex is t ing   sec t ion   wi thout   remedia l  
measures.   Formulation  and  verification of t h e  
computer  program  has  been  described by Hwang 
(1976). The s imulat ion  predicted  an  average 
la teral  t h a w  rate of  about 60 mm per   year ,  which 
r e f l e c t s  a low n e t   p o s i t i v e   h e a t  flux i n t o   t h e  
frozen  ground  supporting the embankment. To arrest 
or r e v e r s e   t h i s  process requ i r e s   t ha t   w in te r   hea t  
e x t r a c t i o n  be increased   or   tha t  summer hea t   input  
be decreased. Embankment modi f ica t ions   tha t  were 
assessed  by fur ther   numerical   s imulat ion  included 
f l a t t e n i n g   s i d e s l o p e s   t o  6H:lV to  limit snow d r i f t  
accumulation,  application  of  synthetic  board  insu- 
l a t i o n  on or  i n  t h e  embankment s lopes,   and  inser-  
t i o n  of  heat  pipes i n to  the  thawing  foundation 
soils. 

Analy t i ca l   s tud ie s  of va r ious   mi t iga t ive  
measures   ind ica ted   tha t  a passive  system,  such as 
i n s u l a t i o n  or s l o p e   f l a t t e n i n g ,  would probably  not 
be s u f f i c i e n t  t o  s t a b i l i z e  thaw i n  the  Sen-plateau 
t r a n s i t i o n .  However, hea t   p ipes  would i n c r e a s e   t h e  



net   heat   wi thdrawal   during  the  winter  months by 
about  253, and  therefore  looked  promising as a 
a tab i l iza t ion   technique .  It was a n t i c i p a t e d   t h a t  
cool ing   benea th   the   t rack   s t ruc ture   could  be 
achieved  with a row of h e a t   p i p e s   i n s t a l l e d   p a r a l -  
l e l  t o  t h e  toe of t h e  embankment. 

STABILIZATION  TEST PROGRAM 

A g r a d e   s t a b i l i z a t i o n  test program was planned 
t o  de te rmine   t he   f i e ld   e f f ec t iveness  of hea t   p ipes  
acting  both  alone  and  in  combination  with  other 
measures,   such  as  slope  f lattening  and  surface 
insulat ion.   Five test sites were s e l e c t e d  on t h e  
basis of t h e i r   s i m i l a r i t y   a n d  conformance t o  a 
simple  and  symmetrical   pattern of permafrost  degra- 
da t ion  a t  the fen-p la teau   t rans i t ion .  A l l  of t h e  
sites w e r e  loca ted  on t h e  Herchmer Subdivis ion 
nor th  of  G i l l a m ,  Manitoba (Figure 1) .   This   route  
segment was judged to  have  the  greatest   frequency 
of s inkho les   d i sp l ay ing   s ign i f i can t   s e t t l emen t  
magnitudes. The test sites were numbered from 
nor th   t o   sou th  and were referenced   to   ra i lway mile- 
posts .   Configurat ions  adopted  for   the  var ious test 
sites are summarized in   Tab le  1. 

TABLE 1 Test S i t e   Conf igu ra t ions  

S i t e  Mile- Side- 
No.  post s lopes  Wood Chip Heat Pipes  

(H:V) I n s u l a t i o n  Number SPACING 

1 368.8 2 :  1 yes  10 4 m  
2 368.8 6:l  yes 0 
3 365.4 2 :  1 yes  12 4 m  
4 363.0 2: 1 no 8 4 m  
5 340.7 2: l  yes 10 3 m  

Model 800 Cryo-Anchor heat   p ipes ,   manufactured 
by the McDonnell Douglas  Astronautics C O . ,  were 
s e l e c t e d   f o r   t h e  test program.  These  two-phase 
hea t   p ipes   a f forded  a proven  his tory of use on t h e  
Trans  Alaska  Pipeline  Project  (Heuer 1979) and w e r e  
also used  previously t o  s t a b i l i z e  a s e t t l i n g   f o u n -  
dat ion on thawing  permafrost  (Hayley 1982). The 
u n i t s  were chosen  because of their robust   nature  
and fami l ia r i ty   wi th   the i r   thermal   per formance  
c h a r a c t e r i s t i c s .  

A t o t a l  of 40 u n i t s  was purchased   for   ins ta l -  
l a t i o n  a t  4 of t h e  5 test sites. The u n i t s  were 
51 mm in  diameter  and 9.1 m long,  with 1.8-m-long 
extruded aluminum radiator  segments.  The number of 
h e a t   p i p e s   i n s t a l l e d  a t  each site varied  from 8 t o  
12, as   i nd ica t ed   i n   Tab le  1. The u n i t s  were evenly 
d is t r ibu ted   a long   oppos i te   s ides  of the   t rack   near  
t h e  embankment toe.   Spacing  between  adjacent  heat 
p i p e s  was 4 m, except   for   the  most souther ly  si te,  
where the   spac ing  w a s  decreased t o  3 rn. A t  3 of 
the   hea t   p ipe  sites, a 150 mm th i ck   l aye r  of wood 
chips  w a s  spread  over  the embankment s ides lopes  t o  
provide an insu la t ing   cover   over   the   g rave l   sur -  
face.  The s i n g l e  s i te  without  heat  pipes  had 
embankment s lopes that were groomed t o  6H:lV, then 
covered  with wood ch ip   insu la t ion .  
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Test s i t e  cons t ruc t ion   and   hea t   p ipe   ins ta l la -  
t ion   took   p lace   in   October  1978. The u n i t s  were 
i n s t a l l e d   i n   b o r e h o l e s   d r i l l e d   w i t h  a r o t a r y  drill 
r i g  and  grouted  into  place  with a nea t  cement 
grout. The extruded aluminum r a d i a t o r   f i n s  were 
i n s t a l l e d  on the   hea t   p ipes   a f t e r   t he   bo reho le  
grout  had set. A typical   completed tes t   s i te  is 
shown i n   F i g u r e  5. 

FIGURE 5 Typical test  site. 

Dur ing   t he   wns t ruc t ion   pe r iod ,   t he   fo l lowing  
instrumentat ion w a s  i n s t a l l e d  a t  each s i te :  7 t h e r -  
mistor cables ,  1 deep  benchmark, 10 sur face  settle- 
ment p l a t e s ,   s t a t i o n s   f o r   r e p e a t e d   t o p - o f - r a i l  
surveys,  and 10 snow depth  guages. 

year  period.  Elevation  surveys were repeated a t  
approximately 2 month in te rva ls   th roughout   the  3 
thawing  seasons. Ground temperature  measurements 
were obtained a t  2-month in te rva ls   th roughout   the  
year   wi th   addi t iona l   read ings   dur ing   the   fa l l  
freeze-up  period. 

Test s i te  performance was monitored  for a 3.5- 

PERFORMANCE SUMMARY 

Meteorological  data  for  both  Churchill   and 
G i l l a m  ind ica ted  a s l igh t   annual  warming t rend   over  
t h e  3.5-year  monitoring  period. The warming 
r e s u l t e d   c h i e f l y  from warmer winters ,  as r e f l e c t e d  
by a d e c r e a s e   i n   a i r   f r e e z i n g   i n d e x .   D e s p i t e   t h i s  
warming t rend ,  the i n s t a l l a t i o n  of hea t   p ipes  has 
brought   about   general   cool ing  in   the  t ransi t ion 
zone between the   fen   and   pea t   p la teau .  I n  a l l  
cases, t rack   se t t lement   has   been   subs tan t ia l ly  
reduced. L i t t l e ,  i f  any,  cooling was observed  in  
connection w i t h  t h e   f l a t t e n e d   s i d e s l o p e s  a t  S i t e  2. 

Data from two of t h e  thermistor c a b l e s   i n s t a l l e d  
a t  S i t e  3 are shown i n   F i g u r e  6. The l o c a t i o n  of 
t h e   c a b l e s   r e l a t i v e   t o   t h e   t r a c k   a n d   t h e   h e a t   p i p e  
a r r a y  is shown in   F igu re  7. The d a t a   i l l u s t r a t e s  
t h e  modest c o o l i n g   t r e n d   t h a t  is t y p i c a l  below t h e  
t r a c k   c e n t e r l i n e  a t  a l l  of t h e   t r a n s i t i o n  zone 
sites where hea t   p ipes  were i n s t a l l e d .  The e x t e n t  
of cool ing  recorded  over   the 3.5-year period  ranged 
from 0 . 3  Co a t  S i t e  3 t o  0.5 C' a t  S i t e  5 .  The 
thermistor  cable  located  between  adjacent  heat 
p i p e s  shows a s t ronger   cool ing   t rend   wi th  a notable  
decrease  in  winter  ground  temperature minima from 
yea r   t o   yea r .   Th i s   behav io r   r e f l ec t s   t he  decrease 
i n   i a t e n t   h e a t   e x t r a c t i o n   r e q u i r e d  to  f u l l y   f r e e z e  
t h e  soil between heat pipes   during  successive 
winters .  
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FIGURE 7 Thermistor   cable   locat ion  plan,   Si te  3. 

The performance of ind iv idua l   hea t   p ipes  has 
been  evaluated by back analyses  of t h e  soil temper- 
a tu re   r eco rds  a t  the  midpoint  between  adjacent 
u n i t s .  The two-dimensional  finite-element  model 
descr ibed  previously (Hwang 1976) was used t o  
p r e d i c t   r a d i a l   f r e e z i n g   a b o u t  a v e r t i c a l   l i n e   h e a t  
s ink.  The program was modified t o  allow analyses  
us ing   po lar   coord ina tes  t o  r e p r e s e n t   c y l i n d r i c a l  
f reez ing   about  a v e r t i c a l   a x i s  of symmetry. 
Seasonal   heat   f lux  f rom  the  ground  surface was also 
taken into account i n  the analyses ,   wi th   input  
based on meteorological  data  from G i l l a m .  

A comparison  between  predicted  and  measured 
ground  temperatures a t  an i n i t i a l ly   un f rozen   l oca -  
t i o n  between  heat   p ipes   (Si te  l) i s  shown in   F igure  
8 .  The p r e d i c t i o n s  have  been  developed for   average 
winter  wind speeds of 5 and 15 km per   hour   using 
thermal  performance  data  provided by t h e  manufac- 
t u r e r .  The predicted  and  observed  ground  tempera- 
t u r e s  a t  the  depth shown i n   F i g u r e  8 match very 
well fo r  wind  speeds  in  the  order of 15 km per  
hour.  For  the  design wind speed  of 5 km per  hour,  
t h e  measured maximum  summer temperature is cooler  
t han   p red ic t ions  by about 0.2  Co The e x c e l l e n t  
overa l l   compar ison   conf i rms   the   re l iab i l i ty  of t h e  
performance  cr i ter ion  used  for   the  design.  The 
hea t   p ipes  have, i n   f ac t ,   pe r fo rmed  somewhat better 
than  ant ic ipated.  

thermal   effects   achieved a t  3- and 4-m spacings 
wi th   hea t   p ipes   p laced   a long   e i ther  side of t h e  
embankment. A lm decrease  in   spacing  does r e su l t  

There  have  been  only  minor  differences  between 

in  quicker  freezeback  between the hea t   p ipes ,   bu t  
even a t  4 m  spac ings   t he   f ros t   cy l inde r s   conve rge  
a f t e r  2 to  3 years  of operat ion.  

Top-of-rail   elevation  surveys  did  not  provide 
u s e f u l   q u a n t i t a t i v e  data p e r t a i n i n g  t o  grade 
se t t lements .   Per iodic   resur fac ing  of t h e   t r a c k s  
r e s u l t e d  i n  disparities tha t   could   no t  he adequate- 
l y  evaluated.   Set t lement   plates  embedded i n   t h e  
embankment s ides lopes   wi th in  the hea t   p ipe   a r ray  
s h w  neg l ig ib l e   s e t t l emen t s .  Maximum repor ted  
se t t lements  were on t he   o rde r  of 50 mm i n  3 years ,  
and  these were genera l ly   loca ted  a t  the  extreme  fen 
end of  the test sect ions.   These  set t lements   could 
be a t t r i b u t e d  to  compression of peat due t o   p l a c e -  
ment of .new f i l l .   E l e v a t i o n   r e a d i n g s  from t h e  most 
souther ly  t es t  site show s l igh t   heave  of t h e  
embankment as  permafrost  conditions  have  been 
r e e s t a b l i s h e d   i n   t h e   f o u n d a t i o n   s o i l s .  

CONCLUSIONS AND FUTURE  APPLICATIONS 

S t a b i l i z a t i o n  of t h e   t r a n s i t i o n  zone by h e a t  
p ipes  has been  successful a t  a l l  of t h e  test sites 
where the  technique w a s  used.  This  conclusion  has 
been  confirmed by operating  and  maintenance crews 
who have  been  pleased  with  t rack  s tabi l i ty   during 
the  monitoring  period. The use of s i d e s l o p e   f l a t -  
t en ing   has   a l so  been  moderately  successful  during 
t h e   s h o r t   p e r i o d  of observation. However, pass ive  
methods of s t a b i l i z a t i o n ,  such as bank widening  and 
slope f l a t t e n i n g ,  are cons ide red   t o  be much less 
e f f e c t i v e   t h a n   a c t i v e   h e a t  removal.  Adverse 
weather  conditions,  such as successive  years   with 
warmer-than-average  temperatures,  could i n i t i a t e  
i r r e v e r s i b l e  t h a w  set t lements .  

The hea t   p ipe   a r ray   adopted   for   the  t es t  sites 
appears  t o  be a near optimal  configuration. Long- 
term s t a b i l i z a t i o n   h a s  been  achieved  with a spacing 
of 4 m. Although the 3-m spacing results i n  more 
rap id   f r eezeback ,   s ign i f i can t  improvements i n  
performance  have  not  been  realized  with  the  closer 
spacing. The axisymetric  geothermal  simulator 
provides  a usefu l   t echnique   for   inves t iga t ing   hea t  
p ipe   e f fec t iveness   and   spac ing  a t  l o c a t i o n s   o u t s i d e  
t h e  immediate t es t  area. 
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FIGUW 8 Comparison of measured  and  computed  ground  temperatures midway between heat   pipes .  

Heat p i p e s   i n s t a l l e d   i n  ground t h a t  is p r e s e n t l y  
f rozen  do not  appear t o  enhance t h e   s t a b i l i z a t i o n  
p r o c e s s ;   t h e r e f o r e ,   a c c u r a t e   d e f i n i t i o n  of t h e  
t r a n s i t i o n  zone is a c r i t i ca l  component i n   f u t u r e  
l a rge - sca l e   app l i ca t ions  of th i s   t echnique .  The 
to ta l  nwnber of h e a t   p i p e s   r e q u i r e d   t o   s t a b i l i z e  a 
local ized  s inkhole   could  conceivably be reduced to  
4 or 6 if t h e   t r a n s i t i o n  zone  can be predefined by 
geophysical  techniques 

ground  surface  around  the  heat  pipes  improved 
performance of t h e  test sect ions  only  marginal ly .  
This  minimal  improvement i n   n e t   h e a t   e x t r a c t i o n  
does  not  appear to  j u s t i f y  the d i f f i c u l t i e s  associ- 
a ted   wi th   t ranspor t   and  hand  placement of sur face  
insu la t ion .  

Development of a ful ly   ra i l -mounted  operat ion 
has  been recommended f o r   f u t u r e   i n s t a l l a t i o n  of 
hea t   p ipes  to  s t ab i l i ze   t he   r a i lway   g rade .  They 
could be i n s e r t e d   i n t o  a p r e d r i l l e d   h o l e   t h a t  is 
s i z e d  to  ensure a t i g h t   f i t ,   t h u s   e l i m i n a t i n g   t h e  
requirements   for   backfi l l   or   grout .  The e n t i r e  
operat ion  could be accomplished  with  e i ther  a 
mobile  crane or a crane mounted on a f l a tbed   ca r .  
Such an i n s t a l l a t ion   t echn ique  would be highly 
e f f i c i e n t   i n  a region where access is a v a i l a b l e  
only  along the railway. Working from the rails 
would also  minimize  handling  and  placement of 
a d d i t i o n a l   g r a n u l a r   f i l l   i n  a region where haul  
d i s tances   in   excess  o f  100 km are common. 

I n s u l a t i n g   t h e   f i l l  by p lac ing  wood chips  on t h e  
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To examine t h e   a p p l i c a b i l i t y  of var ious   foundat ions  t o  cold  regions,   the   massive 
concre te   foundat ion ,   ear th-padded   vent i la t lon   foundat ion ,   re inforced   concre te  
s t r i p   f o u n d a t i o n ,   a n d  column  and p i l e   founda t ions  were t e s t e d   a t  Zhaohui  and 
J i n g t a o   f i e l d   s t a t i o n s   i n   n o r t h e a s t   C h i n a ,  where t h e  mean annual a i r  temperatures  
a r e  -5' and -5" t o  - 6 " C ,  r e spec t ive ly .  The ground  temperature  f ields,   thawing 
s e t t l e m e n t ,  and tangent ia l   f ros t -heaving   forces  of s u b s o i l s  were measured  from 
1972 through 1980. T e s t   r e s u l t s  showed t h a t   t h e   d i s t r i b u t i o n  o f  ground  tempera- 
tu re   benea th   s t ruc tures   depends  upon t he   t ype  of foundation,  and  that   the  thawing 
depth  under  foundations is  governed by the   bu i ld ing ' s   hea t ing   sys tem.  The forma- 
t i o n  of c racks   in   bu i ld ings   no t   on ly   depends  upon the   s e t t l emen t  of founda t ions ,  
but  i s  also in f luenced  by a i r  temperature.  In designing  the  ground  f loor  of 
bu i ld ings ,  thermodynamic c a l c u l a t i o n s  must  be made according t o  the   type  o€ 
foundation. 

Since the   type  o f  foundat ion  is n o t   s u i t -  
a b l e  t o  t h e   f l o o r  which s e t t l e s  at  thawing and 
expands a t  freezing. bu i ld ings  on permafrost  
have often sus t a ined  damage, la orde r   t o   s tudy  
such damage, we have t e s t e d   b u i l d i n g s  on f i v e  
types  of  foundat ions  a t  Zhaohui  and  Jingtao, 
where t h e   n a t u r a l   c o n d i t i o n s   a r e  as f o l l o w s .  

pers. ture is about -5 & C, orig!.nal permafrost  
t a b l e  1.6 m. The ground  has a pine and b i rch  
f o r e s t  w i t h  some moss. Underneath is a peat la- 
yer  0.15 m t h i c k ,   w i t h  a sandy loam s o i l   h a v i n g  
a '10-2556 crushed  stone  content  and 10-8w i c e  
conten t   wi th  a th i ckness  o f  4.7-7.3 m. Further 
down, a sandy  pebble  layer  has  thickness o f  
3.5-5.0 m. Fur ther  down is a tuf f   weather ing  
layer. Constant  annual  ground  temperature is 

1. Zhaohui Sta ion: mean annual a i r  tem- 

- 1 . P C .  

2. Singtao  SAation: mean annual air *elape- 
r a tuxe  i s  -5 - -6 C o r i g i n a l ,  parmafrost  table 
0.4 - 1.0 m, Ground su r face   has  grass mould 
and  mossI  with some pine and b i r c h   t r e e s .  Peat 
l a y e r  is 0.3 - 0.5 m th i ck ,   con ten t  of i c e  65%, 
ice l a y e r   c o n t a i n i n g   s o i l  i s  abaut 1.0 m, with  
i c e  amounting t o  70-804%. Sandy loam soil mixed 
wi th   g rave l  i s  about 1.4 m t h i ck ,  i ce  con ten t  
20-3s. Pebbles and g r i t   a b o u t  4.5 m t h i ck ,  
con ta in ing  20-3M ice. Constant annual ground 
temperature i s  -2 t o  -3'~.  

The tests began r e s p e c t i v e l y  in '1972 and 
1976, and on t h e  basis o f  observa t ions  over 5-8 
years ,  we haver o b t a i n e d   s u f f i c i e n t  data on the 
thawed sett lement  and  heave of foundat ion  soils 
ground t empera tu res ,   t angen t i a l   f ro s t  heaving 
forces, as follows. 

ZHAOBUI STATION 

Explosively  Enlarging  Pile  Foundation o f  t h i s  
type of f o u n d a t i o n   f i v e   t e s t   b u i l d i n g s  were 

b u i l t ,   u s i n g   d i f f e r e n t   m e t h o d s   t o  treat t h r e e  
a r t i f i c i a l   h e a t  BOUFCOS (fire s tove ,  space- 
heated wall, and  heated  br ick bed). When hea t  
from t h e   t h r e e  sources vas suspended on p o s t s  
or beams, depth  of  thaw i n  October  each  year 
reached 2.9 m a t  the  maximum, as shown i n  Fig. 
1. The bigger  end of the p i l e   f o u n d a t i o n  i s  
1.0 m below the   thawing   p la te .  p i m u m  tempe- 
rature a t   t h e   b i g g e r  end i s  -0.6 C. A t  t h i 5  
t ime,   the  coqrpressive  s t rength of permafrost  
is 40t/md, t h e   s t r e s s  of p i l e   founda t ion  is: 

( I )  load   bear ing   capac i ty  

FIGURE 1 Temperature at maximum depth of thaw i n  
subso i l   unde r   exp los ive ly   en la rg ing   p i l e   founda t ion  
( 3  heat sources  on s t i l t s ) ,  October 1975. 
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FIGURE 2 Maximumandminimum temperatures  explosively 
enlarging  pile  foundation ( 3  heat sources on st i l ts) .  

(2) I (veight caxriad) +tG (dead  veight of 
P i l e )  = 16.3 20.1 

When f reezing  recurs  in winter ,   p i le  Bun- 
dat ions are a l so   sub jec t ed   t o   t angen t i a l   f ro s t  
heaving  forces. By ac tua l  measurement o f  a 0 - 
o.am sec t ion   the   t angent ia l  frost heavitrg 
force 15 t/&. Over 2.0 m it  was asared as 
15 ti$; under 2 m a8 1/3 of 15 t/s, Tempera- 
t u r e  a t  the p i l e  foundation $ 5  shown in Figure 
2. 

(4)  Antifroat   pul l ing  force T = NtG + i=l 2 
pmi ti = 16.3t 4 0.8m XX 1, lm X 6 t h  2 = 

92.Bt 

On the  basis of a number  of observations, 
maximum foundation  subsidence  difference is 8 
mm, without  exceeding  the  specified  va1w o f  
10.8 om. However, a crack has occurred, 
though t h i s  does no t   a f f ec t  usage. The big- 
headed p i l e   has   t he   e f f ec t  of r eac t ive  fa r -  *e on 
f r o s t  heaving, and thus   i nc reases   t he   s t ab i l i t y  
o f  the   p i le ,  making i t  quite,  safe.  B u t  since 
the   f loor  is b u i l t   d i r e c t l y  on the ground sur- 
face,  which freezes  again i n  winter,  mean floor 
temperature is only  about 5.0°C despite  the  in- 
sulation  layer  Laid on room f l o o x ,  It is u n f i t  
as l iv ing   quar te rs .  

In   s imi l a r   bu i ld ings   v i th   hea t  Itom stove 
and heated  wal l   bui l t  on stilts, maximum depth 
o f  thaw is 3.6 m, the d i f f e r e n t i a l  in value of 
foundation  settlement is 11 mm, vhich is i n  
excess of the   specif ied  value 6.8 mm, thus  pro- 
ducing many cracks. 

I n  houses on t he   vo rk   s i t e   w i th   a l l   t h ree  
heat sources not on stilts, the foot o f  the 
northwest  wall is f i l l e d   v i t h  a p i l e  of s l a g  
f o r  heat  insulation. Maximum depth o f  thaw o f  
the   subsoi l  is 5.7 a, exceeding  the p i l e  depth 
and forming a stable   mel t ing plate. The amount 
of thawing and sett lement is I20  mm. Tha froe- 
zeback i n  wfntex i s  f a s t e r  at  the two ends and 
slow in the middle,  thus again causing inhomo- 
geneous  freezing  expansion,  with mole cracks in 
the wall of  the  house. 

From the  above-mentioned variations i n  
ground temperature, i t  may be bg&n t h a t   a r t i f i -  
c i a l   h e a t  S O U ~ C ~ S  on sti l ts  is one of the me- 
thods o f  reducing  the  depth o f  thav. The rea- 
son why the  depth o f  thaw is not great i s  t he  
sett lement of subsoil ,  and beneath  the Pounda- 
t i o n  beam crevices   a re  formed r e s u l t i n g  in a 
semiventilated  foundation.  In  winter most of 
the foundation is frozen, while in summer tha 
depth  of thaw i s  shallow,  This  type  of  founda- 
t i o n  f a  stable .  

Open Cased Foundation 

It is s o l i d  as one body v i t h  great r i g i -  
d i t y ,  and may rifie and f a l l   w i t h   t h e  expansion 
and sett lement o f  the  subsoil .  It is b e t t e r  
adapted t o  the  thawing  settlement  and  freezing 
expansion o f  the  subsoil. Its maximum depth of 
thaw is 7.0 m as shown in  Figure 3.  

I n  winter, when freezeback occurs, the  depth is 
only 2.1 ut, the width of freezeback  toward  the 

t 5.0 
A h  S 

FIGURE 3 Temperature dis t r ibut ion a t  maximum depth 
of thaw i n  subsoil under open-cased foundation. 
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FIGURE 4 Minimum t e m p e r a t u r e   d i s t r i b u t i o n   i n  sub- 
s o i l  under  open-cased  foundation. 

center  of t h s  room is 0.3 m, as shown in  Figure 
4. I n  th$ mast sever@ cold.room  temperature '8 
only  12.6 C, while   the  f loor  still  r e t a i n s  8.6 C. 
S t  i s  feasible ,   therefore ,   to   maintain room 
floor temperature by the use of thawed subsoi l ,  
without  ventilation. 

9 and began t o  b e   s t a b i l i z e d .  The reason f o r  
the  greater  depth o f  thaw, a p a r t  from the  heat 
provided, is mainly  because s o i l  f i l l i n g  on th8 
south is  4 m high, w h i l e  the   th ree   s lopes  on the 
eaBt,  south and west are a l l  exposed to   sunshine  
So the  subsoil   absorbs more heat and thawing be- 
comes d e e p r .  Freezeback in winter is a l s o  
deeper: 6.0 m under  the  north wall, and 4.2 m 
under  the  south wall. It i s  evident   tha t   the  
thermal   effect  of sunshine i s  considerable. Be- 
cause   t he   f i l l i ng  s o i l  has a low water  content 
and be t te r   condi t ions  for drainage,  the  extent 
o f  sett lement i s  not  appreciable, so t he  roon 
has  only two small cracks. 

J Z M A O  PERMAPROST EIWEfiIMEH STUIOlJ 

Built  en &&Its ."mhBdid Oil* . bunda t ion  

This  type  of  foundation is similar to   t ho  
explo=ively  enlarging  pile  foundation I n  nature  
and condition  under stress. After   f ive  years  o f  
observation, it is found tLat changes i n   f r e e z -  
ing and thawing in   tha   subsoi l  are e s s e n t i a l l y  
the same eaoh  year. Thawing begins at  the end 
of April  and reaches i n  September the maximum 
depth o f  thaw of  2.1 m. Atothis  time tempera- 
t u re   i n   t he   subso i l  i s  -1.4 C, a s  shown in 
Figure 5. TU October  ground  surface  begins 
f reezing and by January o f  next  year is com- 
p l e t e l y  froZen. Temperature o f  t he   mbso l l  in 
February I s  -1.40C9 in   Apr i l  -2.8OC, as shown 
i n  F i g u p  6. But when s o i l  temperature drops 
t o  -1.8 C, t he re  i s  some s l igh t   f r eez ing  expan- 
sion. Hence there  is a 0-6 mm deformation o f  
the  foundation  caused by freezing  expansion, and 
also an inhomogeneous deformation o f  9 nun, 
which is 1 9 s  than  the  specif ied 13.6 ma. *he- 
oretj.callg,  there  should be no cracks,  but i n  
prac t ice   there   a re   severa l   ver t ica l   c racks .  
This is a r e s u l t  o f  the common e f f e c t  of freez- 

The subsoi l  o f  this   foundat ion  has  a maxi- 
m 

mum set t lement   as  much as 300 mm, while  the two 
ends set t le  only t o  a depth o f  150-180 uun. In 
winter,  the two ends are ent i re ly   f rozen  and 
heaved. The inhomogeneous value of settlement 
and expansion of the  foundation a t  the  east and 
is 100 mm, which is 9 tires i u  excess of the 
specif ied  value of I O  mm, t hus   r e su l t i ng  i n  mors 
cracks a t  both end5. Soma cracks are big enough 
fo r   t he  wind t o  blow through and therefore  need 
repairs .  I n  the  mid-section,  the  depth o f  thaw 
is grea ter   bu t  mom homogeneous, with a settle- 
ment d i f f e r e n t i a l  of I1 rmn, which is i n  c lose  
proximity to   the   spec i f ied  maximum value. It 
has  fewer  cracks. From t h i s  it i s  seen t h a t   t o  
con t ro l  cracks, the   se t t lement   d i f fe ren t ia l  va- 
lue must be controlled.  

S o i l   F i l l i n g  CycLe-Beam Foundation: 

Subsoi l   f i l l ed   wi th  sandy gravel   with  soi l  
has a l a rge  amount of storad  heat  thus  deepening 
the  natural   permafrost   table.  With heating  pro- 
vided i n  the room, the  depth of thaw gradually 
increases .   After   the   s ta t ion room had been i n  

FIGURE 5- Tempera tu re   d i s t r ibu t ion  a t  maximum depth 

use for seven years, the  depth o f  thaw reached 
of thaw in s u b s o i l   u n d e r   b u i l t - o n - s t i l t s   v e n t i l a t i o n  
foundation,  September 1979. 
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Figure 6 Maximum and minimum t e m p e r a t u r e s   i n  sub- 
soil under   bu i l t -on - s t i l t s   ven t i l a t ion   founda t ion .  

ing  expansion and stress o f  temperature  diffe; 
ren t ia l   (a i r   t empera ture   d i f fe rence  34 t o  -48 
Usage is not  affeuted, 

From Figure  6, it may be seen  that   there  
are   drast ic   changes i n  ground  temperature. In 
t h i s   c a s e  i s  the  deformation of foundation 
caused by the   tangent ia l .   f rost   force? By ac- 
t u a l  measurement of s ix   foundat ion   p i les  is 2b- 
ta ined the  tangent ia l   f ros t   force  Zi 1 3 t h  . 
Then, 

(1) Frost pul l ing   force  = 2=1 2 AUi Ti = 

0.2m x 4 x 2.1m x A w n 2  = 21.8 t 

(2) Ant i f ros t   pu l l ing   force  T = j z l  2 Fmi ti 4 

B + G = 1 . 1 m  X 4 X 1.6 m X 7k/m + 7637*= 
66+ > 21.St 

It is evident that deformation o f  t he  

2 

foundation is not due t o   t h e   e f f e c t  of tangen- 
t i a l   f r o s t  force. Where possible,   the  depth of 
foundation wi th  v e n t i l a t i o n  on stilts should be 
fur ther   ihcreased,   or   heat  i n s u l a t i o n  measures 
be adopted, so that cha8p.s i n  subsoi l  tempera- 
t u r e  may not  exceed 1.0 C. In   shor t ,  it is, 
f e a s i b l e  t o  use embedded p i l e  foundat ion  vi th  
v e n t i l a t i o n  on stilts f o r  bu i ld ings   in   l a rge  
a reas  of  continuous  permafrost  soil. 

It may be seen from Figure 5 t h a t  t h e  
foundat ion  pi le  has moved 0.8 m toward  the E ~ D -  
ter of the room, while ground temppergture 0% 

subsoi l  i n  the  south  drops  about 0.2 C, which 
is favorable   to  the load  bearing  capacity  of 
the  foundation, If the  apron  slope a t   f o o t  of 
the south wall is made t o  extend  out from che 

p i l e  i t  will not only  avoid damage from freeze 
or thaw of subsoil, and also ceduca the   depth 
of thaw of subsoi l  beaaath the   outer  wall. 

Drilled and Backfil led P i l e  Foundations 

Two test  houses were b u i l t  on th i s   t ype  
of  foundation. The foundat ion  pi le   penetrates  
tho  thawing  plate,  using  the  freezing  force of 
permacroat  for  bearing  load and an t i - f ros t  
pull ing.  Xn order  to  reduce the  depth of thaw, 
the  outdoor   height   dif ferent ia l  for residence 
is 1.1 m, t h a t  f o r  dormitory is 0.5 m, for the  
purpose o f  comparing the   e f fec t .   Af te r   f ive  
years of usage,  the maxinum depth of subsoi l  i s :  
counting  from  the  Outdoar  ground  surface, 
2.0 m for  residence,  as shown in Figure 7, and 
2.0 m for  dormitory. The  two houses  have dif- 
fe ren t   he ight   d i f fe ren t ia l s ,   bu t   the   depth  of 
thau i s  the same. The main reason is t h a t  COB- 
s t a n t   a n p L  groun$  temperature o f  the dormi- 
t o ry  (-3 c) is 1.0 C lower than t h a t  of tho re- 
sidence (-2OC). 

.F 

Like  houses  built on the  explosively en- 
larging pile   foundat ion,  i t  too  has a vent i la-  
tion path  under  the  f loor beam, so t he  f l o o r  
temperature i n  t h e  room f a  only 5 t o  8OC i n  t h e  
ao ldes t  weather. 

This  load  bearing  capacity o f  the dr i l l ed  
and backfield piles, on the basis of ground tem- 
pexature  around  the p i l e  as shown in Figure 8, 

5.6 

FIGURE 7 Tempera tu re   d i s t r ibu t ion  a t  maximum depth 
o f  thaw in subso i l   unde r  drilling and f i l l i n g   p i l e  
foundat ion,  October 1979. 
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FIGURE 8 Maximum and minimum temperatures  a t  sur- 
rounding  depth  of thaw u n d e r   d r i l l i n g  and f i l l i n g  
p i l e   f o u n d a t i o n .  

i s  calculated as follows; 

(1) Load bearing  capacity P i=l AmiSi 4 

A 6 =O&m X(l.Om X 3 /m + 2.0m X 

8.5t/m2 + 1.4m X 14 t 2  /m ) + (9,131~)~ 

t 2  

X X 140 /m = 39.7 t 2  t 

(2) Loa$and dead  weight of p i l e  N 4 ci = 
21.2 

1.87 
Degree of  sa fe ty  = 39+7t/21.2t= 

(3) Ant i f roa t   pu l l ing   force  T = i=, 2: 

X 8.5$~'& + 1.41~ X 14 4 ) * 5 * 3 t  ='p2,4t 

(4) Frost   pul l ing  force 7 5 Aui Ti 
0.26r X X  2m X 20.5 t /m2  I 35.5 t 

2 
AniSi + N+G= 0.26~ (I On X jtt!?2.0a, 

9*3*,41.74 n 

Overal l   safety margin = 41,7t/33,5t = 
1.24 

Note2 %= 20,5t/m 2 i a  ac tua l ly  mea- 
sured value  without  calculation 
o f  individual  layers. 

Where: 6 - Compressive st rength o f  perm- 

A - Crass sec t ion  o f  pile end (m ) 

N - Load on p i l e  (t) 
G - Dead weight of p i le   ( inc luding  the  

weight of s o i l  around the p i l e ) ( t )  

f r o a t  s o i l  (& 2 

A u i  - circumferent ia l  area of foundation 
p i l e  in I t i n  s p o n a l  Iroaaa 
soil lager  (m 1 

Ti - t angen t i a l  frost, heaving  foroe 
around pile i n  I 1 i 1 I  s e p o n a l  ~ F O I  
pLon so i l   l aye r   ( t / n  ) 

on the  p i l e  end i n  I n i t n  

permafrost s o i l  layer (m 2' ) 
ti - Tangential  heaving force i n  *in 

Fmi - circumferent ia l   area o f  soil column 

( t / m 2  
permafrost   soil   layer 

n - number of permafrost s ~ i l  layers. 
A m i  - circumferent ia l  area of pi l e  i n  I I J t l  

p8rmafroSt s o i l  layer (m ) 

permafxost s o i l   l a y e r  
S i  - Tangential  heaving  force of *lit* 

(t/a2) 

It I s  known from t h i s   ca l cu la t ion   t ha t   bo th  
the  load  bearing  capacity and a n t i f r o s t   p u l l i n g  
force o f  the p i l e  are  adequate. Howevsr, there 
is  still soma deformation of the foundation, ma- 
ximua se t t lement   d i f fe ren t ia l   be ing  8 mm, which 
is in excam of the  permissible value 6+8 ma. 
Hence there a r e  csaaks i n   t h e  houses. The 
cracks were found af te r   cons t ruc t ion ,  and they 
expand and contract   with chau-s i n  air temppe- 
rature. It is  evident   tha t   the  stress of temp+ 
r a t u r e   d i f f e r e n t i a l   a l s o  ha5 s o w  e f fec t .  Be- 
s ides ,   t hme  may also be m m a  creep   e f fec t  pro- 
duasd by permafrost under stress. 

From the above ana lys i s  and diacussiona, 
it may be s a i d   t h a t  tests on a l l  f i v e  types of  
foundations are basical ly   successful .  Each of 
these,however, has its own optimua. conditions 
for  adaptation. 

1. Explosively  enlarging pile and prefa- 
br icated embedded pile: I n  both cams, the 
depth of embedment is limited by manual con- 
s t ruc t ion ,   gene ra l ly   t o  the extent  of about 4 
1. Therefore,  these are su i t ab le  for founda- 
t i o n s  o f  buildings  with  underflow  ventilation 
and without  beating. Moreover, the maximum 
subsoil  temperature  should  confornowith the 
requirement $01- sandy s o i l   a t  -0.3 C and clayey 
loam a t  -0.5 C. 

2. F i l l ing   p i le   foundat iont  T h i s  has a 
grea te r   adap tab i l i t y  and may be used as the 
foundation f o r  various  buildings on d i f f e r e n t  
types o f  permafrost soil, However, permafrost 
clayey  loau wi th  a temperature  higher t h a  
-0.5OC should not be used because of inadequate 
load-bearing capacity. 

3. open cased  foundationt  This is b u i l t  
i n  the strata of ground  aurfaoe and easy t o  
construct,  It is c lose ly   in tegra ted  w i t h  t h e  
snbsoil, with a greater  depth o f  thaw, The 
temperature o f  the f l o o r  i s  high and s u i t a b l e  
f o r  l i v i n g  quarters. But i t  has a g r e a t e r  
sett lement and cracks are l l a b l e  t o  PCCUF. So 
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it i s  suitahle  for  buildings  with  small areas 
such as 60m . Preferob19,. building  site 
should  be  permafrost soil  with  negligible 
settlement  at thawingoand clayey loam at  a 
temperature over -0.5 C. 

4, S o i l  filling  cycle-beam  foundation: 
Filling i s  costly  and not  easy to ram down, SO 
it is unsuitable f o r  use in ordinary cases. 
Where  production requires, besides having  it 
rammed down, it is necessary to have  the height 
o f  filling soil plus the depth of natural  table 
greater than  the  building's maximum depth of 

thaw,  in order t o  ensure  the  stability of this 
type of foundation. 

Pile  foundations are batter types o f  
foundation for buildings on permafrost s o i l ,  
but  because in most cases there are air gaps 
beneath the subsoil  beam  thus  forming  voatila- 
tLon paths, ?.he temperature of room floor i s  
reduced  in winter t o  the extent  that  it is u a i k  
habitable. It i s  recommended, therefore, Chat 
buildings on pile  foundation,  whether  ventila- 
t&d,or not,  should  be  built on stilts  and pro- 
vided with  ground  surface  heat i n s u l a t i o n   i n  
order t o  make them  habitable. 
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A new permafrost  map  of  Canada  is  being  proposed,  emphasizing  the  occurrence  and 
distribution o f  ground  ice.  The  key  element is the  extreme  variability  of  ground  ice 
both  horizontally  and  with  depth.  Problems  include  the  development  of  a  suitable 
classification  scheme  and  the  quality  and  variability  of  the  source  data.  Previous 
wark on ground  ice  classification  and  mapping  is  reviewed  and  a new, morphological 
classification  of  ground  ice  bodies  is  proposed.  The  main  classes  are:  ice  crystals 
in voids,  equidimensioaal  ice  masses,  layers  or  sheets oE ice  (horizontal,  vertical, 
diagonal)  and  networks  of  segregated  ice.  These  classes are subdivided on the  basis 
of  the  regularity  of  the  shapes  of  ice  masses  and  whether  their  occurrences are  simple 
or  multiple. A qualitative  classification  of  the  amount of ground  ice  is  proposed: low, 
moderate,  high,  very  high  and  extreme.  Selected  geomorphic  features,  such as pingos, 
will  be  shown by symbols. A pilot  study map of northwestern  Canada,  using  these ~- 
classifications  is  being  prepared. 

INTRODUCTION 

Permafrost  is  a  ubiquitous  phenomenon in north- 
ern  Canada  and, as  such,  is o f  concern  in  many 
aspects of life  and in most  engineering  activities 
in the area,  The  engineering  problems  arise not  
so much  because  of  the low ground  temperature,  but 
because most or all  of  the  water  in  the  ground  is 
in  the form of  ice. The difficulties arecompound- 
ed  because  the  ice  is  unevenly  distributed  in  the 
ground,  commonly  occurs in quantities  in  excess of 
the  void  volume,  and  often  exists  in  large, 
relatively  pure  bodies.  These  attributes  result 
in  a  soil-ice-water  system  that  is  sensitive  to 
disturbance  and  which  has  physical  properties 
highly  variable  over  short  distances. 

known  for  centuries,  the  serious  engineering 
problems  caused  by  its  existence  have  been 
recognized  only  in  the  last 50 years. In  North 
America,  Muller's  (1947)  book  was  a  key  document 
in drawing  the  attention of scientists  and 
engineers  to  the  challenge  of  permafrost. In 
Canada,  military  construction  activities  gave  a 
number  of  engineers  firsthand  experience in coping 
with  permafrost. 

Recognizing  this,  the  National  Research  Council 
of Canada  undertook, in the  1950s  and 606, asurvey 
of  permafrost in Canada.  This  program  resulted in 
a  series of reports  describing  permafrost  condit- 
ions (e.g. Brown, 1964,  1965 and  1968),  and 
culminated in  a map  of  permafrost  in  Canada 
(Brown, 1967). 

This  map,  and  the  many  other  maps of perma- 
frost in Canada  and  North  America  published  in 
the  last 70 years,  all  have  one  major  deficiency 
from the  perspective  of  geologists  and  engineers: 
they  contain  essentially  no  data on the  occurrence 
or  distribution  of  ground  ice.  Permafrost  is 
largely  treated  as  a  climatic  phenomenon. The 
very  definition  of  permafrost,  strictly on the 
basis  of  temperature,  reinforces  this  approach. 
And yet, it  is  the  ground  ice  component o f  the 
permafrost  that is of  most  concern to many 
northern  engineering  projects. 

Although  the  existence o f  permafrost  has  been 

OCCURRENCE  OF  GROUND  ICE 

Ground  ice  occurs  in  a  variety  of  forms  and a 
wide  range of quantities. At one  extreme,  ice  can 
comprise 50-70% by  volume  of  the  upper  2-3 m of 
the  permafrost  over  broad  areas  (J.  Brown 1967, 
Pollard  and  French 1980). Locally  ground  ice  can 
exceed 90% of the  volume of the  ground  (Rampton 
and  Mackay  1971). In other  areas  permafrost 
contains  essentially  no  ground  ice  and  is  termed 
"dry  permafrost". In  addition to this  gross 
variability,  detailed  work  along  exposures  and  by 
means  of  borings  indicates  that  there i s  consider- 
able  local  variation  in  the  distribution  of  ground 
ice on a  metre-by-metre  scale  (Heginbottom  and 
Kurfurst 1975). This  variability  makes  the 
compilation  of  a  ground  ice map difficult,  Other 
problems  are  the  selection  of  a  suitable  ground 
ice  classification,  the  availability  and  the 
quality of source  data  and  the  cartographic 
difficulties  of  displaying  a  complex  three- 
dimensional  phenomenon on a map. 

Vertical  Variability  of  Ground  Ice  Conditions 

There  are  relatively  few  published  descriptions 
of  the  variation in ground  ice  content  with  respect 
to  depth.  Examples  of  two  are  shown  in  Figure 1; 
others  from  the  Mackenzie  Delta  area  have  been 
published by Mackay  (1972a.  1973)  and  Williams 
(1968). Rampton  and  Mackay  (1971)  also  analysed 
the  proportion  of  drill  holes  which  encountered 
massive  ground ice  or  icy  sediments  in  Richards 
Island,  Tuktoyaktuk  Peninsula  and  adjacent  areas, 
while  for  the  Mackenzie  Valley,  Heginbottom  and 
Kurfurst  (1975)'presented  detailed  borehole  logs 
of  ground  ice  from  seven  specific  localities.  The 
depths  of  the  boreholes  described  in  these  sources 
range  from  as  little  as 1 m to  over 40 m. 

In extreme  cases,  the  ground  can  consist  of 
essentially  pure  ice  for  thickness of over 30  m 
(Mackay  1973)  and  the  depth  to  the  top of such 
massive  ground  ice can  be  as  great  as 45 m, 
although  it  is  commonly  less  than 20 m  (Mackay 
1972a, 1973). The  profiles  shown  in  Figure 1 seem 
to be  generally  representative  of  the  distribution 
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FIGURE 1 Examples of the  distribution  of  ice 
content  with  depth  €or  sites in the  continuous 
permafrost  zone of Canada. (a) Melville  Island, 
N.W.T.  (Stangl  et  al.  1982). A generalized 
profile  for  soils  developed on rocks of Mesozoic 
and  Paleozoic  age. (b) Richards  Island, N.W.T. 
(Pollard  and  French 1980). Note:  the  curve  is  a 
visual  best  fit  and  not  calculated. 

of  ground  ice  in  soil  profiles. The highest  ice 
contents  occur  at  the  top  of  the  permafrost 
profile.  The  general  downward  decrease in ice 
contents is  punctuated  by  local  increases, 
commonly  at  stratigraphic  breaks.  Similar  obser- 
vations  have  been  reported  from  northern  Alaska 
(J. Brown 1967). 

Horizontal  Variability  of  Ground  Ice  Conditions 

Information on the  horizontal  variability  of 
ground  ice  contents  is  available  locally  at  either 
large  or  small  scales  and  in  the  form of both 
plans  and  profiles. At the  large  scale,  the 
existence  of  individual  masses o f  ground  ice or, 
in the  discontinuous  permafrost zone,  of  distinct 
bodies  of  frozen  ground  have  been  described  by 
several  workers.  Examples  from  the  continuous 
permafrost  zone  of  Canada  are  mainly  from  the 
western  arctic  region  (Figure 2). 

For  the  zone of discontinuous  permafrost,  site 
investigations  at  Thompson,  Manitoba  (Johnston 
et  al.  1963),  and at  Dawson,  Yukon  Territory (EBA 
1977),  showed  how  the  existence of frozen  ground 
and  ground  ice  varied on metre-by-metre  scale. 
Both  plans  and  trench  profiles are  in  thesereports. 

On the  broad  or  regional  scale,  Mackay  (1966) 
has  presented  a map o f  the  types of ground  ice 
found in the  Mackenzie Delta and on Tuktoyaktuk 
Peninsula.  Other  than  this  example,  most  reports 
for Canada are  in  the form of incidental  reports 
in  regional  descriptions  (e.g. Brown 1972)  or 
annotations  to  surficial  geology  maps (e.g. 
Rampton 1981). 
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THE  CLASSIFICATION OF GROUND  ICE 

The attributes of ground  ice  that  are  of  most 
importance  in  the  compilation  of  the  proposed  map 
are  the  quantity of ice  present  and  its  form. 
Published  classifications  do  not  emphasize  either 
of  these  characteristics.  Those of Shumskii (1959) 
and  Mackay  (1966,  1972a)  emphasize  the  genesis  of 
the  underground  ice  rather  than  its  form,  while 
the  commonly  used  engineering  classification 
(Pihlainen  and  Johnston  1963) is designed  to 
facilitate  the  production of standardized  descrip- 
tions of permafrost  and  ground  ice  conditions. It 
does  not  provide  a  classification  scheme  for 
ground  ice.  Accordingly a new,  simple  morphological 
classificarion  has  been  developed  (Table 1). All 
of  Mackay's  (1972a)  genetic  classes can  be  related 
to  members  of  this  new  classification. 

commonly  provided in general  terms  such as low, 
moderate  and  high  or  unsaturated,  saturated  and 
excess. In  some  cases,  percentage  values  of  total 
moisture  content,  ice  content  or  excess  ice  content, 
on either  a  gravimetric  or  a  volumetric  basis  are 
quoted,  often  as  a  range of values. Few sources 
include  both.  One  is  the  series  of  Terrain 
Classification  and  Sensitivity Maps of  the 
Mackenzie  Valley  and  Delta  regions  produced  by  the 
Geological  Survey of Canada-in the  early  1970s 
(e.g.  Monroe  1972). The following  correlations  are 
used  by Monroe for  segregated  ice  by  volume. 

Descriptions of the  quantity  of  ground  ice  are 

- very  high: 75 or 80% 
- high : 40 ,  50 or 60% 
- moderate : 10 or 20% 

While  these  correlations  do  not  lead  directly  to an 
acceptable  classification,  they  do  indicate  the 
approximate  relationship  between  descriptive  and 
quantitative  estimates of ground  ice  occurrence. 
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FIGURE 2 Examples  of  short 
range  horizontal  variability 
of  ice  content i n  the 
continuous  permafrost  zone 
of  Canada.  (a)  Ground  ice 
bodies  exposed  in  coastal 
bluffs,  sbuthern  Banks 
Island, N.W.T. (French  et  al. 
1982).  (b) Massive  ground 
ice  body  plotted  from 
seismic shot  hole  lags,  near 
Tuktoyaktuk, N.W.T.  (Mackay 
1973). 
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The  classification now proposed  is  given inTable 2. 
A special  problem  arises in the  case o f  perma- 

frost  beneath  the  bed  of  the  sea.  The  permafrost 
condltions  of  the  Beaufort  Sea  are  becoming  known 
in  some  detail  (Hunter  et  al. 1978; Mackay  1972b) 
and  several  instances of sub-seabottom  ground  ice 
have  been  recorded  from  boreholes.  There is, 
however,  a  major  terminological  problem  (van 
Everdingen  1976), as the  presence  of  seawater 
with  a  temperature  below O°C means  that  the 
standard  definition of permafrost,  strictly on the 
basis of temperature,  is  not  easily  applicable. 
Scientists  working  in  the  Beaufort  Sea  area  have 
been  using  terms  such as ice-bearing  permafrost, 
ice-bonded  permafrost  and  even  acoustical  perma- 
frost.  At  this  time  it  is  not  known  if  the  clas- 
sifications  proposed in Tables 1 and 2 can be 
applied to sub-seabottom  ground  ice or if  new 
ones  will  have  to  be  developed. 

MAPPING OF GROUND  ICE 

There  are  few  published  maps  showing  the  occur- 
rence of ground  ice i n  Canada.  Mackay  (1966) 
presented  a  map  of  types o f  ground  ice  in  the 
Mackenzie  Delta  and  Tuktoyaktuk  Peninsula  areas. 
Other  than  this,  only  maps of pingo  distribution 
have  been  publikhed  (e.g.  Mackay 1962; Hughes 
1969). In  Alaska, the  general  distribution of 
ice  wedges  has  been  mapped  (Pew6  1965)  as  has  the 
distribution  of  pingos  (Holmes  et  al. 1965). 

For  the USSR, the  distribution o f  a  wider  range 
of ground  ice  related  features  has  been  depicted, 
though on small  scale maps. These  include  maps  of 
the  general  distribution of injection  ice  and 
repeated-wedge  ice  (Shumskii  and  Vtyurin  1966),  of 
polygons  with  ice  wedges  (Popov  et  al. 1966), of 
pingos  (Frenzel  1967,  in  Washburn 1980),  and o f  
ice  wedges  (Vtyurin  1975, in J. Brown  and  Grave 
1979). There  are  also  three  maps  by  Vtyurin 
(1973)  showing  (i)  the  total  visible  ice  content 
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of the  permafrost  in  the  USSR,  (if)  three- 
dimensional  macro  ice  content  of  the  permafrost, 
as derived  from  multiwedge  ice  and (iii) the  total 
amount  of  visible  ice  in  the  upper  layers  of 
permafrost.  General  geocryological  maps  for 
Central  Siberia  (Fotiev,  et  al.  1973),  Yakutia 
(Melnikov  1966),  the  Yamal-Gydan  area  (Yunak  1979) 
and  northeastern  USSR  (Vtyurin  1980)  include  some 
information on the  broad  distribution  of  several 
ground  ice  related  features:  injection ice, 
segregation  ice,  wedge  ice  and  pingos. 

distribution o f  ground  ice  includes  estimates  on 
the  total  quantity  of  ground  ice in specific 
areas (e.g. J. Brown  1967,  Pollard  and  French 
1980),  statements of the  principles of compiling 
ice  content  maps  (Lur'e 1972, Trofimov  and  Badu 
1976,  Gavrilov  and  Kondrat'yeva 1978 and  Cheng 
1981),  and  regional  descriptions of the  occurrence 
of  ground  ice (e.g. Rampton  and  Mackay  1971). 

Other  published  work on the  quantity  and 

PROPOSED  METHODOLOGY FOR COMPILING A NEW 
PERMAFROST MAP OF CANADA 

The  compilation of a  new  permafrost  and  ground 
ice map of Canada  at  a  scale  of 1:5 million  is 



483 

TABLE 1 Morphologic  Classification  of  Ground  Ice 

Forms  of  occurrence of Genetic  classes 
ground  ice  bodies  of  Mackay  (1972a) 

1 Individual  crystals  or 1 Open  cavity  ice 
small  groups  of  crystals 5 Closedcavityice 
in voids 10 Pore  ice 

2 Equidimensional  masses 
of  ice 

a 
b 

- Irregular in  shape 
- Regular  in  shape 9 Pingo  ice 

3 Layers  or  sheets  of  ice, 
more  or  less  continuous 

a - Horizontal or sub- 
horizontal  layers 7 Aggradationalice 

(i) - Single  layer 8 Sill  ice 
(ii) - Multiple  layers 6 Epigenetic  ice 

b - Vertical  or  sub- 2  Single  vein  ice 

(i) - Single  layer 4 Tension  crack 
(ii) - Multiple  layers ice 

vertical  layers 3 Wedge  ice 

C - Diagonal  layers 

4 Network  of  segregated 
ice  surrounding  masses 
of  soil 

proposed. In preparation  for  this,  a  pilot  study 
at  a  scale  of 1:1 million is being  undertaken  to 
test  the  ground  ice  classifications  (Tables 1 and 
2)  data  Gources,  and map legend  and  to  devise 
appropriate  cartographic  techniques  for  presenting 
the  information. 

The  area of the  pilot  study  is  outlined in 
Figure 3. It comprises  the  Yukon,  the  lower 
Mackenzie  River  Valley  and  part  of  the  Beaufort 
Sea.  This  region  was  selected  for  the  pilot 
study  because: (1) It  includes  areas o f  continuous 
permafrost,  and  both  widespread  and  sporadic 
discontinuous  permafrost; (2) There  is  a  large 
body  of  subsurface  borehole  data  available, 
resulting  from  petroleum  exploration  activities, 
pipeline  proposals  and  highway  construction; 
(3) It includes the northern  end of the  Canadian 
Cordillera, where  alpine  permafrost  occurs; ( 4 )  It 
includes  the  southern  Beaufort Sea,  where sub-sea- 
bottom  permafrost  occurs;  and (5) Recent  surficial 
geology  and  terrain  maps,  which  include  information 
on permafrost  and  ground  ice  conditions,  are 
available  for  over  two  thirds  of  the  map  area. 

Although  the  topography  and  Quaternary  history 
of  this  region  are  complex,  with mountahs,plateaus 
and  valleys,  and  both  glaciated  and  unglaciated 
areas,  they  are  relatively  well  known. A wide 
range of ground  ice  conditions  occur  within  the 
map area, including  the  possibility  of  relic 
permafrost  in  the  unglaciated  area. 

The primary  data  sources of  the  pilot  study are 
surficial  geology  and  terrain maps produced  by  the 
Geological  Survey of Canada  over  the  last 15 years. 
These  maps  are  available  at  scales of 1:lOO 000 to 
L:250 000. They  include  conventional  surficial 

geology  maps,  terrain  inventory maps and  terrain 
sensitivity  maps.  The  map  legends  include 
information on permafrost  and  ground  ice  conditions, 
keyed to  the  main  map  units.  Much of this 
information  has  been  derived  from  borehole  data, 
which  are  from  a  variety of sources.  Most of the 
boreholes  were  drilled as either  shot  holes  for 
petroleum  exploration  by  seismic  methods  or  for 
geotechnical  investigations  for  pipeline  or  other 
construction  projects.  Less  detailed  surficial 
geology,  Quaternary  geology  and  bedrock  geology 
maps  are  available  for  the  remainder of the  area. 
While  few  or no ground  ice  data  are  directly 
available on these  maps,  they  do  give  some 
information on environmental  conditions. 

data  sources  are  geophysical  interpretations of  
marine  seismic  data  collected  for  petroleum 
exploration,  geocryological  and  geotechnical 
purposes. 

The primary  data  sources  for  both  the  pilot 
study  map  and  the  final,  Canada-wide  map  provide 
information on soils, geology  and  permafrost 
conditions  to  a  variable  depth,  generally  not 
greater  than 10 m. Since  the  ground  ice  conditions 
in  these  near  surface  materials  are of greatest 
consequence  for  geotechnical  purposes,  it is 
proposed  to  restrict  the  mapped  information  to  the 
upper 10 rn of  ground. 

based  on  the  classifications  presented in  Tables 1 
and  2. The  compilation  approach  is to use  map 
units  defined on the  basis of surface  geology,  and 
to label  them  according  to known ground  ice 
conditions.  This  requires  a  considerable  amount  of 
interpretation  and  extrapolation in many  areas. 
Nonetheless,  it is the  only  approach  currently 
practicable.  Ground  ice  conditions  are  shown  by 
using  colour  for  the  amount  or  quantity of ice 
and  a  pattern  or  combination  of  patterns for its 
form.  In  addition,  selected  geomorphic  features, 
such  as  pingos,  are  shown  by  means o f  symbols. 
For  the  final  map  of  Canada  any  or  all o f  these 
elements  may  be  modified. 

TABLE 2 Quantitative  classification  of  Ground  Ice 

In the  southern  Beaufort  Sea  area,  the  primary 

The map legend  used  for  the  pilot  study  is 

Descriptive  Term  Equivalent  segregated  ice 
content (% by  volume) 

Extreme 80-100 
Very  high 60-80 
High 40-60 
Moderate 20-40 
Low 0-20 

Any  comments,  suggestions  or  information  which 
may  assist in the  preparation of the  final map 
will  be  gratefully  rece,ived  by  the  author. 
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DESIGN OF BURIED  SEAFLOOR  PIPELINES FOR PERMAFROST THAW SETTLEMENT 

C. E. Heuer, J. 8. Caldwell,  and B. Zamsky 
Exxon  Production  Research  Company,  Houston,  Texas  77001 USA 

Computer  simulations  were  performed to model  the  mechanical  and  thermal  behavior of 
pipelines  buried  in  the  seafloor  above  ice-bonded  permafrost.  Conditions  typical of the  
Alaskan  Beaufort  Sea  were  used,  and  the  study  was  directed at water  depths  greater  than 
2 m (6 ft).  Maximum  pipe  diameter,  operating  temperature,  and  cover  depth  considered  were 
61 c m  (24 in.), 93OC (2000F), and 3.0 m (10 i t) ,   respectively.   A  few cases considered  two 
parallel  pipelines  instead of a single  isolated  pipeline.  Allowable  permafrost  settlement  was 
determined by modeling  the  mechanical  interaction  between  the  pipeline  and  settling  soil.  If 
t h e   t o p  of ice-bonded  permafrost  was  within  about 9 m (30 f t )  of the  seafloor,   then  the 
al lowable  permafrost   se t t lement   was  only  about  0.3 m (1 ft).  However,  the  allowable 
sett lement  increased  rapidly as the  depth to  ice-bonded  permafrost  increased.  For  example, 
doubling  the  depth to ice-bonded  permafrost   more  than  tr ipled  the  allowable  sett lement.   The 
soil  thermal  regime  was  modeled to develop  guidelines  for  preventing  excessive  thaw  and 
settlement.  Where  the  ice-bonded  permafrost  was  below a depth  of  about 27 m (90 f t ) ,   thaw 
was  acceptable  for  al l   si tuations  considered.  For  ice-bonded  permafrost   depths of about 14- 
27  m (45-90 ft),  insulation  was  used to limit  thaw. If t h e  ice-bonded  permafrost  was at a 
depth  less   than  about  IC m,  then  restrictions  on  operating  temperature  or  changes  in  burial 
geometry  were  sometimes also necessary.  These  guidelines  can  change  depending  on  the 
specific  application  but  are  useful  for  planning  future  studies.  Salt  transfer  in  the  thawed 
soil  was  identified as a significant  factor  in  calculating  thaw  depth  because  i t   controls  the 
permafrost   thawing  temperature.  

INTRODUCTION 

Within a few  years,   construction to develop  petro- 
leum  resources  beneath  the  Alaskan  Beaufort   Sea  could 
begin,   and  pipelines  buried  in  the  seafloor  are  l ikely to 
be   an   in tegra l   par t  of any  such  development.  As  has 
been  done  for  exploration,  man-made  islands  will  prob- 
ably  be  used as platforms  for  drilling,  but  they  may also 
serve as locations  for  large  processing  facilities.  Inter- 
island  pipelines  may  be  needed to connect   satel l i te  
drilling  islands to  a central  processing  island,  and 
island-to-shore  pipelines  may  be  needed to del iver   the 
oil  and  gas to large-diameter  onshore  trunk  lines  for 
transportation to  markets.  Ice-bonded  permafrost  is 
known to be  present  throughout  the  potential   develop- 

a tu re s  as high as 93OC (2000F). Therefore,   differential  
ment   areas ,   and  the  pipel ines   may  operate  at temper-  

se t t lement   due  to  thawing of permafrost   is   an  impor- 
tant  design  consideration. 

Permafrost   thaw  set t lement   has   previously  been  ad-  
dressed  for  onshore  pipelines,  but  for  offshore  pipelines 
there   are   three  s ignif icant   dif ferences.   Firs t ,   water  
depth   exer t s  a controlling  influence  on  seafloor  tem- 
perature,  and  even  for  depths as low as I m,   the  mean 
annual  seafloor  temperature  is  much  warmer  than  the 
nearby  onshore  surface  temperature.  Second,  for  water 
depths   g rea te r   than   about  2 m there   i s   no   ac t ive   l ayer ,  
and  the  top of ice-bonded  permafrost   can  be  tens of 
meters  below  the  seafloor.   The  upper  layer of thawed 
soil  provides a thermal  and  mechanical  buffer  between 
the  pipeline  and  the  ice-bonded  permafrost.  Finally, 
pore  water  salinity  decreases  the  permafrost   thawing 
temperature   and  makes  the  f rozen soil thermal  pro- 
perties  highly  temperature  dependent.  Computer  simu- 
la t ions  were  conducted to study  the effects of these 
differences  and  other  parameters  for  water  depths 
greater   than 2 m. The  simulations  modeled  both  the 
soil thawing  and  the  mechanical  interaction  between a 

pipeline  and  settling  soil. 

the  simulations: (1) The  design life is  30 years. (28 
Differential   sett lement  is   the  only  permafrost-related 
design  problem, (3) Thaw of ice-bonded  permafrost  is 
acceptable  as long as i t   does   not   lead to excessive  pipe 
deformation. (4) The  allowable  longitudinal  compressive 
or tensile  strain is 0.5%, which  allows  some  inelastic 
pipe  deformation. ( 5 )  Mapping  small  areas  of  ice-rich 
soil  along  an  entire  pipeline  route  may  not  be  practical, 
so the  worst  case length of ice-rich  soil  is  used. (6) A 
design  value  for  permafrost  thaw  strain  can  be  de- 
veloped  by  testing  and  correlating a large  number of 
seafloor  samples.  (7)  Maximum  differential  settlement 
equals total set t lement .  (8) Sett lement  occurs  simul- 
taneously  with  thawing. (9) The  thermal  and  mechani- 
ca l   aspec ts  of the  problem  can  be  uncoupled,  since 
allowable  Sett lement  is   relatively  small .  (10) Seismic 
loads  may  be  important in some  s i tuat ions  but   are   not  
included  in  this  analysis.  Additional  work  may  allow 
relaxation of some of the  more  restrictive  assumptions 
such as 5 and 7. 

The  mechanical  simulations  are  described  f irst ,   and 
then  the  thermal   s imulat ions  are   covered.   This   order   is  
used  because  the  mechanical  simulations  establish  the 
limits  on  thaw  depth. 

The  following  assumptions  were  made  in  performin 

MECHANICAL  SIMULATIONS 

The  pipeline  mechanical  simulations  were  performed 
using an  earlier  version of a commercially  available 
program  for  two-dimensional  stress  and  deformation  an- 
alysis of pipelines  (Price et al. 1982). The  program 
considers soil sett lement,   thermal  expansion,  internal 
pressure,  gravity  loads,  longitudinal soil friction,  and 
soil  deformation.  The  latter  is  modeled as a Winkler 
foundation.  Nonlinear effects include  inelastic  pipe 
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deformation,  large  pipe  displacements,   and  bil inear  soil  
springs.  The  program  has  been  used  since  1972  in  the 
design  of  major  pipeline  projects. 

The  geometry  used to  determine  soil   sett lement is 
shown  in  Figure 1. This  geometry is considered 
conservative  because it assumes  that   the   set t led  region 
is infinitely  wide  perpendicular to the  longitudinal  axis 
of the  pipeline.   Actually,   the  width is determined  by 
the  width of the  thaw  bulb  and  can  be  about  the  same 
as the  length of the  sett led  region  parallel  to t h e  
pipeline.  The  resulting  three-dimensional  settlement 
would lead to smaller  vertical  displacement. 

Saaflnn, 

The  soil  settlement  profile  was  based  on a sto- 
chastic  model  for  cohesionless  soil  (Attewell  1977), 
which  compared  well   with  measured  surface  sett lement 
above a deformed  tunnel.  The  general  shape of t h e  
vertical   displacement is shown  in  Figure 2. The 
hyperbolic  tangent  function  given  in  Figure 2 is  a very 
close  approximation to the  resul ts   f rom  the  s tochast ic  
model  and is more  convenient to use.  This  function 
implicit ly  requires  that   the  volume of se t t l emen t  
directly  below  the  pipe  equal  the  volume  of  permafrost  
settlement.  This  is  conservative  because  in  the  real 
case, the  former  is   l ikely to be  smaller   than  the  la t ter .  
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FIGURE 2 Vertical  soil  displacement. 

By assuming  an  incompressible  soil  and  small  strain, 
the  corresponding  longitudinal soil displacement  can  be 
calculated,   and  the  general   shape is shown  in  Figure  3. 
In the  past,  longitudinal  displacement  has  not  been 

Longitudinal Distance 

FIGURE 3 Longitudinal  soil  displacement. 

considered.  However,   for  the  sett lement of deep  
permafrost,  the  resulting  longitudinal  force  on  the 
pipeline  can  be  significant. 

Figures 1-3 assume  that   thaw-stable  and  thaw- 
unstable  soil   have  the  same  friction  angle,   but  the 
thaw-stable soil is  likely to have a much  higher  friction 
angle.  This  is  because of its higher  density.  TO 
accommodate  the  change  in  fr iction  angle,   the  following 
mixing  and  smoothing  functions 

Fc = M FU + (I  - M) Fs 

were  developed.  Although  arbitrary,  they  provide  for a 
smooth  transition  between  stable  and  unstable  soil.  
Subscripts c, s, and  u  are  for  composite,   stable,   and 
unstable,  and F represents   e i ther   the  ver t ical   or   the  
longitudinal  displacement  functions in Figures 2 and 3. 
Note   tha t  M approaches a maximum  value  not  greater 
than  one as x approaches  zero,   and  that  M approaches 
ze ro  as the  absolute  value of x  increases. 

The  thaw-stable soil could  have  smaller  latent  heat 
and  higher  thermal  conductivity  than  the  thaw-unstable 
soil.  This  would  cause  the  thaw  depth  in  the  unstable 
soil to increase  toward  the  boundary  with  the  stable 
soil. In view of other  uncertainties,  modeling  this 
effect was  not  considered  necessary. 

Support,  uplift  and  downdrag,  and  longitudinal soil 
springs  were  used to model  the  force  applied to t h e  
pipeline  when  it  moved  downward,  upward,  and  axially 
re la t ive to t h e  soil.  For  each  type of spring,  the  force 
increased  linearly  with  displacement  up to a yield 
displacement.  Above  the  yield  displacement,  the  force 
was  constant  at its ultimate  value.  The  spring 
constants  along  with  other  soil   mechanical  parameters 
are  given  in  Table 1. (Bowles  1977,  Price et al. 1982). 

The  pipe  steel   grade  was  assumed to be  X-65, with 
the  following  piecewise-linear  stress-strain  relation: 0 
GPa at 0% strain,  0.36 GPa (52 ksi) at 0.18%, 0.45 GPa  
(65 ksi) at 0.5%, 0.48 GPa (70  ksi) at 0.8%, and 0.52 
GPa (75  ksi) at 3%. Pipeline  outside  diameters of 30 
c m  (12 in.) and 61 crn (24 in.) were  used  with 
corresponding  wall  thicknesses  of 1.11 c m  (0.437 in.) 
and 1.43 c m  (0.563 in.). Cover  depth  was  either 0.9 or 
3.0 m  (3 or 10 ft). 

The  gravity  load  on  the  pipeline  was  independent of 
displacement.  It  consisted of the  buoyant  weight of t h e  
soil  directly  above  the  pipeline  plus  the  buoyant  weight 
of t h e  pipe,  insulation,  concrete  coating,  and  oil  line 
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T A B L ~  1 Soil  mechanical  properties. 

0 .76  0.1 
11.57 11.9 

I '." I 

fi l l .   To  determine  the  buoyant  weight of the  pipe,  a 
0.318 c m  (0.125 in.) corrosion  allowance  was  added to 
the  wall  thickness.  The  insulation  thickness  was 15.2 
c m  (6 in.), and  the  concrete   thickness   was 10.2 c m  (4.0 
in.) for   the  30 c m  pipe,  and 14.0 c m  (5.5 in.) for   the  61 
c m  pipe.  The  possible  increase  in  overburden  pressure 
due  to  infi l l ing of a seafloor  sett lement  depression  was 
not  modeled. 

The  pipeline  operating  pressure  was  assumed to be  
9.31 MPa (1,350 psi),  and  the  installation  temperature 
was  assumed to be  -l.l°C (30OF). The  latter  was  used 
to ca lcu la te   the   force   due  to thermal  expansion. 

The  length  of  pipeline  modeled  was  over 900 m 
(3,000 ft).  One  end  was at the  midpoint of the   se t t led  
region.  Both  ends  were  restrained  in  rotation  and 
longitudinal  displacement.  Before  any  loads  were 
applied,  the  pipeline  was  assumed to be  horizontal  and 
stress  free.   Residual  stresses  from  laying  or  pressure 
testing  were  not  considered. 

Pipeline  diameter,   operating  temperature,   cover 
depth,  and  depth to top of ice-bonded  permafrost  were 
found to be  the  major  variables  controlling  allowable 
permafrost   sett lement.   Friction  angle,   pipe  wall   thick- 
ness,  and  soil  spring  constants  were of lesser  im- 
portance. 

Several  simulations  were  needed to determine  al-  
lowable   set t lement   for  a given set of input  parameters. 
For   each set, both  the  depth  and  the  width of t h e  
settled  region  in  Figure I were  varied  unti l   two 
conditions  were  satisfied: E = 0.5% and / a W  = 0, 
where c is  longitudinal  strain  and W is  the  width of t h e  
settled  region.  The  second  condition  means  that  the 
worst-case  value of W was  always used. 

Figure 4 i l lustrates   the  resul ts   f rom a typical  series 

-0.5 .. 
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FIGURE 4 Pipe  strain. 

of simulations.  For  low  values of W, the  pipeline  does 
not  follow  the  shape of the  soil   and  partially  spans  the 
settled  region.  As W increases,   the sag in the  pipe 
increases,  the  pipe  touches  down  on  the  soil  in  the 
middle of the  sett led  region,  and  the soil s t a r t s  to 
support  the  pipe  sagbend. In Figure 4, the   zero   s lope  
condition  occurs  just as the  sagbend  touches  the soil. 
Consistent  with  this  behavior,   the  maximum  com- 
pressive  strain  occurs at the   top  of the  sagbend  for  low 
values of W, bu t   i t   occurs  at the  bot tom of t h e  
overbend  for  large  values of W. Note   tha t   the   va lue  of 
W at the  design  point  is  only  about 12 m (40 ft). 

Figure S is a plot of allowable  permafrost settle- 
ment  versus  depth to top of ice-bonded  permafrost  for 
two  cover  depths,  0.9 and 3.0 m, and  two  pipeline 
diameters  30 and 61 cm.  The  pipe  temperature  was 
66OC (150OE). For  shallow  ice-bonded  permafrost,  the 
a l lowable  set t lement  is only 0.1-0.4 m (0.4-1.4 ft).  The 
allowable  sett lement  increases  rapidly as the   depth  to 
ice-bonded  permafrost  increases  because  the  soil set- 
t lement  is   spread  over a longer  interval. 
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FIGURE 5 Allowable  permafrost  settlement. 

The  allowable  sett lement  for  the 30 cm  pipeline is 
init ially  less  than  that   for  the 61 c m  pipeline.  The 
smaller-diameter  pipeline  has a lower  section  modulus, 
reducing  the  length of the  sett led  region  the  pipeline 
can  span.  However,  for  greater  depth to ice-bonded 
permafrost ,   the  smaller  pipeline  can  more  easily  con- 
form to the   shape  of the  set t lement   prof i le .  

For   both  pipe  diameters ,   the   a l lowable  set t lement   is  
always less for   the  deeper   depth of cover.  The 
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FIGURE 6 Allowable  permafrost   sett lement.  



489 

difference  increases  with  increasing  depth to ice-bonded 
permafrost.  The  greater  overburden  pressure  makes  the 
pipeline  follow  the  sett lement  profile  more  closely.  

The  pipel ine  operat ing  temperature   s t rongly  affects  
the  allowable  permafrost  settlement.  This  is  shown  in 
Figure 6 for  a pipeline  diameter of 61 cm.  Decreasing 
the  operat ing  temperature   f rom 66OC (150OF) to 10°C 
(500F)  increases  the  allowable  sett lement by a f ac to r  of 
almost 3 for a cover  depth of 0.9 m  and  by a factor  of 
about 2 for a cover  depth of 3.0 m. At  10°C and 0.9 m 
cover,   the  allowable  sett lement  is   controlled  by  tensile 
rather  than  compressive  strain.  

Figures 5 and 6 a r e  plots of allowable  permafrost 
settlement.  To  couple  these  results to  the   thermal  
simulations,   the  allowable  sett lement  must  be  divided 
by the  design  thaw  strain. 

THERMAL SIMULATIONS 

The  pipeline  thermal  simulations  were  performed 
using a computer  program  which  models  transient,  two- 
dimensional  conduction  with  change  of  phase  (Wheeler 
1978). Since 1969, the  program  has  been  used to solve 
a variety of permafrost   heat  transfer  problems  and  has 
been  compared  against  analytical  solutions,  laboratory 
data,  field tests, and  other  programs. 

Some  representative  soil  thermal  properties are 
shown  in  Figures 7 and 8. The  frozen  and  thawed  dry 
densit ies  were  calculated to be  consis tent   with  the 
assumed  thaw  strain.  The  values  of  thawed  conductivity 
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and  heat  capacity  were  calculated  using  standard 
correlations  (Kersten 1949) and  were  not  adjusted to 
account  for  changes  in  geometry  due to set t lement .  
The  corresponding  frozen  values  and  latent  heat  were 
modified to account  for  unfrozen  moisture  due to both 
salinity  (Ono 1975) and  specific  surface  area  (McGaw 
and  Tice 1976). I n  Figure 7, the  jump  in  conductivity 
for  a thawing  temperature  of -0.3OC (31.5OF) is  due to 
the  s tep  increase  in   dry  densi ty  upon  thawing.  The 
conductivity  of  the  pipe  insulation  was 0.035 W/m-OC 
(0.02 Btu/hr-ft-OF). 

Both  single  and  dual  pipelines  were  modeled. When 
two  pipelines  were  modeled,  they  had  identical  di- 
mensions  and  temperatures.  Separation  between  the 
pipelines  was  measured  from  centerline to  centerline.  

The  f inite  element  grid  was  rectangular  with a 
width of about 30 m (100 f t )   and  a depth of about 45 
m (150 ft).  The  top  boundary  was  the  seafloor.  The 
right  boundary  was a plane of symmetry.   For a single 
pipeline, it passed  through  the  pipe  centerline.  For  dual 
pipelines, it passed  midway  between  the  two  center- 
lines.  The  bottom  and  left  boundaries  were  far  away 
from  the  pipeline.  The  pipeline  and  insulation  were 
represented by concentric  polygons  determined  by  the 
assumed  pipe  diameter  and  insulation  thickness.  The 
concrete  coating  was  not  explicit ly  modeled  because  i ts  
conductivity  is  similar to thawed soil.  The  cover  depth 
and  depth to top of ice-bonded  permafrost  were  used as 
shown  in  Figure 1. 

The  boundary  condition at the  seafloor  was a hea t  
transfer  coefficient  and a constant   seawater   tempera-  
ture.  The  pipe  was a constant  temperature  boundary. 
The  side  and  bottom  boundaries  were  adiabatic.  The 
init ial   temperature  was  equal to the  seawater   tempera-  
t u re  at the  seafloor.  It  linearly  decreased  down to t h e  
top  of the  ice-banded  permafrost.  There  the  tempera- 
ture  was  equal to  the  thawing  temperature  based  on  the 
overlying  thawed  soil  salinity.  At  greater  depths,  the 
temperature  l inearly  decreased  according to the  spec- 
ified  geothermal  gradient. All the  simulations  were  run 
for 30 years. 

A  sensitivity  study  determined  the  possible  changes 
in thaw  depth  due to variations in the  input  data.   The 
parameters  considered  are  l isted  in  Table 2, along  with 
the  input  values  used  and  the  corresponding  calculated 
thaw  depths .   The  parameters   are   l is ted  in   order  of 
decreasing  variation  in  thaw  depth.  They  were  varied 
one at a time,  while all of the  other   parameters   were 
set equal to their   base case values.  The  base case 

FIGURE 7 Frozen soil thermal  conductivity. 
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values  are  underlined  in  the  table. All the  input  values 
were  considered  possible,  but  the  base case was select- 
ed  as a typical  design  situation. 

The  parameters  can  be  divided  into  two  classes, 
those  that   describe  environmental   conditions  and  those 
that  describe  the  pipeline.  Only  limited  control  over 
the  environmental   parameters  is   possible  when  the 
pipeline  route is being  selected.  The  results of the  
sensit ivity  study  indicate  that   the  primary  objectives 
during  route  selection  should  be to minimize  thawed  soil 
salinity  and  permafrost  thaw  strain  and to maximize 
depth to  top of ice-bonded  permafrost. 

Once   the   rou te  is selected,   the  pipeline  parameters 
can  be  adjusted to conttol   thaw  depth.   These  include 
insulation  thickness,  pipe  separation,  pipe  temperature, 
depth of cover,  and  pipe  diameter.  Increasing  the  first 
two  and  decreasing  the last three  decreases   thaw  depth.  
Fortunately,   most of these  parameters  are high  on t h e  
list  in  Table 2, so significant  control  over  thaw  depth  is 
potentially  possible.  However,  other  nonthermal  con- 
s iderat ions  may  a lso  affect   these  parameters .  

Thawing  temperature  is   the  second  most  important 
parameter  in  Table 2. It   is   controlled  by  the  rate of 
salt transfer  through  thawed  soil,   which  cannot  yet  be 
accurately  predicted.  However,  two  limiting cases can 
be  considered. "Slow" salt t r ans fe r   means   t ha t   t he  
salinity  on  both  sides of the  thaw  f ront   is   equal  to t h e  
initial  ice-bonded  permafrost  salinity.  The  thawing 
temperature   is   therefore   determined by the  ice-bonded 
salinity. "Fast" salt transfer  means  that   the  salinity 
above  the  thaw  f ront   equals   the  ini t ia l   thawed  soi l  
salinity. In this case, the re  is a sharp  change  in  salinity 
a t  the  thaw  front.  The  higher  salinity  now  determines 
the  thawing  temperature .  

Fast   and  s low  are   re la t ive to the   thaw  f ront  
velocity.  Based  on  the  allowable  permafrost  settle- 
ment,   the  allowable  thaw  front  velocity is on  the  order  
of 0.1 m/yr,  which is an  order  of magnitude  faster  than 
the  typical  natural   ice-bonded  permafrost   degradation 
r a t e  of 0.01 m/yr or less.  However,  the  salt  transfer 
rate could  be  fas ter   than  the  natural   degradat ion  ra te .  
The  pore  water  velocity  above  the  thaw  front  should 
provide  an  upper  bound  on  the  salt  transfer  rate.  Field 
work  by  Harrison  and  Osterkamp (1982) for relatively 
coarse-grained  soil   indicates  that   the  pore  water  ve- 
locity is probably  faster  than 0.01 m/yr  and  may  be 
fas te r   than  0.1 m/yr.  The  velocity is likely to be  lower 
in  fine-grained  soil.  Although  very  limited,  the  avail- 
able   data   indicate   that   there   are   l ikely to be   a reas  
where  the  pore  water   veloci ty  is close to the  thaw  f ront  
velocity.   Therefore,   the  thawing  temperature  could  be 
below  that  based on the  ice-bonded  permafrost  salinity. 
This,  in  turn,  could  significantly  increase  thaw  depth. 

Decreasing  the  thawing  temperature  can  increase 
thaw  depth  for  several  reasons: (1) Relative to  t h e  
thaw  f ront ,   the   seaf loor   can  be a heat   source  ra ther  
than a hea t  sink. (2) The  difference  between  the  pipe 
temperature  and  the  thawing  temperature  is   increased. 
(3) The  sensible  heat  input to the  thawed  soil  for a 
given  thaw  depth is reduced. 

Changes in thaw  strain  have little ef fec t   on   thaw 
depth  but   have a very  big  effect  on  allowable  thaw. 
Doubling the  thaw  s t ra in   f rom 15 to 30% decreases  
thaw  depth  by  only  about 4%. However, it halves  the 
allowable  thaw  depth.  Therefore,  the  worst case for  
thaw  sett lement  occurs  for  the  highest   thaw  strain,  
which  corresponds to the  lowest  thaw  depth.  

An interesting  phenomenon  occurs  when  both  the 
overlying  thawed  soil   salinity  and  the  salt   transfer  rate 
increase.   The  former  decreases  thaw,  and  the  lat ter 

increases  thaw.  However, €or the  cases modeled  (see 
bottom  line  in  Table 21, t he   two   e f f ec t s   a r e   o f f se t t i ng  
because  there  is essentially  no  net  change  in  thaw.  This 
may  not  be  universally  true. 

METHODS TO LIMIT THAW AND  SETTLEMENT 

Pipeline  insulation  is  considered  the  primary  method 
for  limiting  thaw, so Figures 9 and 10 were  developed 
to help  determine  where  and how  much  insulation is 
needed.  Figure 9 shows  the  required  depth to the   t op  
of ice-bonded  permafrost as a function of pipe  temper- 
ature  with  no  insulation.  Figure 10 shows  the  required 
insulation  thickness as a function of pipe  temperature 
for 9.1 m (30 f t )  to top  of  ice-bonded  permafrost. In 
both  f igures,   the  pipe  diameter  is  61 cm,  and  the  cover  
depth  is  3.0 m. Curves  are  given  for fast and  slow  salt 
migration.  Other  conditions  are  the  same as the   base  
case in  Table 2. Above  the  curves,   the  permafrost  
sett lement  is   less  than  allowable,   while  below  the 
curves,   the  sett lement  is   more  than  allowable.  

Figures 9 and 10 were  obtained by first  plotting 
allowable  ttiaw  depth  from  the  mechanical  simulations 
and  predicted  thaw  depth  from  the  thermal  simulations 
versus  pipe  temperature.  The  points of intersection  for 
common  conditions  were  then  used t o  plot   the   curves  in 
the  figures. 

The  curves  in  Figure 9 have  relatively  flat  slopes. 
This  means  that  a small   increase  in  depth to top of ice- 
bonded  permafrost  allows a big  increase  in  pipe  temp- 
erature .  For example,  if the  ice-bonded  permafrost is 
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at 9.1 m, the  maximum  allowable  pipeline  temperature 
is 160C (600F) with  slow  salt   transfer.  If the   depth  to  
ice-bonded  permafrost  is  doubIed to I8 m (60 f t ) ,   then 
the  allowable  pipeline  temperature  increases  by  more 
than a factor  of 4 to 81oC (178OF). For fast salt 
transfer,   the  required  depths to top  of ice-bonded 
permafrost  are 2-C m (7-13 f t )   deeper ,  

If the  permafrost   i s  too shallow  for a given  pipeline 
temperature,   then as shown  in  Figure 10, insulation  can 
be  used to reduce  thaw  depth to an  allowable  value. 
The  slopes of the  curves   in   this   f igure  are   re la t ively 
steep.  Therefore,   small   changes  in  pipeline  temperature 
lead to large  increases in  required  insulation  thickness. 
There  is  a strong  dependence  on salt t ransfer   ra te .   For  
15.2 c m  (6 in.) of insulation  and slow salt t ransfer ,   the  
maximum  allowable  pipeline  temperature  is 76OC 
(168OF). However,  for fast salt transfer,   the  allowable 
pipeline  temperature is only 26OC (78OF). 

CONCLUSIONS 

Calculation  procedures  were  developed  for  design of 
warm  pipelines  buried  in  the  seafloor  above  ice-bonded 
permafrost.  Based  on  relatively  limited  results,  the 
following  guidelines  were  developed  considering a maxi- 
mum  pipe  diameter of 61   cm (24 in.), a maximum  pipe 
temperature  of 93OC (2000F), a maximum  cover  depth 
of 3.0 m (IO ft) ,  a maximum of two  pipelines  along  the 
same  route,   and a salt t ransfer   ra te   in te rmedia te  
between fast and  slow.  Where  the  depth to ice-bonded 
permafrost  is greater   than  about   27 m  (90 ft) ,   no 
mitigation  is  needed to  reduce  thaw. If the   depth  to 
ice-bonded  permafrost is about  14-27 rn (45-90 ft), 
insulation  can  be  used to limit  thaw.  For  depths less 
than  about 14 m,  additional  measures to l imit   thaw  may 
also  be  required.   Possible  options  are  reducing  cover 
depth,   reducing  pipe  temperature,  or increasing  sepa- 
ration  between  multiple  pipelines.  Another  option, 
reducing  pipe  diameter,  will decrease  thaw  depth,   but  
may  also  decrease  allowable  thaw. 

These  guidelines  can  be  used to develop a pre- 
l iminary  assessment of thaw  set t lement   problems  for  
future  applications.  However,  they are probably  overly 
conservat ive  for   some  areas  of the  Beaufort  Sea. For 
example,  in the  Prudhoe Bay area  and  fur ther  to t h e  
east, the re  is frequently a relatively  dense  gravel  layer 
at depth.  The  gravel  has a very  low  thaw  strain,  and 
thawing of the  gravel  would cause  l i t t le   set t lement .  
However,  this  type of layered soil profile  was  not 
considered  in  developing  the  guidelines. 

There are several  areas where  additional  work is 
needed to improve  the  existing  design  procedure: (1) A 
quantitative  model  for  salt   transfer  is   needed to 
evaluate   the  dependence of thawing  temperature  on 
thaw  rate.  (2 )  Insulation  has  never  been  used  for 
permafrost   protection of seafloor  pipelines.  The  poten- 
tial  problems of mechanical  damage  and  moisture 
absorption  must  be  addressed to ensure  long-term 
reliability  of  the  insulation  system.  (3)  The  settlement 
profile  used  is  reasonable  but  based  on  limited  in- 
formation.  Model tests and  more  detailed  computer 
simulations of soil   deformation  are  needed to confirm 
the  adequacy of the  current   prof i le .  (4)  More  field 
d a t a  are needed  on  permafrost  thaw  strain.  Since 
allowable,  thaw is inversely  proportional to thaw  strain,  
small   decreases  in  strain  can  lead to much  larger 
increases in  allowable  thaw. ( 5 )  Deformation of t h e  
insulation  system  and  concrete  coating  was  not  con- 
sidered  in  the  mechanical  simulations,  but  their  de- 

formation  may  impose a lower  limit on allowable 
settlement.  Simulations of the  pipe,  insulation,  and 
concrete   composi te  are needed.  (6)  The  limit on pipe 
strain  was  developed for large  diameter,  onshore  pipe- 
lines.  The  limit  should  be  checked  for  smaller  diame- 
ter, offshore  pipelines. 

The  above  guidelines  are  not  applicable  for  water 
depths  less than 2 m. Here  the  ice-bonded  permafrost  
can  be  only a me te r  or so below  the  seaf loor ,   but   the  
mean  annual  seafloor  temperature  can  st i l l   be  close to 
the  permafrost   thawing  temperature.   This  combination 
of  very  shallow  permafrost  and  warm  surface  temper- 
a ture   makes  burial  in the  seafloor  much  more  difficult. 
With  additional  mitigation,  such as overexcavation  and 
backfill  with  thaw-stable  soil,  seafloor  burial  may  be 
possible.   Other,   more  thermally  effective  methods of 
avoiding  settlement  are  burying  well-insulated  pipelines 
above sea level  in a causeway  or  elevating  the  pipelines 
on  pier  supported  trusses.  These  last  two  methods  can 
total ly   prevent   thaw of seafloor  permafrost .  

UNIT  CONVERSIONS 

O C  = 5/9 (OF - 32) I MJ/m3 = 26.8 Btu/ft3 
loC/m = 0.549 OF/ft I MJ/m3-OC 14.9 Btu/ft3-OF 
I c m  = 0.394 in. 1 m3/day = 35.3 ft3/day 
I km = 0.621 mi 1 MN/m = 68.5 kips/ft 
I m = 3.28 f t  1 MPa = 145  psi 
1 Mg/m3 = 62.4 Ib/ft3 1 W/m-OC = 0.578  Btulhr-ft-OF 
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Highway roughness  produced by the   d i f fe ren t ia l   se t t lements  of thawing  permafrost 
i s  probably the  major problem f o r  highway engineers  in  permafrost  regions. A 
onedimensional  f inite  element model was developed t o  estimate thaw depths and 
subsequent  settlements of an embankment on permafrost  terrain. The computer pro- 
gram accepts  basic  soil  parameters i n  an   in te rac t ive  manner making i ts  use  re la-  
t ive ly  simple. Soil  parameters  input  to  the model a r e   l i d t e d   t o   t e s t  results 
normally  available  to  the highway engineer and thermal  properties  that may be 
measured or  estimated from suitable  correlations.  Climate  data may be input   as  
da i ly  or monthly air temperatures  along  with  suitable  n-factors.  Results have 
been compared wi th   theore t ica l   ca lcu la t ions  and severa l  measured temperatures 
under insulated and uninsulated  road test sections.  Comparisons ind ica ted   tha t  
t he  model i s  capable o f  giving  very good r e s u l t s  under a var ie ty  of conditions 
provided that  accurate  estimates of dry   dens i t ies  and water  contents  can be 
obtained. 

INTRODUCTION 

A one-dimensional f i n i t e  element model was 
developed to   es t imate  thaw depths and r e su l t i ng  
sett lements of a road embankment on permafrost 
t e r ra in .  The computer  program was w r i t t e n   i n  a 
manner a l lw ing   t he   r equ i r ed  s o i l  parameters t o  be 
supplied i n  an i n t e rac t ive  mode for   re la r ive   ease  
of use. The model is intended  to  f o rm par t  of a 
system to   es t imate  highway roughness r e su l t i ng  
from the  thaw of underlying  permafrost,  thus 
performing a v i t a l   r o l e   i n  a pavement management 
system in permafrost  areas. This paper w i l l  
describe  the development of the model, some of i t s  
fea tures ,  and resul ts   obtained in a comparison 
with measured soi l   temperatures .  

The  number and types of parameters  required  to 
def ine  each  soi l   layer  were purposely  limited  to 
recognize  the minimal tes t   da ta   usua l ly   ava i lab le  
t o  a highway engineer.  Estimates of frozen  and 
thawed thennal  conductivit ies  are  required,   along 
with  the  dry  density, water con ten r s   ( i n i t i a l  
frozen and f i n a l  thawed water  content) ,   specific 
heat  capacity o f  the   so i l   mat r ix ,  and  parameters 
to  define  the  unfrozen  water  content.  Thaw 
settlement is  estimated from changes in   t he   wa te r  
conten t   a f te r  thawing. Climate  data are limited 
t o   d a i l y  or monthly a i r  temperatures  and  the 
Nfactors  for thawing  and freezing  (dependent on 
loca l  climate and/or highway surface).  The 
r a t i o n a l e   f o r  a model requiring minimal input   data  
was t o  provide a too l  f o r  design  rather  than 
research. 

Many mathematical models have been developed t o  
estimate  freeze or thaw depths   within  layered  soi l  
systems (Kawasaki e t  a l ,  1982). A number  of 
ana ly t i ca l   so lu t ions  have  evolved  from Neumann's 
o r ig ina l  work i n  the  late  nineteenth  century.  
However, a l l  of t he   ana ly t i ca l   so lu t ions  have 
l imi ta t ions  i n  their   treatment of material  proper- 
ties and boundary conditions. More recent  devel- 

opments in numerical modeling have produced a 
range of mathematical models for s o i l  temperature 
us ing   e i the r   f i n i t e   d i f f e rence   o r   f i n i t e  element 
methods for   d i scre t iza t ion  of the  continuous 
domain. The f in i te   d i f fe rence  approach is concep- 
tua l ly   eas ie r  but generally  less  f lexible  than  the 
f i n i t e  element method. Finite  elements were used 
i n  t h i s  study  because  the  flexibility of the 
method made variations i n  grid  spacing and pos- 
s i b l e  expansion t o  two dimensions r e l a t ive ly  
straightforward. 

A re lat ively  s imple one-dimensional f i n i t e  
element model fo r  so i l  thawing/freezing is des- 
c r i b e d   i n   t h i s  paper. HIFIEL (HIghway FIn i te  
Etement) was designed to   handle   large numbers of 
data  points  along  the  alignment of a highway. 
Variations i n  temperature  within  each  element  are 
considered  l inear in space  and  nonlinear w i t h  
quadrat ic   var ia t ion in the time dimnsion. A 
simple  approach t o  Khaw settlement  has been used 
with volume changes  based on changing of water 
c o n t e n t   a f t e r   t h e   i n i t i a l  thaw of an  ice-r ich  soi l  
and the change of s t a t e  from i c e   t o  water or  vice 
versa. Heat t r ans fe r  is by conduction  alone  with 
no allowance for   heat   loss   or   gain by migrating 
water .   Theoret ical   jus t i f icat ion  for  this neglect 
of convective  heat  transport was established by 
Nixon (1975) using an analy t ica l   so lu t ion  f o r  one 
dimensional thaw consolidation. The mathematical 
s t ruc tu re  of HIFIEL and a comparison wi th  masure- 
ments at an Alaskan t e s t   s i t e   a r e   d e s c r i b e d  in 
t h i s  paper. 

STRUCTURE OF THE MODEL 

In  general,  the  one-dimensional  heat-flow 
problem i n  a so i l   cons ider ing  only  conduction i s  
defined by the  different ia l   equat ion:  

492 



493 

c s - k & = O  ( 1 )  
a t  ax* 

where C i s  the   vo lumetr ic  heat capac i ty ,  T i s  t h e  
temperature, t i s  time, k is the  thermal  conduc- 
t i v i t y ,  and x is dep th   (pos i t i ve  downwards). 
An a n a l y t i c a l   s o l u t i o n   t o   t h e   s o i l   f r e e z i n g /  
thawing  problem  derived by  Neumann i n  the nine- 
t een th   cen tury  has proven   usefu l   as  a s tandard  
aga ins t   which   o ther   mthods  are evaluated.  How- 
e v e r ,   l i m i t a t i o n s   i n   b o u n d a r y   c o n d i t i o n s ,   i n i t i a l  
temperature   prof i les ,   and so i l  homogeneity  have 
made Neumann's a p p r o a c h   u n r e a l i s t i c   f o r  a l l  but 
t h e  most  simple so i l   f r eez ing l thawing  problems. 

F i n i t e  Element  Formulation 

The f i n i t e  element method was chosen  for  the 
research  upon  which t h i s   p a p e r  i s  based t o   s o l v e  
t h e   d i f f e r e n t i a l   e q u a t i o n   i n  a piece-wise manner 
throughout a po r t ion   o f   t he   s emi in f in i t e   ha l f  
space  of a l a y e r e d   s o i l  system. A one-dimensional 
l inear   e lement  was used i n   t h e   s p a c e  domain wi th  
e l emen t   s i ze   i nc reas ing   w i th   dep th   t o   r educe  
computational  costs.  A t r i d i agona l   ma t r ix   r ep re -  
s e n t i n g   t h e   s o i l   s y s t e m   r e s u l t e d   f r o m   t h e   u s e  of 
Galerk in ' s   vers ion   of   the  method of weighted resi- 
duals .   Since  the  thermal   propert ies  of t h e  d e -  
ments are dependent on temperature, a new set of 
equat ions i s  solved f o r  each time s t e p   u s i n g  a 
s o l v e r   s p e c i f i c a l l y   d e v e l o p e d   f o r   t r i d i a g o n a l  
matrices. The nonlinear  heat-flow  problem i s  t h u s  
solved as a l i n e a r  problem wi th   con t inua l ly  
varying  thermal  properties.  

v a r i a t i o n   i n  material thermal p r o p e r t i e s   w i t h  
t e m p e r a t u r e   r e q u i r e s   e i t h e r   a n   i t e r a t i v e   s o l u t i o n  
procedure,  extremely small time s t e p s ,  or a 
three-time-level scheme t o   e n s u r e   a c c u r a t e  
r e s u l t s .  A three-time-level  scheme  suggested by 
Goodrich (1980) was used i n   t h e   f i n a l  model a f t e r  
some a t t empt s   w i th   o the r  methods.  This  three- 
time-level scheme i s  a s t r a igh t fo rward   app l i ca t ion  
of the  Galerkin  weighted  res idual   procedure  using 
quadratic  Lagrange  polynomials as shape  func- 
t ions.   Using  f ixed time s t e p s   t h e   f i n a l   s y s t e m  o f  
equat ions   for   so lu t ion   deve loped  by Goodrich 
(1980) reduces  to:  

[C].[{T}m-l - 4{T}" + 3{T)"'+'] += [K] 

The nonl inear  component introduced by t h e  

5 

+ 2{T)m + 4{T}e'] = 0, (2) 

where  [C] i s  the   hea t   capac i ty   nmtr ix ,  [K] i s  t h e  
heat  conductance  matrix,  A t  i s  the   t ime  s tep ,   and  
IT} i s  the  appropriate   temperature   vector  a t  time 
m-1, m, and el. In t h i s   p a r t i c u l a r   a p p l i c a t i o n ,  
the heat capac i t   mat r ix  i s  eva lua ted   fo r   t he  
t r ans i t i on   f rom TTlm-1 t o  {TIrn and [K] i s  
based on the   average  temperature   during  the same 
time s t e p .  The temperatures are known o r  assumed 
f o r   t h e   f i r s t  two time leve ls   l eav ing   on ly  
{TI"'+' t o  be ca lcu la ted   wi th in  a t r i d i a g o n a l  
system  of  equations.   This  procedure  has  resulted 
i n  a reasonably   e f f ic ien t   a lgor i thm that has  pro- 
duced good r e s u l t s   w i t h  time s t e p s   a s   l a r g e  as 
three  days.  

Unfrozen Water Content  and  Latent Heat 

The most crit ical  component  of  any p r e d i c t o r  o f  
f r eeze / thaw  dep ths   i n  a s o i l  system i s  t h e  
cons idera t ion  of so i l   mo i s tu re   f r eez ing   o r   t hawing  
s i n c e   t h e  ice and water conten ts  are major   fac tors  
i n   t h e   v a r i a t i o n   o f   t h e   s o i l  thermal proper t ies .  
A number of researchers have  investigated  the 
f ac to r s   r e l a t ed   t o   t he   un f rozen  water content  of 
s a t u r a t e d  frozen s o i l s  (Anderson e t  a l .  1973, 
Dillon et  a l .  1966, Tice e t  al .  1978) and  found 
tha t   f i ne -g ra ined   so i l s   gene ra l ly  have  appreciable 
unfrozen water contents  a t  temperatures as low as 
- 1 O O C .  The neglec t  o f  th i s   unf rozen  water when 
considering  permafrost  a t  temperatures  near O°C 
w i l l  l e a d   t o   s u b s t a n t i a l   e r r o r s   i n   l a t e n t   h e a t  
ca lcu la t ions .  To avoid  these  errors ,  a simple 
method of es t imat ing  unfrozen water based on t h e  
work o f  Anderson e t  al. (1973) has  been  incorpor- 
a t e d   i n  the l a t en t   hea t   ca l cu la t ions .  

Latent   heat  is  considered  within  the model as a 
component i n   t he   appa ren t   spec i f i c   hea t   capac i ty .  
The appa ren t   spec i f i c   hea t   ca l cu la t ion  is  based on 
one of two procedures  depending on whether  an 
element  has  changed  temperature more than .OOOOIoC 
during  the  previous time s t e p .  When the  
temperature  change is n e g l i g i b l e ,  the heat 
capac i ty  is evaluated a t  t h e   p a r t i c u l a r  tempera- 
ture  based on the  s lope o f  the curve shown i n  
Figure 1. However, when the  temperature  change 
has  been subs tan t ia l ,   the   hea t   capac i ty  i s  evalu- 
ated  based on the  same curve  using  an  apparent 
heat   capaci ty  as required  to   get   f rom a tempera- 
t u r e  Tn-l to temperature Tn. The alpha and 
beta  values shown in   F igure  1 are   taken from the  
work by Anderson e t  al. (1973). To avoid t h e  
d i f f i c u l t y  of Wu -P m as T + O'C, the unfrozen 
water content  curve was l i n e a r i z e d  from -0.5'C t o  
O°C as shown in   F igure  1. In the case o f  a 
coarse-grained s o i l  with   negl ig ib le   unf rozen  water 
content  below O'C, the alpha and beta  values are 
f ixed   such   t ha t   v i r tua l ly  a l l  of the  water changes 
state i n   t h e   l i n e a r  0.5'C range. This las t  
approach is t y p i c a l  of  most f reezingl thawing 
models that   consider  some range of temperature   for  
t h e  change of state. 

One assumption  that   presents  some d i f f i c u l t y  
w i t h i n  the model i s  t ha t   t he   appa ren t   spec i f i c  
heat  capacity  between two time l e v e l s  tn,l and 
tn is constant  from tn t o  tn+l ( t h e  time 
l e v e l   t h a t  is  solved fo r  in each  s tep) .   This  
assumption is  not genera l ly   t rue .  However, i t  
does  represent  a convenient means of l i n e a r i z i n g  a 
nonlinear  problem  that  would  otherwise  require a 
more cos t ly   a lgor i thm  for   so lu t ion .   Wi th in  a 
range of time s t e p   s i z e s  from  0.5 t o  5 days,   the  
error   caused by this assumption seems t o  be 
reasonably  manageable. 

Figure 2 i l l u s t r a t e s   t h e   v a r i a t i o n  in t h e  
simulated  temperature a t  middepth   o f  a 2.01~- 
t h i c k   s o i l   s y s t e m   s u b j e c t e d   t o  a sudden  increase 
in   sur face   t empera ture   f rom -10' t o  0°C with 
v a r i o u s   s i z e s  of time s teps .  The temperatures i n  
Figure 2 represent  the system  af ter   60  days  with 
the  bottom  boundary  specified as a temperature 
gradient   of  .05 C'/m ( increas ing   wi th   depth) .  The 
maximum temperature  difference  from  0.5-day  steps 
t o  5-day s t e p s  i s  only 0.129OC which  represents a 
d i f f e r e n c e   i n   a c t u a l   h e a t   c o n t e n t  o f  0.365 k.J/kg 



f o r   t h e   s o i l  used. Sudden large  temperature 
changes do cause some osc i l l a t ions .  However, as 
indicated by Goodrich  (1980), the quadra t ic  
Galerekin  time-stepping scheme seems t o  dampen the 
osci l la t ions  quickly even in l a rge  time steps.  

Climate Data 

O n e  o f  the primary  requirements  to  drive any 
soil.  thermal model is some set o f  climate data   for  
the time period  under  consideration. While there  
a r e  a number  of microclimatic models ava i lab le ,  a 
simple model based on the   usual   n-factor   ra t io  of 
surface  indices   to   a i r   temperature   indices  was 
chosen.  This method al lows  a i r   temperatures   to  be 
factored up or down as   r equ i r ed   t o   r e f l ec t   l oca l  
character is t ics   or   surface  condi t ions.  Data 
requirements  are  thus  minimized  while  maintaining 
a reasonable estimate of the surface  energy 
balance.  Nfactors have  been est imated  for   several  
surface  types  with  asphal t  pavement ranging  from 
0.29 t o  1.0 for   the  f reezing  n-factor  and 1.4 t o  
2.3 fo r  the thawing  n-factor  (Goodrich and Gold 
1981). A spec i f i c  s i te  near  Chitina,  Alaska,  gave 
values of 0.86 t o  1.18 and 1.58 t o  1.66 fo r  the 
same two factors  during  three  freezing  seasons and 
two thawing  seasons  (Esch and Livingston  1978). 
It was thought  that estimates of a i r   temperatures  
and surface  n-factors would be avai lab le  for most 
northern  locat ions,   whi le  more detai led  c l imate  
information may be unavailable. 

Thaw Settlement 

The model was a l te red   s l igh t ly   to   p rovide  a 
means o f  es t imat ing   the   se t t lement   i f   the  thaw 
f ron t  advanced beyond the  permafrost  table. The 
model was intended  for  use with r e l a t i v e l y   l i g h t  
long-term  loadings  from embankments 1.5 t o  about 
6.0 m high.  Various  researchers have found tha t  
under  loadings of less than  100 kN/m ( m 6 - m  

embankment), 80 t o  90% of the  thaw set t lement  
occurs  almost  instantly  as a funct ion o f  a thaw 
settlement  parameter (Watson et a1.1973). The use 
of a model involving  only  the  instantaneous 
set t lement  upon thawing  avoids many complications 
induced by considerat ion of the consol idat ion.  

on the  use of parameters  that would normally be 
measured by a highway engineer. An attempt was 
made t o   r e t a i n  this pr inc ip le  i n  the thaw settle- 
ment portion.  McHattie  (personal  communication 
1981)  suggested  that a p rac t i ca l  estimate of thaw 
settlement  could be obtained  from estimates of 
s o i l  water  content  before and after thawing. An 
assumption is made that   soi ls   undergoing thaw 
se t t lement   a re   sa tura ted ,  so tha t  a void r a t i o  can 
be estimated  based on the water  content and the 
dry  density.  This information is used by the  
model to  calculate  changes  In  element  lengths 
based on a new void r a t i o   a f t e r   i n i t i a l  thaw. 
Once an element  has  thawed, it w i l l  maintain a 
constant  water content and only  change  size  as  the 
water  freezes and thaws with the seasons. No 
attempt was  made to  account f o r  the water  expelled 
when settlement  occurs,  nor is the  heat   in   the 
migrating  water  considered.  Portions of the one- 
dimensional  grid  simply expand and contract   as  
elements  freeze and  thaw.  Changes in the  geometry 

The development of the e n t i r e  model was based 
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allow  for t h  le effect of a hea I t  source  or  distur- 
bance moving closer   to   the  or iginal   permafrost  
table   as  thaw sett lement  occurs.  When the  water 
content  after  thawing can be eas i ly   e s t ab l i shed ,  
the model w i l l  provide a good estimate of the  
set t lement .  The model is  not  intended  for  use  in 
s i t ua t ions  where rapid  thawing  from an unusual 
heat source may cause  excess  pore  pressure  leading 
t o   p o s s i b l e   s t a b i l i t y  problems, and it is  also  not  
intended  to model thaw consolidation  under 
loadings  greater  than 100 kN/m2. 

VERIFICATION 

Analytical  Versus  Numerical  Solution 

within  the  Fortran  algorithm were checked fo r  
t h e i r   t h e o r e t i c a l   a c c u r a c y ,   u n t i l   f i n a l l y   t h e  
en t i re   s t ruc ture   requi red   ver i f ica t ion .  As an 
i n i t i a l  check of the model performance,  the thaw 
depth o f  a hypo the t i ca l   so i l   s t ruc tu re  was evalu- 
ated  using HIFIEL and the Berggren  equation  under 
similar  conditions.  The s o i l   p r o p e r t i e s   a r e  sum- 
marized i n  Table 1. The temperature a t   t h e  
surface was ra i sed  from -10' to  +5'C during  the 
f i r s t  30 days, and then  the  surface  temperature 
was held  constant   a t  +5"C f o r  the  remaining 330 
days. Calculat ions for the  equivalent  Berggren 
solution  used  an  average  conductivity  of 2.5 W/m"C 
and  only 335 days   to   account   for   an   equiva len t  
1,675 C degree  days. The r e s u l t s  of  the two 
s i m u l a t i o n s   a r e   i l l u s t r a t e d   i n   F i g u r e  3 ,  with  thaw 
depth  plot ted  against   the   square  root  of time. 
Nearly i d e n t i c a l   r e s u l t s   a p p e a r   a t   t h e  end of the  
time period,  with  the  numerical model pred ic t ing  
1.44 m of thaw versus  1.45 m f o r  the ana ly t i ca l  
procedure.  Although  the  result is encouraging, 
t h e r e   a r e  some d i f f e rences   t ha t  need  explanation. 

A t  each  stage of development,  the  Subroutines 

TABLE 1 - Soi l   Proper t ies  for Simulation Check 
so i l :   Fa i rbank   S i l t  
Unfrozen  water  parameters: 
Water content: 
D r y  density: 
Conductivity thawed: 
Conductivity  frozen: 
Soi l   matr ix   heat   capaci ty:  
I n i t i a l  temperature: 
Depth of s o i l :  

a - .0481 B = -0.326 
0.55 

2.0 W1m.K 
3.10 Wlm-K 
.710 kJ1kg.K 
-1O'C 
10 m 

1.20 t l m 3  

- .  

F i r s t ,  the i n i t i a l   s t a r t  of the   s imula t ion  
using  f inite  elements  gradually  approached  the 
assumed s tep  surface  temperature   of  +5'C during 
the f i rs t  30 days. It i s  apparent  from  Figure 3 
t h a t  this d i f fe rence  due to   t he   s t a r tup   d imin i shes  
a f t e r   t h e  100  days  ao  the  simulated thaw depth 
approaches  proport ional i ty   to  the square  root of 
t Ime . 

A second  contribution  to  the  difference may be 
the  considerat ion of unfrozen  water  within  the 
numerical model. The thaw depth  has been defined 
s t r i c t l y   a s   t h e   p o i n t   a t  which the  temperature is 
the 0°C isotherm. The Berggren  solution i s  based 
p a r t i a l l y  on the  assumption  that   al l   water changes 
s t a t e  at 0°C. When unfrozen  water is allowed  to 
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e x i s t  below O'C, there  must  be some v a r i a t i o n  from 
an ana ly t i ca l   so lu t ion   t ha t   f r eezes  water a t  O'C. 
The temperature  prediction seemed t o  match the 
frost   depth  reasonably w e l l ,  but  further  compari- 
son with roeasured tempera tures   in   o ther   s i tua t ions  
seemed necessary. 

Chi t ina Test-Site Comparison 

A road  section was constructed  near   Chi t ina,  
Alaska, i n  1969, to   evaluate   the  performance of 

concerning  the  thermal  regime  under  uninsulated 
embankment i n s u l a t i o n  and provide  needed  data 

road  sections.  Data from t h i s  test s i te  were made 
a v a i l a b l e  by the Research  Section o f  the  Alaska 
Department of Transportat ion and Publ ic  Faci l i t ies  
(Esch  1972, and personal  communications,  1981). 
The si te included a f i l l   s e c t i o n  wi th  5 cm and 1 0  
cm of i n s u l a t i o n ,   u n i n s u l a t e d   f i l l   s e c t i o n s ,  and a 
cut  section. A l l  of the sec t ions  were i n s t r u -  
mented with a v a r i e t y  o f  thermocouple  str ings,  
including  an  undisturbed si te nearby and a weather 
s t a t i o n .  Data are a v a i l a b l e  from  the s i te  f o r  a 
period of time  from  October  1969 t o  the present .  
However, only  three  years of d a t a  have  been  used 
f o r  a v e r i f i c a t i o n  of the model's  accuracy. 

Comparisons were made of the model output and 
the measured  temperatures  for  three  different 
locations  under  the pavement center l ine .  The 
material proper t ies  for  each  location are l i s t e d  
in   Table  2. Temperature  measurements were made a t  
monthly intervals  throughout most o f  the time 
period. The r e s u l t s  o f  the   s imulat ions and the 
measured  temperatures  for  the saw dates  are shown 
in   F igures  4 through 12. The bes t  match between 
the measured data  and the simulat ions  occurred  for  
the  sect ion  with  10 cm of insulation  ( thermocouple 

3 ) ,  whi le   in  the sec t ion   wi th  5 cm of i n s u l a t i o n  
(thermocouple  4) i t  is apparent that  the  insula-  
t i o n  is approximately 20 cm deeper  than  Table 2 
suggests. The e f f e c t  of t he   d i f f e ren t   t h i cknesses  
of i n s u l a t i o n  is  very  c lear  i n  both  the  measured 
temperatures and the  simulated  temperatures. It 
appears that over the long term the model may be 
predic t ing  a cool ing  t rend  s ince a l l  three  simula- 
t ions  have colder  than measured  values a t  the 
maximum depth on 25 September,  1972. However, it 
is diff icul t   to   conclude  anything from the d i f f e r -  
ences  since  they are genera l ly  less than 0.75'C. 
Other large  differences  in   the  upper   layers  may 
have  been  caused by poor estimates of water 
content and conductivity. In general   the   correla-  
t i o n  between  measured and simulated  temperatures 
appears   qui te  good with no major anomalies  except 
i n  the  extreme  upper  layers. 

For a complete  check of  the model performance 
the sett lements  predicted  over a period of time 
should be matched to those  measured at the  site. 
Unfortunately,   there were i n s u f f i c i e n t   d a t a  a t  the 
time of the  wri t ing of th i s   paper  t o  make a 
realistic test of t h i s   s e c t i o n  of the  model. 
Accurate  measurements of the water content of t h e  
subgrade so i l   be fo re  thawing  and a f t e r  thaw conso- 
l i d a t i o n  are required as input  parameters. 
Settlement of the  road  has  been  masured  at  the 
site, and a reasonable estimate of the  after-thaw 
water content was used for   the   un insu la ted  f i l l  
s e c t i o n   i n  an  attempt  to  evaluate  the thaw set t le-  
ment. The masured  set t lement  between  14 July,  
1971 and 18 September,  1972 was  0.1 m, while the 
model predicted 0.126 m during  the same time 
period. While the   resu l t s   cannot  be used as a 
measure of the  model's  accuracy,  they do i n d i c a t e  
that reasonable  sett lement  estimates can be 
expected  with  the  proper  soil   parameters.  

TABLE 2 Layer  Properties a t  Chi t ina Test S i t e  Used i n  Simulation 

Thermocouple Material  Thickness  Density Water Prozen Thawed Heat Capacity Water 
D r y  Conductivity  Soil   Specific  Unfrozen 

S t r i n g  No. ( m) (T/m3>  Content (W/mK)  (W/mk) (kJ/kgK) a B 
2 Asphalt .05 2.160 01 1.300 1.300 1.674 -005 -.333 

f i l l )  Subbase 1.30 1.922 .18 3.750 2.750 ,850 -005 -e333 
(uninsulated Base .20 2.160 *05 2.750 2.750 ,850  -005 -.333 

O r  gani c8 .30 ,256 3 .OO 1.073 0.430 1.670 .005 -.333 
S i l t y   P e a t  6.10 .530 1.50 2.200 0.519 .710 .005 -.333 
Gray S i l t  3.05 1.300 .40 2.200 1.200 .710 .050 -.325 

3 Asphalt  .05 
( 1 0-cm Base .20 
i n s u l a t i o n )  Subbase 1.40 

Insulation  .10 
Subbase .40 
Organics .15 
S i l t y   Pea t  5.55 
Gray S i l t  2.15 

2.160 
2.160 
1.922 

.034 
1.922 

,256 
.530 

1.300 

.01 
*05 
.05 
.005 
.18 

3.00 
1.50 

.50 

1.300 
2.750 
3.250 
0.033 
3.750 
1.073 
2.200 
2.200 

1.300 
2.750 
2.750 
0.033 
2.750 
0.430 
0.519 
1.200 

1.674 
.850 
.850 

1.000 
.850 

1.670 
.710 
,710 

.005 -.333 

.005 "333 
.005 -.333 
.005 -.333 
.005 -.333 

.005 -.333 
-005  -*333 

-050 -*325 

4 
(5-cm Asphalt .05 2.160 .01 1.300 1.300 1.674 .005 -.333 
i n s u l a t i o n )  Base .20 2.160 *05 2.750 2.750 ,850 -005 -e333 

Subbase 1.30 1.992 .05 3.250 2.750 .850 .005 -.333 
I n s u l a t i o n  .05 ,034 .005 0.033 0.033 1.000 .005 "333 
Subbase .40 1.922 .18 3.750 2.750 .850 .005 -.333 
Organics .15 256 3.00 1.073 0.430 1.670 .005 -.333 
S i l ty   Pea t  5.55 .530 1 .50 2.200 0.519 .710 ,005 -.333 
Gray S i l t  2.30 1.300 .50 2.200 1.200 .710 ,050 -.325 
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CONCLUSIONS REFERENCES 

The  model  presented in this  paper  can be used 
to  give  estimates of road  surface  settlements  for 
a  variety  of  designs  over  permafrost  subgrades. 
It  is  relatively  easy  to  use  with  a  minimum  of 
soil  parameters  required  as  input,  and  it  can 
include  insulating  layers  or  peat  material  without 
any  special  considerations.  Thermal  modeling  has 
been  conducted  using a one-dimensional  two-node 
element,  but it could be expanded  to  two  dimen- 
sions with  some  increased  calculation  costs  and 
complexity of the program. 

As a  design  tool  for  highway  engineering, 
HIFIEL  performs  as  well  or  better  than  the  cur- 
rently  used  modified  Berggren  equation. Ih its 
current form, thermal  estimates  can  be  made for  a 
variety of alternative  designs  in  a  particular 
site  without  great  cost  (10-year  simulation for 
1 5 3  depth  using  5-day  time  steps  required 96 
seconds  of  CPU  time  using  an IBM 4341). Using a 
gradient  boundary  at  the  bottom o f  the  layers 
allows  long-term  warming of the  permafrost  to  be 
considered in areas  where  there i s  potential  for 
complete  thaw  of  the  permafrost. 
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Measured 

FIGURE 4 Thermocouple 2 tempera- FIGURE 5 Thermocouple 3 tempera- FIGURE 6 Thermocouple 4 tempera- 
t u r e s   f o r  7 July, 1 9 7 0 .   r u r e s   f o r  7 J u l y ,  1 9 7 0 .   C u r e s   f o r  7 July, 1970. 

FIGURE 7 Thermocouple 2 tempera- FIGURE 6 Thermocouple 3 tempera- FIGURE 9 Thermocouple 4 tempera- 
t u r e s  f o r  4 A p r i l ,   1 9 7 2 .  t u r e s   f o r  4 A p r i l ,   1 9 7 2 .  t u r e s  for 4 A p r i l ,   1 9 7 2 .  

0 Measured 

-II I 0 

FIGURE 10 Thermocouple 2 tempera- 
t u r e s  f o r  25 September ,  1972.  

-a -i 
t i 0 Measured 

- 9  

e Measured 

. f T - 4  

FIGURE 11 Thermocouple 3 tempera- FIGURE 1 2  Thermocouple 4 tempera- 
tures f o r  25 S e p t e m b e r ,   1 9 7 2 .   a t u r e s  f o r  25 September ,   1972.  



APPROXIMATE  SOLUTIONS FOR MILLER'S  THEORY OF SECONDARY HEAVE 
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Quasi-static  approximations  for  the  temperature  and  pore  water  pressure  profiles 
are  used  to  describe  the  one-dimensional  freezing of a  saturated  noncolloidal  soil. 
Using  the  energy  and  mass  conservation  equations  the  problem  is  reduced to the 
solution  of  two  ordinary  differential  equations.  The  theory  includes  a  criterion 
for  the  initiation  of  lenses  and  a  simple  numerical  procedure  is  used  to  describe 
the  growth  of  a  lens,  the  frozen  fringe  and  the  initiation  of  a new lens.  Some 
numerical  results  are  given  that  are in general  qualitative  agreement  with  other 
studies. 

INTRODUCTION 

The phenomenon  of  frost  heave has received 
considerable  attention in  recent  years and  various 
theories  and  mathematical  models  have  been  devised. 
Theories  based  on  a  capillary  theory  of  ice  lens 
growth  for  non-colloidal  soils  began  with  the  work 
of Everett (1961). The  earlier  models  are  often 
termed  primary  heaving  models  since  they  predict 
the  formation o f  ice  lenses at the  freezing  front, 
whereas it is found  that  ice  lenses  normally  form 
within  the  already  f,rozen s o i l .  To describe  this 
phenomenon a rigid-ice  model of secondary  heave  was 
conceived  and  developed  by  Miller (1972,  1977, 
1978).  Miller's  model  proposed  that an ice  lens 
grows  behind  the  freezing  front, so that  there  is  a 
zone  of  partially  frozen s o i l  in  front of a  lens. 
This  theory is able  to  predict  much  higher  heaving 
pressures  than  the  primary mdels, and it contains 
a  mechanism  for  the  initiation  of  new  lenses  in  the 
partially  frozen  region. The model has  been 
quantified  by  O'Neill  and  Miller (1982) ,  wherein 
the  governing  partial  differential  equations  are 
given  together  with  some  numerical  results. In 
addition,  Miller  and  Koslow (1980) have  examined 
the  predictions  of  the  model  when  the  temperature 
and  water  pressure  fields  are  stationary. 

This  paper  considers  the  one-dimensional 
freezing of a  saturated  non-colloidal  soil  and 
gives  quasi-static  approximations f o r  the 
temperature  and  pore  water  pressure  profiles. 
Energy  and  mass  conservation  equations  that  link 
the  parameters  introduced  by  the  approximate 
profiles  are  formulated.  This  leads  to  a  pair of 
coupled  nonlinear  ordinary  differential  equations 
that  are  solved  by  using  a  standard  numerical 
procedure. It is thus  possible to  follow  the 
development  of  the  frozen  region,  ice  lens  and 
frozen  fringe  and  to  determine  when  and  where  the 
next  lens  forms.  This  approach  is  motivated  by  the 
slow  nature  of  the  freezing  process  and  avoids  the 
much  more  difficult  numerical  problem of solving  a 
pair  of  nonlinear  coupled  partial  differential 
equations. In addition,  the  sensitivity  to  and 
relative  importance o f  the  various  physical 
parameters  may  be  readily  investigated. 

typical  values  for the physical  parameters  and  show 
Numerical  results  are  presented  using  some 

the  cumulative  heave,  time  lapse  between  ice  lenses, 
and  the  thickness of the  lenses, as functions  of 
time. 

MILLER'S THEORY OF SECONDARY HEAVE 

When a column of satumtcd soil  is  frozen  from 
one  end  and  the  column  is  observed  to  heave,  there 
are  three  distinct  regions of soil  (see  Figure 1): 

1 a solid  frozen  region  of  soil  that  may 
contain  distinct  ice  lenses; 

2 a  partially  frozen  region  of  soil  (usually 
known as the frozen  fringe)  containing soil, ice 
and water; and 

During  Ereezing,  water  moves  through  the  unfrozen 
soil  to  enter  the  frozen  fringe to feed  the  growth 
of  the  ice  lens at the  bottom  of  region 1. The 
water  is  sucked  toward  the  lens  because in  region 2 
the  ice  content  increases  rapidly  with  decreasing 
temperature,  and so the  water  content 
correspondingly  decreases  and  causes  a  large 
suction  adjacent  to  the  lens. The model of this 
process developed  by  Miller  is  termed  a  rigid-ice 
model,  because  the  ice  present i n  the  frozen  fringe 
is  assumed  to be rigidly  connected  to  the  ice of 
the  growing  lens.  This  pore  ice  moves  through  the 
soil pores  by  a  process of microscopic  regelation 
as heave  takes  place. 

frozen  fringe, a parameter $ is  introduced  by  the 
equation 

3 an  unfrozen  region of wet soil. 

To describe  the  frost  heave  mechanism  within  the 

u,  -u 
1 w  = UiW$, (1) 

where  ui  is  the  ice  pressure, 5 the  water  pressure 
and Oiw is  the  ice/water  interfacial  tension. 
I) can be interpreted as  a  mean  curvature  of  the  ice 
water  interface.  Using  the  Clapeyron  equation, 
which  relates  the  equilibrium  values of ui  and % 
and  the  temperature T, the  parameter $ may be 
written as 

$ = Au + BT, 
W 

(2 )  

where A and B are  constants. The volumetric  ice 
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content  0, is assumed to  depend  only  on @ (mopmans 
and Miller (1966))  and  the form of   the   func t ion  
e,($) used  here is the  one  used by O ' N e i l l  and 
Miller (1982).  which was based on data   of   Horiguchi  
and Miller (1980) . 
c r i t e r ion   fo r   t he   fo rma t ion   o f  a new l e n s .  The 
stresses are assumed t o  be   i so t rop ic ,   and   w i th in  
t h e   f r o z e n   f r i n g e   t h e   n e u t r a l  stress 0 is 
c a l c u l a t e d  by the  formula 

Another  important  component of t h e  model is t h e  

un = xu + ( l -x)ui ,  ( 3 )  
W 

where x(ei)  is a stress p a r t i t i o n   f a c t o r .   I n  
genera l ,  On has  a maximum i n   t h e   f r o z e n   f r i n g e ,   a n d  
it i s  when t h i s  maximum value  reaches  the  over-  
burden  pressure,  P,  t h a t  a new l e n s  is i n i t i a t e d .  

APPROXIMATE PROFILES 

We consider  a semi- inf in i te  mass of s o i l   t h a t  
i n i t i a l l y  is  a t  a temperature of T I .  A t  t i m e  t = 0 
the   su r f ace  z = 0 is  coo led   t o  a temperature  of 
Tc < 0. The f r e e z i n g   f r o n t  moves down through  the 
s o i l ,   i c e   l e n s e s  form  and t h e   s b i l   h e a v e s .   I f  z is 
measured downward and the  cumulative  heave is H ( t ) ,  
t he   su r f ace  i s  given  by z = - H ( t ) .  We denote   the 
p o s i t i o n  of the  bot tom  of   the  lowest   lens  by 
z = z s l  t he   pos i t i on   o f   t he   f r eez ing   f ron t  by 
z = zf   and   the   l eve l   o f   the  water t a b l e  by z = zw. 
The d i f fe ren t   l eve ls   and   assoc ia ted   t empera tures  
a r e  shown i n   F i g u r e  1. 

Because  of the   magni tude   o f   the   l a ten t   hea t   o f  
wa te r ,   t he   t empera tu re   p ro f i l e s   i n   t he   so l id   f rozen  
region is c l o s e   t o   l i n e a r  and may b e   w r i t t e n   a s  
follows: 

Z = - H ( t )  T = Tc top SUPfUCe 

z = o  """"""" - i n i t i a l ,  position of 
surface 

1 sol,id frozen )previous ice Zenses 
,,,,,,,,,,,,,,, 

,-,,>,,,,,,,,,,, 

_""""""" 
ice Lens 

z = z  T = Ts Lensing f ront /  
i c e  segregation 

2 frozen fringe front 

z = z  f T = T~ freezing front /  
penetration 
front 

3 unfrozen soiZ 

2 = zw Level of water t a b k  

FIGURE 1 Sect ion  through  f reezing  soi l  

2 - 2  
T = -  E. T +- z +  H 

Z S + H  c z + H  T S I  
-H C 2 < Zs. 

The t empera tu re   p ro f i l e   i n  the frozen  f r inge i s  
also assumed t o   b e   l i n e a r  and has  the form: 

z - 2  2 -  z 
€ 

f s   f s  
T = -  Ts +- 

z - 2  

In   the   reg ion   be low  the   f reez ing   f ront ,  a simple 
Linear  profile  cannot  be  used  because z t e n d s   t o  
i n f i n i t y .  One p o s s i b i l i t y  i s  t o   b a s e   t h e  
approximation on t h e  classical so lu t ion :  

( 6 )  

where c1 is t h e  thermal. d i f f u s i v i t y .   T h i s  i s  t h e  
s o l u t i o n   f o r  a f r e e z i n g   f r o n t   h e l d   s t a t i o n a r y  a t  
z = 0, and  for  convenience w e  rep lace  z by 2 -  zfI 
thus  introducing a s i m p l e   s h i f t  on the  temperature 
p r o f i l e s   t o   g i v e  

T = T + (TI - T ) e r f  f f 1 2 ) .  Z f .  ( 7 )  

The e f f e c t  of t h i s   c h o i c e  i s  to   de te rmine   the  
temperature  gradient  ahead of the   f r eez ing   f ron t .  

The o t h e r   p r o f i l e s  needed are fox t h e  water 
pressure   in   bo th   the   f rozen   f r inge   and   the   unf rozen  
region.  The water pressure  is zero a t  t h e  water 
t a b l e   l e v e l  zw  and  decreases  l inearly up t o   t h e  
l e v e l  of t he   f r eez ing   f ron t .  I n  the   f rozen   f r inge  
the i ce   con ten t   i nc reases   r ap id ly   w i th   dec reas ing  
temperature,  and so the  unfrozen  water   content  
d e c r e a s e s   r a p i d l y .   T h i s   r e s u l t s   i n  a r a p i d  
d e c r e a s e   i n   t h e  water pressure  from t h e  small 
negat ive  value uf a t   l e v e l  zf t o  a much l a r g e r  
nega t ive   va lue  us j u s t  below t h e   l e n s  a t  l e v e l  z s .  
I f  w e  assume the   wa te r   p re s su re   g rad ien t  i s  
continuous a t  zf and a q u a d r a t i c   p r o f i l e   i n   t h e  
f rozen   f r inge ,  w e  ob ta in :  

u = {  
z c z c z  
S f ' 

W 
I 

A q u a d r a t i c   p r o f i l e  was chosen as it serves  t o  
i l l u s t r a t e   t h e  method.  Clearly,   other  choices  of 
p r o f i l e   a r e   p o s s i b l e .  

Two o the r   func t ions   axe   r equ i r ed . fo r   t he  model: 
e,(+) and ~ ( 0 ~ ) :  From O ' N e i l l  and M i l l e r ' s  (1982) 
paper  an  approxlmation t o   t h e i r   c u r v e   f o r  0, is: 

0.01385 - 6 . 1 4 4 X  1 0 - 8 $ + 3 . 1 4 3 X 1 0 - 1 4 $ 2 ,  

e .  = 
0.26X 106 < J, < 3 . 6 X  lo6 ,  

1 0.4- 0.28  X lo6 
$ -  2 . 2 x  lo6 ' + > 3.6x lo6 
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and t h e  form  used f o r   t h e  stress p a r t i t i o n   f a c t o r  2u 
x is (1- Bi/Qo)  1 . 5 .  S 

f s  

CONSERVATION EQUATIONS 

The e q u a t i o n s   f o r   t h i s  model are der ived by 
us ing   the   equat ions  of conservat ion of heat   energy 
and  conservation  of mass a t  the   l ens ing   f ron t   and  
a t  the   f reez ing   f ront .   In   addi t ion ,   Darcy’s  l a w  
and  an  equat ion  involving  the  load (or overburden) 
completes  the se t  of equat ions.  

the   f rozen   f r inge ,   the   energy   ba lance   equat ion  a t  
z = z s  is: 

If vs is the  Liquid volume f l u x  a t  the   top   o f  

(10) 

where Kf and K, a re   t he   t he rma l   conduc t iv i t i e s  of 
t he   f rozen   f r inge   and   so l id   f rozen   r eg ions ,  
respec t ive ly ,  pw is t h e   d e n s i t y  of water  and L t h e  
l a t en t   hea t   o f   fu s ion   o f  water. 

where k, is the   hydrau l i c   conduc t iv i ty  a t  z = zs. 

t h a t   t h e   i c e   p r e s s u r e  i s  continuous  and  equal t o  
the  overburden  pressure P a t  z = z s ,  so t h a t  
equat ions (1) and ( 2 )  give:  

The f i n a l   e q u a t i o n  comes from the  assumption 

It i s  i m p l i c i t   i n   t h e  above  equat ions  that  some 
of   the   pore  water f r e e z e s  as it moves through  the 
f rozen   f r inge .   Th i s  is because, as the   f rozen  
f r i n g e  cJrows i n  time, the  temperature  and  water 
pressure  prof i les   change  causing  the ice c o n t e n t   t o  
increase .  

s i x  unknowns z f ,  H ,  T,, vs, us and  uE.  Elimination 
of T f ,  vs, us and uf between  these  equations w i l l  
g ive  two o rd ina ry   d i f f e ren t i a l   equa t ions   o f   t he  
form : 

Equations ( 1 2 )  t o  ( 1 7 )  a r e   s i x   e q u a t i o n s   i n   t h e  

A t  t h e   f r e e z i n g   f r o n t  z = zf ,   the   energy   ba lance  
equat ion is dzf - =  dt F(Zsr Zf r n r  t) r (18) 

dz 

‘”) and 

A t  t h e   f r e e z i n g   f r o n t  z = zf ,   the   energy   ba lance  
equat ion is dzf - =  dt F(Zsr Zf r n r  t) r (18) 

dz 

‘”) and 

dH 
d t  where is the  thermal   conduct ivi ty   of   the  

unf rozen   so i l ,  pi is the   dens i ty  o f  i ce   and  eif is 
t h e   v o l u m e t r i c   i c e   c o n t e n t   a t  z = zf .   Before  evaluat ing  the  funct ions F and G ,  it is 

the   equat ions  (10) and (11) become: t h a t  a fu r the r   s imp l i f i ca t ion   can  be made. 

- =  G ( Z s ,  z f ,  H ,  t)  - (19) 

Using the   t empera ture   p rof i les  ( 4 ) ,  (5) and (71, advantageous t o  non-dimensionalize  the  variables so 

TE - Ts 
K f T z -  - Ks T T F  = PWLVS 

T - T  s c  

f s  

and 

( 1 2 )  NON-DIMENSIONAL EQUATIONS 

The equat ions are non-dimensionalized  using a 
l eng th   s ca l e  E , ,  time to,  thermal   conduct ivi ty  KO, 
t emmrature  T. and  uressure P. I f  w e  denote   the 

T, - T  T - T  
f s  

K u r  - Kf = -P.L@. ~. 
f s  t h e  form: 

dz 
f 

TlClt I I f   d t  

non-dimensional  quantit ies  using a b a r ,   t h e  
113) governing  equations ( 1 2 )  t o  (17) may be   wr i t t en   i n  

The conservat ion mass e q u a t i o n   a t  z = z s  is: 

dH f s  p .  (1- e .  1- = -p 1s d t  w s ’  (14) 

( 2 0 )  
where eiS is the   vo lumet r i c   i ce   con ten t  a t  t h e  top 
o f   t he   f rozen   f r inge .  Tf w e  assume a Darcy  law  and 
t h a t  a t  t h e   f r e e z i n g   f r o n t   t h e r e  is a jump i n   t h e  
value of the   hydrau l i c   conduc t iv i ty   due   t o   t he  jump 
i n  ice c o n t e n t ,   t h e  mass balance a t  t h i s   l e v e l  may 
be   wr i t ten  as: ( 2 1 )  

- - - - 

where [ k f ]  is t h e  jump i n   t h e   v a l u e  o f  kf, t h e  
hydraul ic   conduct iv i ty  a t  z = zf. 

t he   f rozen   f r inge  so t h a t :  
We assume t h a t   t h e  Darcy l a w  holds  a t  t h e   t o p  of Zf-Zs f 2 -2  ”- f s  

(23) 



The t yp ica l   va lues   fo r   t he   pa rame te r s  we choose 
are those  of O ’ N e i l l  and Miller (1982) : 

E(, = 3m-1°c-l, 

P.L = 3.072 

p g = 8.99kNm-3, 

pwg = 9 .BkNm-3, 

a = 1.07 x10-6m2s-’ ,  

A = -2.5lmN-’, 

i 

I3 = -3.4 X l 0 ~ ~ - 1 ~ ~ - * ,  

ks = 8 X 10-’2ms”, 

[kf] = 1 0 - 4 m s - 1 ,  

P = 150kPa. 

In  a d d i t i o n ,   i f  we choose a l eng th   s ca l e  of lmm, 
i . e .  L o  = a time scale to = 102s and a 
temperature scale To = l0C, t h e   f i r s t   o f   t h e  non- 
d imens iona l   coef f ic ien ts  is of  orde r   un i ty  (see 
below) . The a c t u a l  values o f   t h e   c o e f f i c i e n t s  are: 

K T  t ’ ’ = 0.9766, 

(1 +UiwA)-’ = 1.0906, 

BU, T ( 1 + U .  A)-’/P = -8.1824, 
I W  I W  

~n examination  of  the  magnitude of t h e  terms i n  
equations  (23)  and (24 )  shows t h a t   i f   t h e   h e a v e  
rate i s  of order  lO-’ms-’, as may be  expected 
(Jones and Lomas 1983), uf / (zw - z f )  w i l l  bc of 
order  lo-’. The r e s u l t  IS t h a t   t h e   f i r s t  a n d   t h i r d  
terms i n   e q u a t i o n  ( 2 3 )  w i l l  have a n e g l i g i b l e  
e f f e c t  on the   heave   r a t e  &/dF, and  equation ( 2 3 )  
becomes 

Elimination  of T~ and us from  equations (26) t o  (28) 
gives   the  formulae for the   r igh t -hand  s ides   o f   the  
non-dimensional  form of equat ions (le) and  (19) as 

METElOD OF SOLUTION 

L 

now lens 

z equal to p s i t i o n  
of now lena 

FIGURE 2 Flow diagram 
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The problem  has  been  reduced t o  t h e   s o l u t i o n   o f  
t h e  two coup led   non l inea r   o rd ina ry   d i f f e ren t i a l  
equat ions (18) and (19). where the  parameter zs is 
a s t epwise   cons t an t   i n  t i m e .  A flow  diagram  for 
the  computations i s  shown in   F igu re  2 .  The 
d i f f e r e n t i a l   e q u a t i o n s  are solved  by  using a 
standard  fourth-order  Runge-Kutta  formula,  and a 
s imple   search   us ing   d iv ided   d i f fe rences  i s  used t o  
f i n d   t h e  maximum o f   t h e   n e u t r a l  stress Un i n  the 
frozen  fringe.   During  the  formation of a l e n s ,  zs 
remains   f ixed;   the   l ens  grows a t  t h i s   l e v e l   u n t i l  
t h e  maximum value o f  Un be low  the   l ens   reaches   the  
overburden P and a new l e n s  is i n i t i a t e d .  A t  this 
t i m e ,  zs is se t  e q u a l   t o   t h e   p o s i t i o n   o f   t h e  
maximum of On f o r   t h e  new l e n s   t o  form. 

K, = 4wm-10c-l, K~ 4m-1Oc-1 , = 3wm-1oc-1, 
Tc = - l0C,  Tf = -0.0B0C, TI = l0C, ois = 0.39 and 
Bif = 0.1 have  been  used.  Technically,   the ice 
content  eiS and  the  temperature Tf are funct ions  of  
3, and  thus  depends  on  the  temperature and water  
pressure .  However, a s   t h e   e f f e c t  of t h i s   v a r i a t i o n  
on t h e   c o e f f i c i e n t s   i n  the equat ions i s  r e l a t i v e l y  
s l i g h t ,   f o r   t h e   p r e s e n t  work they  have  been  taken 
t o  be  constant .  

In   addi t ion  t o  the   da ta   quoted   above ,   the   va lues  

RESULTS 

Numerical computations  using  the  values  of  the 
parameters  given  above  have  been  performed t o  
evaluate   the  general   performance of this method. 
It is found t h a t   t h e   p o s i t i o n   o f   t h e   f r e e z i n g   f r o n t  
zf  i s  d i r e c t l y   p r o p o r t i o n a l  t o  the   square  root of  
time, which is  t h e  same as f o r   t h e  classical 
f reez ing   problem  in  a semi- inf in i te   reg ion .  The 
t h i c k n e s s e s   o f   t h e   i c e   l e n s e s  as a func t ion  o f  time 
are shown in   F igu re  3 and  a re   p ropor t iona l  t o  t h e  
square  root  of time, The time elapsed  between 
successive ice lenses  i s  shown i n   F i g u r e  4 which 
has  a somewhat higher  rate of   increase.  The 
cumulative  heave is shown in   F igu re  5. A11 t h e s e  

l@ lo5 
TIME (secs) 

FIGURE 3 Lens th ickness   versus  time 

a 

I loL 1 os 
TIME (secs) 

FIGURE 4 Time elapsed  between  successive  lenses 
versus  time 

I C  

1 
TIME (secs) 

FIGURE 5 Cumulative  heave  versus t i m e  

r e s u l t s  are of the same order  as those  given by 
O ' N e i l l  and Miller (1982). I t  should   be   no ted   tha t  
their   computat ions are fox a f i n i t e  column o f   s o i l ,  
whereas   t he   p re sen t   r e su l t s  are f o r  a semi- inf in i te  
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region.  The impor t an t   d i f f e rence  is t h a t   i n  a 
f i n i t e  column t h e   f r e e z i n g   f r o n t   e f f e c t i v e l y   c e a s e s  
t o   p e n e t r a t e  much sooner  because of the   i n f luence  
of  the  lower  boundary,  and  this may account   for   the  
d i f f e r e n c e s  between t h e   r e s u l t s .  The frequency of 
formation  of  lenses i s  also similar. 

DISCUSSION 

The main   advantages   o f   th i s   quas i - s ta t ic  

* Ease of  computation. To s o l v e   t h e   f u l l  set of 
approach are as follows: 

p a r t i a l   d i f f e r e n t i a l   e q u a t i o n s   f o r   t h e   h e a t   a n d  
mass flow i n   t h e   f r o z e n   f r i n g e  is d i f f i c u l t .   T h i s  
is because   the   f rozen   f r inge  is a re la t ive ly   nar row 
region across which var ious   quant i t ies   change   very  
r a p i d l y ,  so t h a t   t h e r e   a x e   l a r g e   g r a d i e n t s   p r e s e n t .  
To descr ibe   adequate ly   the   equat ions   requi res  a 
very small mesh s ize   and  a correspondingly small 
time s t ep .   Excep t   i n   t he   ea r ly   s t ages   o f   t he  
computations, when a small  time s t e p  is r e q u i r e d   t o  
accommodate t h e   f r e q u e n t   i c e  lenses, the   equat ions  
i n  t h i s   p a p e r  may be  solved  using a time s t e p  
a p p r o p r i a t e   f o r   t h e  movement of t h e   f r e e z i n g   f r o n t .  
I n   a d d i t i o n   t h e  program is shor t   and   uses  
r e l a t i v e l y  l i t t l e  s t o r e .  

f o r m u l a t i n g   t h e   e q u a t i o n s   i n   t h i s  way, it is hoped 
t h a t  it w i l l .  l e a d   t o  a grea te r   unders tanding   of   the  
model and a cri t ical  evaluation  of  the  assumptions 
on  which it is based. 

d i f f i c u l t i e s   w i t h   t h e o r i e s  of f r o s t   h e a v e  is t h a t  
t he   va lues   o f  some of the  parameters  are uncer ta in  
s i n c e   t h e y   a r e   d i f f i c u l t   t o   m e a s u r e .  With t h e  
present   theory ,  we can   r ead i ly   i nves t iga t e   t he  
e f f e c t s   o f   d i f f e r e n t   v a l u e s  of the  parameters  and 
de termine   the   sens i t iv i ty   and   re la t ive   impor tance  
of the  parameters  t o  the  heave.  

Having shown t h a t  this quas i - s ta t ic   approach  
does  predict   the   formation  of  ice Lenses  and  heave 
of  t h e   r i g h t   o r d e r ,  some obvious  refinements  can  be 
made. One i s  t o  allow Bis t o   va ry   w i th  $ and a t  
t h e  same time ks t o  vary  with OiS. The temperature 
Tf may also vary  with 9. The choice of temperature 
prof i le   ahead  of t h e   f r o n t  may be  improved i n  one Of 

two  ways: e i t h e r   a d a p t  a more complicated  error  
func t ion   so lu t ion   such  as t h a t  u sed   fo r   d i f fus ion  
problems i n  semi-conductors (Tuck 1974) or compute 
t h e   p r o f i l e   d i r e c t l y  by using a Crank-Nicolson 
procedure a t  t h e  s a m e  t i m e  as solving  equat ions 
(18) and  (19) .  In a d d i t i o n ,   o t h e r   p r o f i l e s   f o r   t h e  
water pressure  i n  the   f rozen   f r inge  may be  examined. 
Meanwhile, it remains  only t o   r e i t e r a t e  O ' N e i l l  and 
Miller's p l e a   f o r  a series of experiments t o  be 
e s t a b l i s h e d  t o  evaluate   the  theory  and 
computations. 

Better understanding  of   the model. By 

. Evaluation  of  parameters. One of   the  
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HYDRAULIC CONDUCTIVITY FUNCTIONS OF FROZEN  MATERIALS 
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A constant-volume  permeameter/dilatometer  apparatus  was  used  to  obtain  data  for 
unfrozen  water  content  and  hydraulic  conductivity  for  eight  materials,  including  four 
natural  silts,  as  a  function of cemperature  in  the  range 0' to -0.35"C with  pore 
water  pressure  held  near  zero  gauge.  After  seeding  with  ice,  samples were first 
chilled  and  then  rewarmed  by  small  steps.  Hysteresis  effects  were  extremely  large  in 
the  first  freeze-thaw  cycle f o r  all materials but were  small i.n  the  on@ natural  silt 
subjected  to a second  cycle,  suggesting  possible  maltunctions  of  the  seeding  pro- 
cedure  in  the  first  round.  Typically,  hydraulic  conductivities  tell  irom  values of 
the  order  of 1V8 m.s-1  before  freezing  to  values  in  the  range - lO-L3 at 
temperatures  near - 0 . 3 - C .  Atter  thawing,  hydraulic  conductivities were higher  than 
beiore  freezing  of  the  thoroughly  remolded  materials  by  factors  ranging  from 1.1 for 
a natural  silt  to 60 for  a  stock  sample of Illite. 

INTRODUCTION 

It  is  generally  accepted  that  some  liquid 
water  persists in  frozen  sails as a  mobile  phase 
at  temperatures  below O'C. Many  believe  that  this 
water  has a  crucial  role  in  the  dynamics of 
processes  induced  by  freezing  and  are  anxious  to 
have  appropriate  data  for  use in mathematical 
models. 

Efforts  to  measure  the  apparent  hydraulic 
conductivity  of  frozen  soils  by  direct  methods 
encounter  various  problems  that  compromise  credi- 
bility of the  results,  including  those t o  be 
reported  here.  The  objective in all cases  is  to 
measure  a  coefficient o f  proportionality  (e.g., 
hydraulic  conductivity)  presumed  to  exist  between 
transport  and  driving  force  at  steady  states  in 
which  liquid  water  enters  one  side of a  frozen 
sample  and  exits from the  other. 

Two  approaches  have  been  used. In one, 
solutes  are  added t o  the  liquid  water  bathing  the 
two  faces,  reducing  its  freezing  point  to  the 
temperature  of  the  frozen  soil  (Burt  and  Williams 
1974). Driving  forces  for  transport  are  imposed 
by  maintaining  differences  between  liquid  pres- 
sures at  the  respective  faces or differences 
between  their  temperatures  (Perfect  and  Williams 
1980). 

I n  a second  approach,  solutes  are  not  used, 
but  ice  in  frozen  soil  is  prevented  from  seeding 
the  freezing  of  adjoining  bodies  of  supercooled 
water  by  interposing  rigid  filters  with  very  fine 
pores  to  serve as "phase  barriers"  that  exclude 
ice  but  transmit  liquid  water  (Sahin 19/3, Miller 
et al. 1975). 

with  phase  barriers  was  used  to  obtain  both 
unfrozen  water  content  and  hydraulic  conductivity 
data  tor  eight  materials as functions  of 
temperature  when  pore  water  pressure  was  nominally 
atmospheric  pressure.  Results  obtained  with  one 
of  the  eight  materials  were  reported  previously 
(Horiguchi  and  Miller 1980); results  obtained  with 
all  eight  are  reported  here. 

A constant-volume  permeameter/dilatometer 

APPARATUS  AND  PROCEDURE 

The constant-volume  permeameter/dilatometer 
and  associated  apparatus  used  in  these 
experiments  have  already  been  described  along 
with  results  of  tests  intended t o  detect  the 
degree  to  which flow might  pass  around  the  frozen 
soil or along  grain  boundaries  in  the  pore  ice 
(Horiguchi  and  Miller 1980). Results  of  those 
rests  showed  that  such  flows  would  normally  be 
negligible.  It  was  also  demonstrated  that  fluxes 
increased  in  direct  proportion  to  the  imposed 
hydraulic  gradient,  in  the  manner of Darcy's  law, 
using  gradients as large as 1500 m/m  at  low 
temperatures  where  conductivity  was  extremely 
low, 

In  use, the  permeameter/dilatometer  is 
placed  in  the  dilatometer  mode in preparation  for 
each  decrement o i  bath  temperature  during  step- 
wise  chilling o f  the  apparatus  immersed  in a 
well-stirred  bath,  or  prior  to  each  increment o f  
rewarming.  After  equilibration  at  each  step,  the 
system  is  switched  to  the  permeameter  mode.  What 
i s  reported  here as (apparent)  hydraulic  con- 
ductivity is the  volume  of  water  emerging  from 
unit  area  of  sample  per  unit  time  divided by a 
hydraulic  gradient  calculated  from  the  difference 
in  water  pressures  at  the  two  faces  and  the 
thickness  of  the  sample,  corrected  for  head 
losses  across  the  phase  barriers. 

In preparation  for  freezing,  the  entire 
apparatus,  including  sample  and  seeding  tube,  was 
thoroughly  flushed  with  distilled  water  flowing 
from an  actively  boiling  reservoir.  After a 
sample  had  been  chilled  to a temperature  slightly 
below O'C, freezing  was  seeded  by  way  of a port 
in  the  side  of  the  sample  chamber.  The 
water-filled  port  led  into a length  of  small-bore 
water-filled  tubing  which  was  induced  to  freeze 
by brief  exposure  to a jet  of  decompressing GO2. 
Ample  time (1 - 3 days)  was  allowed  for  treezing 
of all water  in  the  tube  and  port  before  the  next 
downstep  of  bath  temperature. 

Placement o f  a sample  in  its  partially 
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assembled  chamber  was  the  most  subjective  step  in 
the  procedure. A thick  slurry,  thoroughly  deaired 
by  boiling  at  reduced  pressure,  was  spooned  into 
the  open  water-filled  chamber  (depth, 3 m) until 
it  was  judged  to be exactly  filled,  whereupon 
assembly  was  completed.  At  the  end of  an 
experiment,  the  sample was  recovered,  dried,  and 
weighed so that  the  volume of: particles  could  be 
calculated.  Values  reported as porosity, E, 
represent  the  ratio:  [(Volume of chamber-Volume o t  
particles)/Volume of chamber]. It is  obvious  rhat 
failure to  fill  the  chamber  completely,  or 
subsequent  consolidation of the  sample,  would 
result  in  ice-filled  space  that  would  be  reported 
as if  it  were a part of the  porosity.  Such  ice 
would  modify  pathways  for  liquid  flow. This 
matter  will  be  discussed  further in the  light o f  
results  obtained. 

experiments were carried  out  at  Cornell 
University. 

MATERIALS 

Three of the  materials  used were provided 
through  the  courtesy of R. Berg, US Army  Cold 
Regions  Research  and  Engineering  Laboratory, 
Hanover, N.H. These  are  designated CHENA, NWA, 
and  MANCHESTER.  The  first  two  are  natural  silts 
from  the  vicinity  of  Fairbanks,  Alaska,  the  third 
is a  natural  silt  from  New  Hampshire.  A  fourth 
natural  silt,  designated  CALGARY,  was  provided 
through  the  courtesy of 5. F. Nixon,  Hardy 
Associates,  Ltd.,  and  was  collected  near  Calgary, 
Alberta. V. Snyder, of Cornell  University,  kindly 
provided us  with  a  material  designated 4-8 um 
FRACTION  which he had  separated  from  the 
Manchester  sample  by  repeated  decantation. 
Laboratory  stock  samples of ILLITE  (Grundite)  and 
KAOLINITE  (Peerless  #2)  and a  commercial  ZEOLITE 
(Linde  lox,  0.5-5  m)  completed  the  array of 

'materials studied. 

CHENA 

W 
3 0 MANCHESTER 

E  A B C D 

CHENA 0.48 3.6~10-~ 0.63 8 . 8 ~ 1 0 - ~ ~  3.9 

MANCHESTER 0.43  0.112 0.28 5.1XlO-l' 3 . 7  

CALGARY  0.45  0.153 0.13 1.OxlOI; 1.5 
0.35 --- " 1.8x10 1.8 

GRAIN SIZE (mm) 

FIGURE 1 Grain  analyses  of  three  of  the  natural 
silts. 

Mechanical  analyses  of  three of the  natural 
silts  are  shown  in  Figure 1. Specific  surfaces  of 
all  but  the  zeolite  were  measured  at  the  Institute 
o t  Low Temperature  Science,  Sapporo  University, 
using  the  BET  method  and  nitrogen  gas.  Freezing 

RESULTS 

Data  from  measurements  of  apparent  hydraulic 
conductivities  and  specific  surfaces  are  given  in 
Figure 2. Typical  data  for  volumetric  untrozen 
water  content  have  been  plotted  in  Figure 3 .  

points  measured i n  chilling  sequences;  solid 
symbols  are for warming  sequences. In general, 
Millipore GSWP (0.10 um)  filters  were  used as 
phase  barriers.  For  the 4-8 ym fraction  and 
other  examples  noted,  GSWP  (0.22  pm)  filters  were 
used.  Neither  required  significant  head-loss 
corrections  with  the  materials  used.  For  one 
sample of the  NWA  material,  dialysis  membrane  was 
used,  but  its  impedance  was  too  high fo r  it to be 
used  in  the  ice-free  range;  head  loss  across  the 
membranes  was  roughly  half o f  the  total  even  when 
the  soil was  frozen and  its  conductivity  was 
extremely  low. 

initial  chilling is a very  pronounced knee, 
presumably  corresponding  to  the  threshold  of  ice 
intrusion. If a  similar  knee existed  during  the 
second  freeze-thaw  cycle  with  the  Chena  material, 
its  location  shifted  drastically,  virtually 
eliminating  the  hysteresis  that  was so pronounced 
in  the  first  treeze-thaw  cycle. 

least-squares  fits of exponential  equations  which 
approximate  data  obtained  during  warming 
sequences. 

TABLE 1 Expressions  Describing  Results  Obtained 
for  Frozen  Soils  During  Warming  Sequences. 

In  Figures  2 and 3 .  open  symbols  signify 

A striking  feature  of  all  results  for  the 

Table 1 gives  constants  obtained  for 

Unfrozen  water 
content =  AT^ m /m ; T = Temperature, ' C  3 3  

Hydraulic 
conductivity = CT m/s D 

FRACTION 0.50 3.3~10-~ 0.61 7.3xlO-'l  3.5 
4-8 m 

ILLITE 0 . 6 7  0.334 0.11 1 . 3 ~ 1 0 ~ ~  1.3 
0.65 --- -- 3.4~10 1.2 

ZEOLITE 0.62 0.115 0.36 5.8~10-l~ 6.1 

-a 

The  effect  of  freeze-thaw  cycles  on  the 
hydraulic  conductivity  of  ice-tree  soil  was  very 
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TEMPERATURE ( "C )  
FIGURE 2 Hydraulic  conductivities of eight  materials  as  functions of bath  temperature  when  water 
pressure  was  near  zero  gauge.  Specific  surfaces  of  each  are  given. Data measured  during  chilling  are 
plotted as open  symbols. Data measured  during  warming  are  plotted as solid  symbols. 

large  for  the  two  clay  minerals  and  was  notable, 
but  smaller,  in  all  other  materials.  Spocifi- 
cally,  some  (before,  after)  values,  in 
were:  Chena  (4.1, 7.5) x NWA (1.5, 2 . 4 )  x 
lo-* and  (1.0, 1.9) x lo-'; Manchester ( 2 . 2 ,  2 . 5 )  
x 10-8; Calgary, E = 0.45,  63.1, 4 . 2 )  xlO-9; 
Kaolinite ( 2 . 9 ,  21.7) x 10- and ( 2 . 6 ,  60 .2 )  x 

Illite  (1.9, 120.) x Zeolite ( 1 . 3 ,  
2.4) x loT8. 

DISCUSSION 

Before  the  results  given  in  Figures 2 and 3 
are  accepted at face  value it i s  necessary  to 
examine  possible  sources  of  error, Two potential 
sources o f  error  are  obvious.  One of these  would 
be  a  failure of the  method o f  seeding  the  freezing 
to work  properly.  The  other  would be the 
appearance of segregated  ice  within  the  sample 
chamber. 

The method of seeding  was  first  used  in 

experiments  in  which  freezing  characteristics  of 
air-free  specimens of soil  were  compared  with 
drying  characteristics  of  those  same  specimens 
atter  the  ice  had  been  melted  by  warning  the 
samples  to  room  temperature  (Koopmans  and  Miller 
1966).  In those  experiments  there  was  no  reason 
to  suppose  that  the  method  did  not  work as 
intended  on  every  occasion,  and  this  justified 
use of the  same  method  in  the  apparatus  used 
here.  Unfortunately,  examination of the  data 
obtained  leaves  some  doubt  that  the  method  worked 
properly;  it  may  have  malfunctioned  consistently. 
Evidence  of  such  malfunction  is  entirely 
circumstantial. It has two  components,  one 
within  the  data  for  the  Calgary  material,  one 
within  the  data  for  the  Chena  material. 

In the  two  experiments  with  the  Calgary 
material, one sample  was  introduced  into  the 
chamber  at  a  higher  water  content  (higher 
porosity)  than  the  other.  If  the  method of 
seeding  brought  ice  into  contact  with  ice-free 
soil at  a  temperature  only  slightly  below O'C, as 
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FIGURE 3 Examples  of  unfrozen  water  contents  deduced  from  dilatometric  measurements. 

4 - 8 y m  FRACTION 
MANCHESTER 
CHENA 

- 

- 

I 

1 I I I 
0 0.2  0.4 0.6 m3/m3 

UNFROZEN WATER CONTENT 

FIGURE 4 Hydraulic  conductivities  plotted  as 
functions  of  volumetric  water  contents. 

intended  in  each  case, one would  have  expected 
that  ice  intrusion  into  the  pore  system,  marked  by 
a  knee  in  the  hydraulic  conductivity  versus 
temperature  curve,  would  have  occurred  sooner  (at 
a higher  temperature)  in  the  sample  with  the 
higher  porosity  and  higher  hydraulic 
conductivity. The reverse  seemed  to  be  true. 
This indication  depends,  however,  upon  the 
validity  of  a  single  point  on  one  or  the  other of 
the  two  curves. One  is  reluctant to give  much 
weight  to  a  single  point  which  has  been  plotted 
as if there  were no possibility of slight  changes 
in  the  calibration o i  the  temperature  measuring 
system  between the two  trials  and as if  there 
were no chance  of  small  unrecorded  perturbations 
o t  bath  temperarure  during  the long periods 
allowed  for  equilibration o i  samples  before  the 
conductivities  were  actually  measured. IT such  a 
perturbation  crossed  the  threshold  for ice 
penetration  when  the low porosity  sample was very 
close  to  the  threshold,  the  result  could  be 
spurious  because of hysteresis  as  the  sample 
returned  to  the  desired  temperature.  Hence  this 
interence of possible  seeding  malfunction is, by 
itself, of little  importance. 

for the  Chena  material.  This  was  subjected  to 
two  freeze-thaw  cycles,  but  to  save  time,  the 
sample  was  not  warmed  quite to 0°C between 
cycles,  making  reseeding  unnecessary;  the  seeding 
channel  presumably  remained  frozen  even  if  ice 
disappeared  from  soil  pores.  Pore  ice  had 
presumably  disappeared,  to  judge  from  the 
restoration  of  hydraulic  conductivity, so the 
second  chilling  cycle was begun.  This  time,  the 
pronounced knee that  characterized  the  first 
freezing was absent.  If  a  less  pronounced knee 
was  present,  it  appears to have  been  overstepped 
by  the  first  decrement of temperature. 

might  be  less  pronounced  in  a  second  freeze-thaw 
cycle  than  in  the f irst? The answer  must be yes, 
because i f  coarse pores are  the  first  to  be 

There is, however,  a  peculiarity  in  the  data 

Is it  reasonable  to  suggest  that  the  knee 



penetrated  by  ice,  they  should  tend  to  enlarge, 
with  a corresponding  reduction  in  the  dimensions 
of  smaller  pores  not  yet  penetrated  by  ice. This 
is  what one would  expect  because  the  ice  pressure 
is higher  than  the  pressure  of  water  in  ice-free 
pores.  If  such  broadening o f  the  pore  size 
distribution  were  induced  by  the  first  freezing 
of  thoroughly  remolded  soil,  then  the  hydraulic 
conductivity  of  the  material  after a freeze-thaw 
cycle  ought  to  be  higher  than  it  was  before 
freezing. This was  actually  observed  for  all 
eight of the  materials. The induced  increase  in 
hydraulic  conductivity  of  the  Chena  material  was 
not  excessive, a factor  less  than 2, and  this  is 
a rather  small  factor  if  the  same  effect  were  to 
have  virtually  eliminated  the  knee  observed  in 
the  first  cycle.  Perhaps  the  other  source of 
potential  error,  the  appearance  of  segregated 
ice,  is  responsible  for  camouflaging  the  presence 
of  the knee in  the  second  cycle. 

soil,  it  induces  a  gradient o f  effective  stress 
and  consolidation of soil  near  the  outflow  face 
with  the  possible  appearance of a water-filled 
void  between  the  upstream  face of the  sample  and 
the  adjoining  filter. It the  temperature  were 
low  enough  and  ice  were  present,  the  void  would 
be ice-filled.  It  is  known  that  what  an  observer 
would  perceive  to  be a stationary  ice  body  can  be 
moving  by  pressure-induced  regelation,  making  it 
possible  for an observer  to  record  an  apparent 
hydraulic  conductivity  (Miller  et  al. 1975). The 
apparent  conductivity  would  be a complicated 
function  of  several  properties;  the  actual 
hydraulic  conductivity  of  the  lens-free  soil 
would  be  but  one of .these  properties. If, in  the 
course of hydraulic  conductivity  measurements 
during  the  first  cycle,  such an ice  lens  were 
induced  between  filter  and  soil  at  the  upstream 
face  by  the  rather  large  hydraulic  gradients  used 
when  conductivity  was  low,  this  lens  would  not 
melt  until  temperature  reached 0°C unless  the 
sample  rebounded  strongly  during  the  rewarming 
steps. It is  possible  that a  residual ice lens 
induced  in  this  way  persisted  after  the  first 
warming  sequence  was  completed  with  the  Chena 
material.  If so,  its  presence  could  have 
camouflaged  the  presence  of a  knee  in the  second 
cycle. 

If  this  speculation  seems  unwarranted,  it 
should  be  remembered  that  in  an  earlier  paper 
(Horiguchi  and  Miller 1980) this  same  idea  was 
proposed  in  the  discussion of results  obtained 
with  the 4-8 um fraction. In those studies,  it 
was  arranged t o  reverse  the  hydraulic  gradient 
from  time  to  time.  Each  time  this  was  done  it 
was observed  that,  for a  few  minutes, thermo- 
couples  placed  near  the  inflow  and  outflow  faces 
o i  the  sample  indicated  that a temperature 
differential  had  been  induced  but  this soon 
disappeared.  It  was  suggested  that  this  would  be 
consistent  with  reversal  of  the  location  of  an 
induced  ice  lens.  These  isolated  bits of in- 
formation  do  not  form a unified  and  compelling 
rationale  for  dismissing  the  reported  hydraulic 
conductivity  values as something  other  than  what 
they  are  supposed  to  be.  Neither i s  it  possible 
to  accept  those  data  without  reservations. 

A completely  new  and  different  apparatus, a 
controlled-stress  permeater/dilatometer,  has  been 

When a hydraulic  gradient is imposed on a 
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designed,  fabricated,  and  put  into  operation  at 
Cornell.  It is Intended  to  overcome some of  the 
ambiguities  in  interpretation  of  data  from  the 
constant-volume permeameter/dilatometer. The  new 
apparatus  seems t o  have  its own problems, 
however,  and  at  this  time  it  would  be  premature 
to  discuss  results  being  obtained. 

CONCLUSIONS 

The  art of making  direct  measurements of 
hydraulic  conductivity  functions  for  frozen  soils 
i s  developing  slowly.  While  measurements  of  data 
purporting  to  be  the  desired  functions  can  be 
made,  the  procedures  developed  to  date  require 
extremely  precise  and  stable  control  of  tempera- 
ture  and  long  equilibration  periods.  Even  then, 
it  is  not  certain  that  the  data  can  be  taken  at 
face  value  until  every  source  of  potential  error 
has been  recognized  and  evaluated. The constant- 
volume pemeameter/dilatometer is  an  attractively 
simple  device,  but  there  are  unresolved 
ambiguities  in  the  interpretation of results. 
These  are  probably  not  serious,  but  only  further 
work,  probably  with  other  forms  of  permeameters, 
will  resolve  the  questions  that  can be raised. 
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COMPARISON OF TWO-DIMENSIONAL  DOMAIN  AND BOUNDARY INTEGRAL  GEOTIBKMAL  MODELS 
WITH EMBANKMENT FREEZE-THAW FIELD, DATA 
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The time-  and  positlon-dependent  locations  of  the 0°C isotherm  were  calculated 
using  two  modelling  strategies:  a  domain  method  and a boundary  integral 
method.  Simulations  were  made for the  runway  embankment  at  Deadhorse  Airport 
near  Prudhoe  Bay,  Alaska.  The  same  thermal  properties,  initial  conditions,  and 
boundary  conditions  were  used  in  both  models.  Sinusoidal  surface  temperature 
variations,  dependent  upon  surface  type  and  exposure,  were  used in the  simula- 
tions  rarher  than  measured  surface  temperatures.  The  positions  of  the 0°C 
isotherm  determined  by  the  boundary  integral  method  near  the  time of maximum 
thaw  penetration  were  essentially  the  same  as  those  determined  by  the  finite 
eldment  method,  and  results  from  both  models  agreed  closely,  within  a  few  centi- 
meters  over  a  total  freezing  depth  of  about 2.5 m, with  the  measured  positions. 
The  largest  differences  between  measured  and  computed  positions  occurred  early 
in  the  freezing  and  thawing  seasons. The primary  advantage of using  the 
boundary  integral  method  for  problems  specifically  of  the  type  considered  herein 
is that  it  requires  only  a  few  nodal  points, so computer  simulations  can  be 
completed  rapidly on a  micro  computer.  If  the  two-dimensional  thermal  regime  is 
necessary,  the  finite  element  method is most  suitable, 

During  the 1977 and 1978 thawing  seasons,  the 
runway  at  Deadhorse  Airport  near  Prudhoe  Bay, 
Alaska,  was  improved  and  paved  with  an  asphaltic 
concrete  pavement.  With  cooperation  from  the  State 
of  Alaska  Department  of  Transportation  and  Public 
Facilities  and  the  Federal  Aviation  Administration 
( F A A ) ,  USACRREL installed  temperature  sensors 
beneath  and  adjacent to the  runway.  Subsurface 
temperatures  at  some  locations  are  measured  manually 
in  liquid-filled  access  tubes  and  others  are  moni- 
tored  automatically  by  a  data  collection  platform 
(Berg and  Barber 1982) that  transmits  information  to 
USACRREL  via  the ERTS satellite  system  (McKim  et 
al. 1975) .  The  equipment  has  been  in  operation 
since  August 1978. 

seasonal  thaw  penetration: (a) a  finite  element 
domain  method  (Guymon  and  Hromadka 1982) and  (b) a 
boundary  integral  equation  method  (Hromadka,and 
Guymon 1982) .  The  time-dependent  location  of  the 
phase-change  isotherm  was  calculated  using  both 
models, In  addition,  temperature  variations  at 
selected  positions  within  the  runway  embankment  were 
computed  using  the  finite  element  method.  Compari- 
son of calculated  temperatures  and  predicted 0°C 
isotherm  locations  with  measured  data  indicate  that 
both nmerical modeling  approaches  are  accurate 
tools  in  predicting  soil  thermal  response  in 
freezing/thawing  environments. 

Two  modelling  strategies  were  used  to  calculate 

DESCRIPTION OF MODELS 

The  domain  method  approximates  the  well  known 
two-dimensional  heat  transport  equation,  which  for  a 
freezing o r  thawing  soil  is: 
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aT aT 
cw ("x ?E + vy ,,I 

where x, y = Cartesian  coordinates 
t = time 
T = temperature 

I&, Ky = the  thermal  conductivity of the 
soil-water-ice  mixture 

C, = volumetric  heat  capacity  of  the 
soil-waterice mixture 

bulk  water 
L = the  volumetric  latent  heat  of  fusion of 

pi = ice  density 
pw = water  density 
Cw = the  volumetric  heat  capacity  of  bulk 

water 
Vx,  vy = velocity  flux  components 

0 1  = the  volumetric  ice  content of the 
soil. 

The  density  parameters  are  relatively  precise 
for modeling  purposes.  Although  the  latent  heat 
parameter is a  function o f  temperature  and  salinity 
(Anderson  et  al. 1973) ,  all  of  the  water is assumed 
to  freeze  at O°C i n  these  simulations.  Cw  may  be 
regarded  as  a  well  defined  constant,  but  the  ap- 
propriate  thermal  conductivity  and  heat  capacity of 
the  soil-water-ice  mixture  are  not  exactly known and 
must  be  estimated.  DeVries' (1966) weighting  method 
f o r  estimating  these  parameters is often  employed; 
i.e. 
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i n t e g r a t i o n , "  which y i e l d s  a system matrix similar 
t o  the f i n i t e   e l e m e n t  scheme: 

K T +  C(9) 'f- F (6) I where 13 is  the  required  parameter (Kg o r  I&,), 
Pn is the volumetr ic   content  of a s p e c i f i c  con- 
' s t i t u e n t ,  and n ind ica t e s   t he   n th   cons t i t uen t .  The 
veloci ty   f lux  parameters  must be assumed or cal- 
culated  from a coupled  moisture  transport  model. 
Since this  paper i s  concerned with heat  conduction 
only ,  i t  w i l l  be assumed tha t   mois ture   f lux  i s  
negligible;   consequently,   the  convective component 
of  Equation 1 is assumed t o  be zero. 

d i t i o n s  are needed. I n i t i a l   c o n d i t i o n s  are of t h e  
form: 

To solve  Equatlon 1, i n i t i a l  and  boundary con- 

which   a re   usua l ly   spec i f ied  at  d i s c r e t e   p o i n t s   i n  
t h e   s o l u t i o n  domain. While boundary  conditions may 
be  of  any  form (e.g. a surface  energy  balance 
s imula t ion) ,  we will use two types: 

an - 0,  t > 0 aT 

where n i s  a u n i t  normal   coord ina te   to   the   so lu t ion  
domain  boundary,  and 

T(s)  = N T a ( s , t ) ,  t > 0 ( 5 )  

where N i s  the Corps of Engineers n factor   (Berg 
1974), s is a tangent   coord ina te   to   the   so lu t ion  
domain  boundary,  and Ta i s  t h e  air temperature, 
which may be a func t ion  of time. 

Domain Approach 

Commonly used domain approaches  include  the 
f i n i t e  element and f i n i t e   d i f f e r e n c e  methods. 
Hromadka e t  al .  (1981) show t h a t   a n   i n f i n i t y  of mass 
lumped domain numerical  analogs may be incorporated 
i n t o  a s ingle   mat r ix   express ion .  The f in i te  
element, subdomain, and i n t e g r a t e d   f i n i t e   d i f f e r e n c e  
schemes a re   r ep resen ted  as s p e c i a l  cases. Depending 
on the  subdomain of i n t e g r a t i o n  and the density  of 
the state variable  approximation,  various domain 
algori thms may be  obtained.  These are u n i f i e d   i n t o  
a s ingle   matr ix   representat ion  cal led  "nodal  domain 

where K i s  a square-banded  symmetrical  conduction 
m a t r i x   t h a t  is  a func t ion  of thermal  conductivity 
and g l o b a l   d i s c r e t i z a t i o n ,  C(q) i s  a square-banded 
symmetrical capac i tance   mat r ix   tha t  is a func t ion  of 
capacitance  parameters and a mass lumping f a c t o r  
(q), T and T are vec tors  of unknown temperatures a t  
d i s c r e t e   p o i n t s  and the i r   t empora l   de r iva t ives ,  
respec t ive ly ,  and F is a load   vec tor   tha t  is a 
function  of  the  boundary  temperatures. Hromadka e t  
al. (1981)  give  complete  details  on t h e   d e r i v a t i o n  
o f  t h e  matrices i n  Equation 6. Guymon and Hromadka 
(1982) use this technique  to  develop a two-dimen- 
s i o n a l  model of coupled heat and moi s tu re   t r anspor t  
i n  f reez ing  or  thawing  soi ls .   In  the analysis   pre-  
sen ted  here, the n f a c t o r  was set t o  a value  such 
t h a t  a s tandard  Galerkin  f ini te   e lement  scheme was 
used i n  a l l  domain  computations. 

t he   l a t en t   hea t   t e rm is removed and is approximated 
as an  isothermal  process (Guymon and Hromadka 
1982).  Latent heat e f f e c t s  are simulated by a 
s imple   cont ro l  volume approach. A d i s c r e t e  volume 
of soil is not  al lowed  to  reach  subfreezing tempera- 
t u r e s   u n t i l  the l a t e n t   h e a t  of fusion  of a l l  water 
i n   t h e  volume is exhausted.  Because t h i s  approxima- 
t i o n  makes it d i f f i c u l t   t o   d e t e r m i n e  the p o s i t i o n  o f  
the  freezing  or  thawing  isotherm, a pseudo  apparent 
heat   capaci ty   approach is used by weighting  the  dia- 
gonal terms of the capacitance  matrix.  Only the 
h e a t   t r a n s p o r t  component of t h e  model was used i n  
the  s tudy,  

region is d i s c r e t i z e d   i n t o   t r i a n g u l a r   f i n i t e  
elements, as shown i n   F i g u r e  1. Temperatures  are 
represented by l inear   shape   func t ions   wi th in   each  
t r i a n g u l a r   f i n i t e   e l e m e n t .  

Rather  than  solve  Equation 1 i n   t h e  form  shown, 

To so lve   t he  domain problem, t h e   s o l u t i o n  

For  problems  where  phasechange effects  
dominate   the  solut ion,  the temporal term in  Equat ion 
1 may be assumed t o  be  negl igible .  If one assumes 
an i s o t r o p i c ,  homogeneous medium, Equation 1 reduces 
t o  the  Laplace  equation: 

V 2 T = 0  (7 )  

t- 56.7 m 

FIGURE 1 Deadhorse runway cross s e c t i o n  showing  elements and nodes  used i n   t h e  domain so lu t ion .  
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FIGURE 2 Boundaries and nodal  locations  €or a 
general   boundary  integral   solut ion.  

where  again i t  i s  assumed tha t   mo i s tu re   t r anspor t  i s  
negligible.   Equation 7 i s  assumed to   app ly   i n   bo th  
the   f rozen  and the  unfrozen  regions,  as shown i n .  
Figure 2. 

boundary i n t e g r a l  methods may be appl ied   to  geo- 
thermal   problems  involving  soi l  water phase 
change. They appl ied   the  complex v a r i a b l e  Cauchy 
i n t e g r a l  theorem t o  problems  where t h e   p o s i t i o n  of 
the freezing  or   thawing  isotherm is  determined 
d i r e c t l y .  The boundary integral   approach estimates 
heat  flux normal t o  a two-dimensional  freezing or  
thawing  surface. The advantage of this method is 
t h a t  it requi res  much less computer  storage  and 
execut ion time f o r   c e r t a i n  problems  than  c lass ical  
domain methods. 

Hromadka and Guymon (1982)  have shown t h a t  

The heat f l u x  i s  given by: 

Q,+ i Q y p  - K - -  i K -  aT aT 
ax aY 

where Qx and 4. are h e a t   f l u x  and i = m. For 
any   a rb i t r a ry   c losed -con tour   i n t e r io r  o f  the 
s o l u t i o n  domain, 

where n and s are normal  and t a n g e n t i a l  components 
of the contour.  Equation 9 def ines  T as harmonic 
and is re la ted   to   the   harmonic   conjugate  q by t h e  
Cauchy-Riemann equat ions.  The complex  temperature 
i s  defined by 

E.(%) = T(x,y) 4- i q(x,y) (10) 

where z = x + iy.  using  Cauchy's  theorem, the corn 
plex  temperature on the boundary may be  solved by 
the contour   in tegra l :  

where z is t h e   n t h  node point  on r. Pv indi-  
cates t i e  Cauchy p r inc ip l e   va lue ,  and S i s  t h e  
i n t e r i o r   l i n e  segment  angle at  node j Equation 11 
i s  readi ly   so lved  by assuming E(r) is descr ibed by 
s t r a i g h t   l i n e  segments  between  each  node and by 
assuming c(z) can  be  represented as a l i n e a r  poly- 
nomial (Hromadka and Guymon 1982).  I n t e r i o r  moving 
freezelthaw  boundaries are loca ted  by an  isothermal 
change  approximation: 

where ( Q n ) j  i s  a normal heat f l u x  component a t  a 
spec i f ic   loca t ion   a long   the   phase   change   f ront  
during a time-step A t .  Time-steps of one  day o r  
longer  may f requent ly  be  used  because  of  the time- 
consuming phase  change  process in na tu ra l ly   f r eez ing  
o r  thawing  soi ls .  The solution  of  Equation 11 re- 
q u i r e s  known temperature  or known heat   f lux  con- 
d i t i o n s  on the s o l u t i o n  domain  boundary, r. 
f o w :  

K(T.q) = 0 (13) 

where K is a fully  populated  matrix  of known 
c o e f f i c i e n t s  and (T,q) is  the   vec tor  of t h e  complex 
temperature cj. 

The f u l l  system of equat ions is  w r i t t e n   i n   t h e  

FIELD DATA 

Two types of data   obtained a t  Deadhorse  Airport 
were used i n   t h i s   s t u d y .  The f i r s t   i n c l u d e d  pro- 
p e r t i e s  and dimensions o f  the s o i l  and  pavement 
layers .  The second  type   inc luded   in i t ia l  and 
boundary  temperatures and the measured  Subsurface 
temperatures ,  which were compared wi th   ca lcu la ted  
subsurface  temperatures.  

P r o p e r t i e s  and  dimensions of t h e   s o i l s  and 
pavement were obtained  from  boring logs (Divis ion o f  
Aviat ion 1976) made pr ior   to   improving the runway 
and  from test data   developed  during  reconstruct ion 
of t h e   a i r p o r t   ( I n g e r s o l l  e t  al. 1979). Physical  
and thermal proper t ies  of t h e  materials t h a t  were 
used i n  the thermal models are shown i n  Table 1. 
Parameters shown in   Table  1 fo r   dens i ty  and water 
conten t  were determined  from  laboratory  samples. 
Thermal parameters were assumed from USACRREL data .  

upon the  horizontal   posi t ion,   but   they were 
developed from measured air tempera tures   in  a l l  
s i t u a t i o n s .  Air temperatures were adjusted by n 
fac tors   (Berg  e t  al. 1978) t o   ob ta in   t he   su r f ace  
f reez ing  and thawing  indexes and surface  tempera- 
t u r e s  used i n  t h e  model simulations. A s inusoida l  
v a r i a t i o n  of air temperature  coupled  with  the n- 
factor   approach was used to  approximate more c lose ly  
the  type of analysis  an  engineer  usually  performs. 
Consequently,  the tests of the two models  presented 
here  are conservat ive.  

Approximately 120 thermis tors  are automatical ly  
monitored by a battery-powered Data Collect ion  Plat-  
form (DCP) and data are transmitted  back  to USACRREL 
v i a   t h e  ERTS satellite. Each thermistor  i s  moni- 
tored  approximately  once  every  five  days,  and  the 
temperatures are s t o r e d   i n  a computer-accessed 
f i l e  a t  CRREL. In addi t ion ,   o ther   subsur face  temp- 
e ra tu re   obse rva t ions  were obtained  manually  three  or 
f o u r  times per  summer. Temperature  observations 
were p l o t t e d   i n  a v a r i e t y  of graphs, i.e. t h a w  depth 
(0°C isotherm)  vs time, temperatures a t  s p e c i f i e d  
depths  vs time and cross-sect ions of t h e  runway a t  
var ious  times showing t h e  thermal regime  (iso- 
therms). 

Upper  boundary  conditions  differed  depending 
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TABLE 1 Material p r o p e r t i e s  below AC pavement. 

Dry Moisture Thermal Volumetr ic   Latent  heat 
Depth ,   dens i ty ,   conten t ,   conduct iv i ty ,  heat c a p a c i t y ,  of f u s i o n ,  

Layer Material m g/cm3 % d r y  wt. cal/cm h r  'C cal/cm3 ' C  cal/cm3 

A Gravel 0.08-0.30 2.00 9 a 6  30.95 0 , 3 5 4  
I3 Gravel 0.30-2.44 1.92 

11.7 

C Organic 2.44-3.05 0.80 
D S i l t  

61.6 18.90 0.400 
3.05-4.11 1.20 50.7 17.71 0.356  46.2 

38.4 

E Gravel 4.11-10.06  1.68  27.6  29.76 0.368 30.4 

7 e 0  29 -31 0.312 6 -8  

MODELING  PROCEDURE 

Both  numerical   model ing  s t ra tegies   required 
d i s c r e t i z a t i o n  of t h e  domain i n   o r d e r   t o   a p p r o x i m a t e  
inhomogeneity. In t h e  domain  method (F igu re  l ) ,  126 
nodes  and 210 elements were u t i l i z e d .   I n c l u d e d   i n  
the   e lement   def in i t ions  were s ix   parameter   g roupings  
(Table  1) t h a t   i n c o r p o r a t e d   t h e   v a r i o u s   d i s s i m i l a r i -  
ties of parameters and i n i t i a l   c o n d i t i o n s ,  The 
b o u n d a r y   i n t e g r a l   s o l u t i o n   u t i l i z e d  a r e s c a l e d  
domain so that v e r t i c a l   t h e r m a l   c o n d u c t i v i t y  w a s  
constant  above  and below the O°C isotherm ( tha t  i s ,  
frozen VY. thawed) I n  t h e   r e s c a l e d  domain, 
vo lumet r i c   l a t en t  heat i s  a d j u s t e d   t o   p r e s e r v e  the 
p rope r   r e sca l ed   vo lumet r i c   p rope r t i e s .  The problem 
chosen i s  amenable t o   r e s e a l i n g .  Many heterogeneous 
domains are s u f f i c i e n t l y   c o m p l i c a t e d  so t h a t  
r e s c a l i n g   t o   a r r i v e  at  a Laplacian  problem is d i f -  
f i c u l t  or impossible.  lhe boundary   in tegra l   so lu-  
t i o n  was based on 28 nodal   po in ts   wi th   e ight   nodal  
points   evenly  spaced  a long  the  phase-change  isotherm 
(Hromadka and Guymon 1982). 

tu re   boundary   condi t ions   a long  the top  boundary. 
The i n i t i a l   t e m p e r a t u r e   d i s t r i b u t i o n s  were i n f e r r e d  
from  measured  subsurface  temperatures.  Zero flux 
c o n d i t i o n s  were assumed a t  t h e  botKom and a t  bo th  
s i d e s   i n   b o t h  models. 

Both  models  used  identical   specified  tempera- 

MODEL  RESULTS 

Resu l t s  o f  t h e  domain s o l u t i o n  are shown i n  
F igures  3 and 4. Figure 3 shows t h e  computed temp- 
e ra tu re s   (dashed   l i ne )  a t  a depth o f  4.6 m below the 
pavement s u r f a c e  and 12.2 m f rom  the runway cen te r -  
l i n e .  Measured  temperatures  are shown as an 
e n v e l o p e   ( s o l i d   l i n e s )   f o r   t h i s   l o c a t i o n .   F i g u r e  4 
shows t h e  computed  thaw depths   (dashed  l ine)  12.2 m 
from t h e   c e n t e r l i n e .  The measured thaw depths  
( s o l i d   l i n e s )  are a l s o  shown. The envelope o f  mea- 
sured  thaw  depths results from severa l   t empera ture  
assemblies  a t  d i f f e r e n t   l o c a t i o n s   b e n e a t h  the pave- 
ment. Results shown f o r   t h e   p a r t i c u l a r  embankment 
regime are t y p i c a l  of r e s u l t s   t h r o u g h o u t   t h e   e n t i r e  
embankment. 

approaches are g iven  i n  Table 2 for   model ing  day 
number 155. These  depths   represent   the  approximate 
maximum thawing  depths.  Table 2 i n c l u d e s  two sets 
of predicted  thawing  depths  from  the  boundary 
in tegra l   approach ,   based  on s t e p   s i z e s  of 6 hours  
and 3 hours. As can  be  seen,  both  modeling ap- 
p roaches   ag ree   w i th   each   o the r   qu i t e   c lo se ly .  More- 
over ,   both  approaches  agree well wi th  measured  thaw 

Thawing depths   p red ic ted  by the two modeling 

01 , , I I I I I I I I 

FIGURE 3 Comparison o f  measured  temperatures   (sol id  
l i n e s )   w i t h   t h o s e  computed i n  the domain s o l u t i o n  
(dashed  l ine) ,   Temperatures  are approximately 4.6 m 
(15 €t) below  the pavement su r face .  
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FIGURE 4 Measured ( s o l i d   l i n e s )  and c a l c u l a t e d  
( d a s h e d   l i n e   r e p r e s e n t s  domain  method  and d o t t e d  
l i n e   r e p r e s e n t s   b o u n d a r y   i n t e g r a l  method)  seasonal 
thaw  penetration.  Depths  beneath  the  pavement 
su r face .   Ca lcu la t ions  frm the domain s o l u t i o n .  

depths .  T h i s  agreement was achieved i n  s p i r e  of t h e  
f ac t   t ha t   ave rage   s inuso ida l  a i r  temperature was 
used as a sur face   boundary   condi t ion   in   conjunct ion  
with  the  n-factor   approach.   Soi l   surface  tempera-  
t u r e s  computed us ing   th i s   approach   have  a r o o t  mean 
square   t empera ture   e r ror  of a t  least  8 ' C .  

In t h i s  case, the   boundary   ' in tegra l  method re- 
q u i r e d   s i g n i f i c n t l y  less computa t iona l   e f fo r t   t han  
t h e  domain  method;  however, t h i s  i s  not a gene ra l  
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TABLE 2 mawing  penetration  depths  predicted by n m e r i c a l  models  and  measured 
a t   t h e   a i r f i e l d  (model  day 1 5 5 ) .  

Location Domain 
(x-coordinate) ,   solut ion,  Boundary i n t e g r a l   s o l u t i o n ,  m Measured 

rn m A t  - 6 h r s  A t  = 3 hrs depths ,  m 

0 
6.1 
7.6 
9.1 

10 -4 
14.0 
26.2 
44.5 
50.6 
56.7 

0.7 
0.7 
1.1 
1.7 
2 .o 
2.2 
2.2 
2.4 
2.4 
2.4 

0 -7 
0.65 
2 .o 
1.0 
2 - 3  
2.1 
2.1 
2.6 
2 -8 
2.7 

0.65 
0.64 
2 .o 
1 ,o 
2.3 
2.2 
2.2 
2.7 
2.7 
2.8 

0.66 
0.58 

1.09 
1.98 

"- 

" - 

2.72-3.02 
"... 

2.59-3.12 
"- 

* A t  equa ls  12.48 hrs; parameter  update  frequency  equals 124.8 hrs .  

r u l e   s i n c e   t h e  boundary i n t e g r a l  method has a 
compact matr ix  that will l e a d   t o  less e f f i c i e n t  com- 
p u t a t i o n a l   e f f o r t   i n  some cases. It is concluded 
that   both  models   can  accurately  predict   the  thermal 
regime of  embankments, provided  thermal  boundary 
condi t ion and  domain s o l u t i o n   i n i t i a l   c o n d i t i o n  
information is avai lab le .  
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DETERMINATION OF CRITICAL HEIGHT OF RAILROAD EMBAMCMENTS IN THE PERMAFT~sT 
MEIONS OF THE QINGHAI-XIZANG PLATEAU 

Huang Xiaoming 

The Nor thwes t   In s t i t u t e  of the  Chinese Academy of Railway  Sciences 
Lanzhou,  People's  Republic of China 

Based on a n a l y s i s  of da ta   ob ta ined   f rom  the   observa t ion  of a r a i l r o a d  embankment 
in s i t u ,  t he   au tho r   p re sen t s   ma themat i ca l   fo rmulas   fo r   ca l cu la t ing   t he   l ower  and 
upper   height  of r a i l r o a d  embankments. The lower  height  of t he   embanben t ,  is t h e  
least  he ight   tha t   does   no t   a f fec t   the   na tura l   permafros t   t ab le   in  the subgrade; 
it can be determined by two empir ical   formulas:  the f i r s t   e x p r e s s e s   t h e  maximum 
thawed  depth i n   r e l a t i o n   t o  the na tu ra l   pe rmaf ros t   t ab l e ,  and the  second ex- 
pres ses   t he   e l eva ted   he igh t  o f  t h e   n a t u r a l   p e r m a f r o s t   t a b l e   i n   r e l a t i o n   t o   t h e  
he igh t  of t h e   c l a y   s o i l  embankment. The upper c r i t i c a l   h e I g h t  of the embankment 
is the maximum f i l l i n g   h e i g h t   f o r   t h e   f r e e z i n g   c o n n e c t i o n  of t h e  body of embank- 
ment t o   t h e   n a t u r a l   p e r m a f r o s t   t a b l e  in t h e   f i r s t   c o l d   s e a s o n ;  it can be de te r -  
mined by an empir ical   formula  that   expresses   the  upper   height  of the   embanhent  
in r e l a t i o n   t o   t h e  time of disappearance o f  f rozen  ground  with  temperature of 
-0.5'C. 

"Mare f i l l i n g  and less oat t ingn   has  been the 
main principle *sed in route   se lec t ion  in perna- 
f r o e t  areas, whgch bene f i t s  the s t a b i l i t y  of 
foundation. far r a i l road ,  i.e. less ground sur- 
face  disturbance and damage might be oaused. 

The na tu ra l  permafrost table a igh t  be s h i f t e d  
by the disturbatwe of the  thermal  equilibriwm of 
the  original  stratum  caused by building embank- 
ments. This s h i f t  is closely related t o  diffe- 
r e n t  condltioas for receiving  heat  which are re- 
levant t g  such factors as the height of the  am- 
bankment, the   d i rec t ion  of slope and t he  cpns- 
t rua t ion  sCBson. 19 embankment is too low, the  
thawing a b i l i t y  of the local   c l imate  eould lower 
the rratural p e r r a f r o s t  t ab la ,   thus   l ead ing   to  
embankment in s t ab i l i t y ,   wh i l e   i f   t he  embankment 
is built in t he  w a r m  season, the hea t   car r ied  i n  
by f i l l  material i s  l i k e l y  t o  deplete t he  rea-- 
nant freezing a b i l i t y  o f  the   loca l   c l lmr ts ,  re- 
s u l t i n g  i n  a si tnat ion.where  the embankment 
froet core  could  not w e n  be formed or coulg Rot 
ba formed within a given period. Therefore, in 
view of' thermal   s tab i l i ty ,   there   a re  two o r i t i -  
cal embankment heights,  upper  and lower. 

The Lower Cri t ical   Heiaht  of Embankment 

The determination of ~ Q W W  c r i t i c a l   h e i g h t ,  
t h a t  i a  the l e a s t  hsigbt tha t   keeps   na tura l  per- 
mafrost  table  beneath  foundation  unchanged, i s  
the key t o  s t a b i l i z i n g  embankmnt. It depends 
upon the  physical  ana  thermophysical  properties 
of thm embankment and the   natural   s t ra tuia  of 
foundation, 9 d  the  thawing  abil i ty of the local 
climate; it is measured i n  terns of the  thawing 
rata of the embankment. If the  thawing rate of 
the embankment is higher than t h a t  of  na tu ra l  
stratum o f  the  foundation, it i o  worth aornider- 
ing ra i s ing   the   he ight  of embankmant or Laying a 
heat in su la t ing  Layer t o  prevent the na tu ra l  
permafrost  table of foundation from awcending. 

Effeots  on Thawing Rate o f  F i l l  Material and 
Cross-section of Embankment 

The type of embankment cross-section i s  ad- 
vantageous t o  drain away water  content of am- 
bankrent body i tself .  As long as the natural. 
permafrost t ab l e  of foundat ion   r i ses   a l lgh t lg ,  
water content of s o i l  body beneath  foundation 
will generally be lesi8 than   tha t  o f  na tu ra l  
stratum ana i t s  annual  va-iation i s  not signi- 
f i can t .  According to   t he  data tes ted,  embank- 
ment filled up with  clayey soil has an annual 
f luc tua t ion   a round  3% (Figure 1) and a compara- 
t i v e l y  stable, therlnal physical  property.  lever- 
therlws,  the  thawing rate and thawed depth of 
suah embankment are higher than those of natural 
stratum  beeause of vegetation over it, higher 
dens i ty   a f t e r  ramming, and higher heat aonduc- 
t i o n  property and lower consumptiolr o f  l a t e n t  
heat o f  fusion i n  aoupari$on w i t h  those o f  na- 
t u r a l  stratum o f  clayey soil. The estimation 
made on e x i s t i n g  embanknents shows that tho 

FIGURE The v a r i a t i o n  curve o f  average water 
colatent in  seasonally  thawing layer of 
e m b a h e n t  ( 0  + 295). 
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thawed depth ia increased by 2096 due t o  change 
o f  thermal  physical  property. 

The add i t iona l   hea t ing   e f f ec t  on embankment 
body by horizontal   heat  f lov  of  embankant 
slope exposed t o  t h e  sun makes the  slope con- 
t inual ly  t r a n s f e r  heat towards  the  center  of em- 
barkment, thus  increasing  the thawed depth. For 
instance,   the   analysis  o f  the  observation  data 
on two low embankments i n  M t .  Fenghuo region, 
Qlnghai-Xizang Plateau, showed tha t  the  annual  
average  temperature of s o i l  body of c e n t r a l  
plane o f  embankment-the plane running along 
the embankment a t   var ious  depths   within 0.5 tQ 
3.5 m---in 1978 was higher   than tha t  of n a t u r a l  
stratum by about 0.4 t o  I.& (Figure 2). Cor- 
responding  to  that  of na tu ra l  stratum, the  
ground temperature  curves of embankment i n  the 
coldest  and h o t t e s t  months both  shifted  toward 
pos i t ive   wi th  a thawed depth 29% deeper  than the 
natural   permafrost   table .   Qet t ing r id  o f  the 
influence  caused by physical   d i f ference,  wB 
found from a rough c a l c u l a t i o n   t h a t   t h e  horlwm- 
t a l   h e a t  Plow would uausa t he  thawing  depth af 

oeatral   aross-sect ion of embaakment t o  inoreaso 
by ovar IM (see Figure 2). 

The hea t   e f f ec t   ( aa i a ly  the horizontal  heat 
flow of the  slope exposod t o   t ha  sun) on embank- 
ment by f i l l i n g  material and type of Cross- 
sect ion  again can be reflected by thawing rats. 
For instance, tho  thawing ra te  of embaakment 
Center i n  M t *  Fenghuo region I s ,  in   genera l ,  
Vemp . 1.4 t o  1.2 c d d a y  while t h a t  o f  na tu ra l  
s t r a t n n  i s  merely Vnat. = 0.8 t o  1.2 adday .  
The former is 1.4 t o  1.7 times t h a t  of the  
la t ter  

- 

For above reasons, it is necessary  to   deter-  
mine the ainhum f i l l i n g   h e i g h t  o f  anbiankaent 
t o  avoid the  thermal  degradation of natural 
permafrost  table, 

DETERMINATION OF LWER C R I T I C A L  HEIGHT 

DeterminK Hnin by Means of S t a t i s t i o s  

For a low embankment in center   a rea  of per- 
mafrost regions o f  the Qinghai-Xiaang Plateau 
f i l l ed   w i th   c l ayey  soil, the  observed da ta  of 
embankment height H versua the risen height o f  
natural   foundat ion  permafrost   table  5 a re  
shown in Table 1. The experience  equation de- 
termined by least   square method f o r  ca l cu la t ing  
t h e   d a t a   l i s t e d  i n  Table I is: 

6 e 1.1OH - 0.61 (1) 

provided H s 2 . 0  m, where H = height of 0mbaak- 
nent. The s t a t i s t i c a l  range of na tu ra l  perna- 
f r o s t   t a b l a  is h, = 1.3 t o  1.9 I, t h e   r s l a t i v i  
coe f f i c i en t s  beingt = 0.997, ~4 = &(MIa 

~y equation I ,  when 2 z 0, H = 0.55 m. ~ e -  
cause of the   hea t ing   e f fec t  of horizontal   heat  
f l o w  a t  railroad  shoulder  exposed to the  sun, 
the thawed depth there is  deeper  than  that  of 
foundation for r a i l road   cen te r  by '15s. To pre- 
vent  tho ground ice or   f roaen soil o f  rich toe 
beneath  the  shoulder exposed to   the  Bun from 
thawiag  and  affect ing  the  s tabi l i ty  o f  foanda- 

TABLE 1 The Relation Between Filled  Height of Low Embankment and Rise or Drop of Hatural PermafhsLm 
. ", 
Center  height o f  embankment H (m) 0.00 0.15  0,60 1.1J 1.25 1.65 1.75 2-04 
Rise OF drop of  natural   permafrost  
t ab  1s 5 oal (a) -0.61 -0.45 0.05 0.63 0.77 1.21 1.32 1.63 
Rise o r  drop of n tural   permafrost  
t ab l e  {test (m) -0.61 -0.50 0.20 0.61 1.05 1.10 1.10 1.68 
Absolute error AS = Seal .. 6 t e s t  0.00 4.05 -0.15 +0.02 -0.28 +0.11 +0.22 -0.05 

Cross-section Note. Test  Test Test High- High- High- Test 
Emb. Emb. Emb. way way way Erb. 
0+390 0+370 0+333 782 781 972 W314 

Note": I .  This value would ba obtained by taking  the mean value o f  t e s t i n g  embankment is M t .  Fenghuo 
region 0 + 142, highway embatlkments; 600 + 000, 628 + 600, 740 + 200, 779 f 6a0, 

Qinghai-Xizang Highway 
2. Test Emb, is the   tes t ing  foundat ion  for  railroad i n  Mt. Fenghuo region, nighway is the 
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t l o n  for ra i l road,  t h e   h e i g h t  of embankment 
should be Controlled lay the  thawing  depth af 
the  mentioned  shoulder, i.e. 

Hnin3,1*15 X 0.55 p 0.65 1. 

This minimum value is adaptable  to  foundations 
f o r  raiLroad f i l l e d  with clayey m i l  along co+ 
t inuous  permafrost   region  with  natural  perma- 
f r o s t   t a b l e  o f  1.3 t o  1.9 m. 

Because the   na tura l  permafrost t ab l e  a t  the 
place  where embankment is b u i l t  i s  t h e   r e s u l t  
of  weather factors a f fec t ing   the   s t ra tum  over  a 
long  period, which f u l l y   r e f l e c t s   t h e   h e a t  ex- 
change equi l ibr ium  re la t ion  of weather-ground 
system,  the  course o f  thawing o f  embankment 
within  the same climate  region I s  bound t o  be 
c l o s e l y   r e l a t e d   t o  the thawing  process o f  na- 
tural   s t ra tum  there .  The lower c r i t i c a l  
height of embankment which is adequate  for 10- 
cal climate and stratum  conditions  can be eva- 
luated through converting and simplifying 
boundary conditions. 

can be determined by Stephen's  equation,  i.e. 
Generally,  the  thawing  depth of stratum, h, 

(2 1 
Since heat-absorbing area o f  low  embankment 

increases   only  s l ight ly   due  to  its geometrical 
shape, it is assumed that the h e a t  condition is 
one-dimensional and t h e   r e l a t i o n  between 1 0 W  
embankment center  and  thawing  depth of l oca l  
n a t u r a l   a t r a t u r  can be expressed by 

(3 1 

1 
where h i s  t he   cen t r a l  thawing  depth in meter 
of enbahcment on account  one-dimensional 
heat  conduction3 ho is the   na tura l  permafrost 
t ab le ;  a is r ev i s ion   coe f f i c i en t  (Huang 1979): 

C A  =AI 3 %" H 4 H  a, 
where ?,+, ',>, , , and Q are the  thermal  can- 
d u c t i v i t i e s  and alt t e laten?  heat of volume phase 
s h i f t  of embanknent f i l l i n g  material and na tu ra l  
s t ra tum  respec t ive ly ;  ct i s  the   rev is ion   coef f l -  
c i e n t  o f  surface  condi t ion (a  = 1.00 as the  
surface  condi t ion  of   the  representat ive  natural  
table se lec ted   co inc ides   wi th   tha t  of embank- 
ment, CI = 1.06 as the   na tu ra l  ground  surface i s  
covered  with  turf   and  that  of embankment is 
f i l l e d   w i t h   c l a y e y   s o i l ,  and ct = 1.12 as em- 
bankment surface is paved with  gravel   sand) .  

Taking a c c o h t  of the horizontal   heat  f low 
which a c t u a l l y   e x i s t s   i n  low embankment slope 
exposed t o  the sun, i t  i s  necessary t o  hare an 
add i t iona l   coe f f i c i en t  o f  heat  flow mt added t o  
eq 4# then we,have 

ha = ha m t (5) 

The value of ant is generally  determined em- 
pi r iaa l ly   th rough  f ie ld   da ta   ra ther   than  by 
calculat ion,  which i s  bound to   involve   the  
boundary cond i t ions   d i f f i cu l t  t o  be obtained I n  
the  design  stage. Tho higher  the embatakment, 
the   l a rger   the   l a te ra l   sur face   absorb ing   bea t ,  
so the  Larger  the  ratio between the  thawing 
depth of the  shoulder  exposed  to  the sun versus 
the  central  thawing  depth. For example, the 
r a t i o  K E 1.25 as H 2.5 m, while K = 1.40 as 
H 5 6 PB. For embankments lower thaa 1.0 m, 
K = 7.13 - 1.16, the  average  value  being 1.15, 
which adequate. The coe f f i c i en t s  of  equation 
4 a r e   l i s t e d  i n  Table 2. 

Natural  permafrost  table is kept  unaltered 
provided  the maximum seasonally  thawing  depth 
of embaakment i s  equal t o  ox l e s s  than the sum 
o f  the  height of embankment and  the original 
natural   permafrost   table  (see Figure 31, i . e .  

h H S  H + ho 

Takinp c r i t i ca l   cond i t ion :  

TABLE 2 Coeff ic ients  for  Calculating Embankment Thawing Depth 

Addit ional   coeff ic ient  of heat  flow, mt I .I5 
I 

Physical   revis ion  coeff ic ient  

I c o e f f i -  1 Embankment surface  coincides  with  natural  ground surfaae I 1.00 I 
~ ~~~~ 

i e n t  of surfaae 
condi t ion 

I 

Natural ground surface  covered  vi th   turf ,  embankment f i l l e d  
with clayey sand 1.06 1 
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FIGURE 3 Relation  between  height of embanbent 
and thawing  depth. hT - maximum seasonal  thawing 
depth; B = height of embankment; h, = n a t u r a l  
permafrost t a b l e .  

I 

The change of physical  property of or ig ina l  
natural   permafrost   table  caused by shrinkage Of 
foundat ion   so i l   l ayer   whi le   f i l l ing  embankment 
has been cancelled,  and the lower u r i t i c a l  
height of embankment f i l l e d  i n  M t ,  Fenghuo re- 

= 0.63 m. Inc identa l ly ,   the   e f fec ts  %:,%by f a c t o r s  as air temperature   f luctuat ion 
rrtc. should be taken  into acaoumt, 

THE UPPER CRITICAL HEIGHT OF EMBAllKJEIHEm 

The maximum f i l l i n g  height of ambankmeat i s  
deterained by t h e  local  freezing  uapaeity and 
is closely  re la ted  to   construct ion  technology as 
well as construction seamon, eto.  For embank- 
ment b u i l t  in aold season, llwsohanical s t a b i l i t y  
is mainly considered, for f i l l  height  is not do- 
minated by the  requirements of  thermal  calcula- 
t ions;   whi le   for  embankments b u i l t  in the  warm 
mason, the r a t e  of d i ss ipa t ing   hea t   car r ied  in- 
t o   t he  embankment by f i l l  mater ia l  must be con- 
sidered. 

The necessary  condition  for rais ing the na- 
t u r a l  permafrost. table is tha t   the   f reez ing  ca- 
paci ty  of climate a t  the s i te  of p ro j ec t  muat be 
higher than the  thawing  capacity. The ranairring 
freezing  capaci ty  a f t e x  having been consumed i n  
frozen j o in ing  of seasonally  thawing  layer i a  
aalled remnant (or l a t en t ,   po ten t i a l )   f r eee ing  
capaaity,  Ths upper cr i t ical  height tends t o  be 
greater  w i t h  a higher  local  rsnnant  freezing ca- 
pacity.  Under ordinary conditions,   freezing and 
thawing capacity a m  be cumulative  temperature 
o f  ground surface if thawing and f reeziag  depths  
ars considered as functions of it. The annual 
average temperature to i s  expressed by the fol- 
loving  equation: 

whore x+ t-1 and - tz i s  the   pos i t ive  and 
negative  cumulative  temperature of ground mur- 
face  respeetively,  i . e .  the sum o f  average dailg 
pos i t i ge  and negative  temperature i n  a whole 
year ( Cday)  r s & p e c t i v e l g ; r w  is the  oyola 
yearly (365 days); therefore ,  to> 0% when 
~ ~ ' t ~ l * l ~ - t ~ *  A t  t h i s  noment, ground 
tempperitwe  of zero temperature  amplitup deep 
(perennial  ground temperature f t w 0  C and no 
permafrost   layer  io formed. In heat-diss i fa t ing 
or stable-typbd permafrost regions, 4.e. where 
the  average grouna surface  temperature  annually 
i s  less or equal t o  grouw tempekature o r  zero 
temperature  amplitude deep, to z Q'C ana tcp> 
0% when Iz + t~ I = 1~ - t~ no permafroet  lager 
i s  formed or it exists i n  t h e iorm o f  mro tem- 
perature  gradient,  In t h i s  s i t u a t i o n  no ramant 
f reesing  capaci ty   can be uti l ized.  It i s  Only 
vhenlr  + tqClrI1- tLI t h a t  the remnant  freezing 
capacity  aan be considered f o r  ase ,wd  uhwF+tl;l 
the di t ference betwe& pos i t ive  ana negative 
cumulative  lemperabures o f  ground &uriace,   the 
lower the  perennial  ground  temperature,  nmely, 
the higher the remnant freeging capacity. 

C P  

<<\L*%\$QdQ@C, t Q  CSQ'C, ioB. %ha $r*eateY? 

If aanual  average ground temperatwe to < 
O°C is taken as the essential pre requ i s i t e  for 
the existence and development o f  p e r w r o s t  a m  
laince rne perennial average groune surfme tern- 
peraiure a t  var ious ground surface5 i n  tne Qiap 
hai-Xizang Plateau i s  bigner t h a n  t h e   a n q a l  
a v e y  atmospneric  temperatuxo by 2 t o  4 C or 
more .; ouly wnen tne latter is lower  than -2 
t o  -4%. the problem of the embankment*@ frozen 
core has t o  be ~ ~ ~ i d e r e d  oompxehensively con- 
cerning water oontent of s o i l ,  or i en ta t ion  ami 
topography. The annual  average  atmospherio tem- 
perature  of the  continuous permafrost region o f  
QiBghai-Xizang Plateau is, in   genera l ,  -4 t o -  
-7 C, The difference  &tween  posit ivo and ne- 
gative  cumulatize  tmperatura is f a i r l y   g r e a t ,  
being 1600-21rOo C-day, and the la t ter  is 3-8 
times  the former, This providela comparatively 
s u f f i c i e n t  remnant  freezing  capaoity, which is 
a b l e   t o  make newly f i l l e d   s o i l   l a y e r  o f  c e r t a i n  
height f rozen and jointed  with  permafrost, 

Acoording t o   t he   ana lys i s  on the observation 
data   obtained from inves t iga t ing  Qinghai-Xizang 
Highway and the test  embankment, tho s t a t i s t i a a l  
r e l a t ionsh ip  between the  height o f  embankment 
f i l l ed   wi th   c layey  and tho  var ia t ion o f  na- 
tural   permafrost  table of the  foundation could 
be expressed by the  following  equations 

6% 0.9979 - 0.54 (m) (9) 

when the height  of embankment H 8 m and the 
buring depth of na tu ra l  permafrost table ho = 
1.30 t o  1.90 m, eq 9 i s  su i t ab le ,  

The c r i t i oa l   he igh t  of na tu ra l   t ab l e  of foun- 
dat ion  oalculated by the  equation t h a t  s t r e t ches  
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l a t a  the embankmeat body %a 

H 3 I& - 2.50 m. 

Ths problem o f  equi l ibr ia*  betreen enbank- 
r e n t  height and freezing  oapaoity  ocours  after 
f reezing aore s t r e t ch ing   i n to  embankment body 
and it is re levant  to construction season. 

Effeots  of F i l l i n g  Heietht on FreeoZlag of Eabank- 
m w t  - 

For high embankment b u i l t  i n  warm swanon it 
r e q u i r e s   c a r t a i n   t i n s  and aondi t ion  for   heat  
brought  into embankment body with filling mate- 
r ia l  t o  diss ipate .  I n  the course of freezing 
of embankment b u i l t  in. cold season, which car- 
ries on from tog  t o  bottom  and r e f r eez ing  from 
permafrost   table upward, the  aonditions for 
hear dissipating around foundation i s  the worst, 
which f requent ly   reaul t s  i n  the  farming o f  
f r o s t  sandwich of r a t h e r  high temperature and 
even thawed sandwich snrroundad by permafrost. 
S ta t i s t ica l   mater ia l   basad   tes ted   da ta  shows 
tha t   the   f reez ing  and refreezing  raters o f  em- 
bankment are f a s t e r  (see Table 3)  i n  comparison 
with those of  natural  stratum,  while  the  time 
taken for heat   d i ss ipa t ion  on the s ide  exposed 
t o  the sun near the  foundation  could be os high 
a s  more than 30 m n t h s  when heicht o f  embank- 
ment i o  over 8 m. The r s l a t i o n  is roughly: 

Tmonth  = 5.89H - 12.1 month ('10) 

Proridad 
8.0 m 3 B 23.0 m 

whereT month i s  the time taken for high tempe- 
rature f rozen   so i l  area ( i .e .  where ground ten- 

peratwre is higher  than -0,5'C) t o  disappear, i n  
month3 H is the   cen t ra l   he ight  o f  embankment 
f i l l e d ,  i n  meter. 

If the  unfavorable  sffect  on ireeaing by heat 
brought  into elnbankment  body with f i l l i n g  mate- 
rial,  the geometriaal shape o f  embankment, os 
well as the favorable   a f feo t  on heat   d i ss ipa t ion  
and fremzing during contract ion of seasanal ly  
thawing  layer of foundation  are  not  considered, 
the upper c r i t i c a l   h e i g h t  of frozen joining 
Hmar, of  embanlrment i n  the  f irst  oold ZleQBon 
can bo converted by the  following  equation: 

whered'is the r e v i s i o n  coe f f i c i en t  of f i l l i l r g  
material  ( C f  Equation 31, i.e. 

*'= XIi Qo 

p'= E- t-c 

A0 % 
thermal  conduotivity  adopted i s  the value  under 
f rozen   s ta te ;  p 1  I s  the  conversion  coefficient 
of f r o z e n  depth, 

r-t,s, I 

x- t71 i s  whole cold sraasomla cumulative 
temperature ( C-dag) of na tu ra l  ground surface 
i n  the  region where embankment i s  b u i l t  in ;  x - tx  Is t he   aunu la t ive   pmpra tu re  o f  the 
above n8tugal ground surface ( C-day) at the 
moment corresponding t o  t h a t  when frozen joihing 
o f  seasonally  thawing Layer is aahieved; 11 i s  
tho  coeff ic ient  of freezing, namely tbm mid0 oi m- 
freezing  depth embankmeat versus   tho   in tegra l  
frozendapt,q &ti& i s m u k d  t o m m i a l  $Found 
temperature  and  construction season and is taken 
as 0.25-0.35 according t o  the  data   teated;  h; is 

TABLE 3 A Comparison between Ground Temperatnxo and FPeszing and  Refreezing  Charaateristics o f  
Embankments o f  Different Height 

Crosa- 

t i o n  
!am- 

0*230A 

0*295h 

0+3 I4A 

Natural 
s t rafua 

rc 

3 -0 

0 

Average 
tempera- 
t u r  B 

(Eab.lI 
1-3 
BOY .I 5 
1975 

2.0 

1.6 
. .  

1.2 

3.3 I 4.0 

Oct 3 , t o  Nar 
2 next  year 

.at 3 t o  Fsb 
3 next year 

Oct 3 t o  Jan 
12 m x t  year 

123 1.9 80 2 . a  

Io1 1.1 58 1.55 

Note: Isotherm O°C serves as   s tandard  f o r  frozen+.)oining. 
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the naxrmum freezing depth o f  natural stratum in 
meter, freezing from top to bottom, being  about 
8m of the depth of seasonally thawing layor. 

embankment f i l l e d  with clayey s o i l  EXMt. Feng- 
huo region is Hmax 5 7.5 m, which has been 
tested and verified by the observation data on 
t e s t i n g  project. 
E f f e c t  of Construction  Season on Freezing  of 
Embankment 

By the equation the calculated H for the 

It i s  proper   to   bu i ld   embanbent   in   co ld  sea- 
sons. I f  cons t ruc t ion  i s  c a r r i e d   o u t   i n   t h e  
middle o r  Later s t a g e  of w a r m  season,  heat ex- 
change  of embankment and  foundation w i l l  b e   i n  
the   wors t   s i tua t ion   because  of t h e   h e a t   s t o r e d  
i n  t h e  ground as well as the   hea t   b rought   in to  
i t  by t h e   f i l l i n g  material, This  w i l l .  unfavor- 
a b l y   i n f l u e n c e   t h e   r e s t o r a t i o n  o f  t h e  ground 
temperature  and  even  thaw  the  ground  permafrost 
(Huang 1980). It is, therefore ,   impera t ive   to  
cons ide r   t he   e f f ec t  on  construct ing  height  and 
s t a b i l i t y  of  foundation  caused  by  thawing com- 
press ion  of foundation  permafrost   while  build- 
ing embankment i n   t h e   m i d d l e   o r  la ter  s tage  
of warm season.   Special   a t tent ion  must   be  paid 
to  such  high  embanbents  beneath whose n a t u r a l  
t ab le   o f   foundat ion   there  exists ground i c e ,  
whose sunward s lope  l i es  j u s t  on the   ho r i zon ta l  
s lope  of t h e  ground  surface  incl ining downward. 

Because   t he   hea t   s to red   i n   t he  ground  and 
t h a t   c a r r i e d   i n t o   t h e  embankment by f i l l   m a t e r i a l  
a r e  l i t t l e ,  the   f r eez ing   du ra t ion  i s  s h o r t ,  and 
the  negative  cumulative  temperature consumed 
during j o i n i n g  the  upper  and  lower O°C isotherms 
is less, t h e r e  i s  more  remnant  freezing  capacity 
i n   a n  embankment b u i l t   i n   t h e   e a r l y   s t a g e  of t h e  
warm season,  which i s  a b l e   t o   f u r t h e r  cool  the 
embankment and i t s  foundat ion   a l ready   f rozen   or  
f avorab le   fo r   r a i s ing   t he   he igh t  of embankment. 

Comparing t h e  1 data   t es ted .  we f ind   t ha  .t t h e  up- 
p e r   c r i t i c a l   h e i g h t  of embankment b u i l t  i n  the 
ea r ly   s t age   o f  warm season i s  aver  1 m higher  
than  that   of  embankment b u i l t   i n  the middle   or  
la ter  s tage  of   the  season.  

CONCLUSIONS 

To prevent   the  foundat ion of embankment from 
thawing  subsidence  af ter   bui lding i t ,  w e  have  to 
make the   he igh t  of embankment higher   than the 
lower c r i t i c a l   h e i g h t   i n   p e r m a f r o s t  areas. It 
is r e l e v a n t   t o   f i l l  materials and loca l   c l ima te ,  
etc. I n   c e n t e r  area of  permafrost  regions of 
Qinghai-Xizang  Plateau,  the  lower c r i t i ca l  
he ight  is e q u a l   t o  0.65 m when t h e   f i l l  mater- 
ials are clayey.   soi l .  

I f  we want t o  make t h e  embankment body and 
na tu ra l   pe rmaf ros t   t ab l e  of founda t ion   j o in t   i n  
t h e  f irst  cold  season,   the   height  of embanbent 
has   to   be   lower   than   the   upper   c r i t i ca l   he ight ,  
It is c l o s e l y   r e l a t e d   t o   t h e  fill materials, 
loca l   f r eez ing   capac i ty  and  construction  season, 
etc. The u p p e r   c r i t i c a l   h e i g h t   f o r   t h e  embank- 
ment f i l l e d   w i t h   c l a y e y   s o i l   i n  M t .  Fenghuo 
region is 7.5 m. 
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Di rec t - cu r ren t   e l ec t r i c   p rospec t ing   has   been   u sed   fo r   pe rmaf ros t   i nves t iga t ions  
s i n c e   t h e  end of t h e  1950 's ,  and  remains a major prospec t ing   technique .  It has 
proved  to  be a use fu l  method fo r  l o c a t i n g   t h e   d i s t r i b u t i o n  o f  permafrost  and 
t a l i k s ,  mapping  ground ice, and determining  permafrost   th ickness .   Recent ly ,  com- 
puters  have  been  used  to  process  data  from electrical soundings.  Experiments  in 
s e i smic   p rospec t ing  show t h a t  the f i r s t   a r r i v a l   r e f r a c t i o n   c a n  be  used to   measure 
the   depth  of the   permafros t   t ab le ,   and   sha l low  re f lec t ion   can  be  used t o  measure 
t h e   t h i c k n e s s  of noncompacted  sediments. D.C.-induced p o l a r i z a t i o n ,   d i p o l e   a r r a y  
p o t e n t i a l - d r o p   r a t i o ,  and  radon  emanation  techniques  have  been  tested  and  applied 
to   permafrost   surveying.  The c o n d u c t i v i t y ,   a c o u s t i c a l   p r o p e r t i e s ,  and d i e l e c t r i c  
cons t an t s  of f r o z e n   s o i l s   h a v e  also been s t u d i e d   i n   t h e   l a b o r a t o r y .   F u t u r e   t a s k s  
inc lude  (1) f u r t h e r   r e s e a r c h  on t h e   c h a r a c t e r i s t i c s  of g r o u n d   e l e c t r i c a l   s e c t i o n s  
o f   pe rmaf ros t ,   t o   i nc rease   t he   accu racy  of q u a n t i t a t i v e   i n t e r p r e t i o n  o f  V.E.S.  
curves  and  to   perfect   computer   data   processing,  ( 2 )  f u r t h e r   r e s e a r c h  on e l e c t r i -  
c a l  and acous t i c   p rope r t i e s .  and ( 3 )  f u r t h e r   s t u d y  of t h e  dynamic c h a r a c t e r i s t i c s  . .  

o f  seismic waves i n  permafrbst .  

I n   C h i n a ,  a t  t h e   e n d  of  t h e  1 9 5 0 ' s ,  D . C .  
e l e c t r i c  p r o s p e c t i n g   w a s   u s e d  f o r  e n g i n e e r -  
i n g   g e o l o g i c a l   s u r v e y s   o n   p e r m a f r o s t   b y  
e n g i n e e r i n g   d e p a r t m e n t , ? , .  A t  t h e   b e g i n n i n g  
o f   t h e  1 9 6 0 ' s ,  t h e   L a n z h o u   I n s t i t u t e   o f  
G l a c i o l o g y   a n d   C r y o p e d o l o g y ,   A c a d e m i a  
S i n i c a ,   b e g a n   t h e i r   r e s e a r c h   o n   g e o p h y s i -  
c a l   m e t h o d s   f o r   s u r v e y i n g   p e r m a f r o s t ;  D . C .  
e l e c t r i c  s o u n d i n g  was t h e   m a j o r   p r o s p e c t -  
i n g   m e t h o d   ( H u a n g   Y i z h i  e t  a l .  1981 ,  1 9 8 3 ) .  
M e a n w h i l e ,   s o m e   c o l l e g e s   a n d   d e p a r t m e n t s  
o f  t h e   r a i l r o a d ,   h i g h w a y ,   a n d   f o r e s t r y  
a d m i n i s t r a t i o n s ,   s u c h   a s   T h e   F i r s t   R a i . 1 -  
r o a d   D e s i g n   I n s t i t u t e ,   M i n i s t r y  o f  R a i l -  
r o a d ,   c o n d u c t e d   e x p e r i m e n t s   o n   g e o p h y s i c a l  
m e t h o d s  f o r  e n g i n e e r i n g   g e o l o g i c a l   p r o s -  
p e c t i n g   i n   p e r m a f r o s t   a r e a s .   I n   r e c e n t  
y e a r s ,  seismic ( Z e n g   Z h o n g g o n g  e t  a l .  
1 9 8 2 ) ,  D . C .  - i n d u c e d   p o l a r i z a t i o n   ( H u a n g  
Y i z h i  e t  a l .  19831 ,  d i p o l e   a r r a y   p o t e n t i a l -  
d r o p   r a t i o   m e t h o d   ( Z h o u   F u c h e n g   1 9 8 2 ) ,  
a n d   r a d o n   e m i s s i o n s   ( Y a o   B a o x i n g  e t  a l .  
1 9 8 2 )   h a v e   b e e n   t e s t e d   a n d   a p p l i e d  t o  p e r -  
m a f r o s t   s u r v e y s .   T h e   c o m p u t e r   h a s   b e e n  
u s e d   , f o r   p r o c e s s i n g  o f  d a t a  f r o m  e l e c t r i -  
c a l   s o u n d i n g s   ( H e   V i x i a n  1 9 8 0 ) .  A t  p r e -  
s e n t ,   v a r i o u s   g e o p h y s i c a l   m e t h o d s   c a n   b e  
u s e d   f o r   l o c a t i n g   p e r m a f r o s t ,   t a l i k s ,   a n d  
t h i c k   g r o u n d  i c e  l a y e r s   a n d   d e t e r m i n i n g  
t h e   p o s i t i o n  o f  t h e   t o p   a n d   b o t t o m   o f   p e r -  
m a f r o s t   a n d   t h e   t h i c k n e s s  o f  f r o z e n   s e d i -  
m e n t s .   P r e l i m i n a r y   l a b o r a t o r y   s t u d i e s  
a l s o   p r o v i d e d   i n f o r m a t i o n   o n   t h e   c o n d u c -  
t i v i t y ,   a c o u s t i c a l   p r o p e r t i e s ,   a n d   d l e -  
l e c t r i c  c o n s t a n t  o f  f r o z e n  s o i l s .  

E L E C T R I C  C O I Y D U C T I V I T Y ,  D I E L E C T R I C  
CONSTANT, A N D  A C O U S T I C A L  

PROPERTIES OF FROZEN S O I L S  

T h e   r e s i s t i v i t y  o f  f r o z e n   s o i l  i s  much 
h i g h e r   t h a n   t h a t  of  t h a w e d  s o i l  b e c a u s e  

c o n d u c t i v e   c h a n n e l s  a r e  r e d u c e d   b y  i c e  
f o r m a t i o n .   H o w e v e r ,   e v e n   b e l o w  O°C u n f r o -  
z e n  water  c a n  s t i l l  p l a y  a r o l e  a s  a c o n -  
d u c t i v e   m e d i u m .   T h e   i n c r e a s e   o f  r e s i s -  
t i v i t y   i n   f r o z e n  s o i l  i s  v e r y   s t e e p   a t  
t e m p e r a t u r e s   i n   t h e  0 t o  - 2 O C  r a n y e .  A 
m i n i m u m   v a l u e   o f   r e s i s t i v i t y   o c c u r s  at a 
water c o n t e n t   t h a t   c o r r e s p o n d s   t o  a m a t e -  
r i a l s   p l a s t i c  limit ( G u   Z h o n g w e i  e t  a l .  
1 9 8 2 ) .  

T h e   d i e l e c t r i c   c o n s t a n t  o f  f r o z e n  s o i l  
i s  c o n s i d e r a b l y  l o w e r  t h a n   t h a t   o f   u n f r o -  
z e n  s o i l ,  b e c a u s e   m o s t  o f  t h e  water t h a t  
h a s  a h i g h   d i e l e c t r i c   c o n s t a n t  ( & = B O )  i s  
c h a n g e d   i n t o  i c e  ( ~ = 3 . 2 ) .   T h e   d e c r e a s e   o f  
E i n   f r o z e n  s o i l  a c t u a l l y   d e p e n d s   o n   t h e  
u n f r o z e n   w a t e r   c o n t e n t .   T h e   f r e q u e n c y  
d e p e n d e n c e  o f  t h e   d i e l e c t r i c   c o n s t a n t   f o r  
f r o z e n  s o i l s  i s  n o t   a s   s t r o n g  a s  t h a t   o f  
u n f r o z e n  s o i l ,  e x c e p t   i n   t h e   l o w   f r e q u e n c y  
s t a t e .  A m a x i m u m   v a l u e  o f  d i e l e c t r i c  
c o n s t a n t   i n   f r o z e n   s o i l   o c c u r s   n e a r   t h e  
t h a w e d   m a t e r i a l s '   p l a s t i c  limit, w h i c h  
c o r r e s p o n d s  t o  t h e   m o i s t u r e   c o n t e n t  a t  
w h i c h   m i n i m u m  D.C. r e s i s t i v i t y   w o u l d   b e  
o b t a i n e d .   T h u s ,   t h e   p l a s t i c  limit c a n   b e  
a s i g n i f i c a n t   t u r n i n g   p o i n t  f o r  t h e  e l e c -  
t r i c a l   p r o p e r t i e s  o f  some f r o z e n   s o i l  (Gu 
Z h o n g w e i   a n d   L i u   3 i n r e n   1 9 8 3 ) .  

T h e  e l a s t i c  w a v e   v e l o c i t y   v a r i e s   w i t h  
t h e   m o i s t u r e   c o n t e n t .  I t  i n c r e a s e s   s t e e p -  
l y   w i t h   i n c r e a s i n g   m o i s t u r e   c o n t e n t   i n  
s a m p l e s   w h e n   m o i s t u r e   c o n t e n t  i s  l e s s  t h a n  
t h e   p l a s t i c  limit f o r   f i n e - g r a i n e d  s o i l s  
a n d  l e s s  t h a n  70% s a t u r a t i o n  f o r  c o a r s e -  
g r a i n e d  s o i l s ,  a n d   t h e n   i n c r e a s e s   s l o w l y  
w i t h   i n c r e a s i n g   m o i s t u r e   c o n t e n t .  When 
t h e   m o i s t u r e   c o n t e n t   g o e s  up t o  a c e r t a i n  
v a l u e ,   b e t w e e n  11% a n d  2 0 %  f o r  t h e  s a n d y  
s o i l ,  a n d   b e t w e e n   t h e   l i q u i d  limit a n d  
1 0 0 %  f o r  t h e   f i n e - g r a i n e d  s o i l ,  t h e   w a v e  
v e l o c i t y  will r e m a i n  a t  a s t a t i o n a r y   v a l u e .  

520  
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T h e   w a v e   v e l o c i t y  w i l l  d e c r e a s e   v e r y  s l o w -  
l y   w i t h   t h e   m o i s t u r e   c o n t e n t   i n c r e a s i n g  
a n d   t h e n   g r a d u a l l y   a p p r o a c h e s   t h e   n a v e  
v e l o c i t y  o f  p u r e  i c e  ( L i u   3 i n r e n   a n d   Z e n g  
Z h o n g g o n g   1 9 8 3 ) .  

D . C .  R E S I S T I V I T Y  M E T H O D  

D . C .  V e r t i c a l  E l e c t r i c a l  S o u n d i n g  (V.E.S.) 

I n  1 9 6 3 ,  V.E.S. was u s e d  f o r  p e r m a f r o s t  
i n v e s t i g a t i o n  t o  m e a s u r c   t h e   t h i c k n e s s  o f  
p e r m a f r o s t   a n d   c o m p a r e   t h e   r e s u l t s   w i t h  
b o r e   h o l e   t e m p e r a t u r e   i n f o r m a t i o n   a t  
T u m e n g e l a ,   X i z a n g .   T h i s  was a l s o   d o n e   i n  
t h e   M u l i ,   R e s h u i ,   Q l l i a n   S h a n   r e g i o n ,   a n d  
a l o n g   t h e   Q i n g h a i - X i z a n g   H i g h w a y   w i t h  
s a t i s f a c t o r y   r e s u l t s .  

s u r v e y i n g   c o v e r s   t h e   f o l l o w i n g   c a t e g o r i e s  
( H u a n g   Y i z h i  e t  a l .  1 9 8 1 ) .  

T h e   a p p l i c a t i o n  of V.E.S.  t o  p e r m a f r o s t  

L o c a t i n g   t h e   d i s t r i b u t i o n  o f  p e r m a f r o s t  
a n d   t a l i k s .   T h i s  i s  d o n e   b y   i n t e r p r e t i n g  
t h e  V.E.S. c u r v c   t y p e s   a n d  p s  ( a p p a r e n t  
r e s i s t i v i t y )   p r o f i l e   m a p s   w i t h   t h e   h o l e  
d a t a  a s  s h o w n   i n   F i g u r e  1. T h e   V . E . S .  
c u r v c s   a n d   t h e  p s  p r o f i l e s   i n   p e r m a f r o s t  
r e g i o n s   a r e   q u i t e   d i f f e r e n t   f r o m   t h o s e   i n  
t a l  i .k a r e a s .  

- I n v e s t i g a t i n g  .. t h e   v e r t i c a l   d i s t r i b u t i o n  
o f  p e r m a f r o s t .   T h e r e  i s  a t y p i c a l  V . E . S .  
c u r v e  t h a t  sometimes h a s   d i s t o r t i o n   i n   t h e  
h i g h   r e s i s t i v i t y   p a r t  o f  c u r v e   w h e n   t h e  
p e r m a f r o s t   h a s  a s o - c a l l e d   d o u b l e  s t r u c -  
t u r e   i n   t h e   v e r t i c a l   d i r e c l i o n .   T h e r e  is 
a V .  C .  5 .  c u r v e  a t  s t a t i o n  1 0  on Q u m a r  

R i v e r   a l o n g   t h e   Q i n g h a i - X i z a n g   H i g h w a y .  
I t  h a s   b e e n   i n t e r p r e t e d   w i t h   t h e   a i d  of 
t h e   c o m p u t e r  t o  h a v e   s e v e n   l a y e r s ,  i . e .  
p 1 = 6 9 . ? n m ,   h l = O .  8 m ;  p2=152.8 Rm, h 2 G 0 . 4 6  
rn; ~ 3 ~ 1 3 4 3  Rm, h 3 = 7 . 3 9  m ;  ~ ~ " 7 1 . 2  Rm. 
h4=2.36 m ;  p5=10 R m ,  h 5 = 0 . 2 8  m ;  p 6 = 3 5 5 8  IRm, 
h 6 = 3 6 . 8 5  m ;  ~ 7 ~ 2 . 5  R m .  T h e   c u r v e   s u g g e s t s  
t h a t   t h e   f o u r t h   a n d   f i f t h   l a y e r  f o r m  a 
2 . 6  m t h i c k   t a l i k .  

I n v e s t i g a t i n g   t a l i k s   b e l o w   r i v e r   a n d  
l a k e s .  If a c o m p l e t e   t a l i k  i s  u n d e r  a 
r i v e r  o r  l a k e   i n   p e r m a f r o s t ,   t h e  V . E . S .  
c u r v e   s h o w s  l o w  r e s i s t i v i t i e s ,   w i t h o u t  a 
h i g h   r e ' s i s t i v i t y   s e g m e n t ,   a n d   a n   o b v i o u s  
d i f f e r e n c e  f rom t h o s e   o n   p e r m a f r o s t ,  

M a p p i n g   g r o u n d  i c e .  G r o u n d  i c e  w i t h  
i t s  h i y h e r   r e s i s t i v i t y   a n d   c o m m o n   p o s i t i o n  
n e a r   t h e   u p p e r   p a r t  o f  t h e   p e r m a f r o s t  
s e c t i o n  w i l l  c a u s e  t h e . a p p a r e n t   r e s i s t i v i t y  ' 

a t  s h a l l o w   d e p t h s  t o  r i s e   s t e e p l y .   I t  was 
f o u n d   t h a t   i f   t h e   a n g l e   b e t w e e n   t h c   r i s i n g  
s e c t i o n  a t  t h e  s t a r t  o f  t h e  V . Z . S .  c u r v e  
a n d   t h e   a b s c i s s a  i s  l a r q e r   t h a n  43O, t h e  
c u r v e   s h o w s   e x i s t e n c e   o f   g r o u n d  i c e .  A 
s t a t i s t i c a l  a n a l y s i s  o f  m a n y  V.E.S. c u r v c s  
m e a s u r e d  a t  1 - e n g h u o   S h a n   i n   Q i n g h a i - X i z a n g  
P l a t e a u   s h o w e d   t h a t   t h i c k n e s s   a n d   b u r i e d  
d e p t h  o f  g r o u n d  i c e  c a n   b e   e s t i m a t e d  f r o m  
a n   e x p e r i m e n t a l   r e l a t i o n   d e v e l o p e d   b e t w e e n  
t h e   v a l u e  o f  e l e c t r o d e   s p a c i n g   a t   w h i c h  
t u r n i n g   p o i n t   o n   t h e   c u r v e s   o c c u r s   a n d   t h e  
b u r i e d   d e p t h  of  g r o u n d  i c e  ( H e   V i x i a n  
1 7 8 2  ). 

" D e t e r m i n i n g   p e r m a f r o s t   t h i c k n e s s .  S e v -  
e r a l  m c t h o d s   h a y ;   b e e n   u s e d  f o r  d e t e r m i n -  
i n g   p e r m a f r o s t   t h i c k n e s s ,   n a m e l y   t h e  S O -  
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FIGURE 1 V.E.S .  p r o f i l e   c u r v e   t y p e s   a n d  p s  p r o f i l e   n e a r   t h e  104-11 M a i n t e n a n c e   S q u a d s  
o f  Q i n g h a i - X i z a n g   H i g h w a y .  
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c a l l e d   t u r n i n g   p o i n t   m e t h o d ,   t h e   c o m p a r -  
i n g  of  m a s t e r   c u r v e s ,   t h e   i n v e r s e   s l o p e  
m e t h o d s ,   a n d   d a t a   p r o c e s s i n g   w i t h  t h e  
c o m p u t e r .  O f  t h e s e   t e c h n i q u e s   t h e   c o m p u -  
t e r  p r o c e s s i n g   m e t h o d  i s  most  e f f i c i e n t  
d u e  t o  i t s  a u t o m a t i c   a p p r o x i . m a t l n g   m e t h o d  
o f  l a y e r   p a r a m e t e r s .   M a n y  V.E.S .  c u r v e s  
m e a s u r e d   a r e   m a t c h e d   b y  t h e  f i l l i n g   p r o -  
g r a m  o f  d a m p i n g  l e a s t  s q u a r e s   o n  a D X -  
130 c o m p u t e r ,   m a d e  in C h i n a ,   a n d  s a t i s -  
f a c k o r y   r e s u l t s   h a d   b e e n   o t a i n e d .  F o r  
e x a m p l e ,   n e a r  a h o l e  a t  T u m c n g e l a   a t   t h e  
X i z a n g   P l a t c a u ,   t h e  lower  b o u n d a r y   d e p t h  
o f  p e r m a f r o s t   d e t e r m i n e d   f r o m   g r o u n d  
t e m p e r a t u r e   m e a s u r e m e n t   i n   t h e   h o l e  i s  
7 0 . 3  m ,  w h i l e   t h e   d e p t h   c a l c u l a t e d   b y  
c o m p u t e r  i s  7 0 . 7  m .  

D . C .  Clec t r  i .c P r o f i L i a -  
~" 

I n   1 9 6 3 ,  D . C .  e l e c t r i - c a l   p r o f i l i n g ,  
u s u a l l y  a d o u b l e   s y m m e t r i c a l   f o u r  e l e c t r o -  
d e   c o n f i g u r a t i o n ,   w a s   u s e d  f o r  l o c a t i n g  
t h e   p e r m a f r o s t   a n d   t a l i k s  a t  T u m e n g e l a   i n  
X i z a n g .  On p e r m a f r o s t ,   t h e   d i f f e r e n c e  
(no,) b e t w e e n   t h e   a p p a r e n t   r e s i s t i v i t i e s  
f r o m  b o t h   l a r g e   a n d   s m a l l .   e l e c t n o d c   s p a c -  
i n g s  i s  l a r g e r .  O n  t a l i k s ,   v a l u e s  o f  
Aps a r e   s m a l l e r .  l f  Aps i s  p o s i t i v e   a n d  
l a r y c ,   p e r m a f r o s t   c a n  b e  c o n s i d e r e d  t o  
e x i s t ,   a n d  if A p s  i s  n c g a t i v e . a n d   s m a l l ,  
a t a l i k   e x i s t s   ( H u a n g   Y i z h i  e t  a l .  1 9 8 1 ) .  

D i p o l e  A r r a y   P _ q _ t e n t i a l - d r o p   R a t i o   M e t h o d  

T h i s   m e t h o d  h a s  b e e n   s u c c e s s f u l l y   u s e d  
f o r  l o c a t i n g   i s l a n d s  o f  p e r m a f r o s t   a t  a 
m i n i n y   a r e a   i n   H e i l o n g j i a n g   P r o v i n c e  

AVa 
R" 

A V I  
-2 r 

A M O N  B 

A B  M O N  

F I G U R E  2 T h e   c h a n g e  o f  A M O N B  a r r a y   i n t o  
ABMON a r r a y .  

- 5  t 

F l G U R E  3 A m o n k c a p - s h a p e   a n o m a l y   d u e  t o  
h o r i z o n t a l   w o o d   s l a b   ( f r o m   m o d e l   e x p e r i -  
m e n t  i r l  l a b o r a t o r y ) .  

( Z h o u   F u c h e n g  1 9 8 2 ) .  T h e   m a i n   p o i . n t s  o f  
d i p o l e  p o t e n t i a l  - d r o p  r a t i o  m e t h o d   i n -  
c l u d e :   1 )   t h e  c h a n g e  o f  A M O N B  a r r a y  o f  t h e  
p o t e n t i a l - d r o p  r a t i o  i n t o  A B M O N  a r r a y ,   a n d  
t h e n  2 )  t h e   m e a s u r i n g   o f   p o t e n t l a l - d r o p  
r a t i o  R b e t w e e n   e l e c t r o d e s  O N  a n d  MO 
( F  i g u r e  7 1. 

T h i s   m e t h o d  i s  e x c e l l e n t  f o r  m a p p i n g  
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F I G U R E  4 A p r o f i 1 . e  o f  d i p o l e   a r r a y   p o t e n t i a l - d r o p  r a t  
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i o   m e t h o d   o n   i s l a n d  p e r m a f r o s t  
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b y   u t i l i z i n g   t h e   i n h o m o g e n e i t y  of e l e c t r i  - 
c a . 1   f i e l d .  t - o r  e x a m p l e ,  c l e a r  m o n k c a p -  
s h a p e   a n o m a l y  i s  o b t a i n e d  on a h o r i z o n t a l  
w o o d e n   p l a t e   w i t h   h i g h   r e s i s t i v i t y   f r o m  a 
m o d e l   e x p e r i m c n t   p e r m a f r o s t   p e r f o r m e d   i n  
t h e   l a b o r a t o r y   ( F - i g u r e  3 ) .  A g o o d   r e s u l t  
h a s   b e e n   o b t a i n e d   i n   l i n i n g   t h e   d i s t r i h u -  
t , i o n   o f   i s l a n d   p e r m a f r o s t   ( F i g u r e  4 ) .  
T h e   p e r m a f r o s t   b o u n d a r y   s h o w n   b y   t h o  
d i p o . l e   p o t e n t i a l   - d r o p  r a t i o  m e t h o d  i s  
c l e d r e r  t h a n   t h d t   f o u n d   b y   c l . e c t r i c a 1  
p r o f i l i n g .   H o w e v e r ,   t h e   i n f l u c n c e   o f   r o c k  
i n h o m o g e n e i t y   o n   t h e   d i p o l e   p o t e n t i  a1 - 
d r o p   r a t i o   a t   t h r   s u r f a c e  i s  s e v e r e ,  
m a k i n g   i n t e r p r e t a L j o n  o f  r e s u l t s   d i r r j -  
c u l t .   T h e r e f o r e ,  i t  i s  n e c e s s a r y   t o  
c o m b i n e  i t  w i  t h  e1ect.r  i c a l   s o u n d i   n g .  

SEISMIC  PXOSPCCTING 

I n   1 9 7 8 - 7 9 ,  a s e i s m i c  p r o s p e c t i n g   e x -  
p e r i m e n t  was p e r f o r m e d  f o r  i n v r s t i g a t , i n g  
p e r m a f r o s t  d l  F e n g h u o   S h a n ,   Q i n g h a i - X i z a n g  
P l a t e a u  ( Z e n g  e t  a l .  1 9 8 2 ,  a n d   Z h o u  
a n d   C h e n  1 3 8 0 ) .  T h e  e x p e r i m e n -  
t a l   r e s u l t s   s h o w   t . h a t  t h e  f i r s t   a r r i v a l  
r e r r a c t i o n   c a n   h e   u s e d   F o r   m e a s u r i n g  t , he  
d e p t . h   o f   t h e   n a t u r a l   a n d   a r t , i f i c a l   p c r m a -  
f r o s t  t a b l e   a n d   t h a t  s h d l  low r e f l p c l i o n s  
c a n   b e  u s e d  f o r   m e a s u r i n g  t h e  t h i c k n e s s  
o f  s e d i m e n t s ,   H o w e v e r ,  d t  t e n t i o n   m u s t   b c  
p a i d  t o  t h e  i n f l u e n c e   o f  a s e a s o n a l  
t h d w c d   l a y e r   o n  a s h a l l o w   r e f l e c t i o n .  O r 1  

t h e  n n c  h a n d ,   t , h e   t e m p o r a r y   t h a w - f r e e z e  
i n t c r f d c e  cou1.d h e   m i s t a k e n  f o r  t h e  t o p  o f  
p e r m a f r o s t   b e c a u s e   t h e   f o r m e r  i s  d n  e x c e l -  
l e n t   r e f r a c t o r ,   t h r o u g h  w h i c h  t h e   w a v e  
v e l o c i t y   w o u l d   c h a n g e   a b r u p t l y .  On t h e  
o t h e r   h d r l d ,   d u e   t n   t h e   l a r q c   d i f f e r e n c e   o f  
w a v e   i m p e d a n c e   a t   t h e   f r e e z e - t h a w  inl ;er-  
Pace,  m o s t  o f  t h e   c r l c r q y   f r o m   t h e  se i smic  
w a v e  i s  r e f l e c t e d   b a c k  t.o t h e   s u r f   a c e ,  
c a u s i n g  t h e  r e f r a c t e d   e n e r q y  from t h e  
d c c p e r   b e d r o c k   s u r f a c e  t o  b e   v e r y   w e a k .  
T h u s ,   t h c   r e f r a c t i o n   f r o m   b c d r o c k   s u r f a c e s  
c a n   h a r d l y   h e   r e c o r d e d   b y  us.i.rlg a h a m m e r  
a s   t h e   e n e r g y  source .  I t  i s  s u g g e s t e d  
t h a t   t h i s   w o r k   h e   d o n e   d u r i n q   t h e   p e r i o d  
w h e n   t h e   e a r t h   s u r f a c e  i s  sLil1 f r o z e n ,  i n  
o r d e r   t o   r e d u c e   t h e   i n f l u e n c e   o f   t h e  
t h a w e d   m a t e r i a l   a n d   t h e   s h a l l o w   r e f l e c t o r .  

[ N D U C E D  POLARIZATION M E T H O D  

I n  t h e  s u m m e r  of 1980, t h e   f i e l d   e x -  
p e r i m e n t   o f   D . C . - i n d u c e d   p o l a r i z a t i o n  
s o u n d i n g  was ~ ~ n d e r t a k e r l   a l o n g   t h c   Q i n g h a i -  
X i z a r r q   H i g h w a y   ( H u a n g   Y i z h i  e t  a l .  1 9 8 3 ) .  
T h e   c x p e r i m e n t a l   r e s u l t s   s h o w   t h a t   I P  
s o u n d i n g   c u r v e s  on p e r m a f r o s t   a r e  c x t r e -  
m e l y   v a r i a b l e .   T h e   p o l a r i r a b i l i t y   o f  
s e a s o n a l .   t h a w   l a y e r s  i s  s l i g h t . l y   h i q h e r  
t h a n   t , h a t  of  p e r m a f r o s t ,   a n d   t h e   p o l a r i z a -  
b i l i t y   c u r v e   h a s  1 i L t l . e  v a r i d b i l i t y   i n  t h e  
u p p e r   p e r m a f r o s t   ( w h i c h   m a y   b e   r e l . a t e d  Lo 

g r o u n d   i c e )  a n d  i n c r e a s e s   s t r o n g l y   i n   t h e  
l ower  p e r m a f r o s t   s e c t i o n .   T h e r e  i s  a 
n e g a t i v e   p o l a r i z a b i l i t y  a s  t h e   h a l f  e l e c -  
t r o d e   s e p a r a t i o n   a p p r o a c h e s   t h e  lower  
b o u n d a r y   d e p t h  o f  p e r m a f r o s t ,   a n d   t h e  
p o l a r i z a b i l i L y   o f   f r o r e n   b e d r o c k  i s  q e n e r -  
d l l y  lower t h a n   t h a t  o f  f r o z c n   s e d i m e n t s  
i n   w h i c h   t h e   p o l a r i z a b i l i t y   o f  c o a r s e -  
g r a i n e d  s o i l  i s  q e n e r a l l y   h i g h e r   t h a n   t h a t  
o f  f i n c - g r a i n e d  s o i l .  T h e   p o l a r i z a b i 1 , i t y  
o f  c o a r s e - g r a i n e d  s o i l  i s  m o r e   t h a n  216; 
f i n e r - q r a j n e d  s o i l  i s  u s u a l l y  l e s s  t h a n  
1 % .  G r o u n d  i c e  h a s  a more s L e a d y   p o l a r i -  
z a b i l i t y  o f  1 . 0 % - 1 . 2 %   i n   g e n e r d l ,   w h i l e  
p u r e  i n t r u s i v e  i c e  o r  t h e  i c e - c o r e s  o f  
p i r l q o s   a r e   0 n l . y  O.2%-0.6%. T h e   d i f f e r c n c e  
o f  D . C .  p o l a r i r a b i l i t y   b e t w e e n   p e r m a f r o s t  
d r l d   g r o u n d  i c e  i s  s m a l l .  

K A I I O N  EMISSION SLJRVCY 

On t h e   a s s u m p t i o n   t h a t   p e r m a f r o s t  can 
r e s t . r i c t  t h e   m i y r a t i o n  o f  r a d o n  q a s ,  a n  
e x p e r i m c n t  t o  10rdl .e  l . o c a l   p e r m a r r o s t  
b o d i e s   w a s   u n d e r t a k e n   i n   1 9 7 5   ( Y a o   B a o x i r l g  
e t  a l .  1 9 8 2 ) .   T h e   e x p e r i m e n t a l   r e s u l t  
s h o w s   t h a t   v a l u c s  a r e  l o w  i n   t h e   p e r m a -  
f r o s t ,  a r e a .   H o w e v e r ,  low v a l u e s  were a l s o  
f o u n d  o n  t h a w e d   s w a m p y   l o w l a n d   a n d   r i v e r  
t . a l i k s   d u e  t o  t h e   a b s o r p t i o n  o f  r a d o n   g a s  
b y  water .  C o n c e n L r a t i o n   a t   t h e ,   s u r f   a c e  
a l s o  v a r i e s   w i t h   t h e   l i t h o l o q i c a l   c h a r a c -  
t e r i s t i c s   a n d   d e p t h  of  t h e   b e d r o c k ,   a n d  
L h c  c o m p o s i t i o n  and  p e r m e a b i l i t y   o f   o v e r -  
l y i n g   s e d i m e n t s .   T h u s ,   t h e r e  a r e  t w o  
p r o b l , e m s   t o   b e   s o l v e d :  i t  i s  n e c e s s a r y  t o  
d e v e l o p   e q u i p m e n t ,  t o  m e a s u r e  t h e  r a d o n   g a s  
c o n c e n t r a t i o n   o f   a i r   a n d   w a t e r   i n  t h e  
f i e l d  a t  t h e  s a m e  t i m c ;  a n d   s e c o n d l y ,  t o  
s t u d y   t h e   i n f l . u e n c e  o f  p e r m a f r o s t   p r o p e r -  
t i e s   i n c l u d i n g   v a r i a t i o n   i n  i c e  c o n t e n t  
o n   q a s .  

FUTURE R E S E A R C H  

P e r m a f r o s t  i s  d i s t r i b u t e d   w i d e l y   i n   t h e  
a l p i n e   r e q i n n s   o f   C h i r i d .  Tn o r d e r  t o  
f u l . l y   u t i l i r c   g e o p h y s i c a l   s k i . l l s   i n   t h e  
s t : u d y  of  p e r m a f r o s t ,   t h e   f o l l o w i n g   f u t u r c  
t a s k s   a r e  r c q u i r e d .  

F i r s t ,   i t  i s  n e c e s s a r y  t o  i n c r e a s e  t h e  
a c c u r a c y  o f  q u a n t i t a t i v e   i n t e r p r e t a t i o n  of  
V . t  .S. c u r v c s ,   a n d  t o  p e r f e c t   t h e   c o m p u t e r  
d a t a   p r o c e s s i n g   C e c h n i q u e .  

S e c o n d ,  r e s e a r c h   o n  e l e c t r i c a l  a n d  
a c o u s t i c   p r o p e r 6 i e s   s h o u l d   b e   e x p a n d e d  1.0 
o f f e r  a b r o a d c r   b a s i s   f o r  t h e  i n t e r p r c t a -  
Lion o f  g e o p h y s i c a l   d a t a   a n d  f o r  t h e  
c o o r d i n a t i o n  w i t h  s t u d i e s   o n  t h e  p h a s e  
c o m p o s i . t i o n ,   a n d   p h y s i c a l - c h e m i c a l   p r o c c s s  
i n   p e r r n d r r o s t .  

F i n , d l l y ,   t h e   d y n a m i c   c h a r a c t e r i s t i - c s  of  
se ismic w d v e s   i n   p e r m a f r o s l :   s h o u l d   b e  
s t u d l c d ,   i n   o r d e r  t o  m a d e   d a t a   i n t e r p r e t a -  
t i o n  more e f f i c i e n L   a n d   a c c u r a t e .  
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SOIL WEDGES ON SPITSBERGEN 

Alfred  Jahn 

G e o g r a p h i c a l   I n s t i t u t e  
Un ive r s i ty  o f  Wroclaw,  Poland 

In  t h e  Van M i j e n f j o r d ,   i n   t h e   w e s t e r n   p a r t  of Spi tsbergen,   rhe  author   found  non-sorted 
po lygons   bu i l t  of f ine   sha l e   deb r i s ,   A l though   t hese   po lygons  were c l e a r l y  a r e s u l t   o f  
f r o s t   c r a c k i n g ,  no t r a c e s   o f   i c e  wedges were found down to t he   pe rmaf ros t   t ab l e   (dep th  
o f  1.2 m), The soil s t ruc tu res   found  were a c r i v e - l a y e r   s o i l  wedges, similar t o  t h e  
s o i l  wedges known from  Siber ia .  The S p i t s b e r g e n   f i n d i n g s   i n d i c a t e   t h a t   s u c h   s o i l  wedges 
c a n   d e v e l o p   i n   a n   o c e a n i c   p e r i g l a c i a l  climate and   rhe   hypothes is  Khat s o i l  wedges occur  
on ly  in c o n t i n e n t a l   p e r i g l a c i a l   z o n e s  may b e   i n c o r r e c t .  

S o i l  wedges  (or s o i l  v e i n s )  are known c h i e f l y  
from S i b e r i a .  They have  been  descr ibed by Danilova 
(19561,  Karasonov  (1973),  and  Mmanovskiy  (1973), 
and are regarded as forms due t o   f r o s t   c r a c k i n g ,  
e s p e c i a l l y   f r o s t   c r a c k i n g  of t h e   a c t i v e   l a y e r   ( s e a -  
sonal ly   thawing  layer   above  permafrost) .  They are 
commonly renned  "ground" o r  " s o i l  veins" ,   but   have 
a l so   been   ca l l ed   "p r imord ia l   (o r   p r imary )   so i l  
ve ins"   and   " so i l - f i l l ed   ve ins"   i n   t he   European  lit- 
e r a t u r e .  One o f   t h e   f i r s t   r e s e a r c h e r s  t o  g i v e  an 
e x c e l l e n t   d e s c r i p t i o n   o f   i c e   a n d   s o i l  wedges  from 
Alaska was Leff ingwell   (1919) .  

Soil wedges a r e   o f t e n   c o n f i n e d   t o   t h e   a c t i v e  
l a y e r ,   b u t   p e r e n n i a l  ice  wedges o c c u r   i n   t h e  perma- 
f ros t   on ly .   [The   on ly   except ion  t o  t h i s   r u l e  is 
the   An ta rc t i c   " sand  wedge" as de f ined  by P6wwB 
(1959)l .  I n  t h e  Anglo-American l i t e r a t u r e ,   b a s e d  
on  examples  from  Alaska o r   n o r t h e r n  Canada, s o i l  
t h a t   f i l l s   t h e  empty s p a c e   c r e a t e d  by a thawing   ice  
wedge  become6 an ice-wedge c a s t  i n  f o s s i l   f o r m s  
bu t  may become p a r t  of a n   a c t i v e - l a y e r   s o i l  wedge 
i f   f r o s t - c r a c k i n g  i s  s t i l l  a c t i v e .  However, i n  
many c a s e s   i n   t h e   S o v i e t   l i t e r a t u r e ,   b a s e d   o n  exam- 
p l e s   f r o m   S i b e r i a ,   t h e   s o i l   o r   g r o u n d  wedge ( o r  
ve in )  is synonymous w i t h  ice-wedge c a s t .  To avoid 
confusion,  Washburn  (1979) dis t inguished  between 
contemporary  and fossi l .  forms of a c t i v e - l a y e r   s o i l  
wedges  and  permafrost s o i l  wedges.  The  term ice- 
wedge c a s t  is r e s t r i c t e d   t o   r e p l a c e m e n t   o f   i c e  
wedges  and as such i s  d i s t inc t   f rom  bo th  contempo- 
r a ry   and   fo s s i l   pe rmaf ros t   so i l   wedges .  

It is n o t   a c c i d e n t a l   t h a t   S i b e r i a n   r e s e a r c h e r s  
have  devoted so much a t t e n t i o n   t o   s o i l   ( g r o u n d )  
wedges o r   v e i n s .  The S i b e r i a n  summers a r e  warm and 
t h e  SeaSOMI thaw is deep,  whereas i n   p o l a r   c l i m -  
a t e s ,   s o i l  wedges are r a r e l y   i d e n t i f i e d   u n l e s s   t h e y  
o v e r l i e  ice  wedges.  However,  Katasonov  (1973) i s  
o f   t h e   o p i n i o n   t h a t   a c t i v e - l a y e r   s o i l  wedges may 
e x i s t   t h a t   h a v e  no g e n e t i c   r e l a t i o n s h i p   t o   i c e  
wedges. 

The f ea tu res   obse rved  i n  t h e  summer of 1978 i n  
t h e  Van Mi jenf jord   a rea ,   Spi t sbergen ,  are of i n t e r -  
est and  importance  (Figures 1 and 2 ) .  On a low 
c o a s t a l   t e r r a c e ,  s o i l  wedges are found  together  
wi th   the   typ ica l   po lygonal   a r rangement  o f  f r o s t  
cracks.  The area is under la in   by  a f ine-grained 
debr i s   o f   da rk   Eocene   sha l e s   o r ig ina t ing   f rom  f ros t  
weather ing   on   rhe   s lope   and   subsequent   t ranspor t  
onKo t h e   c o a s t a l  terrace. These f l a t   a l l u v i a l  fans 

cons is r   o f   severa l   genera t tons ,   f rom  the   o ldes t  (A) 
to the   younges t  (F), the   younges t   be ing   on   the  
p r e s e n t l y   a c t i v e  fan s u r f a c e   ( F i g u r e  3 ) .  The  whole 
a r e a  i s  a typica l   "polar   deser t" ,   a lmost   devoid   o f  
v e g e t a t i o n ,   w i t h   s i n g l e   g r a s s   t u f t s  i n  depressed 
p laces   (F igure  4 ) .  The e f f e c t s   o f   w i n d   a c t i o n  are 
v i s i b l e   i n   t h e  form  of a s t o n e  pavement.  The  most 
s t r i k i n g   s u r f a c e   f e a t u r e s  are the   regular   po lygons ,  
wi th   pentagonal   and   hexagonal   forms   preva i l ing  
(F igu re  5 ) .  The  younger   the   fan   sur face ,   the   l a rg-  
er the   po lygons   (F igure  6).  The diameter  o f  t h e  
youngest  forms is  4-6 m, b u t   t h a t   o f   t h e   o l d e s t  
hard ly   reaches  1 m. Ano the r   r egu la r   f ea tu re  i s  
tha t   the   younger   forms  are f h K  and the   fur rows  
d i v i d i n g  them are sha l low,   whereas   the   o lder  forms 
are convex,  resembling small s h i e l d - l i k e   h i l l s  
(F igu re  7 ) .  

Detai led  measurements   revealed  that   the  mean 
furrow  depth of the  youngest  polygons i s  6 c m ,  and 
o f  t h e   o l d e s t  is 18 cm (Figure   3 ) .  

The  polygons  develop as l a r g e   c e l l s  and   d iv ide  
i n t o   s m a l l e r   o n e s   ( F i g u r e s  8 and  9).  Simultaneous- 
l y ,  Khese smaller polygons become convex, The 
s t ruc tu re   o f   t hese   fo rms   can   be   t r aced  on the   edges  
t h a t   s e p a r a t e   t h e   p a r t i c u l a r   f a n   g e n e r a t i o n s .   I n  
p l a c e s ,   s e v e r a l   c r o s s - s e c t i o n s  were made t o   t h e  
pe rmaf ros t   t ab l e   (F igu res  10 and ll), which  ranged 
in   depth   f rom 100 t o  120 cm, a t  the   beg inn ing   o f  
August. It  was found  tha t   the   fur rows   of   the   po ly-  
gons  corresponded  to   the  soi l   wedges,   which were 
s i tua t ed   exac t ly   be low  the   fu r rows ,   t hus   p rov ing  
t h e i r   g e n e t l c   r e l a t i o n s h i p .  

The wedge s t r u c t u r e s  are shown i n  F igu re  10, a 
drawing made i n   t h e   f i e l d ,  and i n   t h e   p h o t o g r a p h s  
(F igu res  11 and 1 2 ) .  It  is easy t o  r e c o g n i z e   t h e s e  
s t r u c t u r e s ,   s i n c e   t h e   s h a l e   d e b r i s   c o n s i s t s  of f l a t  
a n d   e l o n g a t e   p a r t i c l e s .  The arrangement   of   the  
p a r t i c l e s   g i v e s   a n   e x a c t   i n d i c a t i o n   o f   t h e   d i r e c -  
t i o n   t a k e n  by t h e   f o r c e s   t h a t  formed t h e   s o i l  
s t r u c t u r e s   ( F i g u r e  1 2 ) .  

Nea r   t he   so i l   wedges ,   t he   deb r i s  i s  on  edge  and 
p a r a l l e l  t o  t h e  wedge walls, w h i l e   i n   t h e   i n t e r i o r  
of t he   po lygons   t he  clasts l i e  h o r i z o n t a l l y   a g a i n s t  
t h e  wedges. No u p t u r n e d   s t r u c t u r e s   d u e   t o   f r o s t  
t h r u s t i n g  were noticed  anywhere.  The s o i l  wedges 
o f   t h i s  area rep resen t   t he   pas s ive   e l emen t  whose 
formation i s  a f f e c t e d   o n l y  by i c e   m e l t i n g  and not  
by f r o s t   h e a v i n g   o r   t h r u s t i n g .   T h i s   o b s e r v a t i o n  is  
impor tan t   to   unders tanding   the   deve lopment  mechanism 
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of these   forms .  
It  is no t   ea sy   t o   de t e rmine   whe the r   t he  wedge 

m a t e r i a l  comes  from t h e   p o l y g o n a l   n e t   s u r f a c e   o r  
f rom  the wedge walls, s i n c e   i n   b o t h   c a s e s  i t  is 
of t h e  same t y p e ,   i . e .   r e l a t i v e l y  homogeneous s h a l e  
debr i s .   There  is n o   d i f f e r e n c e   i n   c o l o r   b e t w e e n  
t h e  wedge and   t he   i nne r   pa r t   o f   t he   po lygon .  How- 
eve r ,  two f a c t s   s u g g e s t   t h a t   t h e   g r e a t e r   p a r t  of 
t h e   m a t e r i a l   w i t h i n   t h e  wedges o r i g i n a t e s   f r o m   t h e  
polygonal  net su r face :  

(1) There i s  a marked bo rde r   be tween   t he   so i l  
wedge and   t he   i nne r   pa r t   o f   t he   po lygon .  The 
ClaStS are a r r a n g e d   d i f f e r e n t l y ,   b e i n g  on edge 
r a t h e r   t h a n   h o r i z o n t a l   ( F i g u r e  11). 

t h e  two p a r t s  of the   po lygon  (F igure  13). That 
f rom  the   po lygon   i n t e r io r   con ta ins ,  on average,  40% 
p a r t i c l e s  2-5 mm i n   d i a m e t e r ,   w h i l e  60% of t h e  
s o i l - w e d g e   p a r t i c l e s   a r e   o f   t h i s  size.  The c ross -  
s e c t i o n s  show c l e a r l y   t h a t   t h e  wedge m a t e r i a l  is  
f i n e r   t h a n   t h e   e n c l o s i n g   m a t e r i a l   a n d   t h e   m a t e r i a l  
o f  t he   po lygon   su r f ace .   Th i s   ana lys i s   l eads  to t h e  
conclus ion   tha t   so i l -wedge   format ion   here  is  char- 
a c t e r i z e d  by a p r o c e s s   i n   w h i c h   t h e   f i n e r   p a r t i c l e s  
a r e   c o n c e n t r a t e d   i n   t h e   w e d g e s ,   w h i l e   t h e   c o a r s e r  
r ema in   on   t he   su r f ace ,   ma in ly   i n   t he   fu r rows .  

S o i l  wedges a r e   s t a r t e d  by r e p e a t e d   f r o s t   c r a c k i n g  
i n  t h e   w i n t e r   s e a s o n .  The c r a c k s   f i l l   w i t h   w a t e r  
du r ing   sp r ing   and  summer thawing ,   and   l a t e r   f r eez -  
i n g   g i v e s  rise t o   s m a l l   i c e   v e i n s   t h a t   r e a c h   b e l o w  
t h e   a c t i v e   l a y e r   a n d   l e a d   t o   t h e   g r o w t h   o f   p e r e n -  
n i a l   i c e  wedges. In summer, however, when t h e  
a c t i v e - l a y e r   i c e   v e i n s   h a v e   m e l t e d ,   t h e   s m a l l  
c r a c k s   t r a p   d e b r i s   s l i p p i n g   f r o m   t h e   p o l y g o n   s u r -  
f a c e   i n t o   t h e   f u r r o w .  Only d e b r i s   w i t h  a diameter  
n o t   e x c e e d i n g   t h e   w i d t h  of  t h e   c r a c k   g e t s   i n t o  i t .  
The g r a i n - s i z e   a n a l y s e s   t a k e n   i n d i c a t e   t h a t   t h e s e  
c r a c k s   w e r e   a t   l e a s t  2 mm wide  and  did  not   exceed 
5 mm; t h u s   t h e y   a r e  similar t o   t h e   g e n e r a l l y  known 
Arctic f r o s t   c r a c k s .  A t  any r a t e ,  f i n v a r i a b l y  
e n c o u n t e r e d   f r o s t   c r a c k s   o f   t h e s e   s i z e s  in e a r l y  
spr ing   on   Spi t sbergen   ( Jahn  1975). 

Debr i s   up   to  5 mm i n   d i a m e t e r   s l i p s   i n t o   t h e  
c r a c k s   a n d   t a b u l a r  clasts se t t le  edgewise. It 
would  be d i f f i c u l t   t o   i m a g i n e   t h i s   p r o c e s s   t a k i n g  
p l a c e   i n  a dry  environment ,  so t he   mos t   r ea sonab le  
e x p l a n a t i o n  is t h a t   t h e   d e b r i s  is c a r r i e d   i n t o   t h e  
c racks   by  meltwater and  ra inwater .  

The s o i l  wedges d i scussed   he re   have  a complex 
s t r u c t u r e .  Some are o f   t he  "cone-in-cone" type  
(Figures  10  and 11) and show s i g n s   o f   s l i g h t   s i d e  
t h r u s t ,   s u c h   a s   g e n t l e   f o l d s .  It i s  s i g n i f i c a n t  
t h a t  a l l  t h e s e   f e a t u r e s  were p r o d u c e d   o n l y   i n   t h e  
wedges  and  furrows,  whereas  the  polygons  themselves 
have a s i m p l e   s t r u c t u r e   w i t h o u t   d i s t o r t i o n .  

s o i l  wedges  proceeds a s   f o l l o w s .   I n   t h e   f i r s t  
s tage  large-diameter   polygons  develop  and,  as al-  
r e a d y   d e s c r i b e d ,   f r o s t   c r a c k s   r e s u l t  i n  s o i l  wedges 
i n   t h e   s u r f a c e   l a y e r .  The r e g u l a r i t y  of t h e   p a t -  
t e r n  and   the   depth  of t h e   s o i l  wedges l e a v e  no 
doubt a s  t o   t h e i r   f r o s t   o r i g i n .   D e s i c c a t i o n   c r a c k -  
ing,  which also  occur s  on t h e   s u r f a c e  of t h e   f a n s ,  
is e n t i r e l y   d i f f e r e n t   ( F i g u r e s  10 and 11). The 
material f i l l i n g   t h e s e   c r a c k s   d o e s   n o t  show t h e  
r e g u l a r i t y   t h a t  was o b s e r v e d   i n   t h e   s o i l  wedges. 
The d i v i s i o n   o f   t h e   l a r g e   p o l y g o n s   i n t o  smaller 
pentagons  and  hexagons is a secondary  process  
(F igu res  8 and 9 ) .  

( 2 )  The granulometry   o f   the  material d i f f e r s   i n  

I t  i s  easy to imagine how th is   p rocess   deve loped .  

..The overa l l   deve lopment   o f   the   po lygons   and   the  

A p r o b l e m   t h a t   h a s   r e p e a t e d l y   a t t r a c t e d   a t t e n -  
t i o n  is t h e   n a t u r e  of t h e   e f f e c t  of i c e -  and s o i l -  
wedge   g rowth   on   t he   s t ruc tu re   o f   t he   enc los ing  
d e p o s i t s .  It is w e l l  known t h a t   i c e  wedges act  a s  
a th rus t ing   fo rce ,   even  on t h e   f r o z e n   s o i l  mass, 
and   cause  a c h a r a c t e r i s t i c   f o l d i n g   o r   u p t h r u s t i n g  
o f   t h e   l a y e r s .  By C o n t r a s t ,   a c t i v e - l a y e r   s o i l  
wedges  thaw i n   t h e  summer and l o s e   t h e i r  dynamic 
pushing   force .  I n  s o i l  wedges,   small   deformations 
may o c c u r   a t  wedge walls, bu t   t he   de fo rma t ions  are 
cons ide rab ly  smaller t h a n   t h o s e   a s s o c i a t e d   w i t h   i c e  
wedges,   which  tend  to   produce  ra ised  borders   run-  
n i n g   p a r a l l e l   t o   t h e   f u r r o w s   ( c r a c k s ) .   T h e s e   r a i s e d  
b o r d e r s   l i f t   t h e   s u r f a c e  of t h e   p o l y g o n   h i g h e r   a t  
t h e   e d g e s   t h a n  i n  the   midd le ,   l ead ing  t o  t h e  con- 
cave  shape  of   low-center   polygons.   The  ra ised  bor-  
de r s   r e su l t   f rom  the   po lygona l   b lock   expand ing   and  
p r e s s i n g   a g a i n s t   t h e  ice and s o i l  wedges as t h e  
ground warms. Based  on  observat ions made i n  Alaska 
and northern  Canada,  a diagram  of   the  annual  dynam- 
ic   changes   o f   such   po lygons   has   been   presented  
(Jahn  1975) .   This   has   been  confirmed  by Mackay 
(19801, who shows t h a t   d u r i n g   t h e  summer, t h e  
a c t i v e   l a y e r   h a s  a movement  away f rom  the   cen te r   o f  
the  polygon  toward  the  furrow  (wedge).   This move- 
ment  caused by the   t he rma l   expans ion   o f   t he  still- 
f r o z e n   p a r t   o f   t h e   a c t i v e   l a y e r   a s  i t  warms toward 
O°C c a n   d i s t o r t   s t r u c t u r e s   a n d   c o n t r i b u t e   t o   t h e  
development  of  low-center  polygons. 

gons,  no d i s t o r t i o n s   o f   t h e   b o r d e r   e d g e s   c a n   b e  
found, Any u p l i f t  of   the   ground  and  surface  bulg-  
i n g  is r e l a t e d  t o  t h e   c e n t e r  of the  polygon.  As 
mentioned  above,  older  polygons  are  more  convex 
than  younger  ones,   being  high-centex  polygons.  
N e i t h e r   t h e   d i a g r a m   p r e s e n t e d   e a r l i e r   ( J a h n  1975) 
or  Mackay's (1980) r e s u l t s   e x p l a i n  why developing 
and  expanding  act ive- layer   soi l   wedges,   which i n  
t h e  Van Mi jen f jo rd  area are up t o  0.5 m w i d e   i n  
p l a c e s ,   d o   n o t   p r o d u c e   d i r e c t   d i s t o r t i o n s   i n   t h e  
a d j o i n i n g  soil. The e x p l a n a t i o n  may l i e   i n   t h e  
type   o f   ma te r i a l   and ,   more   impor t an t ly ,  i n  t h e   l a c k  
of   vege ta t ion   cover .   The   sur faces  of  polygon  fur- 
rows  of   Siber ia ,   Alaska,   and  the  Canadian  Arct ic  
a r e   c o v e r e d   w i t h   t u r f   o r   p e a t .   T h i s   v e g e t a t i o n  
cover  seems t o   r e t a i n   t h e   e f f e c t s   o f   h o r i z o n t a l  
movement i n   t h e   a c t i v e   l a y e r .  

Another   cause  of   the  lack of s o i l  wedge  impact 
on the  polygon  Layer  is t h e   f o l l o w i n g :   r a i s e d  
bo rde r s  are known to o c c u r   i n   l a r g e   p o l y g o n a l   c e l l s  
up t o  20 m in d iame te r .  Even a d j o i n i n g   c e l l s   a r e  
of d i f f e r e n t   s u r f a c e   s h a p e :   s m a l l   o n e s  are convex 
and   la rge   ones  are concave  (Jahn  1972).  It i s  very  
l i k e l y   t h a t   t h e r e  i s  a d e f i n i t e  limit to   t he   po ly -  
gon s i ze   t ha t   de t e rmines   convex i ty   o r   concav i ty .  
Most of   the  examples   taken  f rom  the Van Mi jen f jo rd  
on Spi t sbergen   represent   the   convex   ne ts .  

M i j e n f j o r d   a r e a  i n  t h e  summer of  1978,  the  follow- 
ing   conc lus ions  are drawn: 

o c c u r   u n d e r   A r c t i c   c l i m a t i c   c o n d i t i o n s ,   t h e r e   a l s o  
exist a c t i v e - l a y e r   s o i l   w e d g e s ,   w i t h   w i d t h s  
approaching 0.5 m. They are similar t o   s t r u c t u r e s  
known f rom  co ld   con t inen ta l   r eg ions ,   such  as 
S i b e r i a .  

(2)  T h e s e   s t r u c t u r e s  are l i n k e d   t o   p o l y g o n a l  
cells 1-6 m i n   d i a m e t e r   i n   f i n e   d e b r i s   d e v o i d   o f  
v e g e t a t i o n .  

However, i n  t h e  Van Mijenfjord  high-center   poly-  

Based   on   the   observa t ions  made i n   t h e  Van 

(I) I n  add i t ion   t o   i ce   wedges ,   wh ich  commonly 
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I) A c t i v e - l a y e r   s o i l  wedges  nee' d n o t  be  dynam- 
i c  and do n o t   n e c e s s a r i l y   c a u s e   o r   c o n t r i b u t e   t o  
t h r u s t   d i s t o r t i o n s   i n   t h e   b o r d e r i n g  s o i l .  

o f   the  material depos i t ed  i n  t h e   c r a c k .  Water is  
i n s t r u m e n t a l   i n  moving d e b r i s   i n t o   t h e   c r a c k s .  

( 5 )   S o i l  wedge s t r u c t u r e s  exist and are 
d e v e l o p i n g   t o d a y   i n   t h e  Van Mijenfjord  area.   Thus,  
they are e l emen t s   o f   t he   p re sen t   Sp i t sbe rgen  
c l i m a t e .   S t r u c t u r e s  of t h i s   t y p e  are known from 
areas o f  t he   pe r ig l ac i a l   P l e i s tocene   zone   o f   Europe  
and   have   genera l ly   been   in te rpre ted  as evidence of 
a c l i m a t e   c l o s e r  t o  t h a t  of  S i b e r i a   t h a n   t o   t h a t  of 
Spitsbergen.  The Van Mijenfjord area wedges p o i n t  
t o  a p o s s i b l y   d i f f e r e n t   c l i m a t i c   I n t e r p r e t a t i o n  of 
P l e i s t o c e n e  wedge structures. 

( 4 )  The s i z e   o f   f r o s t   c r a c k s   d e t e r m i n e s   t h e   s i z e  
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FIGURE 2 Van Mijenf jo rd   r e sea rch   a r ea ,   P l aces  
where   de t a i l ed   s tud ie s   were   ca r r i ed   ou t   a r e  
o u t l i n e d .  

FIGURE 1 Map of West Sp i t sbe rgen  showing 
t h e   l o c a t i o n  o f  the  areas i n  which  Pol ish 
geomorphologica l   and   per ig lac ia l   research  
was conducted. (1) R e s e a r c h   s t a t i o n s .  
( 2 )  Research   a reas .  
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F I G W  5 Oldest   par t   of   fan  with small p o l y ~ o n a l  

D l .  
u n i t s .  Furrows  covered  with  vegetation  (surface 

F I ~ U ~  4 The general view t o  the  polygonal n e t  
on t h e   c o a s t a l  terrace of Van ~ i ~ e n f ~ o r $ -  In the  
b a c ~ ~ r ~ u ~ d  is  the   sou th  coast o f  the f j o r d .  

FIGURE 6 Polygwn on sur face  C. 
Small, convex po1,ygons. 

FIGURE 7 Regular,  hexagonal  polygans, 5 m in   d iameter ,  
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FROST HEAVE MITIGATION  AND  PERMAFROST  PROTECTION 
FOR A  BURIED  CHILLED-GAS  PIPELINE 

H. 0. Jahns  and C. E. Heuer 
Exxon  Production  Research  Company,  Houston,  Texas 77001 USA 

The  problems  of   f rost   heave  and  thaw  set t lement   are   analyzed for a gas pipeline  buried  across 
discontinuous  permafrost   terrain.   First ,   possible  operating  temperatures  are  evaluated,  and 
chil l ing  the  gas  below  the  freezing  point  is   concluded to be   the   bes t   way to minimize 
geotechnical  problems.  Next, a reasonable   lower  l imit  for t he   gas   t empera tu re  is determined. 
This   temperature   is   then  used  to   calculate   f reeze  bulb  s izes  for insulated  and  uninsulated  pipe 
in  initially  thawed,  frost-susceptible  soil.   The  results for insulated  pipe  demonstrate   that   the  
addi t ional   heat   input   caused  by  the  construct ion  surface  dis turbance  can  prevent   formation of 
a permanent   f reeze  bulb  and,   therefore ,   preclude  s ignif icant   heave.   However ,  if the  soil   is  
ini t ia l ly   f rozen  and  thaw-unstable ,   and  the  gas   temperature   is   near   the  f reezing  point ,   or   the  
pipel ine  is   insulated,   then  the  surface  dis turbance  can also cause  thaw  set t lement .   This   can 
be  prevented by  using a row of heat  pipes  along  both  sides of the  pipeline.  The  heat  pipes 
can  keep  ini t ia l ly   f rozen  ground  f rozen,   and  f reeze  ini t ia l ly   thawed  ground  without   causing 
heave. 

INTRODUCTION 

In cont ras t   to   mos t   c rude   o i l ,   na tura l   gas   can   be  
transported  through  pipelines at cold  temperatures ,  
and  power  requirements   decrease  with  operat ing  tern-  
perature.  I t  i s   common  prac t ice ,   therefore ,   tha t  gas 
pipel ines   across   permafrost   terrain  are   designed to 
ope ra t e  at tempera tures   be low 0%. This  allows  tho 
pipeline to be  buried  in  thaw-unstable  permafrost. 
Examples  are  the  Tunus-Yakutsk  Pipeline  in  Eastern 
Siberia  and  the  Alyeska  fuel gas l ine   on  the  North 
Slope  of   Alaska.   Both  of   these  are   in   areas  of 
cont inuous  permafrost   where  the  mean  annual   ground 
surface  temperature   is   wel l   below  the  f reezing  point .  
Due to the   re la t ive ly   smal l   f low  ra tes   in   these  
pipel ines ,   the   gas   temperature   approaches  the  ambient  
soi l   temperature   af ter   f lowing  through  only a f ew 
kilometers  of  buried  pipe. 

The  re la t ively  s imple  concept  of an  "ambient" 
tempera ture   gas   p ipe l ine   in   permafros t   does   no t   apply  
to major  trunk  lines  in  Alaska  and  Canada.  The  reason 
is  twofold: (1) gas  transmission  l ines to southern 
markets   have to c ross   t he   zone  of discontinuous 
permafrost   where  soi l   condi t ions  below  the  act ive 
layer   a l te rna te   be tween  f rozen   and   unf rozen  at irreg- 
ular  intervals,   and (2) t h e  flow r a t e  in a trunk  l ine  is  
usually so l a rge   tha t   hea t   t ransfer   th rough  the   p ipe  
wall  is  no  longer  sufficient to main ta in   the   gas  
tempera ture   c lose  to t h a t  of the  surrounding  soil .  
Signif icant   temperature   differences  develop  due to t h e  
Joule-Thomson  effect   and  due to seasonal   and  c l imat ic  
variations  in  ambient  soil   temperature.  

Since  both  the gas and  the   so i l   t empera ture   a re  
changing  along  the  l ine,   and  since  both  frozen  and 
unfrozen  ground  must   be  t raversed,  at least one  of t h e  
following  conditions  will  of  necessity  occur: (1) a 
"warm"  pipeline ( > O°C) located  in  init ially  frozen 
ground, or (2) a "cold"  pipeline ( < O°C) located  in 
initially  thawed  ground.  Condition 1 is  of concern 
where   the   permafros t   be low  the   p ipe  is ice-rich, 
subject to sett lement  during  thawing,  while  condition 2 
is  of concern  where  the soil below  the  pipe is frost-  
susceptible,  subject to heave  during  freezing. 

Both of these  condi t ions  could  be  avoided  by 

elevating  the  pipeline  above  ground.  However,   despite 
the  potential   geotechnical  problems, a buried  pipeline 
is   preferred  because it provides  much  better  security.  
I t  also  avoids  exposure to very  cold  air   temperatures.  
A  winter  shutdown  could  cause  condensation of heavier 
hydrocarbons  and  could also cause   the   p ipe   s tee l  to 
behave  in a relatively  brittle  manner.  Insulation  alone 
cannot  prevent  these  problems. 

WARM VERSUS COLD  PIPELINE 

The  gas   temperature   can  be  control led at c o n -  
pressor   s ta t ions  which  are   located  typical ly  100-200 km 
(60-120 mi)  apart .   Thus,   the  designer  can  choose 
be tween  the   warm  and   the   co ld   opera t ing   mode   for   each  
segment  of the  pipel ine  between  two  compressor  sta- 
tions.  The  appropriate  choice  will  depend  on  the  extent 
to which  either  condition 1 or 2 (discussed  above)  would 
occur   in   the  par t icular   pipel ine  segment ,   and  on  the 
complexity  and cost of mitigative  lmeasures  that  would 
have to be  used to prevent   excessive  pipe  deformation 
d u e   t o   s e t t l e m e n t  or heave. 

In addition to the  cold  and  warm  operat ing  modes,  
"hybrid"  modes  have also been  proposed  with  the 
ra t iona le   tha t ,  by s t raddl ing  the  f reezing  point ,   both 
thawing  and  f reezing  around  the  pipel ine  could  be 
minimized. For ins tance ,   the  gas might  be  cooled  below 
the   f reez ing   po in t   dur ing   the   summer   and   warmed  above  
the  f reezing  point   dur ing  the  winter .   However ,  as 
previously  discussed,  unavoidable  temperature  changes 
in  the  f lowing gas, as well as local   c l imate   var ia t ions 
along  the  pipel ine  route ,   make  i t   impossible  to achieve  
a perfect ly   "balanced"  design  everywhere  a long a given 
pipeline  segment.   Furthermore,   seasonal  oscil lations  of 
gas   t empera ture   a round  the   f reez ing   po in t   may  have  a 
very  undesirable   effect   resul t ing  f rom  the  repeated  for-  
mation  and  disappearance of small   temporary  thaw 
bulbs  under  the  pipe  in  initially  frozen  ground:  where 
the  thaw  bulb is water-saturated,   the  pipe  could 
experience  f rost   jacking  due to hydrostatic  pressure,  
even  if the  soil   below  the  pipe  is   not  frost-susceptible.  
Thus,  the  hybrid  operating  mode  does  not  appear 
a t t rac t ive .  
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to l imit   thaw  set t lement .  
However,   where  the  frozen  soil  is near  OOC, insulation 
cannot  fully  prevent  the  formation of a small  thaw  bulb 
below  the  pipe  during  the  summer.  In order to prevent 
long-term  growth of this  thaw  bulb,  it   must  be  allowed 
to freeze  back,  a t  least   partially,   during  the  winter.  
Thus, the  pipe  may  be  subject to seasonal  frost  jacking. 

Another  consideration  relates to the  construct ion 
surface  disturbance:  removal or disturbance of t h e  
natural   organic  layer  in  permafrost   terrain  usually 
causes  an  increase in the  mean  annual  ground  surface 
temperature.   This  shift   in  the  thermal  balance  re- 
inforces   the effect of a warm  pipeline,  but it counter- 
acts t h e  effect of a cold  pipeline.  Thus,  the  net 
thermal  disturbance  will  be  smaller for a cold  pipeline 
than  for a warm  pipeline  operating at the   s ame  
temperature  differential   relative to the  freezing  point.  

Convect ive  heat   t ransfer  by  flowing  groundwater  has 
a similarly  asymmetric effect. The  thaw  bulb  around a 
warm  pipeline in permafrost   can  be a starting  point  for 
thermal  erosion  unless  running  water  is  carefully  di- 
verted  away  from  the  pipeline. On the  other  hand, 
groundwater  flow  in  initally  thawed  soil  will  retard or 
even  prevent   the  formation of a freeze  bulb  around a 
cold  pipeline. 

From  these  quali tative  considerations,   i t   can  be 
concluded  that  the  cold  pipeline  mode  will,   in  general, 
be   the  preferred  a l ternat ive in  discontinuous  permafrost 
terrain;   and  that   the  optimum  point  for  the  transit ion 
from  cold to warm  pipeline  operation  will  likely  be  near 
the  southern  l imit  of the   occur rence  of permafrost  
along  the  pipeline  route, 

Quant i ta t ive  aspects  of the  thermal  design of a cold 
pipeline  in  both  permafrost  and  thawed  ground  are 
discussed  in  the  following  sections.  The  first  subject 
addressed  is  the  range of gas  temperatures  that   will   be 
encountered as the  gas  f lows  through a hypothetical  
pipeline  segment  between  two  compressor  stations. 
This,  then,  will  provide  the  boundary  condition  for  an 
analyvis of the  soil  thermal  regime,  and  the  assessment 
of special  "mitigative"  pipeline  designs,  for  both  thawed 
and  frozen  ground. 

In considering  special  pipeline  designs, it should  be 
kept  in  mind  that  these  will  be  needed  only  in  certain 
types of soil  and  for  certain  combinations of ground  and 
pipe  temperatures. In Eact, considerable  efforts  have 
been  directed  in  recent  years at minimizing  the  need 
for  mitigative  measures in  connection  with a cold  gas 
pipeline  (Myrick et al. 19x2). Quant i ta t ive   methods   a re  
being  developed to predict  pipe  deformation  due to 
frost   heave  and  thaw  sett lement.   Over  most of a given 
pipeline  route,  the  predicted  deformation  should  be 
within  allowable  limits.  Nevertheless,  there  is a need 
for  special  design  options  that  can  be  used  in  those 
areas   where  the  performance of a more  conventional 
pipeline  design  would  be  either  unacceptable  or too 
difficult   to  predict .  

GAS TEMPERATURE VARIATIONS 

Gas temperature  variations  along  the  pipeline  were 
calculated  using a computer  program  which  models  the 
steady-state  thermodynamic  and  gas  dynamic  phenome- 
na  associated  with  compressible  flow of hydrocarbon 
mixtures.  The  program  has  been  compared  against  field 
data  and  has  been  used to solve  many  different  types of 
pipeline  problems.  Using a steady-state  program is 

acceptable  because  transients  within  the  pipeline  are 
much  faster  than  transients  within  the soil. The 
pipeline  diameter  was 122 c m  (4X in.), and  the gas 
properties  were  based  on  gas  produced  from  the 
Prudhoe  Bay  reservoir. 

Heat  transfer  between  the  pipeline  and  the  soil   was 
calculated  using  L'effective"  heat  transfer  coefficients 
and  "effective" soil temperatures  as input to t h e  
pipeline  program.  Summer  and  winter  values of these 
parameters   were  determined  with a two-dimensional 
soil  thermal  simulator  described  later.  For a range of 
constant  pipe  temperatures,   the  heat  f lux  into  the  pipe 
was  calculated  throughout  the  year at periodic  steady- 
state. Weather  conditions  typical of Fairbanks  were 
used for the  surface  heat  balance.   The  maximum  and 
minimum  values of the  calculated  heat  f lux  were  then 
plotted as functions of pipe  temperature,  and  straight 
l ines  were  obtained.  The  effective  heat  transfer 
Coefficients  were  equal to the  slopes of these  lines,  and 
the   e f f ec t ive  soil temperatures   were  equal  to the  
abscissa  intercepts.  All  the  calculations  were  done  for 
silt.  Depending  on  the  amount of insulation  used,  the 
t ime  of year,  and  whether  the  silt  was  initially  frozen 
or   thawed,   the  effect ive  heat   t ransfer   coeff ic ient  
varied  from 0.9 to 13.0 W/m-OC (0.5 to 7.5 Btu/hr-ft- 
OF), and  the  effect ive  soi l   temperature   var ied  f rom -6.7 
to 8.3% (20 to 47OF). 

Figure I shows  some  results  in  the  form of idealized 
gas  temperature  profiles  between  two  compressor sta- 
tions 160 km (100 mi)  apart.  This  particular  plot  was 
calculated  using  winter  heat  transfer  coefficients  and 
soil  temperatures  for  initially  frozen  silt  and a flow 
r a t e  of 56.6 Mm3/day (2 Gft3/day) at standard  con- 
ditions.  Initially  frozen  silt  was  used to  obtain 
conservatively  cool  gas  temperatures. An operational 
upper  limit of -l.l°C (30°F) on  gas  temperature  was 
assumed. 
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FIGURE I Gas  temperature  profiles.  

The  solid  lines  indicate  the  near-linear  temperature 
drop  along  the  pipeline  segment  that   results  from a 
combination of soil  heat  transfer  and  Joule-Thomson 
effect. On level   terrain,   the  gas temperature  would 
drop  from -l.l°C at  the  compressor   s ta t ion  discharge  to  
about -80C (l7.60F) at the  end of the  160 km  section, 
with  the  small   indicated  temperature  range ( 4 . 3  to 
-7.6%) depending  upon  the  fractional  length of pipe 
that  is  insulated. 

Superimposed  on  this  idealized  temperature  profile 
will be   t he  effects of adiabatic  cooling  and  warming  due 
to elevation  changes  on  hilly  terrain.  This effect 
amounts  to about  an 0.7OC temperature  drop  per 100 m 
elevation  increase (0.004°F/ft). The  dashed  lines  in  the 
figure  indicate  the  resuit ing  lower bound gas temper- 
a tures   for  a total   relief of no  more  than 300 m (1,000 
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ft),  which is typical  for  the  bulk of an  alignment  across 
interior  Alaska.  The  lower-bound  temperatures  only 
occur at the  elevation  peaks.  

During  the  summer,  there  will  be  significant  en- 
vironmental  heating of the   gas  in those  portions of t h e  
l ine  that   are  not  insulated.   This  counteracts  the  Joule- 
Thomson effect, but  gas  temperature  st i l l   decreases 
with  distance.   Therefore,   the  mean  annual  gas  tem- 
perature  at a particular  point  will  be  slightly  higher 
than  indicated by the  curves  in  Figure I ,  with  the 
amount  of the  increase  depending  again  on  the  length of 
pipe  insulated. 

I t  is concluded  that  at a flow rate of  56.6 Mmj/day, 
i t  should  be  possible to maintain  the  mean  annual  gas 
temperature  above -9.4OC (15OF) along  essentially  the 
entire  pipeline  length  in  discontinuous  permafrost.  Ex- 
ceptions  would  be a few  high  passes  and  ridge  crossings. 
Lower  gas  temperatures  would  also  result at increased 
flow  rates.  But  sustained  increased  flow  rates,  rather 
than  short-term  peaks,   are  required to significantly 
affect the  mean  annual   gas   temperature .  I t  i s  this 
mean  annual  gas  temperature  which  determines  the 
long-term  growth of a freeze  bulb  below  the  pipe  and 
the  result ing  heave  rate in frost-susceptible  soils. 

Improved  temperature  control  can  be  accomplished 
by the  use of intermediate  gas  heater  stations.  For 
instance, if the  gas  were  heated  back up to -1.lOC: at 
the  midpoint  in  this  hypothetical  segment,  the  minimum 
winter  temperature  with 300 m  relief  would  be  raised 
from  about -10.5OC (13OF) to about -6.7OC (200F). 
Based  on  the  thermal  simulation  results  reported  later 
in  this  paper,   i t   does  not  appear  l ikely  that   intermediate 
heating would be  necessary at the  nominal 56.6 
Mm3/day  flow  rate.  However,  heater  stations  might  be 
considered as a remedial   measure in case frost   heave 
problems  are  encountered  unexpectedly,   or as a means 
to allow  higher  gas  throughput  with a given set of 
compressor  stations. 

In the  following  sections,  it   will  be  assumed  that  the 
mean  annual gas temperature  for  design  purposes is in 
the   range  of -1.1 to -Y.4oC, in  the  absence of in- 
termediate  heater  stations.  

THERMAL SIMULATIONS 

Gas  pipeline  freeze  bulb  size  and  heat  flux  were 
calculated  using a finite-element  computer  program 
.which  models  transient,  two-dimensional  heat  con- 
duction  with  change  of  phase  (Wheeler 1978). Different 
versions of the  program  have  been  used  since 196Y on a 
variety of projects  in  Alaska  and  Canada,  and  the 
results  have  been  compared  against  analytical  solutions, 
laboratory  data,   f ield tests, and  other  programs.  The 
program  can  handle a variety of boundary  conditions, 
including a surface  heat  balance  (Miller 1979). 

The  pipeline  was  assumed to be  buried  in a rec- 
tangular  ditch  below a horizontal  ground  surface.  The 
pipe  diameter  was 122 c m  (48 in.), and  when  present, 
the  insulation  thickness  was 15.2 c m  (6 in.). The  t rench 
was 2.1 m (7 f t )  wide  and 2.4 m (8 f t )  deep,  and  pipe 
centerline  was at a depth of 1.5 m (5 ft).  The  bottom 
boundary of the  f ini te   e lement   gr id   was 15.2 m (50 f t )  
below  the  ground  surface,  the  lefthand  boundary  passed 
through  pipe  centerline,  and  the  righthand  boundary  was 
12.2 m (40 f t )  away  from  pipe  centerline.  

The  native  soil  was  assumed t o  be  e i ther   s i l t  or silty 
sand,  and  the  trench  backfill  was  assumed to be  gravel. 
Thermal  properties  were  calculated  using  standard  cor- 
relations  (Kersten 1949) and  are  given  in  Table 1. 

TABLE I Soil  thermal  properties. 
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Unfrozen  moisture  was  based  on  data  reported by 
McGaw  and  Tice (1976). Although soil displacement  due 
to freezing  or  thawing  could  not  be  directly  accounted 
for, the   thermal   propert ies   were  adjusted to be  con- 
sistent  with  the  assumed  strains of 50% for  silt  and 20% 
for  silty  sand.  These  strains  were  rather  arbitrarily 
selected  and  were  used  for  both  heave  and  settlement. 
They  were  always  based  on  the  frozen  length  and are 
considered to be  relatively  high  values. 

The  initial  soil  temperature  distribution  was  uniform 
at ei ther  0.06OC (32.I0F) for  initially  thawed  soil or 
-0.06OC (31.9OF) for  initially  frozen  soil.   These 
temperatures   are   equal  to the  "effective"  mean  annual 
ground  surface  temperatures  before  construction,  and 
they  represent  worst-case  conditions  for  heave  and 
settlement,  respectively.  The  pipe  was a constant  
temperature  boundary,  and  the  side  and  bottom bound- 
ar ies  of the  f inite  element  grid  were  no-heat-flux 
boundaries.  For  most of the  simulations,   the  temper- 
a t u r e  of the  top  boundary  was  assumed to be  constant  
and  equal to the  "effective"  mean  annual  ground  surface 
temperature  after  construction.  This  simplification 
greatly  facilitated  the  parameter  study  described  below. 
I t  was  considered  adequate to explore  long-term  pioe- 
line  performance  and to draw  preliminary  conclusions. 
A few  simulations  used  the  surface  heat  balance 
boundary  condition  with  Fairbanks  weather.  The  results 
of these  simulations  were  in  general  agreement  with 
those  obtained  with  the  corresponding  "effective"  con- 
s tant   surface  temperature   and  were  used to determine 
seasonal  variations.  Additional  surface  heat  balance 
simulations  would  be  needed to develop  the  proposed 
design  concepts  in more detail. 

FREEZE BULB PREDICTIONS 

Two  typical  30-year  freeze  bulbs  for  insulated  pipe 
a r e  shown  in  Figure 2. The  pipeline is buried  in silt, 
and a t ,a  temperature  of -9.4OC. The  larger  freeze  bulb 
is   for a surface  temperature  of 0.06OC and  has a 
maximum  depth of 3.0 m (9.7 ft)   below  the  bottom of 
the  ditch.   The  smaller  freeze buib is for a surface 
temperature  of l.l°C (34OF) and  has a maximum  depth 
of 0.6 m (1.9 f t ) .  The  lower  surface  temperature 
represents  an  undisturbed  surface,  while  the  higher 
temperature   represents  a disturbed  surface.  The  figure 
demonst ra tes   tha t ,  by  ignoring  the  surface  disturbance, 
one  tends to overes t imate   the   ra te  of freeze  bulb 
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FIGURE 2 Insulated  pipe  freeze  bulbs. 
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FIGURE 3 Pipeline  freeze  depth  and  heave. 

growth.  Figure 3 illustates  this  point  further. 
The  plot  shows  predicted  30-year freeze depth  below 

ditch  bottom  and  the  corresponding  amount of heave as 
a function of the  mean  annual  ground  surface  tempera- 
ture  for  an  insulated  pipe.  Heave was calculated by 
simply  multiplying  the  freeze  depth by the  assumed 
heave  strain. In the  absence of a surface  disturbance, 
the  predicted  heave  is   about  1.5 nl (5 f t )  for silt  and a 
pipe  temperature of -9.4OC. But  this  value  decreases 
rapidly  with  increasing  soil  surface  temperature,  and 
goes to zero  near  1.4OC (34.6OF-j. This  shows  the 
tremendous  sensitivity of frost   heave  predictions  for 
insulated  pipe to slight  changes  in  surface  temperature. 

These  relationships  will  change  with local design 
conditions. Gas temperatures  will  usually  be  higher 
than -9.4OC, reducing  the  heave  potential. Most thawed 
soils  will  initially  be  warmer  than 0.06OC. This, too, 
will  reduce  the  tendency to form a f r eeze  bulb.  Soil 
type is important,  too.  For  instance,  in  silty  sand it 
appears   that  a surface  temperature   increase of only 
0.8OC (1.4OF) would be  suff ic ient  to el iminate   the 
freeze  bulb  (see  Figure 3). 

In contrast ,   large freeze bulbs  will  be  formed  around 
uninsulated  pipe,  even  in  relatively  warm soil. For 
instance,  with a pipe  temperature of -9.4OC, silt,  and 
surface  temperatures  of 0.06 and l.lOC, the  predicted 
30-year  freeze  depths  below  ditch  bottom  are 9.0 and 
8.3 m (29.6 and 27.1 ft),  respectively,  and  are  beyond 
the  lower  boundary of Figure 2. 

The  predicted  amounts of frost   heave  are   s t rongly 
dependent  on  the  assumption  regarding  the  heave  strain 
of the  soil.  However, i t  is important to note   tha t  
predictions  for  the  zero-heave  condition are indc- 
pendent of this  assumption.  The  different  abscissa 
intercepts  in  Figure 3 for  silt  and  silty  sand  reflect 
mainly  the  difference in their   thermal  conductivity,   and 

not   the  difference in their  heave  strain: a no-heave 
design  eliminates  the  need for accurate  prediction of 
the heave  strain in different  soil  types. 

FROST HEAVE MITIGATION 

The  curves  in  Figure 3 are   an  expression of t h e  fact 
that   the   heat   source  represented by the  disturbed 
ground  surface  can offset the   hea t  sink  represented by 
a well-insulated  cold  pipeline.  The  important  question 
then is whether  one  can  count  on a mean  ground  surface 
temperature   increase of 1-2OC (2-4OF) above  the  freez- 
ing  point  in  those  situations  where  the  ground  is  initially 
thawed.  General  experience  in  Alaska,  and  the  results 
of specific  f ield  studies,   indicate  that   this  is   l ikely to 
be   the  case. For  instance,  a study  by  CRKEL 
conducted at a wooded s i t e  (Test Section C) near 
Fairbanks  indicated a temperature   increase of about 
3.0°C (5.4OF) due to complete  stripping of the  vegeta- 
tion (Line11 1973).  According to  i'igurc 3, an  increase 
this   large would prevent a permanent  freeze  bulb 
beneath  an  insulated  pipeline  for gas temperatures  
lower  than -18OC (OOF). Other  measurements by Esch 
(1982) demonstrate   that   s t r ipping  the  organic   layer   and 
installing a thin  gravel  pad  can  significantly  increase 
heat   input   to   the soil during  the  summer.  Additional 
f ield  studies,   l ike  the  above,  are  needed to quanti- 
ta t ively  confirm  the  effect  of the surface  disturbance 
tor a wide  range of conditions, 

Figure 4 is a schematic  representation of the  
envisioned  no-heave  design  with  insulated  pipe  buried  in 
initially  thawed  silt. To enhance  the  surface  dis- 
turbance,  the  work  pad  would  be  extended  over  the 
ditch,   and  the  organic  layer would be  removed a cer ta in  
distance,  perhaps 6 m (20 ft),  beyond  the  ditch  and  be 
replaced  by  gravel to prevent  surface  erosion. Sirnu- 
lations  with  the  surface  heat  balance  instead of a 
constant  temperature  boundary  showed  that   some sea- 
sonal  freezing  below  the  pipe  may  occur.  However,  due 
to the  increased  surface  temperature,   no  long-term 
freeze  bulb  growth  was  predicted.   For  these sirnu- 
lations,   the  surface  heat  balance  input  data  were 
calibrated by matching  the 7.0 m (23 fti thaw  depth 
measured at the  CHREL test s i te   over  a period of 26 
years. 

Orgsnlc Layar Work Pad 

Braval 

Thawad Silt 

FIGURE 4 No-heave  design. 

The  small  amount of seasonal  freezing  below  the 
pipe  could  be  confined to the  ditch  backfill  by  providing 
perhaps 0.6-0.9 m (2-3 f t )  of overexcavation.  This 
design  may  not  eliminate all f rost   heave  everywhere 
along  the  l ine,   but  the  number of exceptions  should  be 
limited. 

I t  should  be  kept  in  mind  that  this  approach  is 
cri t ically  dependent  on  the  quali ty of the  below-ground 
pipe insulation. Local damage to  this  insulation  could 
result  in the  formation of a f r eeze  bulb  and  local 
heaving.  Reliable  methods  will  be  required  for  field 
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inspection  during  construction  and for repair  of damag- 
ed  insulation. 

PERMAFROST THAW PREDICTIONS 

The  issue of permafrost   protection  requirements  in 
warm  permafrost  will  now  be  addressed.  Two  situations 
need to be  considered:  uninsulated  pipe  in  continuous 
frozen  ground,  and  insulated  pipe at transit ions  between 
frozen  and  thawed  ground. In both cases, a layer of 
boardstock  insulation  could  be  placed  above  the  pipe to  
help  limit  thaw.  A 15.2 c m  (6 in.) insulation  layer  was 
assumed  in  the  calculations. 

Figure 5 i l lustrates  the  si tuation  for  uninsulated 
pipe. The  upper  curve  indicates  the  predicted  position 
of the   thaw  f ront  in degrading  permafrost   after 30 
years  with a pipe  temperature o i  -9,4OC. Initial  soil 
temperature  was  assumed to be -O.O60C, and  the  mean 
annual  ground  surface  temperature  was  assumed to be 
2.8OC (370F) as a result  of the  construction  disturbance. 
This  surface  temperature  is   warmer  than  that   used  for 
the  freeze  bulb  calculations,   but  i t   is   st i l l   sl ightly less 
than  that   indicated by t h e  Line11 data   for  a stripped 
surface,   Taking  credit   for  revegetation by using a 
lower  temperature  was  considered  unconservative.  The 
assumed soil type is silt.   A  potential  dormant  period 
between  pipeline  construction  and  startup  was  not 
modeled. 

', . -9.4% Pipe '. 

'. i ,t silt 
1. 

-0.06°C InitialTemperature 

FIGURE 5 Permafrost  degradation  with  uninsulated 
pipe. 

As the  figure  shows,  significant  thawing  occurs, 
down to about 4 m (12 ft)  below  the  ground  surface at 
a dis tance of 6 m (20 ft) from  pipe  centerline. 
However,  the  cold  pipeline  is  effective  in  maintaining a 
substantial  frozen  region  around  the  pipe,  assuring  its 
long-term  stability. 

The size of the  frozen  region  is  reduced as the  pipe 
temperature  is   increased.  At a pipe  temperature of 
-l.l°C the  remnant   f reeze  bulb would extend  less  than 
2 m (6 ft)  from  pipe  center,  which  might  not  be  large 
enough  in  view of t h e  fact tha t   t he   ac tua l   f r eeze   bu lb  
configuration  may  be  smaller  than  the  calculated  one 
due to groundwater  flow  and  soil  settlement.  There- 
fore,   the  pipeline  operating  temperature  may  need  to  be 
maintained  below  about -2oC (280Fj. 

Figure 6 shows  the  corresponding  situation  for 
insulated  pipe.  The  pipe is now  essentially  eliminated 
as a hea t  sink  in the  ground  and has very  l i t t le effect 
on  permafrost  degradation. For a pipe  temperature of 
-l.l°C, t h e  30-year  meit  front  is  almost 7 m (23 f t )  

below  the  surface.  This is close to   the   thaw  depth  
measured at CKREL Test  Section C. With the  assumed 
50% thaw  strain,  the  predicted  thaw  subsidence  would 
be  on  the  order of 3.5 m (11 It). Furthermore,  in this 
case, there  is   not  much  benefit  to be  derived  from  cold 
gas  temperatures,  as shown by comparison  between  the 
curves for -1.1 and -9.4% pipe  temperatures.  This 
means  that   insulating  the  pipeline to prevent  heave 
could  lead to set t lement   where  permafrost  is present. 

Silt 
- 0 . W C  Initial Temperature 

80 %+8 
Distance from Pipe Centerline I r n )  

FIGURE 6 Permafrost  degradation  with  insulated  pipe. 

PERMAFROST  PROTECTION 

pated in the  design of the  Alyesta  pipeline.   I t   was 
The  problem of permafrost   de  radation  was  arl t ici-  

solved  there by the  use of thermal  piles.  These  are 
piles  equipped  with  heat  pipes  which  remove  large 
amounts of heat  from  the  ground  during  the  winter to 
counteract  the  gradual  warming of the  soil due to t h e  
surface  disturbance (I-leuer 1979). A  similar  approach 
could  be  used  for  the gas pipeline. 

Figure 7 shows a schematic  representation of t h e  
proposed  mitigative  mode  for  permafrost  protection.  A 
row of free-standing  heat  pipes is placed  on  either  side 
of the  pipeline  and  embedded to a depth of perhaps 6 m 
or more. Permafrost   degradation will occur  under  the 
work  pad as i t   does  now  under  the  Alyeska  work  pad, 
but  near  the  pipeline  the  ground  would  remain  frozen, 
including  the  ditch  backfill  below  the  boardstock  in- 
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FIGURE 7 Heat  pipes  for  permafrost  protection. 
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sulation. In marginal  permafrost ,   the  heat  pipes  could 
also be  counted  on to freeze  thawed  ground  in   the 
vicinity of the   p ipe  to  prevent  the  possibility of frost  
heave  from a freeze  bulb  around  the  pipe.  Experience 
with  Alyeska  and  other  applications  of  thermal  piles 
indicates   that   the   heat   p ipes   themselves   are   general ly  
not  subject to heaving,  even  in  thawed  ground. 

The  rationale  for  the  effectiveness  of  heat  pipes  in 
counteracting  frost   heave  is   based  mainly  on  geometri-  
cal  considerations.  The  long,  vertical  freeze  bulbs 
around  the  heat   p ipes   are   inherent ly  less conducive to 
vertical   heave  than  the  freeze  bulb  below a horizontal 
gas  pipeline.  Also,  before the  individual  freeze  bulbs 
coalesce,   they  would  reduce  the  supply of water   for  ice 
lens  formation  directly  beneath  the  pipeline.  Thus,  heat 
pipes  may also be  considered as a means  for  frost   heave 
mitigation in areas   where  they are not  needed  for 
permafrost  protection.  For  instance,  heat  pipes  might 
be  used as a remedial   measure to arrest   unexpected 
frost  heave  during  pipeline  operation. 

The  appropriate  spacing of heat  pipes  along  the 
pipeline  may  be  about  one  pair  every 3 m  (10  ft).  This 
spacing  would  allow  the  individual  heat  pipe  freeze 
bulbs to coa lesce   a f te r   one  or two winters.  Thus,  about 
300  pairs of heat  pipes  may  be  required  per  kilometer 
of pipeline.  This is about  three  t imes  the  number  for 
Alyeska's  thermal  pile  design,  which  was  four  heat  pipes 
per  pipeline  support  every IS m  (60  ft).  However,  the 
length of gas  pipeline  requiring  this  special  protection  is 
expected to be  small, so tha t   the   to ta l   number  of hea t  
pipes  should  be  much  less  than  Alyeska's 120,000. 

CONCLUSIONS 

The  optimum  operating  temperature  of a large,  
buried  gas  pipeline  crossing  discontinuous  permafrost 
terrain  containing  both  thaw-unstable  frozen  soil  and 
frost-susceptible  thawed soil is  slightly  below  the  freez- 
ing  point, just cold  enough to prevent  Permafrost  
degradation  in  the  vicinity of the  uninsulated  pipe. 
Calculations  for a 122  cm  (48 in.) diameter  pipeline 
with 56.6 Mm3/day (2 Gft3/day)  throughput  and  160  km 
(100 mi)  spacing  between  compressor  stations  indicate 
t h a t  it should be  possible to maintain a mean  annual gas 
temperature   between -1.lOC (300F) and -9.4OC (15OF). 
For  this  temperature  range,  the  increased  heat  input 
resul t ing  f rom  the  construct ion  surface  dis turbance  can 
be   t he   s ame   o rde r  of magnitude as the  cooling effect of 
t h e  pipeline.  Where  the  soil  is  initially  frozen,  the 
surface  disturbance  can  cause  thaw  settlement  prob- 
lems.  However,   where  the soil is initially  thawed,  the 
surface  disturbance  can  be  beneficial.  It-  can  help 
prevent  heave of t h e  pipeline. 

If the  pipeline is well  insulated  in  initially  thawed 
soil,  then  only a slight  increase  in  mean  annual  ground 
surface  temperature  is needed to prevent  formation of 
a permanent   f reeze bulb. Without a permanent   f reeze 
bulb,  no  significant  heave  can  occur. To take  advantage 
of this  effect ,   the  pipeline  design  must  enhance  and 
guarantee  the  surface  dis turbance for the   l i fe  of t h e  
pipeline: the  organic  layer  should  be  removed  from a 
strip  perhaps  6  m (20 ft)   wide  on  either  side of pipe 
center l ine  and  be  replaced  with  gravel  to prevent 
erosion  and  revegetation.  One  advantage of this  
approach  is   that  a detailed  understanding of frost   heave 
and  the  mechanical  interaction  between a pipeline  and 
heaving  soil  does  not  have to be  developed.  The  design 
can  be  based  on  thermal  considerations  alone. 

Thaw  sett lement  can  occur  in  init ially  frozen soil if 

the  gas   temperature  is relatively  warm,  or if t h e  
pipeline  is  insulated to prevent  heave.  The  latter  is  
likely at transitions  between  frozen  and  thawed  soil,  
and it may  not   be  pract ical  to accura te ly   map  a l l   these  
transitions.  Heat  pipes  could be used  in the  general  
a reas   where   t rans i t ions   a re   expec ted .   The   hea t   p ipes  
would be  arranged in two  rows,  one  on  either  side of t h e  
pipeline.  They  can  keep  initially  frozen  ground  frozen, 
and  freeze  initially  thawed  ground  without  causing 
heave.  Therefore,  the  design  is  not  sensitive to t h e  
initial  thermal  condition of the  soil. 

The  above  resul ts   indicate   that   an  enhanced  surface 
disturbance,  thick  insulation,  and  heat  pipes  are  promis- 
ing  design  concepts  for a chilled-gas  pipeline.  However, 
additional  study is needed to develop  these  concepts in 
more  detail .   The  three  major  areas  are:  (1) field tests 
to compare  the  soi l   thermal   regime  for   several   pairs   of  
adjacent  disturbed  and  undisturbed  surfaces,  (2)  field 
and  laboratory tests to develop a reliable  pipeline 
insulation  system,  and  (3)  field tests and  computer 
simulations to study  the  performance  of  an  array of 
hea t  pipes. Work in   these  and  other   areas  is current ly  
underway  (Myrick et al. 1982). 
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Plant  succession on frost  scars  was  studied  at  Ogotoruk  Creek,  Alaska, In 1961, 
326  frost  scars  were  marked  for  long-term  study.  The  initial  physical  and  bio- 
logical  measurements were repeated  several  times. In  1965, four  transects  were 
established  and  later  revisited  to  learn  if  new  frost  disturbance  is  occurring. 
Frost  scars  at  Ogotoruk  Creek  are  convex,  primarily  oval  areas of fine-graindd 
soil  with a modal  size  of  about 1 m in  diameter.  They  occur on surfaces  of  from 
1-3' and  cover  up  to  50%  of  the  ground  surface.  Many  frost  scars  show  surface 
activity  due to frost  action,  but  repeated  mapping  of  them  indicates  that  they 
neither  expand  nor  contract  laterally.  Repeated  measurements  along  fixed  lines 
suggest  that  new  frost  scars  are  not  being  formed  at  present.  Plants  invade 
bare  areas  at  Ogotoruk  Creek  by  seeds  or  vegetative  reproduction.  Plants  grow- 
ing on frost  scars  are  subject to frost  heaving,  uplift  and  disruption  from  nee- 
dle  ice  formation,  and  wind  erosion  and  desiccation. A direct  relationship 
exists  between  plant  cover on frost  scars  and  soil  moisture  surrounding  the  scar. 
During  the 20 years  of  the  study  both  positive  and  negative  changes  in  plant  cov- 
er  were  recorded. A consistent  pattern  of  plant  succession  was  not  detected. 

INTRODUCTION  majority  of  cases  they  are  sparsely  covered or are 

On the wet, relatively  flat  bottomlands  of  the 
Ogotoruk  Creek  Valley,  northwest  Alaska  (6S006'N, 
165046'W),  two  major  kinds of tundra  vegetation 
occur. On the  wettest  soils,  sedge  meadow  vegeta- 
tion  consisting  primarily  of  two  species, Carex 
aquatilis  vai. stan6 (Drejer)  Boott  and  Eriophorum 
angustifolium  Honck,  occurs. On better  drained 
soils a sedge  tussock  meadow  consisting  mostly  of 
Eriophorum  vaginatum L. is  extensive.  The  two 
types  are  often  mixed  where  microtopographic  dif- 
ferences  produce a mosaic  of  moisture  conditions. 
The  two  kinds  of  vegetation  occupy  approximately 
55% o f  the  Ogotoruk  Creek  watershed  (Johnson  et  al. 
1966), an area  of  about 100 km2.  The  two  vegeta- 
tion  types  at  Ogotoruk  Creek  are  described  more 
completely  in  Johnson  et  al.  (1966). 

A third  kind  of  Vegetation  occurs  between  the 
upland  vegetation  of  the  slopes  and  the  vegetation 
types of the  valley  floor.  Carex  bigelowii  Torr & 
Schwein.  is  the  most  characteristic  plant  of  sever- 
al  diverse  communities  which  all  together  comprise 
about  4.6%  of  the area, or 458  h.  In  Johnson etaL. 
(1966)  they  are  referred  to  as  "ecotone 
communities . ' I  

types  are  predominantly  oval  areas of frost  dis- 
turbed  soil  commonly  called  frost  scars or frost 
boils,  or in the  formal  classification o f  Washburn 
(19561,  nonsorted  circles.  They  are  common  in  the 
Ogotoruk  Creek  Valley,  especially  in  sedge  tussock 
tundra,  where  up to 50% of  the  surface  may  be  cov- 
ered  by  this  patterned  ground  feature.  Frost  scars 
typically  measure  1-3 m  in  diameter; their  cen- 
ters  are  usually  convex,  but  they  may  be  flat  or 
depressed.  Permafrost  is  deepest  under  the  center 
of  the  scar  and  shallowest  at  its  margins.  They 
are  sometimes  covered  by  plants;  but  in  the 

Scattered on the  surface  in  these  vegetation 

nearly  bare. 

landscape  features  and  probably  play an important 
role  in  the  dynamics  of  the  plant  communities. 
Nonsorted  circles  of  this  type  are  known  from oth- 
er  areas  of  the  Arctic  (see  especially  Hopkins  and 
Sigafoos 1951). Because  of  the  absence of long 
-term  observations,  relatively  little  is  known of 
their  genesis,  growth,  activity,  relationship to 
environmental  variables,  or  other  details  of  their 
history  or  future. The  colonization  of  frost  scars 
by  plants  has  been  observed,  but not followed  long 
enough  to  determine  if  plant  succession  in  the  tra- 
ditional sense occurs.  Inasmuch  as  the  usual  lon- 
gitudinal  method  utilized i n  successional  studies 
does  not  work  well  in  conditions  of  soil  insrabil- 
ity,  it  was  decided  to  engage  in a long-term  study 
o f  frost  scars  and  their  vegetation in order  to in- 
vestigate  the  following  questions: 

At  Ogotoruk  Creek,  frost  features  are  important 

1. Are  frost  scars  forming  under  the  present 
climate? 

2 .  Do frost  scars  exhibit  cycles  of  activity, 
i.e.,  initiation,  growth,  equilibrium,  and  senes- 
cence? 

regular  and  predictable  courses? 
3 .  Does  plant  succession on frost  scars  follow 

Preliminary  studies  were  conducted  by  Johnson 
(1960) who listed  the  kinds  of  patterned  ground 
features  present  in  the  Ogotoruk  Creek  Valley  and 
described  the  relationships  between  vegetation  and 
frost  features,  emphasizing  the  three  vegetation 
types  in  which  frost  action  is  most  important. 

In 1961,  Neiland  permanently  marked  326  frost 
scars  located  in 24 one acre  plots  that  had  been 
previously  established  for  the  study  of  the  vege- 
tation  of  the  Ogotoruk  Creek  Valley  (Neiland etal. 
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1962, Johnson et  al. 1966). She  documented  the 
physical  details  of  each scar, mapped  its  dimen- 
sions on a 2 m grid, and  described  the kinds, 
amounts, and  locations of plants on each  scar. 
Each scar was photographed  from  a  fixed  point €or 
future reference. 

In 1962, 1963, and 1965, Johnson rephotographed 
240, 2 4 2 ,  and 299, respectively, of  the scars es- 
tablished  by  Neiland. In 1965, 60 of the scars in 
4 plots were remapped in order to determine if 
physical changes in the  scars were detectable. In 
1972, 15 of the  plots were redescribed, mapped, 
and photographed, and in 1980 this was repeated for 
13 of  the  plots. 

In 1965, in an effort t o  identiry any new areas 
of disturbance that may have occurred, four lines 
measuring 640,  305, 4 5 7 ,  and 213 m, respectively, 
were established. Along each line, the areas of 
disturbance intersecting the  line were measured 
and recorded. Two of  the  four  lines were relocated 
in 1972 and  the measurements repeated. 

This paper will concentrate on the differences 
observed in 189 of 326 frost scars between 1961 
and  1980. The detailed descriptions of frost 
scars made in 1961 will not be  given  here. Rather, 
changes, if any, in the physical dimesions of the 
scars and in the kinds and amount of plant cover 
associated with them will be  emphasized. 

OCCURRENCE AND SIZE OF FROST SCARS 

Are New Frost Scars Forming Today? 

The conditions under which frost scars originate 
are  a matter of speculation, but  it  is  assumed  by 
some authors (e.g., Hopkins and Sigafoos 1951) 
that  they do so under the conditions of the  exist- 
ing  climate. This belief is  difficult  to evaluate, 
because few, if any, studies have demonstrated it. 
If frost scars are forming  today  at Ogotoruk Creek, 
one should expect to  find new scars appearing in a 
20 year period. This is not the  case. In the 
study  plots  at Ogotoruk Creek, no new frost scars 
have been detected  from  1961 to 1980. Once formed, 
frost scars tend to be self perpetuating because of 
differences between the  temperature-moisture  rela- 
tions of the scar and  its  better  insulated  sur- 
roundings. It is possible, as has been  proposed 
for  sorted circles by Ballantyne and Matthews 
(19821, that following a  period of initial activity 
under somewhat colder, wetter periods  than  those of 
today, nonsorted circles became more or less  stable, 

In an effort to  establish an additional baseline 
against which the occurrence of new frost scars 
might be measured, four  long  lines were established 
in 1965. The areas of bare soil were mapped along 
each  line  in order to determine (1)  if any newbre 
areas occurred  and ( 2 )  if existing bare areas 
changed in extent. In 1972, two of the  lines were 
again measured  (Table 1). Five new bare areas 
were recorded along transect 3 in 1972, and 78 of 
the areas of  existing bare soil remained  essen- 
tially  unchanged. The transects were not measured 
in 1980, but  they  should be examined again to  de- 
termine if the 1972 observations are measuring er- 
rors, represent newly  formed bare areas, or are 
areas on which renewed activity is  taking  place. 

frost scars  that  they grow or become reduced in 
It  is also stared in some of the  literarure on 

area over a  period o f  years. Hopkins and  Sigafoos 
(19511, for example, suggest that  a  frost scar can 
be enlarged under favorable years by marginal nee- 
dle ice formation, and  they speak of the  "net 
growth of many scars." 

Are Frost Scars Expanding o r  Contracting Today? 

In order to  test  the  idea  that  frost scars grow 
(or contract) in one or more directions, maps of 
frost scar area were compared among 1961, 1965, 
1972, and  1980. An example of  these comparisons 
is given for one scar as  it was mapped in 1961, 
1965, 1972, and 1980 (Figure 1). A  potentially 
significant error occurs in making these  determi- 
nations. The precise margin of a  frost scar is  a 
matter of  interpretation--along any edge it may 
grade into undisturbed tundra without a clear dis- 
tinction between it  and  its  surroundings. 

What is apparent from  this example is  that  over 
the  periods measured, relatively little change in 
the shape or areal extent of  this  frost scar has 
taken place, O f  course, the  time  periods  involved 
are short and  the number of frost scars measured is 
rather small, but all of  the data available support 
a conclusion that  the conditions that  occurred at 
Ogotoruk Creek between 1961  and 1980 did not favor 
the growth or contraction of frost  scars. 

growing is  encouraged  by  the appearance of new 
frost activity within rhe margins of  the  scar.  At 
times  the  combined acrion of frost heaving due to 
the  presence  of subsurface segregated ice and o f  
surface needle ice gives the appearance of intense 
activity on the scar surface. Neither form o f  
cryogenic activity implies expansion of  the  areal 
extent of the  scar. Scars that have been inactive 
for some time may show a  burst of renewed surface 
activity. For example, at several locations  along 
the Trans-Alaska Oil Pipeline haul road, renewed 
frost scar surface activity occurred where con- 
struction activities blocked drainages and  appar- 
ently  increased  the amount of soil moisture in the 
scar surroundings. 

The belief that new frost scars are arising or 

PLANT SUCCESSION ON FROST SCARS 

Plants invade the bare soils of frost scars by 
direct seeding  and  by vegetative growth from their 
surroundings. A direct relation exists between 
the degree to which plant invasion is successful 
and cover established  and  the average wetness of 
the  site. Scars occurring in sedge meadow vegeta- 
tion, the wettest of the  three  being  considered 
here, show the greatest cover of vegetation 
(Figure 2); those in ecotonal plant communities, 
the  least. 

The results of  the  plant succession study  are 
summarized in Table 2  and in Figure 3 .  Two major 
conclusions are apparent. First, the proportion 
of frost scars showing changes in plant cover be- 
tween 1961  and 1980 is highest in the sedge meadow 
vegetation type  and  lowest in the ecorone communi- 
ties. This, together with the data summarized in 
Figure 2 ,  suggests that  the availability of mois- 
ture  may be a controlling factor in frost  scar 
plant succession. Frost scars  occurring in the 
wettest habitats show the greatest degree of 
change in plant  cover--both  positively  and 
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negatively. The presence  of moisture during  the 
growing season favors  plant  growth  but in the  cold 
periods  favors  the formation of more soil ice  which 
in turn disrupts plants. 

Second, the  proportion  of  frost  scars in any 
vegetation type  that show changes in plant cover 
increases with time. In 20 years the direction of 
change in plant cover has not been consistent on 
any single scar. 

gross changes that occur on frost scar surfaces. 
Detailed and quantitative descriptions are not 
given  here. 

fluctuations i n  plant cover of any o f  the  three 
types  (Figures 1 and 4 ) .  Plant cover on a few of 
these scars has changed by nearly 100% over the 20 
year period. The large changes that occur in this 
type are nearly always the  result of the  establish- 
ment or the loss of one or  two major species, par- 
ticularly Eriophorum angustifolium o r  Carex 
aquatilis. The former  is  particularly susceptible 
to being  uprooted  (or detached from its  rhizomes) 
by  the  effects  of needle ice.  At  least  temporary 
stability with complete plant cover can occur on 
scars of this  type  if  they can maintain their cover 
long enough  to  produce an organic  layer over the 
base mineral soil. 

On scars occurring  in Eriophorum tussock  vegeta- 
tion, changes in plant cover generally involve  dif- 
ferent species than  is  the case in sedge meadow 
vegetation. Some of the most noticeable changes on 
scars of  this  type involve tussock  forming species, 
especially Eriophorum vaginatum and Deschampsia 
cespitosa. The latter, especially, seeds into the 
bare surface of the  scar  and forms small tussocks. 
These tend  to  persist  and enlarge over  several 
years, but they eventually decompose and  are  re- 
placed  by other tussocks in different locations on 
the  scar. Eriophorum vaginaturn shows the same 
kind of behavior, but it is not as abundant as an 
invader as Deschampsia cespitosa (Figure 5 ) .  In 
addition, once  established it persists  longer  and 
grows  to  a  much  larger size. Because the pattern 
of change on these scars i s  more like a loss  and 
replacement cycle than an invasion and subsequent 
elimination, changes in total cover tend  to  be 
small. Plant cover in general  is  lower on these 
scars than on those in the  sedge  meadow. 

and changes are not obvious. Occasionally plants 
become established, ususally  by seeds, on these 
base gravelly surfaces, but  they do not  persist  for 
more than a few years. Invasion of  plants from the 
surroundings of the scar is  very slow, i f  it oc- 
curs at all. The surface of these  scars  tends  to 
be dry, and  the substrate coarse and, during  the 
growing season, very  hard. Although little  evi- 
dence of needle ice formation is seen in  any  of  the 
scars  of  this type, they show substantial heaving 
from subsurface ice during the freezeup period. 
Of the  three  types of  scars, these ecotonal ones as 
a group show the  least changes over the 20 year 
period. 

The discussion that follows describes only the 

The scars of the sedge meadow show the greatest 

Plant cover on scars of the ecotone is  very low, 

SUMMARY 

changes that have taken place in the I ~hysica 11 and 
biological characteristics of 188 frost  scars  be- 
tween 1961 and 1980.  In general, the evidence sug- 
gcsts  that  the  physical dimensions of the  scars 
have changed  little in the 20 year period.  A1- 
though surface activity  is high on many frost 
scars, the lateral dimensions of the  scars  do not 
change, at  least within our capability o f  consis- 
tent  measurement. Neither is  there conclusive evi- 
dence that new f r o s t  scars are forming  at  present. 

Plant succession occurs on frost scars, but not 
in a directional o r  progressive sense, Rather it 
appears that on most frost scars, plant cover 
waxes and wanes as  year-to-year climatic changes 
occur. Our data  and observations suggest that 
plant  cover  is  likely  to  be highest on frost scars 
occurring in the wettest habitats and  least on 
those of the driest habitats.  Although high levels 
of soil moisture encourage  plant growth, they also 
create the  most favorable conditions for  the  forma- 
tion of soil ice, so it  is also true  that  these 
frost  scars show the greatest and  most  rapid 
changes in plant  cover. Likewise, frost  scars in 
the driest habitats change  least  over  time. The 
idea  of  cycles of frost  scar genesis, activity, in- 
vasion, and stabilization by  plants  and  ultimate 
disappearance i s  not supported  by  this  study. In- 
deed, the  most  striking feature of  frost  scars  is 
their  persistence. 

an interplay of physical  and biological phenomena. 
Only rarely do the  biological  forces achieve a 
transient dominance over what are fundamentally 
the  powerful physical effects of the  freezing  and 
thawing of soil water. 

The activities on frost scar surfaces involve 
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Fig 4c 

F i g  4b 

F i g  4 d  

FIGURE 4 Comparison of plant  cover of frost  scar 1-1 in  the  years  (4a)  1961  (labeled 1-l), 
( 4 b )  1964,  (4c)  1972,  and  (4d)  1980.  After  relatively  little  change  until 1964, 
the  open  area  present  in  1964  expanded in 1972,  and  by 1980 almost the  entire  scar 
surface is bare of plants.  Graminoid  plants  are  primarily a mixture of Eriophorum 
angustifolium  and Carex aquatilis. For comparison see also  Figure 1. 
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0 l m  2m 
I '  I FIGURE 5 Comparison of  frost  scar  36-7 between 

1961  and  1980. One large  tussock 
present in 1961 has almost completely 
eroded  away. Three new tussocks  have 
appeared in 1980.  Ev i s  Eriophorum 
vaginatum; En  is Betula nana. 
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TABLE 1 Comparison of Occurrence of Disrurbed Areas Along Two Transects 

Transect Length of Number o f  Areas  found 
No. 

Areas found 
transect  disturbed in 1965 but in 1972 but 

Areas along not in 1972. not in 1965. 
lines in 

both years. 

1 640 m. 9 1 0 

3 457 m. 69 1 5 $< 

;SA more detailed examination of these  5  areas suggest that  they  may be areas of renewed activity, tather 
than newly  formed  frost scars. 

TABLE 2 Summary o f  Changes in Plant Cover on Frost Scars of 3 Vegetation Types in the Ogotoruk Creek 
Valley From 1961 t o  1980 (1962) is Firs t  Year of Comparison) 

1962 1963 1964 1972 1980 

N o + A ?  N o + - 1 N 0 + - ?  N O  + - ?  N O  + - ?  

We r 
Meadows 83  65 17 3 4 56 36 17 2 1 102 67 17 16 2 78 37 17 22 2 80 34 10 33 3 

Tussock 110 103 2 2  3  115 89 4 12 11  155 116 15 23 1 96 55 21 9 11 78 42 12 17 7 

Ecotone 27 27 0 0 0 42 41 1 0 0 54  52 2 0 0 27 22 4 0 1 3 0  24 0 0 6  

NOTE: N = number o f  scars in sample; o = no change; + = greater plant cover; - = less  plant cover; ? = 
direction o f  change, if any, uncertain. 



RECOVERY AND ACTIVE LAYER  CHANGES FOLLOWING A TUNDRA 
FIRE I N  NORTHWESTERN ALASKA 
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' I n s t i t u t e  of Northern   Fores t ry ,  U.S. Fores t   Se rv ice ,  
Fairbanks,   Alaska 99701 USA 

An up land   t undra   f i r e ,   s t a r t ed  by l ightning,   burned 48 km2 near  the  Kokolik 
River (69'30'N, 151'59'W) i n   n o r t h w e s t e r n   A l a s k a   d u r i n g   l a t e   J u l y  and e a r l y  
August  1977.  Permanent  plots were e s t a b l i s h e d  t o  monitor  recovery of s e v e r e l y ,  
moderately,   and  l ight ly   burned areas  as well as unburned  tundra.  During  the 
fol lowing 5 y e a r s   t h e   o r i g i n a l  permanent p l o t s  and o t h e r   p o r t i o n s  of the   burn  
were observed  annual ly .   Vegetat ive  recovery was most r ap id  and a c t i v e   l a y e r  
e f f e c t s  were least on the moist  sedge-shrub  tundra.  Recovery was slower on a 
high-centered  polygonal area and on severely  burned tussock tundra.  By August 
1979 the sedge-shrub  vegetat ion  had  largely  recovered  while   both  the  polygonal  
ground  and  the  tussock  tundra were s t i l l  r ead i ly   r ecogn izab le  as burned areas. 
Acce lera ted   hydraul ic  and thermal e r o s i o n  had occurred on some s l o p e 6 ,   r e s u l t i n g  
i n  exposures  of  massive  bodies of ground ice. Act ive  layer   thicknesses   averaged 
27 cm i n  the unburned areas and 35 cm within  severely  burned areas i n  August 
1977  and  reached a maximum at a l l  but  one s i te  i n  August 1979. Depth of thaw 
decreased  between  1979  and  1982 i n  the   sedge-shrub   tundra   and   in   the   l igh t ly  
burned  shrub  tundra  and  remained a t  t h e  same inc reased   l eve l   t h rough  1982 a t  a l l  
o t h e r  sites. 

INTRODUCTION 

There  has   been  increasing  recogni t ion of t h e  
importance  and  influence of t u n d r a   f i r e s   i n   t h e  las t  
decade  (Vieredt and Schandelmeier  1980).  For 
example,  numerous fires burned more than 200,000 ha 
of tundra  in northwestern  Alaska  during  the  dry,   hot  
summer of 1977 (Racine  1979,  1981). 

Th i s   pape r   r epor t s  on a 1977 t u n d r a   f i r e ,  
s t a r t e d  by l i gh tn ing ,   t ha t   bu rned  48 km2 (4800 ha) 
of upland  tundra  located  southwest  o f  the  Kokolik 
River i n  northwestern Alaska (69"30'N, 151'59'W). 
The f i r e  was e x c e p t i o n a l l y   l a r g e  for a tundra  f i re  
n o r t h  of the Brooks Range. Wein (1976)  found that  
most a r c t i c   t u n d r a  f ires  are less than 1 Ian2. O f  
f ive   Arc t ic   S lope   tundra  fires repor t ed  by Barney 
and Comiskey (1973)  only  one  (1620  ha)  exceeded 30 
ha. The f i re  burned from approximately 26 J u l y   t o  7 
August 1977. Ear ly   observa t ions  of t h e   f i r e  and 
remote  sensing  analyses  were repor t ed   p rev ious ly  
(IEall et  a l ,  1978,  1980) 

SITE DESCRIPTION 

The  Kokolik  River f i re  si te l ies  on t h e  
boundary  between  the  Arct ic   Coastal   Plain  and the 
n o r t h e r n   h i l l s  of t h e  Brooks Range. Maximum topo- 
g r a p h i c  relief i n   t h e  area i s  approximately  100 m. 
Most of the r o l l i n g   t o   f l a t   u p l a n d  areas are covered 
with sedge  tussock  tundra  (Vieredc and  Ryrness  1980) 
dominated by Eriophorm  vaginatum  tussocks  with 
sca t te red   shrubs   o f  Ledum decumbens,  Betula  nana, 
and e plani fo l ia   subsp .   pu lchra .   Sha l low  dra in-  
age  depressions  and  drained  thaw lake beds are 
covered  with a w e t  sedge and sedge-shrub  tundra,  
Carex aquat i l is ,   Er iophorum  angust i fol ium,  and  Sal ix  

-p lan i fo l ia   subsp .   pu lchra   be ing   the   impor tan t  
s p e c i e s .  In one very   l oca l i zed   a r ea  of exposed 
r i d g e s   t h e r e  are small   patches of mat and cushion 
tundra  that were largely  unburned by the 1977 f i r e .  
Along the streams that border  the burned  area are 
herbaceous snow-bed communities  and  shrub  patches 
dominated by Sa l ix   p l an i fo l i a   subsp .   pu lch ra  and 
Sa l ix   l ana ta   subsp .   r i cha rdson i i .  Much of the 
actual   burned area was sedge tussock (Eriophorum 
vaginatum)  tundra w i t h  smaller areas of wet sedge- 
shrub  tundra.  

permafros t   in   nor thern  Alaska. Ac t ive   l aye r   dep ths  
n o r t h  of the Brooks Range average 30-50 cm with 

,permafrost   extending up t o  625 m. Permafrost  temp- 
e r a t u r e s  below the   ac t ive   l aye r   r ange  as low as 
- 1 l 0 C ,  and the   upper  1-10 m of s o i l  may i n c l u d e  
l a r g e  volumes of i c e  (Brown and  Grave  1979, 
Osterkamp  and  Payne  1981). 

This f i r e  s i t e  i s  p a r t i c u l a r l y   i n t e r e s t i n g  be- 
cause of its ext reme  nor thern   loca t ion .  Most o t h e r  
t u n d r a   f i r e  studies have  been  conducted at  l o c a t i o n s  
f u r t h e r   s o u t h   o r  i n  warmer c l i m a t i c  areas (Madcay 
1977; Racine  1979,  1981; Wein and Bliss 1973; Weber 
1975). 

Therefore   the  Kokolik s i te  o f f e r s   a n   i n t e r e s t -  
ing  comparison  €or  both  vegetation  and  permafrost  
changes   fo l lowing   f i re .  

" 

The burn lies w i t h i n   t h e  zone of  continuous 

METHODS 

The burn was v i s i t e d  by one or both o f  t h e  
au tho r s   yea r ly   du r ing  la te  J u l y   t o   l a t e  August  from 
1977 t o  1982. D u e  t o  the remoteness  of  the si te,  
access was by f l o a t   p l a n e  OF h e l i c o p t e r ,  and  not a l l  
s tudy  areas could be rev is i ted   each   year .   (See  
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Table 2 for areas v i s i t e d . )  In  t h e  summer of   the 
f i r e ,  1977,  only  the  southeastern  portion  of  the 
burn was observed, At t h a t  time t h r e e  1-m2 
quadrants were es tab l i shed  in each of the  fol lowing 
types o f  areas: severely  burned  tussock  tundra, 
moderately  burned  tussodc  tundra,   l ightly  burned 
shrub   tundra   ad jacent   to  a stream a t  t h e   f i r e ' s  
edge, and unburned  tussodc  tundra. The estimates of 
f i r e   s e v e r i t y  were based upon v i sua l   obse rva t ions  of 
the percentage of biomass removed by t h e   f i r e .  A l l  
sites are withln  tussodc area 1. S imi l a r   p lo t s  were 
e s t a b l i s h e d   i n  August 1978 on high-centered  poly- 
gonal  ground, wet sedge-shrub  tundra,  and  another 
burned and control  (unburned)  tussodc  tundra 
( tussock  area 2) i n  the nor theas te rn   por t ion   o f   the  
burn. 

tussodc  tundra areas because It is the most  wide- 
spread  vegetat ion  within  the  burned area. Codtrols  
were es tab l i shed   on ly   in   th i s   type .  The unident i f -  
i e d   v e g e t a t i o n   t y p e   t h a t  was p a r t  of the  polygonal  
complex seems t o  have a h igh   dens i ty  of shrubs.  The 
polygonal  and  the wet sedge-shrub  tundra were 
sampled  because  they  represented the extremes 
( s e v e r e  and l i g h t )  of f i r e   s e v e r i t y .  

u n i t :  (1) depths  of thaw, 5 depths lp lo t  on burned 
p l o t s  and 5 depths   within  tussocks  plus  5 depths  
between  tuesodcs on unburned  (control)   plots;  ( 2 )  
t o t a l   vascu la r   p l an t   cove r ,  (3 )  t o t a l  moss and 
l iverwort  cover;  and ( 4 )  soil temperatures a t  5, 10, 
20, and 50 ap o r   u n t i l   p e r m a f r o s t  was reached.  In 
a d d i t i o n ,  i n  1978 the dens i ty  of l i v i n g  and dead 
shrubs and tussocks on  burned  tussock  tundra,   the 
areal e x t e n t  of f r o s t   b o i l s   i n  unburned vs. burned 
tussock  tundra,   and  an estimate of   re la t ive  biomass 
volume of cot tongrass   tussocks i n  unburned vs. 
burned areas were recorded. 

Our i n v e s t i g a t i o n s  were concen t r a t ed   i n  the 

The following d a t a  were co l lec ted  a t  each s i te  

RESULTS 

Although  vegetation  regrowth  on a l l  pa r t s   o f  
the  burned area was rap id ,  the extent  of  change  from 
the o r i g i n a l   v e g e t a t i o n   a f t e r  5 yea r s   va r i ed   g rea t ly  
depending upon t h e   s e v e r i t y  of t h e  f i r e  and t h e  
or iginal   vegetat ion.   Data   f rom  tussock area 1 
ind ica t e   t he   s eve r i ty   o f  the fire i n  this area. In 
August 1977 i t  was v i sua l ly   e s t ima ted  thar 80-90% o f  
the   tussock  biomass had been consumed i n   t h e   f i r e  
(Hall et  al .   1978).  In  August 1978 tussock  volumes 
were e s t i m a t e d   i n  5 m2 of unburned ( c o n t r o l )  and 5 
m 2  of  burned  tundra within tussock area 1 .  Burned 
areas  averaged 30% of the tussock  biomass of t h e  
c o n t r o l .  This includes  both  residual  (unburned)  and 
new growth  within  burned areas. 

Within  tussodc area 2 i n  August  1978 only 16% 
of   the   co t tongrass   tussodcs   (F igure  1) and  none of 
the shrubs were regrowing on severe ly   burned   p lo ts ,  
while 78% of tussocks  and 18% of shrubs were re- 
growing in   moderately  burned  plots  (Table 1). In 
c o n t r a s t ,  a l l  shrubs  survived on the l igh t ly   burned  
wet sedge-shrub  tundra site, and by August 1978 only 
some singed  mosses and a few  burned  shrub  leaves 
ind ica t ed   t ha t   t he   a r ea  had even been burned. 

Another   indicat ion o f  the  f i re  s e v e r i t y  i s  t h e  
increased   a rea l   ex ten t  of f r o s t   b o i l s  on burned vs. 
unburned a r e a s  of tussock   a rea  1. mpoeed   a reas  of 
minera l   so i l   averaged  52% grea t e r   i n   s eve re ly   bu rned  

TABLE 1 Sta tus  o f  Shrubs  and  Cottongrass TuussoJxs 
One Year After  the  Bum  (August 1978). Based on 
Three 4 - 2  Plots .  

Vegetation  Sevepity  of  burn 
type  Severe  Moderate 

Tussocks/mZ 
Live 0.8 (16%) 6.4 (78%) 
Dead 3,9 (84%) 1.8 (22%) 

Shrubslm' 
Live 0 0.9 (18%) 
Dead 4.6 (100%) 1.2 (82%) 
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FIGURE 3 Post-f i re   act ive  layer   thicknesses   f rom 
August 1977 t o   J u l y  1982. Control,  moderate,  and 
severe   burn   in tens i t ies  are in   tussodc area 1 with  
predominantly  sedge  tussock  tundra.  Points shown 
are means (n 30 fo r   con t ro l  and 15 f o r   o t h e r s )  
w i th   s t anda rd   e r ro r s   g rea t e r   t han  1.5 denoted by I. 

areas t h a n   i n  unburned  tussodc aceas, based upon 
measurements of comparable 30 m2 sec t ions .  This in-  
crease was due, a t  least i n   p a r t ,  t o  combustion o f  
the th in   l aye r  of l i t ter  and l iv ing   p lan ts   cover ing  
the   edge   of   f ros t   bo i l s .  However, t h e   f i r e  may a l s o  
have i n t e n s i f i e d   f r o s t   a c t i o n   ( H a l l  et al .  1978), 
which  could  increase  the areal ex ten t  of f r o s t  
b o i l s .  

exposed as a r e s u l t  of hydraul ic  and thermal  erosion 
on d o p e s .  One of   these  was observed i n  August 1978 
nea r   t he   ea s t e rn   sho re  of the  northernmost  lake. 
This area seemed t o   s t a b i l i z e d  by August 1981, 
but  another  exposure  of  massive  ground ice was ob- 
served i n  J u l y  1982 near  tussodc area 1 (Figure 2) .  

Active  layer   thickness   increased at a l l  burned 
sites f o r  at least 2 y e a r s   a f t e r   t h e   f i r e   ( F i g .  3 ) .  
Maximum thicknesses  a t  burn sites were recorded i n  
August 1979 except   for  the maximum o v e r a l l  measure- 
ment  of 61.0 cm (August 1981 polygon). In c o n t r a s t ,  
ac t ive   l aye r   t h i cknesses   i n   t he   con t ro l   p lo t s  
remained  constant  with less than 3 cm of annual 
v a r i a t i o n   f o r   f o u r  oE the  years and a 6-au annual 
v a r i a t i o n   f o r  1981. fiere were unburned (cont ro l )  
p l o t s   f o r  comparison  only i n  the tussodc  tundra 
areas at  tussock areas 1 and 2. The a c t i v e   l a y e r  in 
severely  burned  plots i n  tussock area 1 increased by 
an average of 13.6 cm between  August 1977 and  August 
1979 and was 20 au th icker  than the comparable con- 
t r o l   p l o t s .  These d i f fe rences   pers i s ted   th rough 
August 1982. 

melting and subsidence of i nd iv idua l   i ce  wedges d id  
occur   fol lowing  the  f i re .  This was e s p e c i a l l y  
n o t i c e a b l e   i n  the polygon  study  unlts where s u r f a c e  
r e l i e f   i n c r e a s e d   f o r  a t  least  t h e   i n i t i a l  2-3 years  
of the study.   Surface  re l ief  also seemed t o  ln- 
Crease wi th in   the   severe ly   burned   p lo ts   in   tussodc  
area 1. 

a f fec ted  by the f i r e  and i t s  i n t e n s i t y .  Although 
soi l   temperatures   could  be measured  only  once  each 
summer, the measurements  should r e f l e c t  the degree 
of summer warmtng of t h e   p r o f i l e   s i n c e  we v i s i t e d  
the  sites near the end of t he   sho r t  summer season. 

A t  least  two areas of the  burn had  massive ice 

Although no q u a n t i t a t i v e   d a t a  are a v a i l a b l e ,  

Soi l   temperatures  in t h e   a c t i v e   l a y e r  were a l s o  

0 

IO 

2c 

CI 

E 
0 

c 
m 
9J 
P 

v 

+ 30 

I 

40 

50 

60 

70 

Temperature ("C) 
2 4 6 

oderate (Tussock Area 

Wet  Sedge-shrub 

Severe(Tussock Area I 1 

I 
I I I I 

FIGURE 4 Soi l   t empera ture   p rof i les  in unburned 
tussock  tundra,  moderately  and  severely  burned 
tussock tundra,  severely  burned  polygonal area, and 
l i g h t l y  burned  sedge-shrub  tundra.  Temperatures 
were recorded a t  t h e  Kokolik f i re  s i te  on 20-21 
August 1980 (n-3) (TA1 = tussock area 1). 

Figure 4 shows the r e s u l t s  of the s o i l  tempera- 
t u r e  measurements  taken on 20-21 August 1980, These 
s o i l  t empera ture   p rof i les  are similar t o   t h o s e  ob- 
ta ined in other  years.  The unburned  tussodc  tundra 
so i l - t empera tu re   p ro f i l e   fo r  20 August 1980 is 
representa t ive  of th i s   vege ta t ion   type  in t h i s  
area. A t  5 m the  temperature was only 1.6'C and 
temperatures  decreased  with  depth,  reaching O'C a t  
the  active  layer-permafrost   boundary a t  only 27 cm. 
For the  tussock  type and the  polygonal area, the  
severe   burn   has   resu l ted   in   so i l   t empera tures   tha t  
average 2' t o  3'C warmer throughout  the thawed zone 
compared with unburned  tussock  tundra. This warming 
ef fec t   occurs   to   depths  of at  least 90 cm. 

temperatures  intermediate  between  those of the con- 
t r o l  and the  severely  burned sites. The wet sedge- 
shrub  tundra,  which was only  l ightly  burned and 
recovered  rapidly,  had higher  temperatures a t  5 and 
10 an ( s i m i l a r   t o   t h o s e  of the  severely  burned 

The moderately  burned  tussock  tundra has s o i l  
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TABLE 2  Percent  Plant Cover on Burned and  Control  (Unburned) Areas, Kokolik  River,  Alaska. 

Year observed 
Burn s e v e r i t y  and area 

- 
1977 1978  1979 1980 1981 1982 

Cont ro l   p lo ts  
Tussock area 1 Tota l   vascular  80 80 80 1 3  70 

Total  moss & l i chen  50 50 50 67 60 
Tussock  area 2 Tota l   vascular  80 

Total  moss & l i chen  -- 30 

" 

" 

" " -- " " 

" " " " 

Severe  plots 
Tussock area 1 Tota l   vascular  (1 0 10 30 30 30 3 3  

Total  moss 6 l i c h e n  0 10 20 27 40 33 
Tussock area 2  Total   vascular  " 10 " 35 35 45 

Total  moss & l i c h e n  -- 30 " 75 a0 70 
Polygon  Total   vascular " t t 13 20 27 

Total  moss & l i c h e n  -- 70 100 100 100 97 

Moderate p l o t s  
Tussock area 1 Total   vascular  30 40 50 50 51  

Total  moss & l i chen  t 10 20 33 47 
Tussock  area 2 Tota l   vascular  65 45 70 

Total moss & l i chen  -- 30 70 75 70 

" 

" 

" 40 " 

" 

Light   p lo ts  
Tussock area 1 Tota l   vascular  40 60 60 60 57 67 

Total moss & l i chen  80 90 90 90  90 87 
Wet sedge- 

shrub  Total   vascular " 70 80 93 90 90 
Tota l  moss & l i c h e n  - 10 20 93 90 90 

t = present ,  less than 1% cover. 
-- = no data  co l lec ted  that year .  

s i t e s ) ,   b u t  a t  depth  they were Lower (similar t o   t h e  
moderately  burned  site) 

Vegetation  recovery  (Table 2) was rapid for t h e  
f i r s t  2-3 years, but by August 1979 recovery rates 
had dramatically  decreased or stopped on most s tudy 
areas.  For  example,  severely  burned  plots on 
tussock  area 1 had 30% to t a l   vascu la r   p l an t  and 20% 
t o t a l  moss and l ichen   cover   in  August  1979,  and  only 
33% cover for   each  category  in  la te  J u l y  1982, 
Vegetation  cover  largely  paralleled  changes  in 
ac t ive   l aye r   t h i ckness .   In t e re s t ing   excep t ions  were 
the  sedge-shrub area, which had rapid  recovery of 
mosses between  August  1978 and August  1980,  and t h e  
polygon area, which,  al though  totally  revegetated by 
mosses and the  liverwort  Marchantia  polymorph by 
August  1979, a l s o  had some recovery  of  vascular 
plant  cover by 1982. 

DISCUSSION 

The Kokolik f i re  o f f e r s   s e v e r a l   i n t e r e s t i n g  
comparisons  with  other  tundra f i r e   s t u d i e s .  A l -  
though  there was l imited  exposure of massive ice, 
most of the  impact upon the  permafrost seems to  have 
been  chronic,   rather  than  catastrophic.   Active 
layer   thicknesses   cont inued  to   increase  for   only 2 
years,  but  remained  deeper on more severely  burned 
por t ions  of t h e   f i r e  at  least 3 more years. It i s  

.uncer ta in  how long  these  increased  thicknesses will 
p e r s i s t .  The repor ted   increases   in   the   ac t ive   l ayer  
th icknesses  are a minimum i n d i c a t i o n  of  changes in 
permafrost. The observed  subsidence  due  to ice 
melt ing was not  measured,  although Mackay (1977) ob- 

served  subsidence of 50 an following a f i r e   n e a r  
Inuvik. All o r   a n  unknown por t ion  o f  the   o rganic  
layer  a t  Kokolik was consumed, p a r t i c u l a r l y  i n  
the severely  burned areas. &cine (1981)  estimated 
t h a t  a t  least 5-15 cm of organics were consumed by 
f i r e s  on the  Seward Peninsula. 

More souther ly  fires reported  thawing  that  con- 
t inued  to   increase  for   longer   per iods.  A t  Inuvik 
(Mackay 1977) and near  Fairbanks  (Viereck  1982)  thaw 
depths  were s t i l l  slowly  increasing  8  years and 9 
y e a r s ,   r e s p e c t i v e l y ,   a f t e r   f i r e .  These r e s u l t s  are 
consis tent   with  the  hypothesized  cooler  climatic 
condi t ions at the Kokolik s i te ,  although  the  paucity 
o f  c l i m a t i c   d a t a  makes correlat ions  impossible .  

Vegetation  recovery was q u i t e   d i s t i n c t ,  at 
least on severely  burned  portions of the  Kokolik 
fire.  For  example,  shrub  recovery i n  severely 
burned areas ( tussodc areas 1 and 2,  polygon) was 
s t i l l  very  l imited 5 y e a r s   a f t e r   t h e   f i r e   ( l e e s   t h a n  
10% by August  1982),  although  controls i n  tussock 
tundra  averaged 30-40% shrub  cover. The dramatic  
and rapid  recovery of the  l iverwort,   Marchantia 
polymorpha, on the  severely  burned  polygonal area is 
also  noteworthy.  Since no l iverwor t  was observed  in 
unburned  tundra, i t  ei ther   regenerated  f rom  buried 
spores  or else spores   a r e   r ead i ly  and widely  dis-  
persed in tundra.   In  contrast ,   Racine  (1981) 
repor t s  a very low to ta l   cove r  (1% or l e s s )  of 
Marchantia i n  burned areas. 

for shrubs,   but   this  was only  one  year  after  the 
burn. In  con t r a s t ,   t undra   f i r e s   i n   fou r  more 
souther ly  or warmer areas averaged 55% of their 
original  shrub  biomass  only 2-3 years   a f te r   the   burn  
(Wein and Bliss 1973). 

Racine  (1981) a l so   repor ted  low recovery rates 



CONCLUSIONS 

The Kokolik  River f i r e  shows the fol lowing:  
1. Massive thermal and hydraul ic   e ros ion   can  

cont inue a t  s p e c i f i c  sites f o r  at least 5 yea r s  
a f t e r  a t u n d r a   f i r e .  

2. Increased  depths  o f  thaw can p e r s i s t -   f o r  at 
least  5 yea r s  on severely  burned  portions  of  tundra,  
a l though no new i n c r e a s e s  were seen   a f t e r   2   yea r s .  

3.  Vege ta t ion   r ecove ry ,   a l t hough   i n i t i a l ly  
q u i t e   r a p i d  (2-3 yea r s ) ,   d rama t i ca l ly   s lows   o r   ha l t s  
on many p a r t s  of the  burn  between  years 3 and 5. In  
a d d i t i o n ,  the species  composition of burned areas 
may r e m a i n   q u i t e   d i f f e r e n t   ( e s p e c i a l l y   s h r u b s  and 
l i c h e n s )   f o r  at  least 5 y e a r s   a f t e r  a t u n d r a   f i r e .  

4 .  S e v e r e   t u n d r a   f i r e s   c a n   i n   f a c t   k i l l  many 
shrubs and cot tongrass   tussocks,   presumably by 
e leva t ing   so i l   t empera tures   dur ing   combust ion  of t h e  
o rgan ic  mat. 
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PERFORMANCE  OF AN INSULATED ROADWAY 
ON PERMAFROST, I N W I K ,  N.W.T. 

G.H. Johnston 

Divis ion of Building Research, National  Research  Council  Canada, 
Ottawa, Ontario, Canada KlA OR6 

I n  1972 four   insu la ted  and two uninsulated test sec t ions  were i n s t a l l e d  and 
instrumented  on  the  Mackenzie Highway (a gravel-surfaced,  all-season  road)  near 
Inuvik, N.W.T., t o   eva lua te   t he   u se  of extruded  polystyrene  board  insulat ion  to  
control  permafrost   degradation. Two test s e c t i o n s  were insu la t ed   w i th  a 9O-mm 
layer  of insu la t ion ,   another  with a 50-mm l ayer ,  and a four th   wi th  115 mm. 
Prel iminary  analysis  had ind ica t ed   t ha t  an optimum insu la t ion   t h i ckness  of about 
90 mm would be required. Ground temperature and sett lement  observations  over a 
6-year  period showed that permafrost  aggraded  under a l l  i n s u l a t e d  test sec t ions ,  
whereas  under  the  uninsulated  (control)   sections it  receded by as much as 60 cm. 
Approximately 60 c m  of se t t lement  was experienced by the   cont ro l   sec t ions ,   about  
30 cm by the  50-m insu la ted   sec t ion ,  and l i t t l e  or  none by the  sect ions  having 90 
and  115 mm of insulat ion.  The 90 mm of i n s u l a t i o n  w a s  shown to  provide  adequate 
protection  against   thawing; 50 mm o f  i n s u l a t i o n  was  no t   su f f i c i en t .  

INTRODUCTION 

A l ayer  of i n su la t ion   p l aced   i n   an  embankment 
constructed on  permafrost   can  prevent  or  control 
thaw penet ra t ion  and set t lement  and  reduce  the 
quant i ty  of f i l l  required. In I972 a f i e l d   s t u d y  
was undertaken by the  Canadian Government 
In te rdepar tmenta l  Committee on Highway I n s u l a t i o n   t o  
evaluate  the  performance of an  insulated,   gravel-  
surfaced roadway constructed on permafrost. 
Cooperating  with  the  Division of Building  Research, 
National  Research  Council  Canada, were the 
Departments of Indian  and  Northern  Affairs,   Public 
Works, and  Transport  Canada,  and Dow Chemical  of 
Canada Ltd.  Several  insulated  and  uninsulated test 
s e c t i o n s  were cons tmcted  on t h e  Mackenzie Highway 
about 22 km east of Inuv ik   i n   Apr i l  and  September 
1972. Extruded  polystyrene foam boards were placed 
in   the   road  embankment and  ground  temperatures  and 
se t t lements  were measured.  Design  and  construction 
of the  test sec t ions  and t h e   r e s u l t s  of observat ions 
made dur ing   the   per iod  1972-1978 are summarized. 

SITE CONDITLONS 

Climate 

The mean annual air temperature a t  Inuvik for 
t h e  %-year  period 1958-1981 i s  -9.7'C. For   the 
same period  the mean a i r  f reez ing  and  thawing 
i n d i c e s  are 4,690  and  1,210  degree-days  Celsius 
(DDC). A i r  temperature  observations were made a t  
t h e  test si te from  July 1974 t o   J u l y  1978. Some 
mean annual air temperatures and the   f r eez ing  and 
thawing   ind ices   for   Inuvik  and t h e  test s i t e  are 
given in Table 1. It is somewhat colder  a t  the  test 
s i t e  than  a t  Inuvik,   due  mainly  to more severe 
winters ,  as ind ica ted  by the   f reez ing   ind ices ;  
thawing  indices   for   both si tes are similar. The 
number of days  having mean temperatures below and 

above  freezing were a lmost   ident ica l  a t  both si tes 
fo r   t he   pe r iods  noted. 

Ter ra in  

The test s i t e  is r e l a t i v e l y   f l a t ,   b u t   t h e  
e n t i r e  area is  covered  with  large hummocks. Depth 
of thaw i n  undisturbed areas var ies   f rom  15   to  
120 cm. Permafrost  extends  to  depths  exceeding 
100 m i n   t h e   I n u v i k   a r e a ,  which lies w i t h i n   t h e  
continuous  permafrost  zone.  Site  investigations 
showed t h a t   t h e   s o i l   p r o f i l e   c o n s i s t s  of a l a y e r  of 
organic  material 15-60 cm thick  underlain by grey, 
s i l t y   c l a y   t o  a depth of 3-4.5 m. Benea th   t he   s i l t y  
c lay  I s  a dense  grey,  sandy s i l t y  till extending   to  
a t  least 18 m. The organic   l ayer   conta ins   typ ica l  
random inclusions and th in   l enses  oE ice; the   l aye r  
of s i l t y   c l a y  is ice-r ich,   containing as much as 50% 
ice by volume, mainly i n   t h e  form of lenses  from 
h a i r l i n e   t o  2.5 mm thick.  The underlying till 
matr ix  is general ly  well bonded with ice,  but  does 
conta in   occas iona l   l enses  up t o  10 mm thick.  

DESIGN  OF  TEST  SECTIONS 

Because of t h e  complex nature  of the   l ayered  
embankment/subgrade  system  and the   va r i ab le   su r f ace  
thermal  conditions,  numerical  methods for ground 
thermal   ana lys i s  were used t o   p r e d i c t   t h e  optimum 
thickness  of i n s u l a r i o n   t o  be  used and the  changes 
t h a t  would occur in t h e  ground  thermal  regime 
(Goodrich  1974a,b). The bas i c   p ro f i l e   cons i s t ed  of 
60 cm of gravel ,  a l a y e r  of insulation,  and 45 c m  of 
gravel  over an i ce- r ich  silt clay  subgrade.  Several  
computer  runs were made using assumed v a l u e s   f o r  
ground  temperature  distribution,  physical  and 
thermal  properties of the  subgrade  and f i l l  
materials, and seasona l   f l uc tua t ions  i n  a i r  and 
ground  surface  temperatures. The ground  surface 
temperature was assumed t o  be e i t h e r   t h e  same as the 
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air  temperature  or  several   degrees warmer and t o  
vary  sinusoidally  during  the  year.  Various 
thicknesses  of extruded  polystyrene foam insu la t ion  
were considered, as well as  construction  under 
winter  (subgrade,completely  frozen  and f i l l  placed 
on a snow cover) and summer ( ac t ive   l aye r  thawed) 
conditions. The road  surface was assumed t o  be f r e e  
of snow during  the  winter.   Observations  at   Inuvik 
ind ica t ed   t ha t   t he  mean annual  ground  temperature a t  
a depth of 15-30 m was about -3.3'C. 

The r e s u l t s  of these  computations  indicated 
t h a t   a n  optimum thickness  of about 90 OML of extruded 
polystyrene  insulation would be required  to  prevent 
thawing of the  subgrade below the   o r ig ina l  ground 
sur face  at  the  center  of the  roadway. Edge e f f e c t s  
f rom  the  s ide  s lopes were not  included i n  the  
calculat ions,   nor  were changes i n  geometry tha t  
might  occur as a r e s u l t  of settlement  caused by 
thawing of  the  subgrade. The ana lys i s   a l so  
ind ica t ed   t ha t  major  changes i n   t h e  ground  thermal 
regime would occur   dur ing   the   f i r s t  5 or  6 years 
following  construction, and that   equi l ibr ium 
conditions would not be reached u n t i l  some time 
l a t e r .  It showed t h a t  if insu la t ion  were placed 
during  the summer or f a l l ,   t h e  thawed layer  
underlying it  would no t   r e f r eeze   fo r   s eve ra l  months, 
so t h a t   t h e   f u l l  advantage of i n su la t ion  would be 
l o s t   d u r i n g   t h e   f i r s t  summer. A t  least 2.5-3 m of 
g r a v e l   f i l l  would be  required  to  prevent  thawing 
below the   o r ig ina l  ground surface  under  an 
uninsulated  gravel  embankment. This  has been 
v e r i f i e d   a t  the Inuvik  a i rs t r ip   (Johnston 1982). 

CONSTRUCTION  OF TEST SECTIONS 

Test sections  containing  different  thicknesses 
of i n su la t ion  were installed  under  both  winter  and 
summer conditions. Two 38711 insu la ted  test sec t ions  
separated by a 38-m uninsulated  (control)   sect ion 
were constructed  a t   each of two test sites. The 
"winter" site was  constructed  in   Apri l  1972 and the  
adjacent  *'summer'' s i t e  i n  September 1972. The width 
o f  the   l ayer  o f  i n su la t ion  at a l l  test sec t ions  was 
11 m. No spec ia l  measures were t a k e n   t o   i n s u l a t e   o r  
pro tec t  the slopes. 

The right-of-way had  been cleared by hand  of 
trees and  brush  early i n  1970. Construction of t he  
Mackenzie Highway south  from  Inuvik  (Huculak et al. 
1978) began i n  Late summr 1971 and by la te  November 
a 0.6-1- thick  "pioneer" f i l l  had been  placed 
across   the test area. To cons t ruc t   the  test 
sections  about 0.6 m of t h i s   f i l l  was removed by 
bulldozer  and  ripper. The insulation  boards  (each 
600 by 2,400 mm) were then  placed by hand and 
secured by 150-long steel  sp ikes   d r iven   in to  a 
15-cm thick  bedding  layer of r e l a t ive ly   d ry   s i l t y  
sand. A l l  j o i n t s  between  boards were staggered 
hor izonta l ly  and v e r t i c a l l y  (where more than one 
layer  of boards was used). About 0.6 m of 
re la t ively  dry sandy gravel  was backfil led  over  the 
in su la t ion  by bul ldozer   and  careful ly   rol led on the  
boards to  prevent  displacing them. A grader was 
used t o  shape  the embankment to   t he   des i r ed   s ec t ion .  
A plan showing the  layout of the test sect ions is 
given  in   Figure 1 and construct ion  operat ions a t  the 
sites are shown i n  Figure 2. 

INSTRUMENTATION 

Thermocouples were i n s t a l l e d   t o  measure 
temperatures i n   t h e   f i l l  above and  below the  
in su la t ion   t o   dep ths  o f  about 6 m below the roadway 
and 15 m below the ground sur face  i n  undisturbed 
areas a t  both sites. The loca t ion  of a l l  cables  is 
shown i n  Figure 1 and a typical  arrangement of 
s e n s o r s   a t  one loca t ion  i s  shown i n  Figure 3. 
Temperatures were read  manually two t o   f o u r  times 
each month un t i l   June  1974, when a spec ia l ly  
designed  automatic  data  acquisition  system was 
ins ta l led   to   record   t empera tures  a t  360 points  every 
1-2 h on magnetic  tape.  Observations were 
te rmina ted   in  August 1978 when the equipment was 
damaged by vandals. Four brass   p la tes  were 
i n s t a l l e d   i n   e a c h  of t h e   s i x  test s e c t i o n s   t o  
monitor  settlements  (Figure 1). Once o r  twice each 
year  surveys were made to   de te rmine   the   p la te  
e leva t ions  and changes i n   t h e  shape of the  
embankment. A special   deep bench mark was i n s t a l l e d  
to ensure  that  a r e l i a b l e  datum was ava i l ab le   fo r  
elevation  survey  control.  

OBSERVATIONS AND DISCUSSION 

The annual thaw pa t t e rn  and  settlement  under 
the  center  of the  road  a t   €our  of the  test  sec t ions  
are shown in Figure 4. I n  September 1973,  1977, and 
1982, trenches were excavated  across the road a t  
each of the  insulated  sect ions.   Three  cross-  
sec t ions  showing cond i t ions   i n  1972 (as b u i l t )  and 
i n  September 1982 are p lo t t ed  in Figure 5. 
Di f fe rences   in   the   pos i t ions  of t he   i n su la t ion  
l a y e r s   i n d i c a t e   a c t u a l  movements t h a t  have  occurred 
i n   t h e  10-year  period;  differences in the  shape of 
the  roadway do not reflect t h e   t o t a l   s e t t l e m e n t  
s i n c e   f i l l  was added to   main ta in  a su i tab le   road  
surface.  

Changes i n   t h e  ground  thermal  regime  under  the 
center  of the  9 0 - m ~  insu la ted   sec t ion  at  the  winter  
s i t e  are i l l u s t r a t e d  in Figure 6. Isotherma show 
the v a r i a t i o n   i n  ground  temperature  under  and 
ad jacent   to   the   win ter  s i te insulated  and 
uninsulated test sections  (Figure 7). They 
r e p r e s e n t   f a l l  and la te  winter   condi t ions,  when 
ground  temperatures are near ing   the i r  warmest and 
coldest   values.  

Considerable  sett lement  occurred  in  the  control 
sections  (Figure 4).  A t  the  winter s i t e  t o t a l  
set t lement  was about 55 cm; approximately 36 c m  of 
this  occurred  during  the first thaw season, due 
par t ly  ( 9 cm) t o   m e l t i n g  of the  compacted snw 
layer  under the pioneer fill. The remaining 
set t lement  is the r e s u l t  of compression of the  
thawed f i l l  and subgrade materials caused by the  
weight of the  embankment and, t o  a lesser ex ten t ,  
t ra f f ic   loading .   Tota l   se t t lement  measured a t  the 
summer site con t ro l   s ec t ion  was much less, averaging 
about 30 cm. A grea t   dea l  of sett lement  (not 
measured) had occurred  during  the summer p r i o r   t o  
construct ion of  the  test s e c t i o n s   i n   t h e   f a l l  of 
1972. Thus, observed  settlement is due  mainly t o  
compression of subgrade  Soils as thawing of the  
permafrost  occurred. 
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About 30 c m  of set t lement   occurred a t  t he  
center  of the 5 0 " ~  insulated  sect ion;   again,  most 
of i t  took  place i n  the f i r s t  thaw season. 
Settlement of the 90- and 115-mm insula ted   sec t ions  
was negl igible .  About ha l f  of the  15 c m  of t o t a l  
settlement  experienced by the 9O-mm sec t ion  a t  the  
win ter  s i t e  occurred i n   t h e   f i r s t  two thaw seasons. 
L i t t l e  o r  no set t lement  of the  two insu la ted  
sect ions  occurred a t  t h e  sumwr site. 

A t  a l l  test sect ions  set t lement  of t h e  
embankment near  the shoulders  was from 3-15 c m  
g rea t e r   t han   t ha t  at  the   cen ter  of the  road. 
Surveys  s ince 1978 i n d i c a t e   t h a t   s e t t l e m e n t  of t h e  
cont ro l   sec t ions  and of the  501m i n su la t ed   s ec t ion  
is s t i l l  continuing,  but a t  a greatly  reduced, 
almost  negligible rate. No f u r t h e r   s i g n i f i c a n t  
Settlement of the o the r   i n su la t ed   s ec t ions   has  been 
observed. 

As predicted,   freezeback of the  subgrade  under 
t h e  summer site insu la t ed   s ec t ions   d id   no t   occu r  
u n t i l  3 t o  4 months af ter  the ac t ive   l aye r  at  the  
c o n t r o l   s e c t i o n  and  undisturbed areas had  refrozen 
(Figure 4 ) .  Between 1972 and 1978 the  permafrost 
table   beneath the un insu la t ed   con t ro l   s ec t ions  w a s  
lowered  from 30 t o  60 cm. Beneath  the  insulated 
s e c t i o n s ,  however, it rose  almost to   the   bo t tom of 
the embankment (i .e. ,   to the o r i g i n a l  ground 
surface)   under   the 501nm insulation,  and where t h e  
i n s u l a t i o n  was th icker  i t  was ra i sed  and  contained 
w i t h i n   t h e  embankment. 

The foregoing  appl ies   to  the center  of the  road 
and much of t h e  embankment width (Figure 5 ) .  As 
expected, thaw penet ra t ion  was s i g n i f i c a n t l y   g r e a t e r  
under  the  slopes.  This  r e s u l t e d   i n   c o n s i d e r a b l e  
sloughing  and  cracking of the s lopes,  and owing t o  
the i r regular   and  sharply  dipping thaw plane  the 
in su la t ion   s e t t l ed   d i f f e ren t i a l ly ,   c r acked ,   b roke ,  
and moved outward. The major movements occurred 
d u r i n g   t h e   f i r s t  3-4 years  when subs tan t ia l   c racking  
occurred   ins ide   the   shoulders .   S ince   then   the  
shoulders   and   s lopes   have   essent ia l ly   s tab i l ized   in  
most areas, although some minor cracking  and 
sloughing s t i l l  occurs. 

The marked inf luence of t he   i n su la t ed  and 
uninsulated embankments on the ground thermal regime 
is  i l l u s t r a t e d   i n   F i g u r e s  6 and 7. I n   g e n e r a l ,   t h e  
i n i t i a l   e f f e c t  was a lowering  of  ground  temperatures 
t o  a depth of about 5 m and  an  increase  in  
temperature  amplitude. A t  a l l  test s e c t i o n s  a 
r e t u r n   t o   n a t u r a l   c o n d i t i o n s  is c l ea r ly   t ak ing   p l ace  
and f o r  most pract ical   purposes   equi l ibr ium  appears  
t o  have  been  reached by the  end of the 6-year  study 
period. 

Snow cover  plays  an  important  role with respect  
t o  the ground  thermal  regime.  During the winter ,  
snow is ploughed  from  the  road  surface  and  deposited 
on  the  shoulders  and s lopes ,   subs t an t i a l ly   r e t a rd ing  
removal of heat  from the  underlying ground 
(Figure 7). 

CONCLUSIONS 

Observations  over a 6-10 year   per iod a t  s e v e r a l  
insu la ted  and uninsulated test embankments 
constructed  on  ice-rich  permafrost  on t h e  Mackenzie 
Highway near  Inuvik,  N.W.T., conf i rm  tha t   insu la t ion  
can be used to   g rea t   advantage   to   p revent   o r   cont ro l  
thawing of f rozen  subgrade  soi ls  and  reduce  the 
quant i ty  of f i l l  required. The predicted 90-m 
optimum thickness  of extruded  polystyrene  insulat ion 
has given  sat isfactory  protect ion  against   thawing a t  
t h i s  s i te ;  50 mm of i n s u l a t i o n  i s  not  adequate. 
Although no s p e c i a l  measures were inco rpora t ed   t o  
prevent  anticipated  problems  with  cracking  and 
sloughing of the  shoulders  and s lopes,  it i s  clear 
tha t   they  are needed,   especial ly   i f   the  roadway is 
t o   c a r r y  any volume of heavy vehicles .  On the o ther  
hand, it appea r s   t ha t   r e l a t ive ly   s t ab le   cond i t ions  
w i l l  p r eva i l   w i th in  5-6 years  of construct ion.  
During that  period  only  l imited  maintenance was 
requi red ,   a l though  admi t ted ly   t ra f f ic  volumes  and 
loads were very  l ight .  

Construction  procedures w i l l  have to be 
modified somewhat i f   s y n t h e t i c   i n s u l a t i o n  is used 
extensively.  For  Satisfactory  long-term  performance 
a su i t ab le   l eve l l i ng   cour se  must be placed on t h e  
ground  sur face   and   the   backf i l l   ca refu l ly   p laced  on 
top of t he   i n su la t ion   t o   p reven t  damage and 
displacement. It is apparent   tha t   the  most 
opportune time for   cons t ruc t ion  o f  an   insu la ted  
embankment is the   ea r ly   sp r ing ,  when t h e  snow cover 
has   just   d isappeared and the  ground i s  s t i l l  
completely  frozen.  Unless  suitable  dry materials 
have  been  stockpiled i n  advance  or are a v a i l a b l e   i n  
easi ly   excavated borrow p i t s ,  however,  procurement 
of good f i l l  may be a problem at t h a t  time of the  
year. 

AQCNWLEDGMENTS 

Many people,  too  numerous t o  mention 
i n d i v i d u a l l y ,   p a r t i c i p a t e d   i n   t h e   p r o j e c t  a t  var ious 
times, and the   au thor  is g r a t e f u l  t o  them a l l  f o r  
their   cooperat ion and ass i s tance .  He i s  indebted 
p a r t i c u l a r l y   t o  J . C .  P lunke t t   fo r  h i s  unflagging 
a s s i s t a n c e  and enthusiasm  through a l l  s tages  of the 
project.  This  paper i s  a cont r ibu t ion   f rom  the  
Divis ion of Building  Research,  National  Research 
Council Canada, and is published  with  the  approval 
of the Director  of the  Division. 

REFERENCES 

Goodrich, L.E., 1974a, A one-dimensional  numerical 
model for  geothermal  problems:  National 
Research  Council  Canada,  Division of Building 
Research, NRCC 14123, 28 p. 

general  one-dimensional  geothermal  problems: 
National  Research  Council  Canada,  Division of 
Building  Research, Computer  Program No. 39, 
89 p. 

Goodrich, L.E., 1974b,  Fortran I V  program f o r  



55 1 

Huculak, N., Twach, J.W., Thomson, R.S. and Johnston, G.H., 1982, Design and performance of  the  
Cook, R.D., 1978, Development of the  Dempster Inuvik, N.W.T., airstrip, &The Roger J.E. 
Highway north of the   Arc t ic   Ci rc le ,  & Proc. Brown Memorial Volume, Proc. Fourth  Canadian 
Third International  Conference on Permafrost, Permafrost  Conference,  Calgary,  Alberta, March 
Edmonton, Alberta,  National  Research  Council 1981, National  Research  Council Canada, 
Canada, VoL. 1, pp. 798-805. Associate Committee on Geotechnical Research, 

pp. 577-585. 

TABLE 1 MEAN ANNUAL AIR TEMPERATURES AND PREEZrNG/THAWING INDICES, 
INLTVIK WEATHER STATION AND INSULATED ROAD TEST SITE 

Mean Annual Air Freezing  Index Thawing Index 
Period  Temperature ("C) DDC DDC 

Airport  Road S i t e  Airport  Road Site   Airport  Road S i t e  

1971 
1971-1972 
1972 
1972-1973 
1973 
1973-1974 
1974 
1974-1975 
1975 
1975-1976 
1976 
1976-1977 
1977 
1977-1978 
1978 

-10.9 

- 9.7 
- 8.6 
-11.9 

-10.6 

- 8.9 
- 8.9 
- 8.3 

- 

-11.2 

-10.0 

- 9.5 
- 

1 ,295 

1,205 

1,370 

1,120 

1,290 

1,320 

1,290 

4,885 - 

4,430 I 

4,760 

5,010  5,344 

4,950 5,311 

4,460  4,678 

4,185  4,464 
1,150 

- 

1,220 

1,330 

1,330 

- 
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FIGURE 1 Layout of test sections and location of 
Instrumentation. 
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T H E R M O C O U P L E  
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FIGURE 3 Arrangement of thermocouples at center of 
90-m insulated  section, winter site. 

(a) WINTER SITE - W mm INSULATION 
* 

(bl WINTER  SITE - CONTROL 
,F ILL   ADDED 0 ° C  I S O T H E R M  

c 2 IC) WINTER SITE - 50 m m  INSULATIOY T H A W L O  F R O Z E N  1 

(d l  SUMMER SITE - 115 rnrn INSULATION 
& T E S T   S E C T I O N S   C O N S I R U C T E D  

LAYER O f  I N S U L A T I O N  

F I G U R E  4 Thaw depths  and  settlement  under  center of 
road at several test  sections. 



553 

"- ...................... . t.........,. '**-... ,THAW DEPTn 

APRIL 1972 

v) 
W 

Y *.. THAW  DEPTH 
I ' ' K S E P l  1982 

FIGURE 5 Cross-sections  at  three  trenches  excavated 
i n  September 1982 at   locations noted on Figure 1.. 
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FIGURE 6 Temperature variation  at  selected depths 
under centerline of 90- insulated  section,  winter 
s i t e .  

I I 
W I N T E R  S I T E  

FIGURE 7 Isotherms showing the  variation  in ground 
temperature under and adjacent to  an insulated and 
uninsulated embankment i n  f a l l  and la te  winter, 
winter s i t e .  



THE  FROST SUSCEPTIBILITY OF GRANULAR MATERIALS 

R . H .  Jones'  and K . J .  Lomas2 

'Universi ty  o f  flottingham,  Nottingham, U.K. 
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The f r o s t   s u s c e p t i b i l i t y   a n d   s u c t i o n   c h a r a c t e r i s t i c s   o f   f i f t e e n   g r a n u l a r  materials 
ranging  from s i l t y   so i l s   t o   c rushed   rock   sub -base   aggrega te s  were determined by t h e  
Br i t i sh   Transpor t   and  Road Research  Laboratory (TRRL) t es t  and  an  osmotic  suction 
technique ,   respec t ive ly .  The test  specimens were prepared a t  a number of  
standardized  gradings  and compacted t o   t h e i r  maximum dens i ty  a t  optimum moisture  
content .  The h e a v e s   a f t e r  250 hours  ranged  from 2 t o  50 mm so t h a t   b o t h   f r o s t  
suscep t ib l e   and   non- f ros t   suscep t ib l e   ma te r i a l s  were  included. The r e s u l t s   f o r   a 1 1  
b u t  one o f   t h e   m a t e r i a l s   l a y  on a s i n g l e   c u r v e   r e l a t i n g   f r o s t   h e a v e   t o  0 2 . 5 ,  t h e  
to t a l   vo lumet r i c   wa te r   con ten t  a t  a suct ion  of  pF 2 . 5  (31 kPa).   Using  the 
segrega t ion   po ten t ia l   approach  it appea r s   t ha t   t he re  i s  a c h a r a c t e r i s t i c   s u c t i o n  
tha t   cont ro ls   the   average   permeabi l i ty   o f   the   f rozen   f r inge .   For   mos t   o f   the  
ma te r i a l s   cons ide red ,   t h i s   suc t ion   approx ima tes   t o  pF 2.5 .  Mater ia ls   with 0 2 . 5  

less than 9% were  non-frost   suscept ible ,   but  tests are r e c p i r e d  on many more 
m a t e r i a l s   t o   e s t a b l i s h   w h e t h e r   t h i s   r e l a t i o n s h i p   h a s   q e n e r a l   v a l i d i t y .  

INTRODUCTION 

The Br i t i sh   Transpor t   and  Road Xesearch 
Laboratory (TRRL) f r o s t   s u s c e p t i b i l i t y  t es t  h a s  
been   r ev i sed   r ecen t ly ;   s e l f - r e f r ige ra t ed   un i t s  
(SRU's) have  superseded  cold  rooms,  specimen 
p repa ra t ion   has  been  improved,  and t h e  test  h a s  
been  shortened (TRRL 1981). The r e s u l t s   o f  a 
s tudy   ca r r i ed   ou t   unde r   con t r ac t   t o  TRRL i n  which 
t e s t i n g  in t h e  SRU and t h e   c o l d  room w a s  compared 
have  been  reported  elsewhere (Lomas and  Jones 
1981). During t h a t   i n v e s t i g a t i o n   t h e   f r o s t  
s u s c e p t i b i l i t y  of fou r   na tu ra l ly   occu r ing   s andy  
grave ls   and  two crushed  rock  sub-base  aggregates 
were de termined .   Ear l ie r   o r   assoc ia ted  
inves t iga t ions   p rovided   da ta   about   s ix  more 
crushed  rock  sub-bases, a s i l t y   s o i l  and  mixtures 
of sand  and  limestone f i l l e r ,  which  had gradings 
e q u i v a l e n t   t o   t h o s e  of s i l t y  soils. These 
ma te r i a l s   va r i ed  from  non-frost   suscept ible  t o  
v e r y   f r o s t   s u s c e p t i b l e   i n   t h e  TRRL t e s t .  

Previous work had shown t h a t   t h e   f r o s t  
s u s c e p t i b i l i t y  of  porous  limestones  could  be 
r e l a t e d  t o  the   rock   suc t ion   cha rac t e r i s t i c s  (RSCs) 
determined  by  an  osmotic  technique  (Hurt  1976, 
Jones  and  Hurt 1978) .  In   t he   p re sen t   pape r   t he  
f r o s t   s u s c e p t i b i l i t y  is r e l a t e d   t o   t h e   a g g r e g a t e  
s u c t i o n   c h a r a c t e r i s t i c s  (ASC). (The ASC r e f l e c t s  
t h e   d i s t r i b u t i o n  of pores  both  within  and  between 
t h e   p a r t i c l e s ,   u n l i k e   t h e  RSC, which c h a r a c t e r i z e s  
o n l y   t h e   w i t h i n   p a r t i c l e   p o r e s ) .  

WlTERIALS 

The au thors  were conce rned   j o in t ly   w i th   s e r i e s  
100 ( t h e   f i r s t   s i x   a g q r e g a t e s   l i s t e d   b e l o w )   a n d  
series B tests. Hurt  (1976)  and Thompson (1981) 
undertook  ser ies  (13) and ( T ) ,  respec t ive ly .   Br ie f  
d e s c r i p t i o n s  of t h e  materials are  given  below  and 
in   Table  1. 

Ashton Keynes (102)  : A sand  and  gravel 
consisting  of  weathered  fragments of J u r a s s i c  
Limestone. 

sand-f ines   mixture)  . 
q r i t s t o n e   g r a v e l .  

f l i n t  and   cha lk   par t ic les .  

combed p a r t i c l e s .  

limestone. 

conta in ing  some ves i c l e s   up  t o  5 mm across   and 
phenocrysts. 

shel l   f ragments .  

Spencers Farm (103) : A f l i n t  hoggin  (gravel- 

Stanley  Ferry  (106):  A f lood  plain  sand  and 

Woodhall Spa (114) : A sandy  hoggin  containing 

C r o f t  (105):  A c rushed   gran i te   wi th  same honey- 

Dene (119) (B) (T)  : A crushed  carboniferous 

Whin 2 (B) (T)  : A c rushed   f i ne   g ra ined   do le r i t e  

00L2 (E): A f i n e   g r a i n e d   c a l c i t i c  mudstone  with 

OOLl (H): Ool i t ic   and   she l ly   l imes tone .  
DOL (11) : Buff dolomit ic   l imestone.  
MIC (8): Yellow m i c r o c e l l u l i t i c   c a l c i t e /  

CAL ( H )  : Grey or   yel low  dolomit ic   l imestone.  
Sand  limestone f i l l e r   m i x t u r e s  (SF): Standard 

Leighton  Buzzard  sand ( 6 0 0  t o  300-um f r a c t i o n )  was 
mixed wi th   var ious   p ropor t ions  of l i m e s t o n e   f i l l e r  
t o   p rov ide   r e fe rence   ma te r i a l s   co r re spond ing   i n  
gradinq to  s i l t y   s a n d s .  

from the  washings a t  a l o c a l   g r a v e l   p i t .  

Gradings 

dolomite. 

Attenborough s i l t :  A non-plast ic  silt  obtained 

The ma te r i a l s   o f  series 100 were  washed on a 
63-tun s ieve  and  separated  into component f r a c t i o n s  
us ing   t he  20-, IO-, 5-mm, 600-~m,  and,   for  
Woodhall Spa on ly ,   t he  300-cun s ieves .  The 
i nd iv idua l   f r ac t ions  were  recombined in   an   a t tempt  
t o  g i v e   t h e   i n i t i a l   g r a d i n g s  F1 and F2 f o r  
Woodhall Spa and M for   the   remainder .   (F igure  1) . 
These   g rad ings   a re   typ ica l   o f   sub-bases   in   Br i ta in .  
Some d i f f i c u l t y  was exper ienced   in   ach iev ing   the  
t a rge t   g rad ings  as t h e  washed materials tended t o  

55 4 
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TABLE 1 Propert ies   of  Materials and   Resul t s .  

1 2 3 4 5 6 7 8 9 1 0  11 12 13 14 
ACV Gs SMC MDD OMC Hz50 N 8 2 . 5  ksat Vo grad  T Zu SPo 

Mate r i a l   o r  % Mgmm3 % m m  

(TPF) 
% 10"6 10-8 occm-1 cm 

m s - 1  ms-1 

( a )  Sandy Gravels 

Ashton  Keynes (102) 
Spencers Farm  (103) 
Stanley  Ferry (106) 
Woodhall- (114 F1) 

Spa (114  F2) 

(b)  Crushed Rocks 

Crof t  (105) 
Dene (119)  
Dene (TI 
Whin 2 (B) 
Whin 2 (T)  
OOL 2 ( B )  

OOL 1 (H) 

DOL (H) 

M 
F1 
M 
F1 
M 
F1 
M 
F1 

MIC (H) 

CAL (H)  

( c )   S i l t y  Sands 

SF4 /8 0 
SF4/60 (T)  
Attenborough (T)  

29 
12 
21 
18 
18 

17 
22 
22 
19 
19 

(60)  

(75)  

30 

(40 )  

28 

- 
- 
- 

2.72 4.0 2 . 1 1  
2.64 2.7 2.14 
2.74 4.0 2 .12  
2.68 3.4 2.13 
2.67 2.4 1.96 

2.69  1.6  2.15 

2.70 2.3 2.04 
2.80 2 .8  2.22 
2.84 2.8 2.26 
2.72 4.1 2.05 

2.70  2.1  2.17 

2.71  5.4 2.10 
2.11 

2.84  4.2 2 * 2 3  
2.25 
1.85 2.83  13.9 1.87 

2.20 2.71  4.6 2.21 

2.65 - 2.00 
2.65 - 2.03 
2.69 - 1.61 

7.3 15 .6  24 9 . 5  10 
6 . 6  6.5 24 7.2 46 
7.5 7 . 5  24 8 . 7  9 
6.9 24,6 24 10.6 11 
8 .9  17 .3  24 9 . 3  32 

6 .9  2 .6  24 4 . 3  19 
5.4 6.6 6 5.8 10 
4.8 4 .5  3 6 . 1  10  
8.0 19.4 24 9 .6  7 
8.0 22.0 3 1 2 . 2  0 .2  
7.4 21.9 18 12 .5  9 

4 .8  0.73  7.4 66 

5 .3   0 .59   7 .0  90 

0.5 0.63 6 .1  8 
1 .6  0.67 7.1 24 

4.2  0.89  7.8  47 

4.0  0.78  7.7  51 

9 . 0  

7.5 
7.8 

13 .5  
14 .5  

7 .5  
8 . 0  

9.0 
50.0 12 20.0 1 
54.0 4 21.3 0.2 
13.4 1 2  13.4 1 
19 .5  4 14.7 0 .1  
26.8 12 25.9 8 
35.8 4 23.6 1 
42 .0  1 2  15.4 2 
43 .5  4 17 .3  0 .5  

9.00 22.9 18  12.8 0.88 
9.50 44.5 3 17.2 0.06 

19.0 30.5 3 27.3 0.01 

_I Notes: 1. S e e   t e x t   f o r   d e s c r i p t i o n  of mater ia l s .  2 .  Aggregate  crushing  value  (or Ten Percent  Fines/kM) 
BS812:1975. 3 .  Apparent   spec i f ic   g rav i ty .  4 .  Saturat ion  moisture   content .  5 ,6 .  Maximum dry   dens i ty  
and optimum mois tu re   con ten t , t e s t  14,  BS1377:1975. 7 .  Heave a t  250 hours. 0 .  Number of  specimens 
t e s t e d .  9. Volumetric  water  content at pF 2.5.   10.  c o e f € i c i e n t  of permeab i l i t y   ( s a tu ra t ed ) .  
11,12,13&14 apply a t  onse t  of t e rmina l   l ens ;  vo = v e l o c i t y  of water ,   grad T = temperature   gradient ,  
SPo/lO-5 mm' 'C-l = seg rega t ion   po ten t i a l ,  zu = unfrozen  depth. 

be   sho r t  of f ines .   For   the   purposes  of most 
compar isons   th i s  was not  a s e r i o u s  drawback. 

s imi la r   fash ion   except   tha t   genera l ly   they  were not  
washed. I n  series H, t he   p ropor t ions  were ad jus ted  
t o   a c h i e v e   t h e  E.1 and F1 gradinqs  af ter   compact ion.  

Sand and  limestone f i l l e r  were  mixed t o   g i v e   t h e  
gradings SF4/80 and s ~ 4 / 6 0  (Figure 1 ) .  

Specimen P repa ra t ion   fo r   F ros t  Heave Tests 

S e r i e s  B and H materials were  prepared  in a 

The m a t e r i a l s  were compacted i n t o  a mould i n  
t h r e e   l a y e r s  to  t h e i r  maximum dry d e n s i t y   a t   t h e  
optimum moisture  content by using a v i b r a t i n g  
hammer. I n   t h e   f i n a l   s t a g e   t h e   e n d   p l u g s  were 
v i b r a t e d  home t o  ensu re   t ha t   t he   r equ i r ed   dens i ty  
was achieved. In series H, the   f ina l   compact ion  
was achieved by s ta t ic  loading  of  the  end  plugs 
a f t e r   i n i t i a l  compaction  with a v i b r a t i n g  hammer, 
except for  t h e   s o f t e s t   a g g r e g a t e ,  MIC, which w a s  
compacted on a v i b r a t i n g   t a b l e .  

A f t e r  cornpaction  and  extrusion,  specimens  were 
weighed  and  placed  in  an  apparatus (see below) for 
24 hours t o   a l l o w  them to imbibe water p r i o r  t o  
the   onse t   o f   f r eez ing .  

THE TRRL FROST SUSCEPTIBILITY TEST 

I n   t h e  TKRL tes t ,  nine  cyl indrical   specimens 
102 mm in  diameter  and 152 mm h igh   a re   p laced  in 
an  apparatus (Lomas and  Jones,  1981) so t h a t   t h e  
a i r  temperature  above  them  can  be  maintained a t  
-17 -+ 1OC. The specimens rest on porous  ceramic 
d i sc s   w i th in   conpe r   ca r r i e r s .  The d i s c s  are i n  
contact   wi th  water ,  which i s  maintained a t  a 
c o n s t a n t   l e v e l   a n d   a t  +4 i 0.5OC. The s ides   o f  
the  specimens are wrapped  with waxed paper,   and 
the   in te rvening   space  i s  f i l l e d   w i t h   l o o s e ,   d r y  
sand (5 t o  2.36 mm f r a c t i o n ) .  Push rods  bear ing on 
caps  placed on top of the  specimens  enable the 
heave t o  be  measured. Heave and water   in take  i s  
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FIGURE 1 Grading  Curves 

recorded  every 24 hours.  Thermocouples are used 
t o  monitor  the  boundary  and  internal  temperatures 
of the  specimens,  

o r   n ine .   Un t i l   ve ry   r ecen t ly ,   f r eez ing   con t inued  
f o r  250 hours  and  materials  were  judged  frost  
s u s c e p t i b l e ,   i n  England  and Wales, i f   they   heaved  
more than 13 mm. The f r eez ing   pe r iod   has  now been 
reduced t o  96 hours (TRRL 1981) with a limit of 
10 mm set by t h e  Department  of  Transport. 

Although  the SRU i s  now t h e   s p e c i f i e d   t e s t i n g  
f ac i l i t y ,   p rope r ly   conduc ted  tests i n  which an 
insu la ted   t ro l ley   conta in ing   the   spec imens  w a s  
pushed i n t o  a co ld  room, gave similar r e s u l t s   a t  
l e a s t   w i t h i n   t h e  working  range (Lomas and  Jones 
1981). S e r i e s  H t e s t s  were done e n t i r e l y   i n   t h e  
cold room, b u t  both f a c i l i t i e s  were  used for  t h e  
remaining  ser ies   and  the  heave  recorded was t h e  
average  of a l l   t h e   r e l e v a n t   d a t a .  

on ly   the  250 hour   heaves   a re   cons idered   in   th i s  
paper.  (See  Table 1) . 

The TRRL t e s t  i s  one  of a number of d i r e c t  
f r e e z i n g  tests used   in   var ious   par t s   o f   the   wor ld .  
There is s o m e  evidence that  othher tests, e .g . ,   the  
CRREL t e s t ,  would r a n k   m a t e r i a l s   i n   t h e  same order  
(Jones  1980).  

Tests are normally  done i n  s e t s  of e i t h e r   t h r e e  

To f a c i l i t a t e  comparison  with earlier d a t a ,  

PERMEABLE 
MEMBRANE 

FIGURE 2 Osmotic C e l l  (Section  and  Elevation) 

DETERMINATION OF SUCTION CHARACTERISTICS 

The technique of applying  suction by  osmosis t o  
the pore water in   g ranular   mater ia l s ,   ( Jones   and  
H u r t  1978) w a s  fur ther   developed  with a number of 
d e t a i l e d  improvements p a r t i c u l a r l y   i n   r e l a t i o n   t o  
specimen  preparation. 

The o s m o t i c   c e l l ,   f i g u r e  2 ,  cons is ted  of a 
c e n t r a l  specimen  chamber 110 mm diameter   in  which 
a s l i c e  o f  compacted  aggregate 15 t o  20 mm t h i c k  
was f lanked on e i t h e r   s i d e   b y  a semi-permeable 
d i a l y s i s  membrane. The c e l l s  were immersed i n  a 
tank of polyethylene  glycol  (carbowax 60001 
s o l u t i o n   t h a t  was maintained a t  a cons tan t  
temperature.  Water  then  flowed Erom t h e  specimen 
a c r o s s   t h e  membrane,  which was impermeable t o   t h e  
long  chain  carbowax  molecules.  Equilibrium was 
es t ab l i shed   ( i n   f i ve   t o   s even   days )  between t h e  
suc t ion   i n   t he   po re  water and  the  osmotic   suct ion 
of t h e  carbowax s o l u t i o n .  A ca l ib ra t ion   cu rve  was 
determined  for  each  batch  of carbowax by using  an 
osmometer. Thereaf ter   the   suct ion  could  be  found 
simply by measuring  the  densi ty  of the s o l u t i o n  
with  an  hydrometer. The e f f ec t ive   r ange  of t h e  
technique is  pF 3. .5 t o   a b o u t  4.4 (4  t o  2500 kPa) . 
A c a p i l l a r y   r i s e  method was used  for   lower   suct ions.  

20 \ , 
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FIGURE 3 Suct ion   Charac te r i s t ics  

Specimens of the   harder   aggrega tes  were formed 
by compact ing   the   mater ia l   in to  a p l a s t i c   p i p e  
102 mm diameter ,  100 mm h i g h   t h a t  was s e a l e d   a t  
i t s  base  with a d i s c   t o   f o r m  a water - t igh t  
conta iner .  The ent i re   assembly was f r o z e n   i n   t h e  
co ld  room a t  -17°C f o r  24 hours.  While s t i l l  
frozen,  it was s l i c e d   i n t o   d i s c s  15 t o  20 mm t h i c k  
with a water  cooled diamond studded  saw,  and  the 
rough  edges of t h e   p i p e  smoothed  with a f i l e .  The 
d isc   o f   aggrega te ,  s t i l l  contained  within i ts  
p l a s t i c   c o l l a r  was then   p laced   in to   the   osmot ic  
cel l  and  clamped  up.  During  the  suction t es t ,  a i r  
cou ld   ea s i ly   be  drawn i n t o   t h e  specimen  between 
t h e   c o l l a r   a n d   t h e   f l e x i b l e  membrane. 
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FIGURE 4 250 Hour Heave vs 0 2 . 5  
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FIGURE 5 Beave Rat io  vs 0 2 . 5  ( A f t e r  Gorle,  1980) 
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FIGURE 6 Suctions  before  Freezing 

Spec imens   o f   sand/ f i l l e r   and   of   the   sof te r  
l imes tones   used   in   se r ies  H were prepared  without 
f reezing  and  were  extruded  f rom  the  col lars   pr ior  
t o  t h e   s u c t i o n   t e s t .  

f i g u r e  3 .  Each p o i n t  was determined by using a 
separate  specimen. 

Typical   aggregate   suct ion  curves   axe shown i n  

RELATIONSHIP BETWEEN SUCTION  CHARACTERISTICS 
AND FROST  SUSCEPTIBILITY 

Comparison  of f i g u r e  3 and column 7 of  Table 1 
showed t h a t   a t   a b o u t  pF 2 .5 ,  (31 kPa) t h e  
volumetr ic   moisture   contents ,  0 ranked  the 
m a t e r i a l s   i n   t h e  same o rde r   a s   t he   f ros t   heave .  
Figure 4 shows a p l o t  of H 2 5 0  a g a i n s t  0 2 . 5 .  With 
one  exception (DOL from t h e  earlier series of 
t e s t s   i n  which s l i q h t l y   d i f f e r e n t   t e c h n i q u e s  were 
used)   the   po in ts  l i e  f a i r l y   c l o s e l y  on a smooth 
curve.  For 02.5 l e s s   t h a n  20 ,  the   heave  increases  
with H 2 5 0  b u t   t h e r e a f t e r   t h e r e  is a decrease.  

A similar  dependence  between  heave  behaviour 
and 0 2 . 5  was observed   in   resu l t s   publ i shed  by 
Gorle (1980).  A plo t   o f   heave   ra t io   (heave/depth  
o f  f r o s t   p e n e t r a t i o n )   a g a i n s t  0 2 . 5  is  shown i n  
f i g u r e  5. 

S igni f icance  of 8 2 . 5  

In  both  the  secondary  heaving  theory (Miller 
1978) and  the  segregat ion  potent ia l   theory  (Konrad 
and Morqenstern 1980, 1981) ,   t he   c ruc ia l  zone i s  
the  f rozen  f r inge  between  the  ice   lens   and  the 
f r e e z i n g   f r o n t   ( F i g u r e  6 ) ;  the   segrega t ion  
po ten t i a l   t heo ry  i s  simpler  and  can be r e a d i l y  
a p p l i e d   t o   t h e   i n t e r p r e t a t i o n   o f   t h e   r e s u l t s  
p r e s e n t e d   e a r l i e r ;   i n   t h i s   t h e o r y ,   f r o s t   h e a v e  i s  
viewed as a problem of impeded  flow t o   t h e   l e n s  
due t o  tho  Low permeabi l i ty   associated  with  the 
h igh   suc t ions   p re sen t   i n   t he   f rozen   f r inge .  
Sa l ien t   equa t ions   a re   p resented   in   Table  2.  

suc t ion  were made by Thompson (1981)  for two of 
Es t imates   o f   the   var ia t ion   o f   permeabi l i ty   wi th  



TABLE 2 Essential   Equation s of Seg 
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r ega t ion   Po ten t i a l  The 
. "  

Equations  Notation 
I - 

T~ = 8.04 x 1 0 8  
hS (1) -T = temperature a t  t h e   l e n s i n g   f r o n t  ( "c)  

v =--  1 dH 
1.09 d t  

hs = suc t ion  a t  t h e   l e n s i n g   f r o n t  ( c m  water)  

( 2 )  ho = s u c t i o n   a t   t h e   f r e e z i n g   f r o n t  (cm water)  

hs - ho 

hS 

v = v e l o c i t y  of  flow (ns-l) 
= (- TS 

) I ( 3 )  " dt dH - r a t e  of  heave (ms- ' )  ; grad T = temperature   gradient  ("C/m) f f  

= SP grad T 

Z - u  = kU 
0 

(4) 
Eff  = average  coeff .   of   permeabi l i ty   in   the  f rozen  f r inge (ms- ' )  

ku = average  coef€.  of pe rmeab i l i t y   i n   t he   un f rozen  zone ( m s - l )  

(5)  zff = th ickness   o f   f rozen   f r inge  (cm) 

z = th ickness  of unfrozen  zone ( c m )  

t h e   m a t e r i a l s  by using series pa ra l l e l   po re  
i t e r a t i o n   t h e o r y  (Kunze e t  a1 1968)  (Figure 7 ) .  
Other   da t a   r e l evan t   t o   t he   onse t   o f   t he   t e rmina l  
l e n s   i n   t h e s e  materials i s  given  in   Table  1.  The 
v e l o c i t y  of flow was ca lcu la ted   f rom  the   heave /  
time curves by using  equat ion ( 2 ) .  The 
s e g r e g a t i o n   p o t e n t i a l s   a r e  Lower than 100 x 10- 
m m z  5-1 "C-l observed  for  Devon s i l t  a t  ho = 
100 cm by  Konrad  and  Morgenstern  (1981) . 
and (6 )  i nd ica t ed   t ha t   ho  was o f   t h e   o r d e r  of 
100 cm o r  less and h, was of   the   o rder  1000. 
S imi l a r   va lues   fo r  ho were no ted   fo r  a compacted 
g l a c i a l  till by  Garand  and  Ladanyi (1982) .  
Assigning  an  average  value of 1.05 t o   h s / ( h s  - ho) 
enabled  kff  to  be  found  from  equation (6). The 
corresponding pF va lues ,   o f  2.6 f o r  Dene and 2 .8  
for  whin,   were  read  directly  from  Figure 7 .  

These  values   are   in   reasonable   agreement   with 
pF 2 .5 ,  which was shown e a r l i e r   t o   b e   t h e   s u c t i o n  
a t  which the   suc t ion   cha rac t e r i s t i c s   r anked   t he  
f r o s t   s u s c e p t i b i l i t y .  However, t h i s  agreement 
needs to   be  confirmed by fur ther   comparisons  with 
d i r e c t l y  measured  permeabili ty  values a t   t h e  
appropr ia te   suc t ions .  

Nevertheless ,  it would seem reasonable   to  
assoc ia te   the   average   permeabi l i ty   k f f   wi th  a 
c h a r a c t e r i s t i c   s u c t i o n  h,. This  i s  t h e   s u c t i o n   a t  
t h e   p o i n t  where the   suc t ion   g rad ien t  i s  equal  to  
i t s  average  value  (Figure 6 ) .  The c h a r a c t e r i s t i c  
suct ion  hc w i l l  not normally  be  the  average 
suc t ion .  A graph  of Hz50 a g a i n s t  8,, t h e  
volumetr ic   water   content   corresponding  to  hc would 
be   expec ted   to  show a monotonic  increase. Thus 
pF 2.5 appea r s   t o   app rox ima te   t o   t he   cha rac t e r i s t i c  
s u c t i o n  of a l l   t h e  materials with  an OMC l e s s   t h a n  
10%. 

5 

Calcu la t ions   us ing   F igure  7 and  equations ( 5 )  

For f i n e r   m a t e r i a l s ,   f o r  example t h e  
Attenborough silt o r   c l a y   s o i l s ,   t h e   c h a r a c t e r i s t i c  
suc t ion  i s  l i k e l y   t o   b e   h i g h e r  so t h a t   t h e  O C  would 
be  lower  than 8 2 . 5 .  S i m i l a r l y ,   t h e   h i g h   i n t e r n a l  
p o r o s i t y  of t h e  MIC p a r t i c l e s   c o u l d   l e a d   t o  8 2 . 5  

being  an  overest imate   of  Bc- This  behaviour is 
r e f l e c t e d  by the   h igher  OMC values  i n  t he   ma te r i a l s  
which p l o t  on the   decreas ing  limb oE Figure 4. 

USE OF e 2 . 5  AS A FROST SUSCEPTIBILITY INDEX 

The f i v e   m a t e r i a l s   w i t h  8 2 . 5  l e s s   t h a n   9 %  were 
a l l  non-f ros t   suscept ib le   accord ing   to   the  TRRL 
test .  I f   f u r t h e r   t e s t i n g  on a considerable  number 
of o the r   g ranu la r   ma te r i a l s  were t o  show s i m i l a r  
behav iour ,   t hen   t h i s   c r i t e r i a   cou ld   be   u sed  as a 
method o f   a s s e s s i n g   f r o s t   s u s c e p t i b i l i t y .  However, 
the  t ime  taken  and  the  operator   effor t   involved  in  
assess ing  a s ing le   ma te r i a l  is similar f o r   t h e  
suc t ion  method  and f o r  a four-day  direct   f reezing 
t e s t .  The l a t t e r  i s  t h e r e f o r e   l i k e l y  t o  remain as 
t h e   p r e f e r r e d  method of   assess ing   f ros t  
s u s c e p t i b i l i t y .  

Never the less ,   the   appara tus   requi red  by t h e  
suc t ion  method i s  s imple r   t han   t ha t  needed f o r  
d i r e c t   f r e e z i n g  tests and it i s  eas i ly   dup l i ca t ed .  
Thus t he   suc t ion  method could  be a u se fu l   ad junc t  

-1 5; I I I I I 1 
1 2 3 4 5  

SUCTION I pF 
FICURF: 7 Es t imated   Permeabi l i ty   Charac te r i s t ics  
(Af te r  Thompson, 1981) 



e s p e c i a l l y  when only small samples were a v a i l a b l e ,  
o r  when l a r g e  numbers  of ma te r i a l s   needed   t o   be  
assessed   s imul taneous ly ,   e .g . ,   a t  s i t e  
inves t iga t ion   o r   t ende r   (b idd ing)   s t ages .  

COEICLUSIONS 

1. For a range of granular  materials, f r o s t  
heave  and 0 2 . 5  ( the   vo lumetr ic  water conten t  at a 
s u c t i o n  of pP 2.5, 31 kPa)  were  related by a 
s ing le   curve .  

2 .  The average   permeabi l i ty   in   the   f rozen  
f r i n g e  is associated  with  the  average  suct ion 
gradien t .  The suc t ion   cor responding   to   the  
average  gradient,   can  be  considered as  t h e  
' c h a r a c t e r i s t i c   s u c t i o n '   f o r   t h e   f r i n g e .  

pF 2.5 for  a wide va r i e ty   o f   g ranu la r   ma te r i a l s  
with  an optimum moisture  content less than  10%. 

4. Mate r i a l s   fo r  which 0 2 . 5  was less than  9% 
w e r e  non- f ros t   suscep t ib l e   acco rd ing   t o   t he  TRRL 
test. 

considerable  number of materials t o   e s t a b l i s h  
whether a limit based on s u c t i o n   c h a r a c t e r i s t i c s  
i s  of g e n e r a l   a p p l i c a b i l i t y .  

3 .  The cha rac t e r i s t i c   suc t ion   approx ima tes   t o  

5. F u r t h e r   t e s t i n g  i s  required  on a 
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2 

2 . . .  

Deformation  behaviour  and  strength  of  frozen  sand-ice  materials  containing  0.1 
t o  0.6 weight  fraction  of  sand  were  studied b t e s t ing   t he   s amples  a t  - 1 l O C  i n  
compression a t  a s t r a i n - r a t e  o f  7.7 x s-', under   hydros ta t ic   p ressures  
varying  between  0.1  and 85 MPa. The peak  s t rength  increased  with  increasing 
hydrostat ic   pressure,   reached a maximum for   confining  pressures   around 25 MPa, 
and   dec reased   fo r   fu r the r   i nc rease   i n   p re s su re .  The results are compared with 
those   ob ta ined   ea r l i e r   i n   pu re   po lyc rys t a l l i ne  ice and  frozen  saturated  sand. 

INTRODUCTION 

The e f f e c t s  of hydros t a t i c   p re s su re  on the  de-  
formation  behaviour,   and  strength,   of  frozen 
sa tura ted   sand  of uni form  gra in   s ize   conta in ing  
about 20% moisture  by weight of sand, were repor- 
t e d   e a r l i e r  (Parameswaran and Jones,   1981).  As 
a s e q u e l   t o   t h a t  work, the  authors   cont inued 
to   s tudy  the  behaviour   of   f rozen  sand-ice mix- 
t u r e s  of  various  sand t o  ice ra t ios .   under  
t r i a x i a l  condi t ions.  The present   paper   repor t s  
r e s u l t s  on t h e s e  new mater ia l s .  

The o b j e c t i v e  of t h i s   p r o j e c t  i s  t o   o b t a i n   a n  
overal l   p ic ture   of   the   deformation  behaviour   of  
sand-ice  mater ia ls   with  increasing  percentages 
of  sand  dispersed i n  i c e ,   s t a r t i n g  from  pure 
i c e   a t  one  end of the  spectrum  (Jones,  1978) 
t o   s a t u r a t e d   s a n d   a t   t h e   o t h e r  end  (Parameswaran, 
1980) .  Such a study w i l l  enable   us   to   understand 
the  physical   processes   involved  in   the  deforma- 
t i o n  of f r o z e n   e a r t h   m a t e r i a l s   u n d e r   t r i a x i a l  
conditions,   and w i l l  a l s o  be he lp fu l   i n   cvo lv -  
i ng   des ign   c r i t e r i a   €o r   founda t ions   i n   i ce   r i ch  
pe rmaf ros t   so i l s .   A l so ,   t he   s l i d ing  of g l a c i e r s  
on   t he i r   beds  is c o n t r o l l e d  by the  deformation 
of   such   ice- r ich   mater ia l s   (debr i s - laden  i c e )  a t  
t h e  bot tom  of   the  glaciers ,   and  subjected  to  
hydros ta t ic   p ressures   due   to   the   overburden .  

Very l i t t l e  work has  been  reported on t h e  
s tudy of  mechanical  behaviour  of  sand-ice 
mater ia ls   under   high  confining  pressures .  Be- 
s ides   Chamber la in   e t  a l .  (1972),  Alkire  and 
Andersland  (1973)  and  Sayles  (1974),  the only 
o t h e r s   a r e   t h e  work of  Simonson e t  al. (19741, 
and  our own work r e p o r t e d   e a r l i e r  (Parameswaran 
and  Jones,   1981).  

EXPERIMENTAL PROCEDURE 

(a) Specimen Preparat ion 

The sand  used for prepar ing   the  test specimens 
was from  Ottawa, I l l i n o i s ,   c o r r e s p o n d i n g   t o  
s p e c i f i c a t i o n  ASTM C-109, and  having a uniform 
g r a i n   s i z e  between 0.2 and  0.6 mm. C y l i n d r i c a l  

sand- ice   t es t   spec imens   wi th   d i f fe ren t  composi- 
t i o n s  were  prepared i n  s p l i t   a c r y l i c  molds (51  mm 
i.d.,  180 mm deep)  having  provision  for  evacua- 
t i o n  from t h e   t o p  and  suction  of water from t h e  
bottom.  Figure 1 shows a mold and a sample made 
i n  it. 

In  the  present   experiments   the  composi t ions  of  
the  samples  used  were  10 t o  2 0 %  sand by weight 
d i spe r sed   i n   i ce ,   and   s and- i ce   con ta in ing  37 t o  
50% ice. T e s t  specimens were prepared in a co ld  
room k e p t   a t  -6°C. A specimen  of the   requi red  
composition was made as follows: The volume f rac-  
t ions   o f   sand   and   ice   for  a specimen of d e s i r e d  
composition  were  calculated,  snow and  sand i n  
the  proper   weight   f ract ions  were mixed t o   o b t a i n  
t h e  volume f rac t ion   ca lcu la ted   above ,   the  
a c r y l i c  mold was f i l l e d   w i t h   t h e  snow sand  mixture 
(without  compacting,  but  with  l ight  tapping),   the 
mold was evacuated   to  some e x t e n t ,  and d i s t i l l e d  
water, precooled t o  j u s t  above O O C ,  was drawn 
i n t o   t h e  mold through a p o r t  a t  the  bottom,  with 
t h e  vacuum pump runn ing ,   un t i l   t he  mold was f u l l .  
The water froze  immediately,   with  the snow p a r t i -  
c l e s  and the   co ld   s and   pa r t i c l e s   ac t ing  as 
nuclea t ing   agents .  I n  th i s   p rocedure  it w a s  i m -  
p o s s i b l e   t o   e l i m i n a t e   t h e  a i r  bubbles  completely, 
b u t   t h e  t es t  specimens  obtained  had a f a i r l y  
uni form  d is t r ibu t ion  of sand  throughout   their  
volume. This  was confirmed by c u t t i n g  a sample 
p e r p e n d i c u l a r   t o  i t s  a x i s   i n t o   s e v e r a l   d i s c s ,  
and  determining  the  moisture  content of each by 
drying.  

After   a l lowing  the  sample  in   the mold t o  S i t  

i n   t h e   c o l d  room overnight  t o  a t ta in   t empera ture  
equilibrium,  the  specimen was removed from t h e  
mold, 25 mm length  was c u t   o f f  from e i the r   end ,  
and t h e   e n d s   f a c e d   i n   t h e   l a t h e   i n   t h e   c o l d  room. 
S ta in l e s s   s t ee l   end   caps  were mounted a t   e i t h e r  
ends of t h e  specimen  using  precooled  dis t i l led 
water. The f in i shed   tes t   spec imens  had a 
nominal  gauge  length o f  about  108 mm between t h e  
end  caps, so t h a t   t h e   l e n g t h   t o   d i a m e t e r   r a t i o  
w a s  g rea t e r   t han  2. P r i o r   t o   t e s t i n g ,   t h e  
diameter  and  length  of  each  sample  were  accurate- 
l y  measured. 
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(b)  Test  Procedure 

The  frozen  cylindrical  sand-ice  specimens  were 
tested  in  a  high  pressure  triaxial cell capable 
of withstanding  hydrostatic  pressures  up to  200 
MPa  (2 k bar). Figure 2 shows  a  schematic  dia- 
gram  of  the  pressure  vessel. The  pressure  ves- 
sel  was  kept  inside  a  cold  box  maintained at 
-ll°C, on the  base  of  a  universal  testing  machine 
(instron  Model  1116,  having a capacity  of 250 kN). 
All  tests  were  carried out  at  a  constant  rate of 
crosshead  motion  of 0.5 mm/min,  which  amounts to 
a  nominal  strain  rate  of  about 7.7 x s-l  on 
sample. The hydrostatic  pressure  was  varied  for 
each  test. The pressurizing  medium  was Dow 
Corning  silicone  fluid  200.  Uniaxial  compressive 
force  was  applied  by  a  piston  (P)  sealed  by two 
O-rings.  The  hydrostatic  pressure  inside the 
cell, as a  sample  was  deformed,  was  constantly 
monitored  by  a  Bourdon  type  of  pressure  gauge 
connected at the  port H of  the  pressure  vessel. 
Thus  the  exact  hydrostatic  pressure  inside  the 
cell  at  the  peak  load  could  be  known for  each 
test.  The  load  on  the  specimen at any  instant 
was  obtained  by  subtracting  the  load  due to  fric- 
tion  and  the  hydrostatic  pressure  from  the  total 
load  indicated  by  the  load  cell oE the  testing 
machine.  The  "nominal  strain"  shown on the 
various  figures  was  calculated  from  the  speed  of 
crosshead  motion  and  elapsed  time  divided  by  the 
original  sample  length. The temperature  inside 
the  pressure  vessel  was  monitored  by  a  thermo- 
couple  connected to  the  port T. During  a  test, 
the  variation  in  temperature  was  usually  less 
than 0.1"C. After  a  test,  the  sample  was  taken 
out  of  the  pressure  vessel,  drained  of  silicone 
fluid,  photographed  and  dried  in  an  oven to 
determine  the  moisture  content. 

RESULTS AND DISCUSSIONS 

Figure 3 shows  typical  deformed  sand-ice sam- 
ples.  Figure 4 shows  some  representative  stress- 
strain  curves  from  samples  of  various  composi- 
tions. The deformation  behaviour  of  these  sam- 
ples  and  their  stress-strain  curves  were  more 
similar  to  pure  polycrystalline  ice  samples 
tested  under  high  pressure (Jones, 1978),  than 
the  saturated  sand  samples  reported  earlier 
(Parameswaran  and Jones, 1981). Unlike  the 
latter,  which  showed  an  initial  yield  point, 
post  yield  work  hardening  behaviour  and  a  peak 
stress,  the  present  sand-ice  samples  showed  a 
peak  stress  coinciding  with  the  yield  point  at 
the  end of the  pseudo  elastic  region.  After 
this  peak  the  stress  dropped  rather  rapidly at 
first,  and  later  on  more  slowly,  but  continuously. 
Table I shows  the  data of peak  stress,  hydro- 
static  pressure,  strain at  peak, etc.  for  the 
various  samples.  The  samples  tested  could  be 
divided  into 4 groups  with  the  following  sand 
concentrations:  (a)  11.7 1.0%, (b) 16 5 2%, 
(c) 48 % 2%, and  (d) 63 A 3%. The  results  of 
these  are  shown  in  Figure 5 ,  where  the  peak 
stress  is  plotted  against  hydrostatic  pressure 
for  various  samples. 

All  the  curves  in  Figure  5  show  that  the  peak 
stress  increases  with  increasing  confining 

pressure  and  reaches a maximum  at  a  pressure  of 
about  25  MPa,  (12  MPa  in  case of 5 0 : 5 0  sand  ice) 
and  then  decreases  for  further  increase in hydro- 
static  pressure.  The  behaviour is similar  to 
that  observed  earlier  in  frozen  saturated 
sands  (Parameswaran  and Jones, 1981). Chamberlain 
and  others  (1972),  Alkire  and  Andersland (19731, 
and  Sayles  (1974)  have  also  reported  the  in- 
crease  in  strength  with  increasing  hydrostatic 
pressure  as  observed  by us and  shown  by  the 
early  part  of  Figure 5. This behaviour  could  be 
due to  the  closure o f  voids  and  microcracks  in 
the  samples.  The  decrease  in  strength  with  fur- 
ther  increase  in  hydrostatic  pressure,  after  the 
maximum,  is  thought  to  be  due  to  increasing 
amounts  of  unfrozen  water  in  the  samples  due to 
pressure  melting  around  the  sand  grains. 

Sirnonson et al.  (1974)  have  reported  testing 
ice  and  frozen  soils at -10OC  under  confining 
pressures  of  up  to  200 MPa.  Their  results, at 
first  sight,  seem to be  the  opposite o f  earlier 
observations  quoted  above.  They  reported  that 
the  peak  strength  in  ice  decreased  monotonically 
with  increasing  pressure,  whereas  in  frozen 
saturated  soils  (Ottawa  sand  and  kaolinite) 
the  peak  strength at first decreased  with  increas- 
ing  hydrostatic  pressure,  reached a minimum  at 
a  confining  pressure of 120  MPa, and  then  in- 
creased  again  fox  further  increase  in  confining 
pressure. This latter  increase  in  strength  was 
attributed  to  the  frictional  effect  arising 
from  interparticle  contact. A review o f  their 
test  data  (given  in  Appendix A of  their  paper), 
however,  shows  that  all  their  tests  were  done 
at atmospheric  pressure  (1  bar  of  0.1  MPa),  or 
at pressures  exceeding 50 MPa (0.5 k  bar), 
except  for  one  sample  of  polycrystalline  ice 
tested  at 40 MPa,  and two  samples of saturated 
Ottawa  sand  tested  at 46 and 48 MPa,  respectively. 
From  our  tests  we  saw  that  the  strength  reaches 
a  peak  value  at  a  confining  pressure of about 
25 MPa  for  ice  and  sand-ice  materials,  and  hence 
Simonson  et  al. (1974) could  have  missed  this  in 
their  tests. 

In Figure 6 the  present  results on sand-ice 
materials  are  compared  with  our  earlier  results 
on frozen  saturated  sand  and on ice  (Parameswaran 
and  Jones 1981, and Jones 1978, respectively). 
Curves  (a),  (b)  and ( c )  are  the  same as those 
of  Figure 5. Curve  (d)  is  the  expected  behaviour 
of  ice  at  a  strain  rate  of 7.7 x sL1 (as 
used  in  the  present  tests),calculated  from  the 
results of Jones (1978), using-the formula  for 
the  dependence of strain  rate E on the  strength 0: 

- n  
E U U  

where  the  exponent  n  was  found  to  have a value of 
5.4 at atmospheric  pressure (0.1 MPa)  and 3.9 in 
high  pressure  tests.  Curve  (e)  in  Figure 6 shows 
the  variation  of  peak  strength  with  hydrostatic 
pressure,  for  frozen  saturated  sand  containing  20% 
moisture  by  weight  of  sand  (this  corresponds  to 
a  sand/ice  ratio  of  83/17  by  weight,  or  a  volume 
fraction of 63/37). 
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These  results  seem  to  indicate  that  the  macro- 
scopic  strength  and  deformation  behaviour of ice 
is  not  considerably  affected  by  the  addition  of 
sandy  material  up  to 20% by  weight.  The  strength 
of  the  sand-ice  material  was  only  slightly  higher 
than  that  of  pure  ice.  (Similar  results on fro- 
zen  sand-ice  materials  were  reported  earlier  by 
Goughnour  and  Andersland (1968) from  uniaxial 
compression  and  creep  tests,  and by Alkire  and 
Andersland (1968) from  uniaxial  compression  and 
creep  tests,  and  by  Alkire  and  Andersland  (1973) 
from  triaxial  tests.) T h i s  would  seem  to  sup- 
port  the  criterion of the  application  of  the  flow 
law  for  ice  for  the  design of piles  in  ice-rich 
soils (Morgenstern  et al. 1980). In  the  sand-ice 
material  containing 4863% sand,  the  effect 
o f  interparticle  soil  grain  friction  also  comes 
into  play  and  causesan  enhancement of strength. 
These  samples  showed  a  higher  strength  than  the 
samples  with  11-16%  sand,  but  considerably  lower 
than  the  frozen  saturated  sand  (containing  about 
83% sand). For all these  materials  the  strength 
after  the  peak  drops  with  increasing  hydrostatic 
pressure,  presumably  due  to  increasing  amounts o f  
unfrozen  water  caused by pressure  melting  at  the 
ice-soil  interface. (In polycrystalline  ice  the 
pressure  melting  presumably  starts  at  the  grain 
boundaries). 

Further  tests  on  sand-ice  materials  containing 
sand  fractions  between 0.2 and 0.8 are  underway 
and  these  will  be  reported  elsewhere. 

CONCLUSION 

Sand-ice  materials  containing  about 10 to 60% 
sand  dispersed  uniformly  in i c e  were  tested  in 
compression  in a high  pressure  triaxial  cell  under 
hydrostatic  pressures  varying  from 0.1 to 85 MPa, 
at  a  temperature of -1l0C  and  a  compressive 
strain-rate  of 7.7~10*~ s-l. The  macroscopic  de- 
formation  behaviour  and  strength o f  those  samples 
which  contained  11-16%  sand  were  very  close  to 
the  behaviour of polycrystalline  ice  tested 
under  similar  conditions.  For  samples  containing 
48-63%  sand,  the  strength  was  higher  than  the 
previous  samples,  but  much  lower  than  the  frozen 
saturated  sand  (containing  about  17%  moisture by 
weight)  tested  under  similar  conditions. 

For all  these  materials  the  peak  strength  in- 
creased  hydrostatic  pressure,  reached  a  maximum 
at a  particular  confining  pressure  (about 30 MPa 
for polycrystalline  ice,  about 40 MPa  for  frozen 
saturated  sand,  and  about 25 MPa  for  the  present 
sand-ice  materials),  and  then  decreased  with 
further  increase  in  confining  pressure.  The 
decrease  of  strength  with  increasing  pressure 
after  the  maximum  is  presumably  due  to  the  in- 
crease  in  unfrozen  water  content  caused by 
pressure  melting  round  the  sand  particles. 
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TABLE I: Details of a l l  the tests reported. 

Peak Strain Hydrostatic 
Strain (True ) At Peak Pressure Sand 

Sample Temperature Rate Stress Stress A t  Peak Content 
NO. OC 10"5s-1 (ul-oq)MPa % (U3) MPa % 

20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30  
3 1  

5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
1 5  
16 
17  
18 
19 

33 
34 
35 
36 
37 
38 
40 
4 1  
52 

42 
43  
44 
45 
46 
48  
49  
50  
5 1  
53  

-11.0 
-10.4 
-11.0 - 9.8 
-10.2 
-10.9 
-10.4 
-10.6 
-10.8 
-10.6 
-10.8 
-10.8 

-10.1 
-10.0 
- 9.6 
-10.3 
-10.5 
-10.5 
-10.0 
-10.2 
-10.0 
-10.0 - 9.8 - 9.5 
- 9.7 
- 9.7 - 9.4 

-11 
-11 
-11 
-11 
-11 
-11 
-11 
-11 
-11 

-11 
-11 
-11 
-11 
-11 
-11 
-11 
-10.8 
-11 
-11.3 

7.69 
7.68 
7.66 
7.70 
7.71 
7 .71  
8.21 
8.19 
8.13 
8.20 
8.27 
8.15 

7.72 
8.63 
7 -61 
7.45 
7.52 
7.63 
7 .61  
7.67 
7.62 
7.71 
7.70 
7.70 
7.62 
7.69 
7.73 

8.20 
8.23 
8.18 
8.18 
8.24 
7.76 
7.77 
7.76 
7.74 

7.67 
7.65 
7.71 
7.70 
7.68 
7.67 
7.69 
7.68 
7.72 
7.72 

4.83 
8.10 
7.73 
6.84 
6.84 
7.96 
4.79 
8.28 
7.59 
7.56 
7  -87 
5.17 

4.78 
4.94 
3.89 
5.50 
7 .81  
5.08 
7.60 
7.06 
6.64 
7.54 
6.44 
4.98 
7.01 
5.03 
6.92 

7 -82  
10.14 

9.94 
9.47 

10.41. 
10.25 

9.97 
10 .93  

7.90 

10.99 
12.70 
12.25 
12.17 

9.74 
11.61 

9.40 
8.36 

10.26 
9.26 

1.05 
1.84 
1 .61  
1.66 
1.85 
1 - 7 1  
1.72 
1.96 
2.19 
2.95 
2.23 
2.69 

0.75 
1.10 
0.75 
2   -75  
1 .85  
2.00 
2.05 
1.75 
1.85 
1 .60  
1 .65  
1 .70  
1 .35  
1.15 
1.50 

2.07 
2.72 
2.31 
1 .84  
1.98 
1.63 
1.63 
1 .63  

1.38 
1.52 
2.36 
2.24 
3.00 
1.89 
2.45 - 
1 .71  
1.48 

0.1 
18.0 
40.0 
62.8 
70.0 
11.2 

0.1 
30.3 
48.5 
22.2 
18 .2  
0.1 

0 .1  
0.1 
0.1 

36.0 
33.5 

0 .1  
28.7 
18.0 
10.7 
54.0 
67.5 
81.4 
40.7 

0 .1  
47.5 

0.1 
45.6 
20.55 
61.50 
14.95 

6.10 
1 5   - 8 5  
11.40 

0 .1  

3.65 
22.95 
28.10 
35.20 
38.40 
43.0 
26.4 
49.4 
23.9 
0.1 

12.5 
11.6 
12.7 
11.7 
12.2 
11.7 
11.2 
11.3 
11.1 
10.7 
12 .4  
11.2 

1 

- 
- 
- 
- - 
- 
- - 

14.2 
16.7 
14.4 
17 .0  
18.6 
18.2 

50.5 
52 .1  
49.7 
53.7 
51.5 
44.9 
40.6 
49.6 
54.3 

58.5 
62.4 
65.3 
65.9 
66.4 
61.5 
62.6 
64.7 
62.2 
63.5 
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FIGURE 1 Split  acrylic mold and finished ' t es t  
specimen. 
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FIGURE: 4 Typical stress strain curves for sand-ice 
materials tested under high pressure. (a ,  b - 12.% 
sand; c, d - 16% sand; e, f - 50% sand.) . 

FIGURE 2 Schematic  diagram of the high pressure 
cell .  
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FIGURE 5 Variation of peak strength with confin- 
ing hydrostatic  pressure for  various sand-ice 
materials. (a): 11.7 5 1% sand, (b) 16 2% sand, 
(c) : 48 % 2% sand, (d) : 63 3% sand. 

I 1 I I 1 
0 20 40 60 80 100 

HYDROSTATIC PRESSURE, I,, MPa 

F I G U R E  6 Peak  strength  vs Hydrostatic Pressure: 
present results  (a - 12-16% sand, b - 48% sand, 
c - 63%  sand) compared with those f o r  polycrystal- 
line  ice (curve d) and frozen  saturated  sand. 
(curve e) . 



PERMAFROST-RELATED TYPES OF LARGE-SCALE DISSECTION,  DEGRADATION, AND DEFORMATION OF 
M A R T I A N  LANDSCAPE 

H e i n z  - P e t e r  J6ns  

G e o l o g i s c h e s   I n s t i t u t ,   T e c h n i s c h e   U n i v e r s i t a t   C l a u s t h a ; ,   L e i b n i z s t r a s s e  I O ,  3392  C laus-  
t h a l - Z e l l e r f e l d ,   F e d e r a l   R e p u b l L c   o f  Germany 

A u r e o l e s ,   m e g a - a u r e o l e s   a n d   c h a o t i c   t e r r a i n s  a r e  among M a r s '   m o s t   s i g n i -  
f i c a n t   p e r m a f r o s t - r e l a t e d   s u r f a c e   s t r u c t u r e s .   I n   a r e a s   o f  h i g h  r e l i e f  
t h e  m e l t i n g   o f  a p r o p o s e d   l a y e r   o f   u n d e r l y i n g   p e r m a f r o s t   l e d   t o   d o w n s l o p e  
s l i d i n g   o f   o v e r l y i n g   r i g i d   m a t e r i a l .  The r e s u l t s  w e r e  a u r e o l e s   w i t h  a 
maximum d i a m e t e r   u p   t o   a b o u t   1 , 6 0 0  km w h i c h   s u r r o u n d  t h e  l a r g e s t   v o l c a n o e s  
(Olympus Mons, E l y s i u m   M o n s ) .   L a r g e - s c a l e   d o w n s l o p e   s l i d i n g   o n   t h e   f l a n k s  
o f   v e r y   l a r g e   u p d o m i n g s   l e d  t o  t h e  d e v e l o p m e n t   o f   m e g a - a u r e o l e s   w i t h  a 
d i a m e t e r  up t o  a b o u t  6,000 km. 
I n  a r e a s  o f  l o w   r e l i e f   t h e   m e l t i n g   o f   u n d e r l y i n g   p e r m a f r o s t   l e d   t o  t h e  
o r i g i n   o f  much s m a l l e r   a r c u a t e l y   b o r d e r e d   d e p r e s s i o n s  w i th  maximum d i a -  
m e t e r s  up t o  a b o u t  300 km, t h e   c h a o t i c   t e r r a i n s .   M o s t   d e p r e s s i o n s  of  
t h i s   t y p e   a r e   r e l a t e d   t o   t h e   C h r y s e   P l a n i t i a   b y   l a r g e   o u t f l o w   c h a n n e l s .  
All t h e s e   f e a t u r e s  seem t o   h a v e   n o   c o u n t e r p a r t s   o n   E a r t h .  

I N T R O D U C T I O N  

C h a o t i c   t e r r a i n s   a n d   a u r e o l e s  a r e  mem- 
b e r s  o f  a l a r g e r   f a m i l y   o f   p e r m a f r o s t - r e l a -  
t e d   f e a t u r e s  o f  t h e  M a r t i a n   s u r f a c e .  Chao- 
t i c   t e r r a i n s  were i n i t i a l l y   r e c o g n i z e d   a n d  
d e s c r i b e d   f r o m   M a r i n e r  6 f r a m e s   ( S h a r p   e t  
aL. 1 9 7 1 )   a n d   l a t e r   o b s e r v e d   i n   d e t a i l  from 
M a r i n e r  9 ( S h a r p   1 9 7 3 ) .   T h e i r   e x i s t e n c e  has 
b e e n   c o n f i r m e d   b y   M a r i n e r  9 a n d   V i k i n g   p i c +  
t u r e s .  The o r i g i n   o f   c h a o t i c   t e r r a i n s   h a s  
c o m m o n l y   b e e n   a t t r i b u t e d  t o  u n d e r m i n i n g  o r  
sapp ing   mechan isms o r  g r o u n d   i c e   d e t e r i o r a -  
t i o n   ( S h a r p  e t  a l .   1971  ,Sharp   1973)   and w a 5  
r e c e n t l y   a t t r i b u t e d  t o  m e l t i n g  o f  u n d e r l y -  
i n g   i c e   d e p w s i t s   a n d / o r   p e r m a f r o s t   ( S o d e r -  
b lom  and  Wenner   1978,   Jons  1962a) .   Carr  
( 1 9 7 7 )   m e n t i o n e s   c h a o t i c   t e r r a i n s  " a s  add i -  
t i o n a l   s u p p o r t i n g   e v i d e n c e   f o r   e x t e n s i v e  
g round  i c e  i n  t h e   c r a t e r e d   u p l a n d s l l .  The 
r o l e  o f  t h e   c h a o t i c   t e r r a i n s   d u r i n g   t h e  
deve lopmen t  o f  t h e   M a r s   s u r f a c e   r e l i e f   h a s  
b e e n   e x p l a i n e d   b y   J o n s   ( 1 9 8 2 a ) .  

The a u r e o l e   m a t e r i a l   w h i c h   s u r r o u n d s  
Olympus  Mons was f i r s t   d e s c r i b e d   f r o m   M a r i -  
n e r  9 p i c t u r e s   ( C a r r   1 9 7 3 ) . T h e   a u r e o l e  ex -  
t e n d i n g  f r o m  t h e   v o l c a n o   c o n t a i n s  a s e r i e s  
o f  a v e r l y i n g   l o b a t e d   t h i n   u n i t s   w i t h   a r c u -  
a t e   b o u n d a r i e s .   U l y m p u s  Mons i t s e l f   i s  
b o r d e r e d   b y  a s c a r p   w h i c h   s t a n d s  2-8 km 
h i g h  (Wu e t  aL. 1981) .  Among the   numerous  
t h e o r i e s   w h i c h   h a v e   b e e n   p r o p o s e d  t o  expla in  
t h e  o r i g i n  o f  t h e   a u r e o l e   a r e   p o s t u l a t e s  
t h a t   t h e   a u r e o l e   h a s   b e e n   c a u s e d   b y   t h e  
w e i g h t  of Olympus  Mons on b e d d e d   d e p o s i t s  
( H a r r i s  1 9 7 7 )   a n d   s u b g l a c i a l   v o l c a n i c   d e p o -  
s i t s  (Hodges and  Moore 1980) .  M o r r i s   ( 1 9 8 2 )  
has r e i n t e r p r e t e d   t h e   a u r e o l e   m a t e r i a l s   t o  
be t h e  p r o d u c t s  of  a t   l e a s t  s i x  p y r o c l a s t i c  
e r u p t i o n s   p r i o r   t o   t h e   c o n s t r u c t i o n  o f  
Olyrnpus  Mons.  Lopes e t  a l .  (1980,  1 9 8 2 )  
p r o p o s e d  a mass  movement o r i g i n   f o r   t h e  au- 
r e o l e .   T h e y   i n t e r p r e t e d   t h e   s c a r p   a s   t h e  

s c a r  l e f t  b y   t h e   r e m o v a l  o f  m a t e r i a l .   L o p e s  
and  Guest   (1981 ) h a v e   c o n s i d e r e d   " t h a t   t h e  
emplacement o f  t h e s e   r o c k s l i d e s  was probab- 
l y  a i d e d   b y   m e l t i n g   o f   p e r m a f r o s t f f .  

JGns  (1982b,  1983a, b )  h a s   p o i n t e d   o u t  
t h a t   v e r y   l a r g e   a u r e o l e - l i k e   f e a t u r e s   a r e  
e x i s t i n g   i n   t h e   s u r r o u n d i n g s   o f   t h e  Tharsis- 
N a c t i s   L a b y r i n t h u s - W a l l e s   M a r i n e r i s  (TaNoVa) 
updomings  and in t h e  s u r r o u n d i n % o f   t h e  
E l y s i u m  dome, A c c o r d i n g   t o   t h e   v e r y   l a r g e  
d i a m e t e r  o f  t h o s e  s t r u c t u r e s  h e   h a s   c a l l e d  
t h e m  mega-aureo les .  

g r o u p s  o f  f e a t u r e s ,   t h e   d i f f e r e n t   t y p e s   o f  
c h a o t i c   t e r r a i n s   a s  w e l l  a s   t h e   a u r e o l e s  
a n d   t h e   m e g a - a u r e o l e s   a r e  t h e  r e s u l t   o f  
( ? p a r t i a l )   m e l t i n g   o f   u n d e r l y i n g   p e r m a f r o s t ,  
w i t h   r e f e r e n c e   t o   A n d e r s o n   ( 1 9 8 2 )  who has  
p o i n t e d   o u t  t h a t  " C a l c u l a t i o n s   b a s e d   o n   t h e  
V i k i n g   M i s s i o n   D a t a   r e s u l t s   i n d i c a t e   t h a t  
p e r m a f r o s t   t h i c k n e s s e s   r a n g e   f r o m   a b o u t  3.5 
k i l o m e t e r s  a t  t h e  e q u a t o r  t o  a p p r o x i m a t e l y  
8 k i l o m a t e r s   i n   t h e   p o l a r   r e g i o n s " .  

I n  t h i s   p a p e r  it i s  p r o p o s e d   t h a t   b o t h  

A R E A S  WITH A H I G H  RELIEF 

I f  one  assumes a m e l t i n g  o f  u n d e r l y i n g  
p e r m a f r o s t ,  a r e d u c t i o n  i n  s h e a r   s t r e n g t h  
i n  t h e  a r e a  o f  t h e  f u t u r e  s l i d i n g   w o u l d  
p r o d u c e  a h i g h   f l u i d   p r e s s u r e   a n d  a l o w  
s h e a r   s t r e s s .   U n d e r   s u c h   c o n d i t i o n s   s l i d e s  
c o u l d   o c c u r   u n d e r   t h e i r  own w e i g h t   o n  
s l o p e s  o f  1% ( H u b b e r t  a n d  Rubey  1959,  Lopes 
e t  a l .  1 9 8 2 ) .  T h e r e f o r e  i t  seems t o  b e  pos- 
s i b l e   t h a t   d o w n s l o p e   s l i d i n g   o f   o v e r l y i n g  
r i g i d -   m a i n l y   v o l c a n i c   - m a t e r i a l   c o u l d   f o r m  
a u r e o l e s  o f  d i f f e r e n t   s c a l e s   a n   M a r s  i n  
a r e a s   w i t h  a s u f f i c i e n t   d e g r e e   o f  r e l i e f .  

Aureoles  

A u r e o l e s   h a v e   b e e n   d e s c r i b e d   f r o m   t h e   s u r -  
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FIGURE 1 Fully d e v e l o p e d  a u r e o l e  a r o u n d  Olympus Mons ( O M ) .  
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r o u n d i n g s  o f  s o m e   l a r g e   v o l c a n o e s   ( O l y m p U S  
M o n s ,   E l y s i u m   M o n s ) .   T h e   b e s t  examRJe o f  a 
f u l l y   d e v e l o p e d   a u r e o l e  is s i t u a t e d   a r o u n d  
O l y m p u s   M o n s   ( F i g u r e  I ) ,  It cosists o f  
m a n y   o v e r l a p p i n g   l o b a t e   u n i t s   w h i c h   i n d i -  
c a t e  a m u l t i p l e   p h a s e   o r i g i n .   B e c a u s e   t h e  
a u r e o l e   a r o u n d   O l y m p u s   M o n s  h a s  b e e n   d i s -  
c u s s e d   i n   d e t a i l   e l s w h e r e ,  i t  will n o t   b e  
d i s c u s s e d   f u t h e r   h e r e .  

q u i t e   p o s s i b l e   t h a t   t h e   n u m e r o u s   c o n c e n t r i c  
f e a t u r e s   w h i c h   s u r r o u n d   E l y s i u m   M o n s   2 . e p r e -  
s e n t  a s p e c i a l   t y p e   o f   a n   a u c e o l e   t h e  deve.  
l o p m e n t   o f   w h i c h  came t o  a h a l t  i n  a v e r y  
e a r l y   s t a g e .   L o b a t e   u n i t s  do n o t  e x i s t  b u t  
C h r i s t i a n s e n   a n d   G r e e l e y  (1  9 8 2 )  s u s p e c t  
m e g a - l a h a r s   i n   t h i s   r e g i o n   ( F i g u r e  2 ). 

T h e   a u t h o r  i s  o f   t h e   o p i n i o n   t h a t  it i s  

2200 21 5 O  

FIGURE 2 A u r e o l e   a r o u n d   E l y s i u m  Mans. 

M e q a - A u r e a l e s  

M e g a - a u r e o l e s   w h i c h   s u r r o u n d   t h e  TaNoUa 
u p d o m i n g s   a n d   t h e   E l y s i u m   d o m e   h a v e   b e e n  
i d e n t i f i e d   b y   J o n s   ( 1 9 8 3 a , b ) .   I n   t h e  c a s e  
o f  t h e  T a N o V a   u p d o m i n g s l a r g e   p a r t s   o f   t h e  
s u r r o u n d i n g   l a n d s c a p e   b e c a m e   i n s t a b l e -   p e r -  
h a p s   d u e   t o   m e l t i n g  of u n d e r l y i n g   p e r m a -  
f r o s t   - a n d   f o r m e d  a s p e c i a l  s e r i e s  o f  n a r -  
row l a n d s c a p e s   d u r i n g   d o w n s l o p e   s l i d i n g   o f  
o v e r l y i n g  r i g i d  m a t e r i a l  ( f o r  d e t a i l  see  
Jfins 1 9 8 2 b ) .  A l l  t h o s e   f e a t u r e s   r u n   c o n c e n -  
t r i c a l l y   w i t h   r e s p e c t   t o   S y r i a   P l a n u m  - t h e  
h i g h e s t   p a r t  o f  t h e  T a N o V a   u p d o m i n g s -   a n d  
h a v e   b e e n   i n t e r p r e t e d  a s  s h o v e   s t r u c t u r e s  
( J a n s   1 9 8 2 b ,   1 9 8 3 a ,   b ) .  

Eas t  a n d   S o u t h e a s t   o f   t h e   E l y s i u m  dome 
remnants o f  a f o r m e r   m e g a - a u r e o l e  are s u s -  
p e c t e d   ( J o n s   1 9 8 3 b ) .   T h e  r e l i e f  o f  t h i s  
a r e a  i s  c h a r a c t e r i z e d   b y   w r i n k l e   r i d g e s   a n d  
n u m e r o u s   e r o s i o n a l   o u t l i e r s   w h i c h   r u n   c o n -  
c e n t r i c a l l y   w i t h   r e s p e c t  t o  t h e   c e n t e r  o f  
t h e   E l y s i u m  dome. On t h e   N o r t h w e s t   f l a n k   o f  
t h i s  d o m e   m e g a - l a h a r s   h a v e   b e e n   s u s a e c t e d  
b y  C h r i s t i a n s e n   a n d   G r e e l e y  ( 1 9 8 2 ) ~  
( F i g u r e  3) .  

AREAS WITH LITTLE R E L I E F  

C h a o t i c   t e r r a i n s  a r e  c h a r a c t e r i z e d   b y  
p o l y g o n a l  f r a c t u r e  s y s t e m s ,   a n g u l a r  mesas 
a n d   r o u n d e d   h u m m o c k s   a r r a n g e d   d i s o r d e r l y  
i n   i r r e g u l a r   h o l l o w s ,  c i r c u l a r  d e p r e s s i o n s ,  
o r  a t  t h e   b a s e  o f  s c a r p s   ( L u c c h i t t a ,  1 9 8 2 ) .  
F u r t h e r   c h a r a c t e r i s t i c s  a re  a r c u a t e   s t e e p  
e s c a c p m e n t s   w h i c h   s t a n d   u p  t o  a b o u t   3 , 0 0 0  rn 
h i g h   a n d   d e e p l y   i n c i s e d   s t r a i g h t   r u n n i n g  
o u t f l o w   c h a n n e l s   w h i c h   c o n n e c t   m a n y   c h a o t i c  
t e r r a i n s  w i t h   t h e   C h r y s e   P L a n i t i a .   M o s t  
c h a o t i c  t e r r a i n s  a r e  f o u n d   i n   t h e   M a r g a r i -  
t i f e r  S i n u s   a n d   i n   t h e   O x i a   P a l u s   q u a d r a n p  
l e .  S h a r p   ( 1 9 7 3 )   a s c r i b e d   t h e   o r i g i n  o f  t h e  
c h a o t i c   t e r r a i n s   t o   p o s s i b l e   c o l l a p s e  
t h r o u g h   t h e   d e g r a d a t i o n   o f   g r o u n d  i c e .  
L u c c h i t t a   ( 1 9 8 2 )  i s  o f  t h e   o p i n i o n   t h a t  
same c h a o t i c   t e r r a i n s  a r e  a s s o c i a t e d   w i t h  
f l u v i a l  d e p o s i t i o n a l   c e n t e r s   a n d   s u g g e s t s  
t h a t   c h a o t i c   t e r r a i n s  may h a v e   d e v e l o p e d  
p r e f e r e n t i a l l y   o n   s e d i m e n t a r y   d e p o s i t s .  I n  
a p r e l i m i n a r y   c l a s s i f i c a t i o n  o f  t h e   c h a o t i c  
t e r r a i n s  J o n s   ( 1 9 8 2 a )   h a s   d i s t i n g u i s h e d  
t h r e e  t y p e s :  t h e   n o n p r o g r e s s i v e   a n d   t h e  
p r o g r e s s i w e - c h a o t i c   t e r r a i n s   a n d   t h e   l i n e -  
a r l y   d e l i n e a t e d   c o l l a p s e   s t r u c t u r e s .  Car- 
ful i n v e s t i g a t i o n s   h a v e   s h o w n   t h a t  a t  l e a s t  
f i v e   t y p e s  can b e   d i s t i n g u i s h e d .  

N o n p r o q r e s s i v e   C h a o t i c   T e r r a i n s  

T h e s e   s t r u c t u r e s  a r e  e n c i r c l e d  b y  a r c u -  
a t e  e s c a r p m e n t s   w h i c h   s t a n d   u p   t o   a b o u t  
3 , 0 0 0  m h i g h .   P r o b a b l y   d u e   t o   d e g r a d a t i o n  
o f   g r o u n d  i c e  ( S h a r p   1 9 7 3 )   t h e   o v e r l y i n g  
r i g i d  m a t e r i a l  s a n k   a n d   c r a c k e d .   T h i s  led 
t o   t h e   o r i g i n   o f   n u m e r o u s   l i n e a r   s h a l l o w  
g r a b e n s   w h i c h   t r a n s s e c t   t h e   r e m n a n t s  o f  
t h a t  m a t e r i a l  w i t h i n   t h e   c h a o t i c   t e r r a i n s .  
M o s t   o f   t h e s e   d e p r e s s i o n s  a r e  r e l a t e d   t o  
t h e   C h r y s e   P l a n i t i a   b y   l a r g e   a n d   d e e p l y  irr 
c i s e d   s t r a i g h t   o u t f l o w   c h a n n e l s  (e .  q. 
Ares-, T i u - ,  S i m u d  Va l l i s ) ,  ( F i g u r e  4 ) .  

FIGURE 4 N o n p r o g r c s s i v e  c h a o t i c  t e r r a i n  (cn) 
w i t h  l a r g e   o u t f l o w   c h a n n e l  ( 0 ) .  
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P r o q r e s s i v e   C h a o t i c   T e r r a i n s  

C h a o t i c   t e r r a i n s   o f  t h i s  t y p e   d i s s e c t   t h e  
l a n d s c a p e   b y   c u t t i n g   o f f   s i c k l e - s h a p e d  
p a r t s  o f  t h e   a d j a c e n t   u p l a n d .   H e n c e   t h e  
r e m n a n t s   o f   t h e   o v e r l y i n g   m a t e r i a l   a r e   c h w  
r a c t e r i z e d   b y   s e r i e s  o f  a r c u a t e   s h a l l o w  
grabens.  As no t r u e  outf-nnels  have 
been  formed,  t h e  d e g r a d a t i o n  o f  g r o u n d   i c e  
p r o b a b l y   s t a r t e d   w i t h   w i d e   f r o n t s   a l o n g  the 
f l a n k s  o f  p r e e x i s t i n g   c h a n n e l s   ( e .  g. Eckrs  
Chasma) a n d / o r   s h a l l o w   d e p r e s s i o n s .  The 
b e s t   e x a m p l e  o f  a p r o g r e s s i v e   c h a o t i c   t e r -  
r a i n   i s   s i t u a t e d   n e a r   H e c a t e s   T h o l u s / N o r t h .  
L o w l a n d s   ( F i g u r e  5 ) .  
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FIGUEE 6 C h a o t i c  t e r r a i n  w i t h i n  ca tchmen t  
b a s i n  (Southern  Up lands ) .  

F I G U R E  5 P r o g r e s s i v e   c h a o t i c   t e r r a i n s  ( C H )  
near   Heca tes   Tho lus   (HT) .  

C h a o t i c   T e r r a i n s   W i t h i n   C a t c h m e n t   B a s i n s  

R e c e n t l y ,   c h a o t i c   t e r r a i n s   i n   a p p a r e n t  
s h a l l o w   d e p r e s s i o n s  a n c i e n t   c r a t e r   s c a r s )  
h a v e   b e e n   d e s c r i b e d  L u c c h i t t a   1 9 8 3 a ) .  
T h e s e   d e p r e s s i o n s   p r o b a b l y  became f i l l e d  
wi th  s e d i m e n t s   f r o m   l o c a l   r u n o f f   w h i c h  s e m  
t o  t h i n  o u t  n e a r   t h e i r   b o r d e r .   H e n c e  many 
c h a o t i c   t e r r a i n s  o f  t h i s   t y p e   a r e   c h a r a c t e -  
r i z e d   b y  a c o m p l e x   d r a i n a g e   p a t t e r n  i n  
t h e i r  s u r r o u n d i n g s   a n d   b y   t h e   a b s e n c e  o f  
e n c i r c l i n g   o s c a r p m e n t s .   T h e y   h a v e   b e e n  
i d e n t i f i e d   o n   t h e   S o u t h e r n   U p l a n d s   a s  w e l l  
as  i n  t h e  l o w e s t  a r e a s  i n  Candor Chasma/ 
V a l l e s  Mar ine r i s  ( F i g u r e  6 ) .  

L i n e a r   D e p r e s s i o n s  

L i n e a r   d e p r e s s i o n s  seem t o   e x i s t   o n l y  i n  
t h e  v i c i n i t y  o f  H a d r i a c a   P a t e r a / S o u t h e r n  
U p l a n d s .   T h e y   a r e   c h a r a c t e r i z e d   b y   l i n e a r  
e s c a r p m e n t s   w h i c h  run  m o r e  o r  l e s s   p a r a l l e l  
t o   e a c h   o t h e r   f o r m i n g   b o x - s h a p e d   d e p r e s s i -  
ons. I n  c o n t r a s t  t o  t h e   c h a o t i c   d e p r e s s i o n s  
d e s c r i b e d   a b o v e  t h e  a v e r a g e   t r e n d   o f   t h e s e  
s t r u c t u r e s  seems t o   c o r r e s p o n d  wi th  t h e  
main t r e n d s  o f  t h e   p l a n e t s   t e c t o n i c s .   T h e  
d e p r e s s i o n s  o f  t h i s   t y p e   a x e   r e l a t e d   t o   t h e  
H e l l a s   P l a n i t i a   b y   s h a l l o w   o u t f l o w   c h a n n e l s  
( F i g u r e  7) .  

FIGURE 7 L i n e a r   d e p r e s s i o n s   n e a r   H a d r i a c a  
P a t e r a  (HP), 

C o l l a p s e   S t r u c t u r e s  

C o l l a p s e   s t r u c t u r e s  seem t o   h a v e   b e e n  
c r e a t e d   b y   r e l e a s e  o f  w a t e r  f r o m  p r o b a b l y  
c o n f i n e d   a q u i f e r s   ( C a r r  1979) .  They c o n s i s t  
o f  b r o a d   s h a l l o w   o u t f l o w   c h a n n e l s   w h i c h  
emerge f u l l  b o r n  a l o n g  l i n e a r   e s c a r p m e n t s .  
The best e x a m p l e   o f   t h i s   t y p e   i s   R a v i   V a l l i s .  
It c o n t a i n s  a c h a o t i c  t e r r a i n  o f  medium 
s i z e ,  Aromaturn  Chaos, w h i c h  is s i t u a t e d  i n  
f r o n t  o f  t h e   L i n e a r   e s c a r p m e n t   f r o m   w h i c h  
R a v i   V a l l i s   e m e r g e s   ( F i g u r e  8). 



57 L 

FIGURE 8 C o l l a p s e   s t r u c t u r e  w i t h  Aromatum 
C h a o s ( a )   a n d   o u t f l o w   c h a n n e l   ( b ) ,  
R a v i   V a l l i s .  

CONCLUSIONS 

As m o s t  o f  t h e   f e a t u r e s   d e s c r i b e d  i n  
t h i s  p a p e r   a r e   s i t u a t e d  w i t h i n  a b r o a d  
t r a n s i t i o n  z o n e   b e t w e e n   t h e   S o u t h e r n  Up- 
l a n d s   a n d  t h e  N o r t h e r n   L o w l a n d s ,  t h e  pos -  
s i b i l i t y   c a n   n o t  b e  r u l e d   o u t  t h a t  a t  
l e a s t   p a r t s   o f   t h e   N o r t h e r n   L o w l a n d s  came 
i n t o   e x i s t e n c e   b y   g r o u n d   i c e   d e t e r i o r a t i o n  
a n d / o r   m e l t i n g   o f   p e r m a f r o s t .  

C o n s e q u e n t l y  i t  seems t o  b e   p o s s i b l e  
t h a t   l a r g e - s c a l e   p e r m a f r o s t - r e l a t e d   d i s s e c -  
t i o n ,   d e g r a d a t i o n ,   a n d   d e f o r m a t i o n   o f   l a n d -  
scape   were   among  Mars '  m o s t  i m p o r t a n t  
r e l i e f   g e n e r a t i n g   p r o c e s s e s .  
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FIELD EVIDENCE OF GROUNDWATER RECHARGE IN INTERIOR ALASKA 

Douglas L. Kane and  Jean S te in  

I n s t i t u t e   o f  Water  Resources, Univers i ty   o f   A laska,  
Fairbanks,  Alaska 99701 USA 

Inc reased   u t i l i za t i on   o f   g roundwate r   resources   i n   d i scon t inuous  
permaf ros t   reg ions   requ i res   tha t  we develop a b e t t e r   u n d e r s t a n d i n g   o f   t h e  
system  and i t s  processes.  This  paper  discusses  the  mechanics  of one of 
the  processes,  groundwater  recharge. Two d i s t i n c t l y   d i f f e r e n t   s o i l  
cond i t i ons   ex i s t ;   genera l l y   pe rmaf ros t   i nh ib i t s   d ra inage   and   t hese   a reas  
are   poor ly   d ra ined,  whereas  nonpermafrost   areas  are  bet ter  drained  for  
t he  same soi l   type.   F ie ld   s tud ies  near   Fa i rbanks,   A laska,  show t h a t   t h e  
i n f i l t r a t i o n  and h y d r a u l i c   c o n d u c t i v i t y   p r o p e r t i e s   f o r   f r o z e n  and 
u n f r o z e n   s o i l s   v a r y   s u b s t a n t i a l l y .   F r e e z i n g   o f  a s o i l  reduces  the 
i n f i l t r a t i o n   r a t e  because o f   t h e   e x i s t e n c e   o f   i c e   i n   s o i l   p o r e s .  
F u r t h e r ,   f r o z e n   s o i l s   w i t h   h i g h   i c e   c o n t e n t s  have l o w e r   i n f i l t r a t i o n  
p roper t i es   t han   f rozen   so i l s   w i th   l ow   i ce   con ten ts .   F rozen   bu t  
r e l a t i v e l y   d r y   s o i l s  behave i n  a manner s i m i l a r   t o   u n f r o z e n   s o i l s .  
T h e r e f o r e ,   s u b s t a n t i a l   i n f i l t r a t i o n  can  occur i n   s e a s o n a l l y   f r o z e n   s o i l s  
from snowmelt. Our f i e l d   s t u d i e s  have shown t h a t  most  of  the  groundwater 
recharge  occurs  dur ing  the snowmelt per iod   in   nonpermaf ros t   a reas .   Th is  
i s   p a r t l y  because o f   t h e   s o i l   c o n d i t i o n  and p a r t l y  because o f   t h e   l a r g e  
q u a n t i t y   o f   w a t e r   a v a i l a b l e .  Recharge du r ing   t he  summer i s   l i m i t e d  by 
t h e   p a t t e r n  of summer p rec ip i t a t i on   coup led   w i th   t he   ongo ing   p rocess   o f  
evapo t ransp i ra t i on .  

INTRODUCTION 

V a r i o u s   u n c e r t a i n t i e s   e x i s t   i n  some regions 
as t o   t h e   l o n g - t e r m   a v a i l a b i l i t y   o f   g r o u n d w a t e r  
resources.  This  problem i s  compounded i n  
permafrost   areas by t h e   l a c k   o f   d a t a  on 
groundwater a v a i l a b i l i t y  as r e l a t e d   t o   p e r m a f r o s t  
d is t r ibut ion.   Excess ive  groundwater   wi thdrawals  
may exceed  natura l   recharge  ra tes,  and thus 
increase  both pumping  and  development  costs  due t o  
the   wa te r   l eve l   dec l i nes .  The p o t e n t i a l   f o r  
groundwater  recharge i s   p r i m a r i l y   c o n t r o l l e d  by 
the  geolog ic   condi t ions  near   the  ground  sur face.  
I n   c o l d   r e g i o n s ,   t h e   h y d r a u l i c   p r o p e r t i e s   o f  
near-sur face  so i ls   can  vary   substant ia l ly ,  
depending upon the  moisture  regime and  whether  the 
s o i l   i s   f r o z e n   o r   u n f r o z e n .  

This  paper  presents a d i s c u s s i o n   o f   t h e  
p o t e n t i a l   f o r  groundwater  recharge i n  areas o f  
permafrost  and extensive  seasonal   f rost .  

GROUNDWATER SYSTEM 

In   permafrost   reg ions,  a de l ineat ion   shou ld  
be made between  areas o f   con t inuous  and 
d iscont inuous  permafrost .   Th is   d iv is ion i s  very  
c r i t i c a l  when examining  groundwater  f low i n   c o l d  
regions.  In  cont inuous  permafrost   areas,  there i s  
e s s e n t i a l l y  no hydraul ic  connection  between 
groundwater i n   t h e   a c t i v e   l a y e r  and  subpermafrost 
groundwater.   Soi l   temperatures  are  colder i n  
continuous  permafrost  areas, so the  permafrost  i s  
t h i cke r .   Hyd rau l i c   p roper t i es   a re   a l so  
temperature-dependent,  and t h i s  dependence i s  more 
c r i t i ca l   a t   t empera tu res   be low 0°C. I n  
discont inuous  permafrost   areas, a h y d r a u l i c  

connection  exists  between  subpermafrost 
groundwater  and  the  surface  through  unfrozen 
zones in   t he   pe rmaf ros t .  These  zones are 
general ly  found on south  slopes and beneath  most 
lakes and l a r g e   r i v e r s .  

Groundwater  zones i n   p e r m a f r o s t   r e g i o n s   a r e  
c l a s s i f i e d  as either  suprapermafrost  groundwater 
o r  subpermafrost  groundwater.  Suprapermafrost 
groundwater i s   t h e   s a t u r a t e d  zone  above the  
permafrost, and  subpermafrost  groundwater i s   t h e  
sa tu ra ted  zone below  the  permafrost.  In  areas 
o f  d i scon t inuous   pe rmaf ros t ,   t he re   i s  a 
t r a n s i t i o n  from  the  subpermafrost  groundwater t o  
the  groundwater i n   t he   pe rmaf ros t - f ree   a reas .  
It should  be  noted  that   permafrost   acts as a 
r e l a t i v e l y  impermeable  conf in ing  layer,  so 
subpermafrost  groundwater  can  behave as water i n  
a conf ined  aqu i fe r .  

Because o f   t h e   s h a l l o w   n a t u r e  and 1 i m i t e d  
volume o f  water,  suprapermafrost  groundwater 
cannot be  used d i r e c t l y   f o r   d o m e s t i c   w a t e r .  
However, dra inage  o f   water   through  th is   layer  t o  
streams  and  lakes  can  resul t  i n  a p o t e n t i a l  
water  supply. Many engineer ing  problems  are 
a s s o c i a t e d   w i t h   d r a i n a g e   i n t o  and o u t   o f   t h e  
a c t i v e   l a y e r .  

Development  of  subpermafrost  groundwater 
has  been q u i t e   s u c c e s s f u l   i n  many r e g i o n s   o f  
d iscont inuous  permafrost .   In   areas  o f  heavy 
groundwater  usage,  substant ia l   decl ines i n  
groundwater  levels  have been observed,  but   not  
explained. 

For  understanding  or  est imat ing  groundwater 
recharge,  the  mechanics o f  w a t e r   i n f i l t r a t i o n  
and movement i n t o   t h e   u n s a t u r a t e d  zone i s   o f   t h e  
greatest   impor tance.  It i s  t h r o u g h   t h i s   l a y e r  
t h a t   a l l  groundwater  recharge  must  f low.  This 
l aye r   can  be l ess   t han  1 m t h i c k   i n   t h e   a c t i v e  
l a y e r  above pe rmaf ros t   o r  more than 100 m t h i c k  
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in  permafrost-free  areas  near  ridgetops.  The 
unsaturated  zone  may  consist  of  primarily  organic 
soils  in  the  active  layer. The hydrologic  role  of 
these  organic  soils  should  not  be  underrated 
because  they  act  as  an  important  buffer,  both 
hydraulically  and  thermally,  between  the 
atmosphere  and  mineral  soil  (Slaughter  and  Kane 
1979). Soil  moisture  levels  can  vary,  but 
generally  high  moisture  levels  exist  in  the  active 
layer  above  permafrost.  Better-drained  soils  with 
lower  water  contents  are  found  in  permafrost-free 
areas  (Kane  et  al.  1978a).  The  permafrost  is 
responsible  for  impeding  drainage  and  for  the 
development  of  high  moisture  levels. In turn,  the 
high  moisture  levels  dictate  the  type  and  density 
of vegetation  and  subsequent  evapotranspiration 
rates. 

The  climatic  variables  of  interest  in 
groundwater  recharge are the  intensity,  duration, 
and  timing of the  precipitation  event. 
Low-intensity  events  allow  infiltration  to  occur 
without  producing  runoff.  High-intensity  events 
may  exceed  infiltration  rates  and  produce  runoff. 
Duration of the  event  is  important  because  longer 
events  have  greater  potential  for  groundwater 
recharge.  Timing  of  a  hydrologic  event  is 
important  because  the  source of water  can  be 
either  snowmelt or rainfall, OX a  combination of 
both.  In  Alaska,  except  at  high  altitudes  and 
along  the  coast,  areas  of  continuous  and 
discontinuous  permafrost  are  classified  as  arid 
climates,  based  on  annual  precipitation.  Both 
rainfall  and  snowmelt  intensities  are  rather  low. 
But  the  duration  can  be  quite  long,  especially  for 
snowmelt  events.  Whereas  the  occurrence  of 
rainfall  events  are  much  less  predictable,  it  is 
certain  that a snowmelt  event  will  occur  every 
spring  and  that  a  potential  for  groundwater 
recharge  exists  because  the  snowpack  can  represent 
4040% of annual  precipitation. 

FIELD  EVIDENCE OF GROUNDWATER  RECHARGE 

Reported  here  are  selected  results  from 
numerous  studies  performed  by  the  authors  that 
help  provide  knowledge  of  the  process of 
groundwater  recharge  in  cold  regions.  Some 
comparative  data on hydraulic  properties  of  frozen 
soils that  were  reported by other  authors  are 
included  in  the  latter  part of this  section. 

Field  data  were  collected  near  Fairbanks, 
Alaska,  in  an  area  of  discontinuous  permafrost. 
Permafrost  is  found on north-facing  slopes  and  in 
valley  bottoms;  south-facing  slopes  are  generally 
permafrost-free. The predominant  soil  type  in 
this  forested  area  is  wind-deposited  silt  loam 
overlain  with  organic  material.  The  thicknesses 
of the  organic  soils  vary  (generally 0-50 cm, 
thicker  in  permafrost  areas) as  do  the  mineral 
soils (0-60 m, greatest  thickness  in  valley 
bottoms).  Permafrost  thicknesses  can  exceed 60 m. 
We  collected f ie ld  data  with  two  primary  goals (1) 
to  assess  the  potential  for  groundwater  recharge 
from  rainfall  and  snowmelt  events,  and  (2) to 
evaluate  the  potential  for  groundwater  recharge  in 
permafrost  and  nonpermafrost  areas. 

Recharge  from  Rainfall 

Numerous  studies  (Kane,  Seifert,  and  Taylor 
1978,  Kane  et al. 1978b)  have  been  carried  out 
in which  tensiometers  installed  at  various 
depths  were  used  to  monitor  soil  moisture 
conditions,  With  a  characteristic  curve  (pore 
pressure--moisture  content  relationship),  one 
can  estimate  the  moisture  content  from 
tensiometer  readings, as well  as  determine  the 
hydraulic  gradiebt.  From  this,  the  direction  of 
flow  is  deternined.  Tensiometer  readings 
indicated  that  €or  nonpermafrost sites, the 
soils  were  very  dry  for  much  of  the  summer. 
Even  during  rainfall  periods,  very  little 
reduction  in  the  soil  tensions  occurred.  The 
general  trend  was  for  the soils to  become  drier 
over  the  summer  season.  In  unsaturated  soils, 
Lower  moisture  content  yields  lower  hydraulic 
conductivity. For significant  groundwater 
recharge  to occur, strong  downward  vertical 
gradients  are  required.  These  did  not  occur. 
We  concluded  that  most  of  the  soil  water  was 
lost  to  evapotranspiration.  Braley  (1980) 
examined  evapotranspiration losses from  barley 
and  rapeseed  near Delta, Alaska.  He  concluded 
that  summer  precipitation was equivalent to 
measured  evapotranspiration. 

Precipitation  events  have  already  been 
described  as  being of low  intensity  and of 
variable  duration,  resulting  in  low  quantities 
of annual  precipitation.  From  the  tensiometer 
data  (Luthin  and  Guymon 1974, Kane  et  al. 
1978a),  we  concluded  that  little,  if any, 
recharge  occurs  during  the  summer  months.  The 
only  exception  would  be  periods of sustained 
precipitation ( >  3 cm),  which  are  rare.  We  then 
looked  at  snowmelt as  a  source  of  groundwater 
recharge. 

Snowmelt  Lysimeters 

The  first  attempt  to  quantify  snowmelt 
infiltration  into  seasonal  frozen  soils  was to 
construct  several  lysimeters  that  only  allowed 
vertical  movement  of  meltwater.  These 
one-dimensional  lysimeters  are  described  by  Kane 
et  al.  (1978a).  Numerous  lysimeters  were  built 
so that  evaporation  losses,  moisture  retention 
of  organic  soil,  and  moisture  retention  of 
mineral  soil  could  be  determined. 

Some  lysimeters  collected  and  measured  just 
snow.  The  next  series of lysimeters  collected 
snowfall,  but  the  snowmelt  had  to  flow  through  a 
10-cm  layer  of  organic  material. The last 
series  of  lysimeters  collected  snowfall,  and  the 
snowmelt  water  flowed  through  the  organic  layer, 
plus a 20-cm  layer  of  mineral  soil. The  system, 
associated  processes,  and  type  of  results  are 
shown  in  Figure 1. Water  leaving  the  bottom  of 
the  lysimeters  at  base of snowpack,,  organic 
layer,  and  mineral  layer  was  collected  and 
measured. The data  shown  in  the  figure  are  for 
1976,  and  the  maximum  water  content  prior to 
ablation  of  the  snowpack  was 10 cm.  We  measured 
between  17  April  and  27  April  that  2.1  cm  of 
water  was  retained  in  the  organic  layer, 2.7  cm 
was  retained  in  mineral  soil,  and 3.5 cm of 
water  passed  through  the  lysimeters,  From  this 
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FIGURE 1 One-dimensional  field  model  showing  the 
path  of  snowmelt. 

data  we  concluded  that a maximum of 1.7 cm  was 
lost to evaporation.  The  combined  soil  depth  of 
30 cm  in  the  last  series o f  lysimeters  represents 
the  root  zone  where  evapotranspiration  would 
occur.  Infiltration  water  reaching  greater  depth 
was  considered  to  be  potential  groundwater 
recharge.  In  this case, 3 . 5  cm  of  water (35%) 
represented  potential  groundwater  recharge. 
Similar  data  were  collected for 1977.  

Because  drainage o f  the  soils  was  allowed 
from  the  bottom  of  the  lysimeters,  these 
conditions  were  only  representative  of 
well-drained  soils  found on nonpermafrost  sites. 
Also,  no  water  was  allowed  to  leave  the  lysimeter 
except  by  evapotranspiration  or  drainage  through 
the  bottom of the  lysimeters. 

It  was  concluded (1) that  significant 
groundwater  recharge  can  occur  annually  from 
snowmelt  in  well-drained,  although  seasonally 
frozen  soils;  but ( 2 )  that  it  is  necessary  to 
examine  the  influence  that  higher  moisture 
contents  have on the  infiltration  rates of 
seasonally  frozen  soils to  assess  the  potential 
fox  groundwater  recharge on sites  with  other  than 
well-drained  soils. 

INFLUENCE OF MOISTURE CONTENT ON INFILTRATION 

We used  two  types of infiltrometers:  auger 
hole  and  double  ring. The auger-hole  method 
used  a  hole 11.1 cm in  diameter  and 20 cm  in 
depth  that  was  drilled  into  the  seasonally 
frozen  soil.  Infiltration  rates  were  obtained 
and  compared  for a variety of moisture  contents 
in both  frozen  and  unfrozen  conditions  (Kane 
1980).  The  major  advantage  of  this  method is 
that  one  can obtain samples for determination of 
moisture  content  and  presence of ice  lenses  from 
the  collected  soil  core.  The  main  disadvantage 
of  this  method  is  that  true  vertical 
infiltration  is  not  obtained,  because  lateral 
flow  is  not  prevented. So the  measured 
infiltration  rates  are  greater  than  actual 
values.  From  these  data,  relative  values for a 
wide  range  of soil conditions  showed  that  high 
infiltration  rates  existed  for dry,  frozen  soils 
and  that  inEiltration  declined as the  moisture 
content  of  the  frozen  soil  increased. 

Double-ring  infiltrometers  were  used  to 
overcome  the  Lateral-flow  problem. To minimize 
the  disturbance  of  the  seasonally  frozen  soil 
during  installation,  we  decided  to  install  the 
infiltrometers  prior  to  the  development  of 
seasonal  frost. To minimize  the  effect  of  the 
infiltrometer on the  thermal  regime,  the  surface 
organic  layer  was  replaced  around  and  inside  the 
infiltrometer  until  the  testing  began  at  the 
onset  of  ablation.  The  diameters of the  rings 
were 18 cm  and 36 cm.  The  ring  was  installed 9 
cm  into  the  mineral soil, and a constant  head  of 
6 cm  was  maintained.  Moisture  contents  must  be 
measured  outside  the  infiltrometer;  soil  cores 
were  collected  near  each  infiltrometer  to  define 
the  moisture  profile. 

Data  from  these  double-ring  tests  are  shown 
in  Figure 2 .  These  tests  were  carried  out  over 
a longer  period  of  time  to  observe  the 
infiltration  rate  variation  as  the  frozen  soil 
thawed.  In  most cases, the  initial  infiltration 
rate  was  high,  but  rapidly  declined  to 
equilibrium  conditions  (equivalent  to  saturated 
hydraulic  conductivity). On the  experimental 
plots,  however,  we  observed  occasional  increases 
in  the  infiltration  rate for short  periods  of 
time.  Then  the  infiltration  rate  decreased 
rapidly  to  approximately  the  previous 
equilibrium  value.  We  attribute  this  to  thawing 
of  an  ice-rich  layer  of  soil  and  vertical 
variation  in  total  moisture  content  (ice  and 
water). 

We found, from  these  infiltration  tests 
that  very  high  infiltration  rates  could  be 
obtained  in  seasonally  frozen  soils  of  low 
moisture  content. In  fact, the  saturated 
hydraulic  conductivity  at  equilibrium  conditions 
was  reduced only by a factor of 2 when  compared 
to  unfrozen  Fairbanks  silt  loam  (at 14.8"C). 
Most  of  this  reduction  can  be  explained  by 
changes  in  the  fluid  viscosity  that  are  brought 
about  by  lower  temperatures  (Kloch 1972). For 
an  ice-rich soil,  however,  a  reduction of 2 
orders  of  magnitude  occurred  at  equilibrium 
conditions. 

Both  Burt  and  Williams (1976) and  Horiguchi 
and  Miller (1980) have  shown  that  the  hydraulic 



conductivity  of  frozen  soils  is  further  reduced as 
the  temperature  is  lowered  below 0°C because  the 
ice  content  increases.  The  magnitude o f  this 
reduction i s  quite  significant,  because  the 
reduction  in  the  hydraulic  conductivity  is  several 
orders  of  magnitude  for  a  small  decrease  in 
temperature ( <  0 . 5 " C ) .  As the  temperature  is 
lowered,  the  unfrozen-water-to-ice  ratio  is 
reduced.  This  means  that  there  is  more  ice  in  the 
pores  and  the  thickness of the  unfrozen  water 
films  is  reduced,  Research  on  the  unfrozen- 
water-to-ice  ratios  versus  temperature  has  shown 
the  relationship  to  be  hysteretic.  Therefore,  one 
would  expect  the  temperature  and  hydraulic 
conductivity  relationship  also  to  be  hysteretic, 
as  was  shown by  Horiguchi and Miller (1980), 

Daily  snowmelt  rates  measured  in  this  area 
have  varied  from zero to  a  maximum  near 2.5 cm. 
These  data  are  interesting,  because  when  one 
compares  these  data  with  the  data  in 2b  and  2c of 
Figure 2 for equilibrium  rates,  it  is  obvious  that 
somewhere  in  between  the  two  equilibrium 
infiltration  rates  the  snowmelt  rate  exceeds  the 
infiltration  rate,  and  runoff  should  be  produced. 
I f  the  drier  frozen  soil  is  representative  of  the 
nonpermafrost  areas,  groundwater  recharge  can 
occur;  and  if  permafrost  sites  are  poorly  drained 
with  high  moisture  contents,  the  potential for 
groundwater  recharge  is  reduced,  and  the  potential 
for  runoff i s  enhanced. 

Daily  infiltration as calculated  from 
equilibrium  rates  (Figure 2) is  17.2  cm/day €or 
dry  frozen  soil  and 0.35 cm/day  for  poorly  drained 
frozen  soil. This assumes  that  infiltration  can 
occur  for  24 hours.  It  is  difficult  to  assess 
this  because  of  the  presence  of  surface  organic 
material  and  the  capability of this  soil  to  retain 
some  soil  water.  However,  during  periods of high 
snowmelt,  saturated  conditions  should  develop  in 
the  surface  organic  layer  for  soils  with  low 
infiltration  rates. This should  produce 
near-surface  runoff as  water  moves  downslope  along 
the  organic-mineral  soil  interface. A number of 
runoff  plots  were  designed  for  studying  the 
influence  of  moisture  content  on  runoff  from 
seasonally  frozen  terrain. 

INFLUENCE OF MOISTURE  CONTENT  ON RUNOFF 

Prepared  runoff  plots  were 6.1 m  wide  and 
12.2 m  long.  The  plots  were  situated  on  a  south- 
facing,  permafrost-free  forested  slope  with 15% 
slope,  with  approximately 10 cm  of  organic 
material  over  the  Fairbanks  silt  loam,  and 
seasonally  frozen  depths  ranging  from 150 to 200 
cm. A collection  system  was  constructed at  the 
base  of  each  plot  to  collect all near-surface 
runoff  moving  downslope  through  the  surface 
organic  layer.  There  were two  runoff  plots  during 
the  winter of 1979/80, three  runoff  plots  during 
the  winter  of 1980/81, and  four  runoff  plots 
during  the  winter  of 1981/82. To  alter  the  soil 
moisture  levels,  some  plots  were  irrigated  by 
water  sprinklers  in  the  fall 3-4 weeks  before  the 
onset of seasonal  frost.  Large  areas  outside  the 
plots  were  irrigated  for  collecting  soil  moisture 
cores  throughout  the  winter  and  during  ablation. 

TIME - MINUTES 

2a.  Unfrozen  Fairbanks  silt  loam. 

0 CONTROL PLOT 4/7/80 

4 CONTROL PLOT 4/17/80 

E 

2b,  Frozen  Fairbanks  silt Loam  (dry  case). 

.L 4 

TIME  -MINUTES 

2 c .  Frozen  Fairbanks  silt  loam  (ice-rich  case). 

FIGURE 2 Infiltration  rates for various  soil 
conditions for  both  frozen  and  unfrozen 
conditions. 
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The  infiltration  tests  described  earlier  were also 
performed  in  this  same  area. 

Data  from  the  runoff  plots  revealed  that  for 
very dry, seasonally  frozen  soils,  no  runoff 
existed.  This  is  the  same  conclusion  that  we 
reached  from  the  infiltration  test,  From  the 
irrigated  runoff  plots,  measurable  runoff  always 
occurred  during  snowmelt.  The  ratio  of  the  volume 
of  runoff to total  water  content o f  the  snowpack 
varied  from  17% to 68%. No clear  relationship 
exists  between  infiltration  rate  and  runoff  volume 
because of  the  variation  in  climate  and  snowpack 
from year  to year.  We  found  in  1982  that  runoff 
from  a  control  plot  (not  irrigated)  occurred  for 
the  first  time.  This  was  attributed  to  rainfall 
just  prior to freeze-up (3.7 cm). It  should  be 
noted  that  1982 was the  first  year  since 1973 that 
we  observed  surface  runoff  in  the  natural 
depressions  around  this  site. 

The  maximum  allowable  daily  melts  that  can 
occur  without  runoff fo r  various  infiltration 
rates  (at 0°C) are  shown  in  Figure 3 .  In 
addition,  superimposed  on  this  figure  are 
laboratory  and  field  measurements  under  frozen 
conditions  with  the  exception  of  unfrozen 
Fairbanks  silt  loam.  With  the  added  data of 
actual  measurements,  one  can  see  how  the 
infiltration  rate  relates to soil  type  and  soil 
condition. 

(UNLENSEO SLIMS VALLEY SILT. 

Iz 

(FROZEN-SAlURbED FAIRBANKS 

SILT LOAM, KANE 8 STEIN) / 
/ (SILT FRACTION, HORIGUCHI 8 

MILLER, 19801. 

ff runoff  is  generated,  snowmelt  rate 
exceeds  infiltration  rate,  and  this  water  is 
lost as potential  groundwater  recharge.  Our 
field  plots  had  daily  snowmelts  from 0 to  25 nun. 
Figure 3 shows  that  runoff  should  be  generated 
if  the  mineral  soil  has  a  high  ice  content  (high 
moisture  level).  However, no runoff  would  be 
predicted  in  a  well-drained  soil.  This  graph 
assumes  that  uniform  melt  occurs  during a 
24-hour  period,  and  uniform  infiltrations  occurs 
throughout  this  period.  The  melt  actually 
occurs  over  a  shorter  period of time,  but  the 
organic  layer  can  provide  temporary  storage  to 
minimize  the  effect of nonuniform  melt. 

CONCLUSIONS 

It  appears  that  the  most  consistent  and 
predictable  period of groundwater  recharge  in 
cold  regions  is  during  spring  snowmelt.  Field 
data  demonstrate  that  most  summer  precipitation 
is  used  for  evapotranspiration.  The  only 
exceptions  occur  during  long  periods of summer 
precipitation,  but  these  hydrologic  events do 
not  occur  every  year.  After 6 months  of 
accumulation,  ablation of the  snowpack 
represents  a  significant  annual  hydrologic 
event. For seasonally  frozen  soils  that  are 
well  drained  and  therefore  have  a low moisture 
content  at  the  time  of  ablation,  all  meltwater 
that  does  not  evaporate  can  enter  the  soil 
system.  Since  evapotranspiration  is low at this 
time of year, the  potential  for  groundwater 
recharge  is  quite  good. As the  ice  content  in 
the  soil  pores  increases  and  ice  lenses  develop, 
the  potential  for  near-surface  runoff  increases 
and  the  potential for groundwater  recharge 
decreases.  Areas  underlain  by  permafrost  are 
generally  poorly  drained  and  represent  areas  of 
runoff  generation  rather  than  groundwater 
recharge.  Some  meltwater  may  enter  the  active 
layer,  but  further  downward  at  the  permafrost 
table,  movement  is  hindered  by  the  presence  of 
ice  with  much  lower  transmission  properties. So 
in  discontinuous  permafrost zones, we  conclude 
that  the  majority o f  groundwater  recharge  occurs 
in permafrost-free  areas  during  snowmelt,  and  no 
significant  recharge  occurs  in  permafrost  areas 
of either  continuous or discontinuous  zones. 
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A continuous inductive conductivity survey using a 10 m station  interval  was 
carried  out over a distance of  868  km along the Interprovincial  Pipe  Line route 
in the Mackenzie River Valley, N.W.T. The w r k  reported herein was  done as 
part  of a contract for Interprovincial  Pipe  Line (NW) Ltd. The study provides 
a case history for delineating  frozen ground along a route that traverses a 
zone  of scattered discontinuous  permafrost and a zone  of widespread 
discontinuous permafrost. Terrain  conductivity  meters  were used to measure 
apparent  conductivities along the entire proposed pipeline route. Air  photo 
interpretation was used to  map the terrain type distribution along the pipeline 
route. This information was correlated with vegetation, topographic, and 
geophysical  data to delineate the boundaries  of  frozen ground. This 
interpretation was checked by boreholes drilled at an average spacing of 1 
borehole every 4 km. The interpreted results provide information useful for 
the  design  of the pipeline and substantially reduced the number of  boreholes 
that would normally be required. Statistical  analyses were obtained between 
the Occurrence  of frozen ground and different terrain types. The  results of 
the  analyses indicate that soil texture is a major controlling factor in the 
occurrence of frozen ground. 

INTRODUCTTON 

Information on the presence and distribution  of 
frozen ground i s  necessary for the proper planning 
and construction  of  engineering  projects in 
permafrost regions. The use of electromagnetic 
induction methods  has  become routine for shallow 
subsurface  investigations in permafrost environ- 
ments  (Arcone et al. 1978, Rennie et al. 1978). 
This investigation reports on a geophysical survey 
performed along the Interprovincial  Pipe  Line  route 
from  Norman  Wella in the Mackenzie River Valley to 
Z a m a  in Northern  Alberta  (Figure 1). The survey 
was carried out during the winter-spring seasons  of 
1981 and 1982. The  geophysical w r k  consisted of 
electrical  conductivity mapping using an 
electromagnetic induction technique. The  purpose 
of the geophysical work was  to  delineate the 
presence of permafrost along the pipeline right-of- 
way. Since the pipeline  route  crosses many 
frozen/unfrozen boundaries, locating and 
documenting  these  transitions  greatly  affects  costs 
and design  considerations dealing with frost heave 
in unfrozen ground and thaw settlement in frozen 
ground. For the purposes  of this study frozen 
ground is defined as the presence of at least 3 m 
of  frozen ground anywhere in the subsurface down to 
a depth  limit of 10 m. This  criterion  was  chosen 
on the basis  of  design  considerations for the 
pipeline. 

TECHNICAL  APPROACH FOR MAPPING PERMAFROST 

The  technical  approach used in the survey 
relies on the differences in electrical conduct- 

ivity (OK resistivity) of  frozen and unfrozen 
soils. 

Figure 2, after  Hoekstra and McNeill (1973), 
indicates the changes in resistivities of  several 

FIGURE 1 Location  of  geophysical survey route, 
kilometer  post 0 to 868.3. 
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FIGURE 2 The  resistivity  of  several  soils and one 

one rock type  as a function of tempera- 
ture (Hoekstra and McNeill, 1973). 

soil  types and one rock type as a function  of 
temperature. Resistivity is shown to increase when 
the ground freezes. Clay-rich soils demonstrate a 
gradual  change in comparison with coarse-grained 
sails, which  undergo  an  abrupt change. This 
difference results from the gradual  change  of  pore 
water to ice i n  fine-grained soils  as temperature 
drops  below 0 C. In general, however, frozen and 
unfrozen soils  can usually be  distinguished by 
electrical resistivity or conductivity measure- 
ments, particularly when the soil type is  known. 

Inductive  measurements  of  conductivity require 
no  electrical  contact with the ground and can be 
made much m r e  rapidly than galvanic measurements. 
Inductive  techniques  use an electromagnetic trans- 
mitter, which induces localized eddy currents in 
the ground beneath the system. A receiver senses 
the strength of the eddy currents, which i s  
proportional  to the conductivity of the ground. 
Apparent  conductivity is measured in units  of 
siemens/meter (or l/ohm-meters) or more 
conveniently in millisiemens/m (M/m). 

The  apparent  conductivity  values measured at 
the borehole  sites were interpreted by computer 
forward modelling to obtain the true conductivities 
of the different  soil  types  where the layer 
thicknesses were known. This  analysis assumed 
horizontal layering. Then  this information was 
correlated with the vegetation, terrain type and 
other data to enable the delineation  of frozen/ 
unfrozen transitions along the pipeline route. 
These  transitions were assumed to be vertical 
boundaries since there were generally sharp  changes 
in the apparent  conductivity  profiles  across these 
boundaries. 

SURVEY  PROCEDURE 

Apparent  canductivity  readings were taken along 
the entire survey route from kilometer post (kmp) 0 
to kmp 868.3. Measurements were obtained at LO m 

station intervals: stations  were flagged every 
LOO m. 

The  geophysical  instruments used in the survey 
were the Geonics EM 31 and EM 34-3 terrain 
conductivity meters. The EM 31  was used in two 
modes  of operation. The  first  mode was in an "up" 
position, that is, with  the  coils in a horizontal 
position. The second mode of operation  was in a 
"side" position, that is, with the coils in a 
vertical position. The  two  readings provided 
information to depths  of  about 7 m and 3 m 
respectively  (McNeill 1980). The EM 34-3 was used 
with a 10 m cable and vertical  coil  orientation  to 
provide  information  to an approximate  depth of 10 m 
(McNeill 1980). Since two instruments  are used at 
each station, an independant check on the quality 
of the data is always available. 

The  use of different  coil  orientations and 
spacings  with the EM 31 and EM 34-3 allows 
considerable  variation in depth  of investigation. 
The  instruments axe calibrated to measure  apparent 
conductivity. For a homogeneous half-space this 
apparent  conductivity  equals the true conductivity 
o f  the subsurface material. For  an electrically 
layered earth, the  measured  apparent  conductivity 
represents the sum  total  of  responses  of  subsurface 
conductivities down to  depths  somewhat greater than 
the  coil separation. 

FIELD PROFILES 

A representative set of field profiles is 
presented to illustrate a variety of conditions 
encountered during the geophysical survey. These 
conditions  include  variations in soil type, 
frozen/unfrozen boundaries, bedrock influence, 
cultural disturbances, and effects  of north- and 
south-facing slopes  on river banks. 

Figure 3 shows the geophysical  response 
observed during a transition  from a clay veneer 
over till soil  to a till. The higher apparent 

\" 

FIGURE 3 Effect  of  soil type transition  on 
apparent  conductivity profiles. 
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conductivities i n  the f i r s t   par t  of the profile  are 
due to  the  presence of the conductive clay veneer. 
Nearby borehole  information indicated  that  there 
was  no frozen ground along t h i s  profile. 

A frozen/unfrozen transition i n  an area of 
discontinuous  peat is shown i n  Figure 4.  This  type 
of  response is very common i n  areas w i t h  appreci- 
able amounts  of peat landforms, where the boundary 
between frozen  peat bogs  and unfrozen adjacent 
terrain can be very  sharp. The unfrozen ground i n  
t h i s  profile was confirmed by a borehole dril led 
approximately 1 km away from the  vicinity of t h i s  
profile. 

The effect  of near-surface bedrock on the 
apparent  conductivity  values can be quite dramatic. 
If the bedrock is resist ive,  such as a sandstone, 
then  the  apparent  conductivity  values  are  quite low 
( < 3 mS/m). I f ,  however, the bedrock is a shale, 
then  the  apparent conductivity  values  are  quite 
high (Figure 5 )  even when the rock is frozen. I n  
the absence of any borehole control the high peaks 
on the  apparent  conductivity  curves would probably 
be interpreted  as unfrozen,  but  the  borehole Lcqs 
clearly  indicate frozen ground and a highly 
variable depth to bedrock. 

Cultural  influences such as  cutlines and winter 
roads that  intersect the proposed pipeline  right- 
of-way are  usually  reflected on the  geophysical 
profiles (Figure 6 ) .  I n  most cases an increase i n  
depth of thaw to the  frozen ground occurs  beneath 
the  disturbed zone. 

Studies have shown (Heginbottom e t   a l .  1978, 
for example) that  north-facing  slopes of river 
banks are  generally  wetter and hence are more 
likely  to be frozen than south-facing  slopes. 
Factors  other than slope orientation  that can 

FIGURE 5 Influence of conductive,  near  surface 
bedrock on apparent  conductivity 
measurements. 

FIGURE 6 Indication of permafrost  degradation 
on apparent  conductivity  profiles. 
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FIGURE 7 Apparent conductivity  profiles  indicating  a  frozen  north-facing 
slope and  an unfrozen south-facing  slope. 

influence  the presence of  frozen ground include 
lithology,  slope  aspect, and slope angle. An 
example  of a  river  valley w i t h  a  frozen  north- 
facing  slope and an unfrozen south-facing  slope is 
i l lustrated i n  Figure 7. An elevation  profile  for 
the Ochre River indicates  that the  north and s o u t h  
slopes  are very steep. The sou th  slope, which 
faces  north, is probably  not exposed to s u n l i g h t  
most  of the year and t h u s  remains frozen. 

STATISTICAL ANALYSES OF FIELD DATA 

The distribution of frozen ground interpreted 
from the  geophysical profiles was digitized and 
compared wi th  the terrain typing. A s t a t i s t i ca l  
breakdown  of percentage of frozen ground i n  each 
terrain type is important i n  determining  design 
criteria  for the pipeline. Thaw settlement and 
frost  heave considerations will vary depending on 
terrain type and  on the  percentage of frozen ground 
i n  a  particular  terrain type. 

The data  are  divided  into  six  spreads wi th  the 
following kmp boundaries, start ing from  Norman 
Wells (Figure 1) : 

kmp 0 to  kmp 149.5 Spread 1 
kmp 149.0 to  kmp 269.3 Spread 2 
kmp 269.3 to  kmp 380.4 Spread 3 
krnp 380.4 to  kmp 528.8 Spread 4 
kmp 528.8 to  kmp 695.8 Spread 5 
kmp 695.8 to kmp 868.3 Spread 6 

Tables 1-6 summarize a l l  the  statistical  infor- 
mation for  spreads 1 to  6,  respectively. They l ist  
the percentage of each terrain type i n  the  spread 
and the percentage of frozen ground w i t h i n  that 
terrain type. The percentage  contribution of 
frozen ground i n  a particular  terrain type to  the 
to t a l  frozen ground for the  entire spread is 
indicated  as  percent of to ta l  km frozen. 

The terrain types are grouped according to  
divisions  established  for  the Norman Wells Pipeline 
Project borehole data bank. These groupings are 
divided on the  basis of genetic  origin and provide 
useful  information  for  the  design of the  pipeline. 
The terrain-type codes for this data bank are given 
i n  Table 7. 

A to ta l  of 83.7% of the ground is frozen i n  
spread 1, 66.3% i n  spread 2,  69.2% i n  spread  3, 
31.6% i n  spread 4 ,  16.0% i n  spread 5,  and 34.7% in 
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TABLE 1 Construction  Spread L (ICMP 0.0 to 149.5): 
Summary of Terrain  Type and Frozen  Ground 
Distribution. 

TABLE 4 Construction  Spread 4 (KMP 380.4 to 528.8): 
Swmnary of Terrain Type and  Frozen  Ground 
Distribution. 

Terrain Distance Conetruction (% of Terra in  Total km Frozen/Unfroaen 
T y p  (km) Spread Type Frozen) Frozen Intorfacos/km 

a of km Frozen a of Avg. NO. of 
Terra in  Distance Construction (a of Terrain Total km Frozenflnfrosen 
Type (km) spread Type Frozen) Frozen Interfaces/km 

e h F ~ O Z ~ "  a of Avq. NO. of 

AP 
AT 
CM 
ED 
GO 
LE 

LP-MG 
LP 

HG 
ou 

ow-LP 
ov-LP 
W* 

RK 
w-SP 
"RI( 

TOTAL 

0.51 
1.64 
1.96 
2.03 
4.31 
0.97 
41.66 
14.66 
23.30 
1.05 

25.02 
3.12 

17.22 
0.12 
3.45 

8.48 

149.5 

0.34 
1.10 
1.31 
1.36 
2.88 
0.65 

9.82 
15.64 
0.10 

16.74 
5.67 

11.52 
2.02 

0.08 
2.31 

100.00 

27.86 

0.09 
1.04 
1.65 
0.88 
2.11 
0.39 
33.05 
11.45 
21.09 
0.49 
6.17 
23.58 
2.93 
15.86 
0.01 
3.08 

125.07 

0.08 
0.83 

0.71 
1.32 

0.31 
2.17 

26.42 

16.92 
9.16 

0.40 
5.41 
18.86 
2.26 
12.67 
0.01 
2.47 

100.00 

7.8 
4.9 
5.1 
0.5 
1.4 
7.3 
1.3 
1.9 
1.5 
4.8 
2.1 
1.1 
1.7 
2.6 

1.5 

259**  

8 .2 

II Percentage of conatruction spruad I frozen. 
** Total no. of frozerJunfrosen  interfaces in construction apread 1. 

TABLE 2 Construction  Spread 2 (KMP 149.5  to  269.3): 
Summary of Terrain  Type and Frozen  Ground 
Distribution. 

Terrain Distance Construction ( 8  of Terrain Total km Froeanlunfrozen 
Type (Km) Spread Qype Frozen) Frolen Interfaces/km 

a of km Frozen a of Avq. No. of 

hF 
AP 
AT 
CM 

C"AP 
ED 
Go 
LP 

LP-MG 
MG 

OU-LP 
ou 

ov-LP 
w-UP 

TOTAL 

4.86 

1.5s 
3.80 

0.92 

0.31 
0.41 

46.99 
14.87 

26.98 
2.04 

1.31 
2.24 

10.62 
2.87 

119.80 

4.06 
0.77 
1.32 
3.17 
0.26 
0.34 
12.41 
39.24 
22.51 
1.70 

1.09 
8.87 
2.40 

100.00 

1.86 

0.41  (44.2) 
3.82  (94.3) 

1.44 191.2) 

0.31 (100.0) 
0.24  (59.3) 

34.14  (73.9) 
5.96 (40.1) 

18.33  (67.9) 
1.38  167.71 

2.48  (65.4) 

. .  
1.38 (61.7) 
0.86 (65.7) 
7.55 (71.1) 
0.53 (18.3) 

79.43  (66.3)* 

0.51 
5.70 

1.79 
3.04 
0.38 
0.30 

43.52 
1.42 

22.77 
1.71 
1.11 
1.06 
9.38 
0.66 

100.00 

1.4 
9.8 
1.9 
4.2 
0 
4.9 

4.3 
2.9 

5.1 
4.9 

6.9 
4.2 
2.1 

513** 

10.8 

percentage of construction spread 2 froasn. 
** mtal M. of froeen/unfroeen interfaces i n  construction spread 2. 

TABLE 3 Construction  Spread 3 (KMP 269.3  to  380.4): 
Summary of Terrain Type and Frozen  Ground 
Distribution. 

Terrain Diatance Construction (3 of Terrain Total km Froeen/unfrozen 
T y w  (km) Spread Type Frozen) Frozen Interfacea/km 

a of km Frozen a of Avg. No. of 

AF 6.28 5.65  1.65  126.21  2.14 5.1 

ED 0.32 0.29 0 (01 0 0 
GO 7.42 
LP 37.34 

6.68 5.53 (74.5) 7.19 
33.60 30.39 (81.4)  39.53 

0.7 
4.2 

MG 28.63  25.77 15.81 (55.2) 20.56  1.9 
OU 1.60 1.44  0.79  (49.1)  1.03 

9.13 9.83 (90.9) 12.78 
10.6 
2.6 

OV-MG 6.26  5.63  4.69  (74.9)  6.10  3.7 

W-SP 2.62 2-36 2.48 (94.8) 3.24  0.4 

TOTAL 111.10 100.00 76.88  (69.2)* 100.00 3421111 

ov-LP 10.81 

RK 1.86 1-68 0.15 ( 8.0) 0.19  0.5 

Percentage of construction spread 3 frozen. 
** Total no. of troaedunfrosen interfaces In conetruction spread 3. 

M 0.56 0.38 0.06 (10.4) 0.13 5.3 
AT 0.22 0.15 0 (0) 0 0 
CM 0.39 0.26 0.12 (30.3) 0.25 13.2 
ED 5.13 3.46 0.31 ( 6.0) 0.66 
GO 7.13 4.80 2.07 (29.1) 4.43 

1.0 
2.8 

LB 
LP 

LP-MG 
PY: 

w-LP 
ou 

W-Elj 
W+P 

0.22 

14.73 
7.83 

62.75 

24.89 
14.02 
0.64 

9.84 

0.15 a 
5.28 5.17 

42.27 15.48 
9.93 6.65 

16.17 7.81 
6.67 4.40 

9.45 4.74 
0.43 0.05 

0 
8.2 
3.8 

6.9 
3 . 3  

4.5 
3.9 
3.1 

TOTAL 148.40  100.00 46.86 (31.6)* 100.00 5 9 2 - 1  

* Percentage of construction spread  4  frozen. 
** Total M. of frosen/unfrozen interfaces in construction spread 4. 

TABLE 5 Construction  Spread 5 (KMP 528.8  to  695.9) : 
Summary of Terrain Type and Frozen Ground 
Distribution. 

Terrain Uiatance construction (% oe Terra in  Total km Frozen/unfromsn 
Type (km) Spread Type Frozen) Frozen Interfaces/km 

of km Frozen Of AVg. NO. Of 

AF 0.07  0.04 0 10) 0 0 
AP 0.65 0.39 0.39 (60.4) 1.47 6.1 
AT 2.92 
CN 1.44 

1.75 1.20 (41.1)  4.41 
0.86  0.62  (43.3)  2.32 

2.4 

ED 7.35 
4.4 

Go 4.58 
4.40 0.37 ( 5.0) 1.36  0.5 
2.14 0 (0) 0 0 

LP 15.55 9.30 4.02 (25.9) 14.98 3.2 
LP-DIG 3.00 1.80 0 (01 0 0 

MG 31.89  19.08  2.33 ( 7.31  8.68 
PIP 1.55 

2.4 
0.93  0.37  (23.91  1.39 6.4 

MH 0.46 0.28 0 (0)  0 0 
ME 0.45  0.27 0 (0) 0 0 
OU 41.21  24.69 9.49 (23.0) 35.36 

OU-LP 10.69 
4.3 

OV-LP 5.36 
5.1 

W-HG 38.30  22.91 4.33 (11.3) 16.08 
3.21  1.78 (33.3) 6.65 4.7 

3.0 
OU-l*: 0.50 0.30 0.04 ( 8.5)  0.16 
OY-SP 1.07  0.64 0 (0) 0 0 

5.9 

TOTAL 167.10 100.00 26.83 (16.0)*  100.00 532** 

6.40  1.89  (17.8)  1.08 

* Percentage of construction spread  5 frozen. 
** Total no. of frozedunfrosen interfaces in construction spread 5. 

TABLE 6 Construction  Spread 6 (KMP 695.9 to 868.3): 
Sunnnary of Terrain Type and Frozen  Ground 
Distribution. 

e o f  v.m F C O Z ~ ~  3 o f  Avg. NO. of 
Terrain Diatance construction ( 8  of Terrain Total km Proeen/Unfroaen 
Type (Km) Spreafl Type Frozen) rromon Interfaces/krn 

LP 15.12  8.77  0.77 ( 5.1) 1.29 
MG 22.97 

2.2 

MA 2.70 
13.33 4.82 (22.0) 8.04 6.1 
1.55 0.23 ( 8.7)  0.39 

OU 64.93 
2.6 

ou-LP 0.20 
31.61  32.57  (50.2) 54.42 
0.12 0 (0) 

13.0 
0 0 

OV-LP 6.13 
OV-l4Z 40.32 

3.91 0.28 ( 4.2) 0.41  1.8 
23.39  11.49 (28.51 19.21 9.5 
10.11 9.43 (51.1) 15.16 

OU-AP 0.23 
15.1 

0.13 0 (0) 0 0 
OV-SP 0.73  0.42 0.25 (34.8) 0.42 12.3 

TOTAL 112.40  100.00  59.84  (34.71*  100.00 1708 ** 

ou-HG 18.47 

- 
Percentage of construction spread 6 frozen. 

** Total no. of frozEn/unfroeen interfaces in construction spread 6. 
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TABLE 7 Terrain  Type Codes. 

Computer  Coded  Terrain T y w  MsCCiptiQn 

4F Alluvial fan 
hP Alluvial flwdplain 
AT Alluvial  terrace 
CM  Colluvial  slopewash 

CM-AP Combination of m and .*P 
m Colluvial  talus  slope 
ED 
00 

Eolian dunes 

LB 
Glacial d n p s i t s  
Idcuntrino postglacial basin 

LP 
L P f f i  

Lacustrine  plain 

MG 
Combination LP and MG 

MA 
Ground Moraine 
Ablatio" Moraine 

m H m K y  Moraine 
ME End Moraine 
ou Organic Undifferentiated 

Comaination 
Organic Veneer over LP 
Organic veneer over EIG 
combination 
cambination 
Combination 
Combination 
Combination 
BedroeK 
Orgenic veneer over granular 

ou-LP 
w-LP 
ov-m 
0U"G 
OU-EO 
ow-?e 
0U"I 
ow-RK 
RR 

w-SP 

MG-RR Combination 
OV" Organic veneer mor bedroek 

material nf different origin 

spread 6. The  percentage of frozen  ground 
generally  increases in a northerly direction. 

Sands, clays, and till are the predominant  soil 
types in the northern sections in spreads lr 2 and 
3 , while  tills are dominant in spread 4. A sign- 
ificant portion of  spreads 5 and 6 is over boggy 
terrain as seen by the high percentages of organic 
terrain  types in Tables 5 and 6. 

In spread 3 (Table 3) the  two largest terrain 
groups are LP (clays) and MG (tills). Terrain  type 
LP  has a higher percentage of frozen ground (81.4%) 
than  tills (55.2%) in this spread. 

In  spreads 5 and 6 approximately 50% of the 
total frozen ground mcurs in organic terrain 
types. A large part of the frozen ground in this 
southern  section i s  thus associated with organic 
landforms. 

DISCUSS ION 

The  entire  geophysical  survey  profile  lies 
within the discontinuous  permafrost  zone  (Brown 
1967). The  profile section north of Fort  Simpson 
lies in  the widespread permafrost region, while the 
section south of  Fort  Simpson  lies in the southern 
fringe  of the permafrost region. Both the geo- 
physical  data and statistical information indicate 
that the amount of frozen  ground  generally 
decreases  from north to south. The actual  values 
of  percentage frozen ground in spreads 1 to 6 were 
calculated to be approximately 83.7%,  66.3%,  69.2%, 
31.6%,  16.18, and 34.7%, respectively. The 
exception is spread 6, but this appears to be a 
topographic effect, since the elevation  averages 
300-400 m higher than the elevation in spread 5 .  
In addition, the amount of frozen ground in spread 
5 is quite  low  because  of the presence  of  very  wet 
terrain at a relatively lower altitude. 

A major controlling factor for the occurrence 
of frozen ground is the soil  distribution along the 
pipeline route. Sands and clays  are  predominant 

soil types in the northern  Sections in spreads 1, 
2, and 3 while  tills and organic terrain are 
dominant in spreads 4 , 5 , and 6. Previous  studies 
in the literature  (Heginbottom et al. 1978) have 
shown that finer textured soils  have poorer 
drainage and therefore are more likely to  allow ice 
accumulations. Areas with thick peat cover 
generally  contain  frozen ground because of the 
insulating property of the peat. 

The  most  difficult  problem  to resolve when 
mapping the presence  of frozen/unfrozen ground with 
electromagnetic  methods is whether a change in 
apparent  conductivity  values i s  due to a change in 
the frozen/unfrozen state  of the ground or due  to a 
change in the soil composition. 

Thus it is important to incorporate all 
available  information in the interpretation of 
geophysical  data for delineating frozen/unfrozen 
ground. This information includes terrain typing, 
vegetation, borehole logs, and topographic data. 
The use of  this information with the geophysical 
data has demonstrated that it i s  possible  to 
delineate the Qccurrence of  permafrost along the 
pipeline  route and supply valuable  information for 
the  design  considerations  of the pipeline. It  has 
also significantly reduced the number of  boreholes 
that would normally be required for such a detailed 
investigation. 
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THE REDISTRIBUTION OF SOLUTES I N  FREEZING SOIL: EXCLUSION  OF SOLUTES 

B.D. Kay and P.H. Groenevelt 
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Guelph,  Ontario, Canada, N1G 2W1 

lbe r e d i s t r i b u t i o n  of "non-reat ive"  solutes   during  ground  f reezing  has   been 
studied.  'he  combination of f ie ld   s tud ies ,   l abora tory   exper iments   and   theore t ica l  
ana lyses   l ead   to   the   conclus ion   tha t   exc lus ion   of  a s o l u t e  by an advancing  freezing 
f r o n t  may not  be a p a r t i c u l a r l y   s i g n i f i c a n t  mechanism f o r   s o l u t e   r e d i s t r i b u t i o n .  
However s u b s t a n t i a l   r e d i s t r i b u t i o n  due to   convec t ive   t r anspor t   du r ing   t he   p rocess  of 
ice lens formation  does  occur. 

INTRODUCTION 

'Ihe r e d i s t r i b u t i o n  of s o l u t e s   i n  a porous medium 
which is f reez ing  is s i g n i f i c a n t   f o r   t h e  
eng inee r   a t t empt ing   t o   con t ro l   f ro s t   heav ing   i n  a 
marine  environment   or   a t tempting  to   use  solutes   to  
control   f rost   heaving  in   non-marine  environments .  
In   add i t ion  the r e d i s t r i b u t i o n  of solutes   under  
condi t ions of seasonal   f reez ing  i s  important t o  
t h e   p e d o l o g i s t   s t u d y i n g   s o i l  development  and t h e  
agronomist  wishing to   opt imize  the  use  of  
agr icu l tura l   chemica ls .  This paper  summarizes  the 
processes  which may i n f l u e n c e   t h e   r e d i s t r i b u t i o n  
of s o l u t e s  when ground f reez ing   occurs .   F ie ld  
d a t a  on t h e   r e d i s t r i b u t i o n  of s o l u t e s   d u e   t o  
seasonal   f reez ing   a re   p resented .   F ina l ly   the  
dynamics  of so lu t e   exc lus ion  by a r a p i d l y  
advancing   f reez ing   f ront  is t r e a t e d   t h e o r e t i c a l l y  
and related t o  a l abora tory   s tudy   involv ing   coarse  
sands . 

THE REDISTRIBUTION  OF  SOLUTES BY GROUND FREEZING 

Processes   which   in f luence   the   red is t r ibu t ion  
o f  s o l u t e s  in f rozen  and  unfrozen soils are 
similar. Differences in t h e   r e l a t i v e   s i g n i f i c a n c e  
of t h e   d i f f e r e n t   p r o c e s s e s   i n   f r o z e n  and  unfrozen 
soils r e l a t e   t o   t h e   r o l e   t h a t   t h e  ice phase  exer ts  
on the processes.   Therefore  the  extent of  
r e a c t i o n  wi th  s o i l   c o l l o i d s ,   p r e c i p i t a t i o n ,  
physical  or chemical  transformation, and t o  a 
degree   b io logica l   immobi l iza t ion   or  
transformation,  depends  on  the  degree of exclusion 
of so lu tes   f rom the ice phase  and the amount of 
ice   present .   Likewise  diffusion,   d ispers ion  and 
convect ive  t ransport  are influenced  by 
concent ra t ion  in the   l iqu id   phase .   In   addi t ion ,  
the  presence  of   ice  a t  subzero  temperatures may 
s u b s t a n t i a l l y   a l t e r   t h e   p o t e n t i a l  of unfrozen 
water which w i l l  in f luence   the   convec t ive  
t r a n s p o r t  of s o l u t e s .  

I so l a t ed   s tud ie s   have   been   ca r r i ed   ou t   t o  
i l l u s t r a t e   t h e   i n f l u e n c e  of the ice phase  on  the 
r e a c t i o n  of so lu t e s   w i th   co l lo id   su r f aces ,  on 
chemical  transformations,  and on b i o l o g i c a l  
transformations  (eg  Nelson and Romkens, 1972; 
Lahav and  Anderson,  1973; Bremner and  Zantua, 

1975).  Exclusion of s o l u t e s   t o   t h i n   u n f r o z e n  
f i lms   nex t   t o   co l lo id   su r f aces  was considered  by 
these authors   to   p rovide   the  medium whereby  such 
t r ans fo rma t ions   occu red   i n   f rozen   so i l s .  'Ihese 
da t a   app ly   t o  the behaviour o f  so lu t e s   w i th in   t he  
f rozen  zone. However these   s tud ie s   p rov ide  l i t t l e  
i n s i g h t   i n t o   t h e   r e d i s t r i b u t i o n  which s o l u t e s  may 
expe r i ence   i n   t he   v i c in i ty   o f   t he   f r eez ing   f ron t  
as a f r eez ing ,   f ron t  is p rogres s ing   i n to   so i l .  The 
advancing   f reez ing   f ront  would be  expected t o  
exclude  solutes  with a resul tant   accumulat ion o f  
s o l u t e s   i n   u n f r o z e n  f i l m s  of water jus t   behind   the  
f r e e z i n g   f r o n t  and in the   unf rozen   so i l   ahead  of 
t he   f r eez ing   f ron t .  In the  absence of unfrozen 
water and  complete  exclusion  of  solutes by ice, 
one  might  speculate that  an  advancing  f reezing 
f r o n t  would e f f e c t i v e l y  remove or "leach" a l l  of 
the   so lu tes   f rom  the   f rozen   zone   (no te   rev iew by 
Hallet, 1973). However s t u d i e s  t a  confirm  such 
speculation  have  not  been  published. 

The behaviour of water and the  behaviour of 
s o l u t e s   i n   f r e e z i n g   s o i l s  are linked  through 
processes  such as the   i n f luence  of s o l u t e s  on t h e  
f reez ing   po in t  of the water  and  the  convective 
t r a n s p o r t  of so lu t e s   w i th in   t he   f rozen  zone. The 
inf luence  of s o l u t e s  on the   f r eez ing   po in t  
depression of water i n  porous  media  appears t o   b e  
q u a n t i t a t i v e l y  similar t o   t h a t   i n  normal s o l u t i o n s  
(Banin and  Anderson,  1974). 
The flow of water wi th in   the   f rozen   zone   due   to  
temperature- induced  gradients   in   l iquid  pressure 
will r e s u l t   i n   s o l u t e   r e d i s t r i b u t i o n  (Cary  and 
Mayland, 1972;  Campbell e t  a l . ,  1970;  Cary e t  
al., 1979).   Solutes  transported  within  the  frozen 
zone would be  expected  to  accumulate  in the 
v i c i n i t y  of ice accumulation. This i n   t u r n  will 
modify the  f r eez ing   po in t  of t h e   w a t e r   i n   t h i s  
zone, t h e  amount of unfrozen water and 
consequent ly   the  hydraul ic   conduct ivi ty  of t h i s  
zone. 

FIELD  STUDIES ON SOLUTE REDISTRIBUTION 

'Ihe f i e l d  site was loca ted  a t  the  Elora  
Research S t a t i o n  (43'39' N and 80'35' W ) ,  which is 
about  23 km northwest o f  Guelph,  Ontario, Canada. 
Instrumentat ion was i n s t a l l e d  on the s i t e  f o r  the 
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Figure 1: The redistribution of NO; under  field 
conditions due to  ground freezing. 

Changes i n  water conten t   due   to  
r e d i s t r i b u t i o n  in t h e   p r o f i l e   a r e  shown i n  Figure 
2. These d a t a  were  obtained for t h e  same samples 
r e f e r r e d   t o   i n   F i g u r e  1, 'Ihese d a t a  show a 
p rogres s ive   i nc rease   i n  water conten t   near   the  

585 

purpose o f  measuring s o i l   t e m p e r a t u r e   p r o f i l e s ,  
s o i l   m o i s t u r e   p r o f i l e s ,   d e p t h   t o  the water   t ab le ,  
and  displacement  of  the  ground  surface. h r t h e r  
de t a i l s   r ega rd ing  s i te  cha rac t e r i za t ion   and  
instrumentat ion employed are provided by Sheppard 
e t  al .  (1981). 

The s o l u t e   s e l e c t e d   f o r   i n v e s t i g a t i o n  was t h e  
n i t r a t e   i o n .   S o i l   c o r e s  were obtained  from 
pos i t i ons   t ha t  were randomly s e l e c t e d  on  the s i t e  
each week dur ing   the   win ter  of 1975-1976. A t  
least  three   comple te ly   in tac t   cores  were obtained 
weekly. The cores  were sec t ioned  a t  1 cm or 2 cm 
intervals   depending on the depth  and/or  presence 
of ice lenses. me gravimet r ic   water   conten t  was 
determined by oven  drying. lhe samples were then 
rewet with  excess water ( a  1:2 soi1:water  
mixture) ,   shaken,   and  the  ni t ra te   concentrat ion i n  
the  supernatant   f luid  determined.  Nitrate 
analyses  were expressed on an  oven-dry soil weight 
bas is. 

Nitrate p r o f i l e s   f o r   f i v e   r e p r e s e n t a t i v e  weeks 
a r e  shown in   F igure  1. Two fea tu res   o f   t hese   da t a  
are s a l i e n t :  the n i t r a t e   l e v e l   a p p e a r s   t o   f a l l  
s l i g h t l y  w i t h  the onse t   o f   f r eez ing   i n  the zone 
near the s u r f a c e  (0-10 cm), and the n i t r a t e   l e v e l  
appears PO increase   p rogress ive ly   wi th  time a t  
grea te r   depth  (15-35 cm). 

Nitrate  concentration (pg NO3/Fl soil) 
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s u r f a c e  (0-10 cm) and a t  greater   depth (15-25 
cm). The increase  in water conten t   can   be  
a t t r i b u t e d   t o   d i s c r e t e  ice lenses formed by t h e  
upward movement of water. Near t h e   s u r f a c e   t h e  
ice  lenses  were microscopic   in   thickness;  a t  
depth  the ice lenses  were Often 1-2 mm in 
thickness .   Laboratory  s tudies  (Loch and Kay 
1978) sugges t   t ha t  the zone of maximum ice 
accumulation  should  occur  just  above  the O°C 
isotherm when minimum overburden is involved. 

con t r a s t ing   behav iour   i n   t he  0-10 cm zone  and  the 
15-25 cm zone. In the near   surface  zone  the f a l l  
i n   n i t r a t e   l e v e l   c o i n c i d e s  with a n   i n c r e a s e   i n  
water content,  whereas a t  greater   depth  both 
n i t r a t e  and water conten ts   p rogress ive ly  
increase.  

In the  near-surface  zone,  part  of the 
decrease in n i t r a t e   l e v e l s  may b e   d u e   t o   t h e  
exclusion of solutes   during  repeated  advances o f  
t h e   f r e e z i n g   f r o n t  as a consequence oE a number 
of freeze-thaw  events  between 75-11-27 and 75-12- 
23. D e n i t r i f i c a t i o n  and  leaching may a l s o   h a v e  
occurred  during  this  period. 

leve l   co inc ides   wi th   the   increase   in  water 
content .  'Ihe i n c r e a s e   i n   n i t r a t e   l e v e l   b e t w e e n  
75-11-27 and 75-12-23 must r e f l ec t   t he   cumula t ive  
effect of so lu t e   exc lus ion  by an  advancing 
f r e e z i n g   f r o n t ,  and the  accumulation  of  solutes 
resu l t ing   f rom  the   convec t ive   t ranspor t   o f  
s o l u t i o n   i n t o   t h i s  zone as a consequence of ice 
lens  formation. However, between 75-12-23 and 
76-1-28 t h e   r a t e  of advance of t h e  O°C isotherm 
diminished   subs tan t ia l ly ,   wi th   v i s ib le  ice lenses  
accumulating  in the 15-25 c m  zone. The depth of 
maximum water content   appeared  to  move 
from 20 c m  t o  25 c m  between 75-12-81 and 76-2-11. 
These d a t a  are remarkably similar t o   d a t a   o b t a i n e d  
by  Dirksen  and Mlller (1966) dur ing   labora tory  
s t u d i e s .  The maximum i n  t h e   n i t r a t e   p r o f i l e  
appears  to  remain a t  20 cm. This observat ion 
would sugges t   t ha t  the advancing   f reez ing   f ront  is 
not t o t a l l y   e f f e c t i v e   i n   e x c l u d i n g   s o l u t e s .  

t h a t   s i g n i f i c a n t   r e d i s t r i b u t i o n  o f  s o l u t e s  
occurred as a consequence  of  ground  freezing. 
Convect ive  t ransport  of so lu tes   a r i s ing   f rom  water  
being  drawn i n t o   t h e   f r e e z i n g  zone  appeared t o   b e  
a s i g n i f i c a n t  mechanism i n   t h e   r e d i s t r i b u t i o n  
process. The c o n t r i b u t i o n  of exc lus ion   of   so lu tes  
by  an  advancing  freezing  front  could  not  be 
confirmed i n  either the  near-surface  zone  (where 
rap id  and repeated  f reezing  occurred)   or  a t  
greater   depth  (where  the rate o f  advance  of the 
f r e e z i n g   f r o n t  was slower). 

A comparison o f  Figures 1 and 2 i l l u s t r a t e s  

At t h e  15-25 cm d e p t h   t h e   i n c r e a s e   i n   n i t r a t e  

'he r e s u l t s  o f  the   f ie ld   s tudy   demonst ra ted  

LABORATORY STUDIES 

Laboratory  s tudies  were i n i t i a t e d   i n   o r d e r  t o  
c l a r i f y   t h e   r o l e  of so lu t e   exc lus ion  by an 
advancing   f reez ing   f ront  on t h e   r e d i s t r i b u t i o n   o f  
so lu tes .  

1000 pm) was used as the s o i l  material. This 
material is not frost s u s c e p t i b l e  and would be 

A coarse  sand (45% wfw 250-500 urn, 33% 500- 
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F i g u r e  2 The r e d i s t r i b u t i o n  of water u n d e r   f i e l d  
c o n d i t i o n s   d u e  t o  ground f reez ing .  

expected  to  have  minimal  unfrozen water conten ts  
a t  subzero  temperatures.  Therefore  any 
r e d i s t r i b u t i o n  of so lu t e s   du r ing   t he   f r eez ing  of 
t h i s  medium would be  expected  to  be  due  to 
exclusion a t  the   advancing   f reez ing   f ront .  

sand was packed in to   P l ex ig l a s s  columns ( length  
8.0 cm, I . D .  3.73 cm) t h a t  were  segmented i n  1 c m  
sec t ions .  Columns were vacuum s a t u r a t e d  with a 
KC1 s o l u t i o n  (369 ppm Cl-). 

equipment  described by Loch and Kay (1978).  
Columns were e q u i l i b r a t e d  a t  +0.5'C, a 4'C s t e p  
change in   temperature  was introduced a t  the  lower 
boundary,  and t h e  columns were then   f rozen   fo r  
d i f f e ren t   l eng ths  of time. A t  the terminat ion of 
a freezing  experiment the P lex ig lass  column was 
segmented  and the   conten ts  of each  segment 
ex t rac ted  and chemical ana lys i s  of t h e  pore 
s o l u t i o n   c a r r i e d   o u t .  

An example of t h e   r e d i s t r i b u t i o n  of s o l u t e  
observed a t  the  conclusion of a f reez ing   event  l a  
i l l u s t r a t e d   i n   F i g u r e  3. This type of 
d i s t r i b u t i o n  is generated by a O°C isotherm,  which 
advanced upward through  the  column a t  r a t e s  
i l l u s t a t e d  i n  Figure 4 .  Two f e a t u r e s   a r e  
s ign i f i can t   f rom  these   f i gu res .  First, t h e r e  is 
no evidence  of   effect ive  exclusion of the s o l u t e  
from the f rozen  zone. The r a t i o  of concent ra t ion  
of s o l u t e   i n  the frozen zone t o   t h a t   i n   t h e  

The so lu t e   s e l ec t ed   fo r   s tudy  was C1-. 'he 

Unid i rec t iona l   f reez ing  was achieved  using  the 

r 1l.1~ 

1 2 3 4 5 

Dlstance from cold end of column Icml 

F i g u r e  3 R e d i s t r i b u t i o n  of C1- during t h e  
u n i d i r e c t i o n a l   f r e e z i n g  of a s a t u r a t e d  
sand. 

F i g u r e  4 Rate o f   p e n e t r a t i o n   o f  0' i s o t h e r n   i n t o  
saturated sand .  

unfrozen zone v a r i e s  from -81 t o  1.12. Second, 
t h e  O°C isotherm  has  not moved uniformly  through 
the  sample  but has moved in   " l eaps" .  

It is hypothesized  that   exclusion of s o l u t e s  
does  occur  on a loca l   s ca l e .  As i c e  is  forming, 
the  freezing  front  advances  slowly  because of t h e  
release o f  l a t e n t   h e a t .  However, w i t h   t h i s  
advancing  f reezing  f ront  is associated  an 
accumulation  of  solute  excluded  from  the ice. 
Increas ing   the   concent ra t ion  of s o l u t e   r e s u l t s  i n  
increas ing   the   f reez ing   po in t   depress ion   and  
decreas ing   the   t endency   to  form ice, As t h e   r a t e  
of i ce  formation  diminishel ,   the  ra te  of advance 
of t h e  O'C isotherm begins t o  r ap id ly   i nc rease  
un t i l   nuc lea t ion   occu r s  a t  some p o i n t   j u s t  beyond 
t h e  zone of solute accumulation. Ihe process is 



then  repeated. An analys is  o f  Figure 4 suggests  
that  a t  least t h r e e  bands o f  solute   accumulat ion 
may e x i s t   w i t h i n   t h e  zone whose temperature is  
less than O'C i n  t h i s  column. Sec t ion ing   the  
frozen  zone  in  1 cm increments  provides 
concentrations  averaged  across  microregions  of 
s o l u t e   r e j e c t i o n  and solute   accumulat ion.  
However, t h e   n e t  effect  is  t h a t   s o l u t e   r e j e c t i o n  
does  not  occur  on a macroscale,   and  therefore 
models  designed t o   p r e d i c t  the  r e d i s t r i b u t i o n  o f  
so lu tes   should   t ake  t h i s  into  account  when 
freezing  occurs  a t  the  rates used i n   t h i s   s t u d y .  

THEORY 

Theory is developed t o   d e s c r i b e   t h e  
temperature   prof i les   and  the rate of f r e e z i n g   i n  a 
s a t u r a t e d  medium. ' Predic t ions   based   on   these  
equat ions are then compared t o   t h e  rates of 
freezing  observed i n  t he   l abo ra to ry   s tud ie s .  
Theory d e s c r i b i n g   t h e   r a t e s  of solute  accumulation 
a t  t h e   f r e e z i n g   f r o n t  i s  presented  and  then 
r e l a t e d   t o  the condi t ions of t he   l abo ra to ry   s tudy  
i n  orde r   t o   eva lua te  why so lu te   exc lus ion   does   no t  
occur on a macroscale. 

The temperature   prof i les   and the rate of 
advance of a f r e e z i n g   f r o n t   i n  a s a t u r a t e d  medium 
are ca l cu la t ed   u s ing  a form o f  s o l u t i o n   t o   t h e  
hea t   f l ow  equa t ions   t ha t  is similar t o   t h e  Neumann 
solution.  Adjustments are made t o  account   for   the  
f low  of   f luid away f rom  the   f reez ing   f ront   due   to  
t h e   d i f f e r e n c e s   i n  volumes  occupied by t h e   l i q u i d  
and ice phases when t he  mat r ix  is  r i g i d .  It i s  
assumed t h a t   a l l  of the ice formation  occurs at  
the   f r eez ing   f ron t .  Under these   cond i t ions ,   t he  
tempera ture   p rof i le   can   be   descr ibed   us ing   the  
eauat ion:  

H is t h e   l a t e n t  heat o f  fusion.  Ihe first term 
of Eq- ( l ) ,   r e p r e s e n t s  the amount  of heat   f lowing 
f rom  the   f reez ing   f ront   towards   the   co ld  end. The 
second  term,  represents  the  source of heat due t o  
f reezing.  Ihe t h i r d  term, r ep resen t s   t he  amount 
of heat  flowing  from the warm end t o  the f reez ing  
f r o n t ,   t h i s  term i s  very small i n  comparison t o  
t h e   f i r s t  two terms, a t  least f o r   t h e   p r e s e n t  
boundary  conditione. This means t h a t   t h e  
convect ive heat flow due to   the   expans ion  of  water 
upon f r eez ing   has  a n e g l i g i b l e   e f f e c t   o n   t h e  
p o s i t i o n  o f  the f r o s t   f r o n t .  'Ihe value o f  X f  
and the   t empera tu re   p ro f i l e s   fo r   t he  case tha t  a l l  
t h e  water freezes   can now be  calculated.  In  this  
case F = 0.023 X f .  In  the  experiments i t  was 
found tha t   the   t empera ture  a t  t h e   s o i l   s u r f a c e  was 

-3.3'C. By s e t t i n g  Tb - -3.3OC and T - 0 it 
is found  from Eq. (2) tha t  X f =  0.0337 c m h  

i l l u s t r a t e d   i n   F i g u r e s  3 and 4, are g iven   i n  
Figure 5. Each poin t  is a l s o   r e p l o t t e d  as a 
func t ion  o f  X (crnldsec). It a p p e a r s   t h a t   f o r   t h e  
f r o z e n   p a r t ,   t h e   p o i n t s   f a l l   r e a s o n a b l y  well on 
one   l ine .  This means tha t  t h e   s i m i l a r i t y  
p r inc ip l e   ( s ca l ing )   ho lds   fo r  the f rozen   par t .  
From these  graphs i t  is found that  X f e* 0.06. 
An a n a l y s i s  o f  t h e   d a t a   i n   F i g u r e  4 gives  a 
similar v a l u e   f o r  X . 'his l a r g e   v a l u e  o f  X f 

i n d i c a t e s  t ha t  a t  t i e  f r o s t   f r o n t  (Tf = 0)  only 
p a r t  o f  t h e  water freezes .  It fur ther   appears  
t h a t   t h e  T(X) l i n e  is  n o t   s t r a i g h t .  This 
i n d i c a t e s   t h a t  ice i s  cont inuously formed i n   t h e  
f rozen  zone  (behind  the  f rost   f ront) .   ' lhus ,   there  
are "heat sources"  i n  t he   f rozen  zone. This 
causes   the   t empera ture   g rad ien t   to   be   the   s teepes t  
near  the  boundary (X = 0). '!he sand  used  in   this  
experiment is expected t o  have minimal amounts  of 
unfrozen water at  subzero  temperatures when the 

The tempera ture   p rof i les  for the  experiment 

(PC); 
where F 7 0, x 0.04 B i X f ,  

where PC is the   vo lumetr ic   hea t   capac i ty   and  
s u b s c r i p t s  1 and m r e f e r   t o  the l i q u i d  and matr ix  
respec t ive ly ,  Q i  is  the   vo lumetr ic  ice  content ,  T 
is the temperature ,   subscr ipts  i and f r e f e r   t o  
i n i t i a l   t e m p e r a t u r e  and  temperature a t  t h e  
f r e e z i n g   f r o n t ,  K is t h e  termal d i f f u s i v i t y   i n  
the  unfrozen zone: 1 - xr/r where x is the 
d is tance   coord ina te ,  t is time, and X f  - X a t  t h e  
f r eez ing   f ron t   (x  = xf) .  
The value of X f  is found from t he   hea t   ba l ance  
a t  t h e   f r e e z i n g   f r o n t ,  le:  

- 6 9 7  .--- 47.1 
"-38.7 
-- 27.9 1 

"0 E 
- 1  a P m 
"2 E 

P 

F 
- - 3  

where Tb is the   cold  s ide  boundary  temperature ,  kf Figure  5 Actual and scaled t empera ture   p rof i les  
is the thermal   conduct ivi ty  of the frozen  zone, K observed du r ing   t he   un id i r ec t iona l  
is t h e  thermal d i f f u s i v i t y  of t he   f rozen  zone,  an% f reez ing  of a s a t u r a t e d  sand. 



t h i s  w i l l  not  provide a heat   source  behind the 
f reez ing   f ront .  Heat s o u r c e s   i n   t h e   f r o z e n  zone 
must be  associated wi th  br ine  pockets  or bands in 
which t h e   s o l u t e  is concentrated.  

Ahead of an   advancing   f ros t   f ron t ,  1.e. i n  
the not   ye t   f rozen   par t  of the s o i l ,   t h e   s o l u t e  
p r e s e n t   i n  the l iquid  phase moves by d i f f u s i o n  and 
convection. Under these condi t ions ,  the 
concent ra t ion   p rof i le   can   be   descr ibed   as :  

(C - Ci) = A e r f c  [ ( A  - 2B)/2 4<] ( 3 )  

where C (1) is  the   so lu t e   concen t r a t ion ,  C is the  
i n i t i a l   s o l u t e   c o n c e n t r a t i o n ,  Do1 Is t h e  e i f e c t i v e  
d i f f u s i o n   c o e f f i c i e n t ,  A is t h e   i n t e g r a t i o n  
constant ,  B - 0.04 BiXf/e, and 6 i s  t h e   l i q u i d  
water content  ahead of the   f reez inE  f ront .  'Ihe 
va lue  of A may be  found  from  the mass balance of 
t he   so lu t e .  

per   uni t   bulk volume is 0 C i .  We assume that a 
c e r t a i n   ( c o n s t a n t )  amount of solute   remains af ter  
t h e   f r o s t   f r o n t   p a s s e s  by. ' Ihis amount is a 
f r a c t i o n   o f   i n i t i a l  amount and i s  e q u a l   t o  
(1 - k) e C i ,  where k is the segrega t ion  
constant.   If  we assume tha t  no s o l u t e  is b u i l t  
i n t o   t h e  ice la t t ice ,  then (1 - k) = (eC)f/eCi 
where  (eC)f is the  product of the  volumetric 
l i qu id   con ten t   i n   t he   f rozen   zone  and the 
concent ra t ion  of s o l u t e  i n  that l iqu id .  
Using a mass blance  approach by equat ing   the  
amount o f  s o l u t e  removed from the   f rozen  zone t o  
the amount of s o l u t e  added t o  the unfrozen zone, 
it is found t h a t :  

'Ihe i n i t i a l  amount of so lu t e   (be fo re   f r eez ing )  

'he concent ra t ion  a t  the   f ros t   f ron t   fo l lows   f rom 

cf - ci + A erfc [ ( x f  - 2 ~ ) / 2  431 (5 )  

Eq. (3 ) :  

Equations (3 )  and ( 4 )  now provide the opportuni ty  
t o  ca l cu la t e   t he   s a l t   concen t r a t ion   p ro f i l e s   ahead  
of the f r eez ing   f ron t .  For reasonable   values  of 
the diEferent  parameters  one  f inds  from Eq. ( 5 )  
the  following  approximate  relation  between C f  and 
Ci : 

Cf = Ci + 80 k Ci 

This  i n d i c a t e s   t h a t   i f  there is  no s a l t  i n c l u s i o n  
i n   t h e   f r o z e n  zone (k=l) the   concent ra t ion  a t  the  
f r o s t   f r o n t  would r i s e   t o   a b o u t  80 times the 
i n i t i a l   c o n c e n t r a t i o n .  I h e  r e s u l t i n g   f r e e z i n g  
point   depression would cause the f r o s t   f r o n t   t o  
"leap"  over the zone  of  high  solute  concentration. 
'his, i n  tu rn ,  would cauee a considerable  
reduct ion   in   the   k -va lue  on a macroscopic scale. 
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LATEGLACIAL PALEOTEMPERATURES AND PALEOPRECIFITATION AS DERIVED FROM PERMAFROST: 
GLACIER RELATIONSHIPS IN THE TYROLEAN ALPS, AUSTRIA 

Hanns Kerschner 

Institut fiir Geographie, Universitat Innsbruck, A-6020 Innsbruck, Austria 

Numerous fos s i l  rock glaciers in the Alps, situated 450-550 m  below  the  presently 
active rock glaciers, can be  correlated with the Egesen Stadial cold  phase (11,000 
t o  10,000 BP). Fossil rock glaciers of Daun and Senders age  (probably older than 
13,000 BP) are  situated 650 m below the active rock glaciers. From the  lowering 
of  the Egesen rock glaciers, a  lowering  of  the mean annual air temperature in the 
order of -3.5OC against modern values is inferred. The lowering of  the summer 
temperature, a6 inferred from  the  lowering  of timberline, was in the order of 
-2.5OC during  this period. For the Daun and Senders Stadials, a  lowering of the 
MAAT in the order of -4.5OC is  estimated. With the help of a permafrost-glacier- 
precipitation relationship, paleoprecipitation is estimated. During the Egesen 
Stadial, precipitation was reduced  by 30% in the  sheltered valleys of the Tyrolean 
Alps, whereas precipitation was about  equal  to present-day values along  the 
northern slope. During the Daun and Senders Stadials, precipitation was reduced 
by 49% and 25% respectively in some valleys of the northern slope. 

INTRODUCTION 

I n  the  past paleotlimatic studies in  the A l p s  
were concerned with the  inference of summer tempe- 
rature fluctuations from snowline and timberline 
fluctuations (Patzelt 1975, 1980). A  first attempt 
to derive fluctuations of the annual temperature 
from rock glacier altitudes was made by the  present 
author  (Kerschner 1978). Statements on paleopre- 
cipitation had  been qualitative, relying mainly on 
paleobotanical information. For the  last  cold 
phase of the  Alpine Lateglacial, the Egesen Stadial 
(Younger Dryas cold phase, 11,000 to 10,000 B P I ,  a 
quantitative estimate of the precipitation could  be 
given on the  basis of equilibrium line altitudes 
and timberline altitudes (Kerschner 1982a).  As 

Table 1 Lateglacial glacier and rock glacier data, 
Tyrolean Alps, Austria 

paleobotanical in€ormation on timberline fluctua- 
tions is limited  for various reasons, the distri- 
bution of lateglacial fossil rock glaciers is  used 
as  a  source of paleoclimatic information in  this 
paper. This attempt is largely  based on the 
permafrost-glacier-precipitation model developed 
by Haeberli (1982, 1983), which relates the mean 
annual air  temperature  at  the equilibrium line of 
glaciers with precipitation. 

STRATIGRAPHY 

The Alpine Lateglacial covers the  period o f  the 
final recession of  the  large  valley glacier systems 

10.000 B.P. 
AGE STADlAL D E M  PI GLACIERS BASAL SHEAR STRES 
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from approximately 16,000 BP until 10,000 BP. By 
9,500 BP, glaciers had already readvanced within 
their mid-19th century  limits  (Patzelt 1973). This 
period of general downwasting of the  glaciers was 
interrupted several times  by  periods of readvance 
("stadials"). These stadials, which are named aft- 
er  type  localities near Innsbruck (Tyrol), have 
been described in detail by Mayr and Heuberger 
(19681, Heuberger (1966) and Kerschner and 
Berktold (1982). 

era1 authors showed  that  the stratigraphical sy- 
stem developed in the Tyrolean Alps is  equally ap- 
plicable  in other areas of the Austrian and Swiss 
Alps  (bibliographies in Muller et  al. 1981, Maisch 
1981).  These readvance periods were usually not 
single phased  but  consisted of a series of  advances 
and retreats, each 'one smaller than  the  preceding. 
The correlation with the lateglacial stratigraphy 
of northwestern Europe still presents some problems, 
mostly for the older stadials. The most  likely 
correlation is given in Table 1. 

In the course of mapping lareglacial deposits, a 
large number of fossil rock glaciers  of lateglacial 
age was found. These rock glaciers  developed  from 
talus  as well as from morainic debris. Their aver- 
age  length  is in the order of 300 to 500 m, but 
some are more than 1,000 m long  and several hundred 
metres wide. From the collapse structures, a  former 
ice  content in the order of  50 to 70% is estimated. 
A transition from  rock  glaciers to  push moraines 
(Haeberli  1979a)  and  vice versa can  be  observed at 
numerous localities. Rock glaciers with a core of 
glacier  ice  are  presently uncommon in  the Alps. 
This is also true  for  lateglacial rock glaciers. 
In most cases the transition between the  former 
glacier  and  the  rock  glacier  can  be  clearly delin- 
eated in the  field or from aerial photographs. 
The period of activity of  these rock glaciers can 
at  least: be  partially  fixed with correlation to 
nearby moraines of known age. 

re active during the Egesen Stadial (11,000 to 
10,000 BPI. Many  of them cover large areas which 
were glacierteed during the Daun Stadial as can be 
deduced from nearby moraines (Kerschner 1978, 
Maisch 1981). They indicate that  a major warming 
period  preceded  the Egesen Stadial, which led to an 
extensive deglaciation. This warm phase  is pro- 
bably identical with the Gllerdd-Bdlling Intersta- 
dial complex (13,000 to 11,000 BP; Welten 1982, 
Eicher 1979, Eicher et al. 1981).  As  the Younger 
Dryas cold  phase  lasted  for  about 1,000 years and 
as sufficient debris was available from intense 
frost shattering and moraines, it is assumed  that 
these  rock  glaciers  closely  approached  their lower- 
most position as controlled by topography  and  cli- 
mate. In places with appropriate topography, they 
extend  to altitudes between 1,900 and 2,000 m 
a.s.l., about 450-550 m below presently active rock 
glaciers. The available data show  that  there  is 
no significiant spatial.  variability o f  the altitude 
of Egesen rock glacier  termini in the  study area. 
Similar altitudes can be observed in central  and 
southwestern Switzerland. Rapid warming after 
10,000 BP, as it can be  inferred from numerous 
paleobotanical and glaciological studies (e.g. Wel- 
ten 1982, Patzelt and Bortenschlager 1982) suggests 
that  the  activity  of  these  rock  glaciers came to an 

During the  past decade, extensive mapping by SAP 

Most fossil rock glaciers at  lower  altitudes we- 

end  at  the Lateglacial/Postglacial boundary  around 
10,000 BP. 

While  there exists already  a  fair amount of data 
on the distribution of rock glaciers of Egesen age, 
information about rock glaciers of older age  is 
still limited. This i s  mainly due to  the  fact  that 
large  valley glaciers were more frequent  during 
older phases of the  Alpine Lateglacial. These gla- 
ciers  occupied  large  areas suitable for  rock g l a -  
cier formation and  ended  at altitudes that were ob- 
viously too low for  the existence of permafrost. 
Bock glaciers of Daun age in the Tuxer Voralpen, 
30  km south of Innsbruck, are 620-680 m below  the 
present-day lower  boundary of permafrost(Patze1t 
1983). Push moraines of Daun age in the Karwendel 
to  the north of Innsbruck can be observed 150-200 m 
below Egesen rock glaciers. Rock glaciers which 
can be correlated with the Senders Stadial seem t o  
have been at similar altitudes as  the Daun rock 
glaciers (Kerschner  and  Berktold 1982). 

PALEOCLIMATIC INTERPRETATION 

Numerous measurements show that  the surface 
velocity  of rock glaciers in  the  Alps rates from 
approximately 0.1 t o  1.0 m/yr. A surface velocity 
of 0 . 3  m/yr is chosen as  a reasonable average by 
Barsch (1977a,b). From this  it is deduced that  the 
formation of  a rock glacier of considerable length 
(i .e. several hundred metres) demands at least 
several centuries (Vietoris 1972) .  Possible former 
periods of fossilization and reactivation can usu- 
ally not be recognized in the field. From this  it 
follows  that fossil rock glaciers only  provide  a 
general  picture of climatic changes on a rime scale 
of several centuries. 

attained  for  the inference of timberline fluctu- 
ations from lateglacial pollen diagrams, which have 
also been used as a source of paleoclimatic infor- 
mation (Kerschner 1982a). Thus, paleoclimatic 
models with rock glacier data as input variables 
should be comparable with models which use timber- 
line  fluctuations as one source of information. 
Both models cannot make full use of the much more 
detailed, but unrevealed paleoclimatic information 
which is  present in the large number of  lateglacial 
morainic systems. 

Mean Annual Air Temperature (MAAT) 

About the same level of resolution can be 

The spatial pattern of the distribution of 
active rock glaciers--as permafrost phenomena-- 
reflects the pattern of annual isotherms in the 
study area very well (Fliri 1975, Barsch 1977a, 
Haeberli 1979b). The same  should  hold  true  for 
fossil rock glaciers which had sufficient time t o  
develop. Hence, as a first approximation, the 
vertical difference between active and  fossil rock 
glaciers of identical exposure, comparable extent 
and comparable morphologic setting is  proposed  as  a 
measure of the  lowering of the MAAT (Kerschner 
1978). This vertical difference is  converted into 
the  lowering of the MAAT with the hedp of a tempe- 
rature lapse rate of -0.65°C/100 m. From the 
lowering of the Egesen rock glaciers ( -450 to 550 m) 
a lowering of  the MAAT in the order of -3.0 to 
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-3.6Oc can be  inferred  for  the  period 11,000 to 
10,000 BP. This is more than  the  lowering of  sum- 
mer temperature, which can  be calculated from  the 
lowering of timberline (approximately -200 m 
throughout  the  study  area)  as  about - 2 . 5  to -3.OOC. 
These results suggest an increase in seasonal con- 
trasts of temperature between summer and winter 
during  the Egesen Stadial. The same figures seem 
to  apply  for  the  late Egesen Stadial, when glaciers 
were  already  much smaller than during the maximum. 

From the  lowering o f  the Daun and Senders rock 
glaciers  and  push moraines (approximately -650 m) 
a  lowering of the MAAT in the order of -4.0° t o  
-4.5OC is  inferred. Due to  a  lack of data, no 
direct estimates can be given for  the  summer tem- 
perature during these  periods. 

the Egesen Stadial seem to  be rather reliable due 
to  the long duration of the  cold  phase  and  the 
large sample size. The figures  calculated  fur  the 
Daun Stadial and  the Senders Stadial are  less well 
supported due to  the small sample  size  and our 
still insufficient knowledge o f  the duration of 
these  cold  phases. 

Paleoprecipitation 

The figures for  the  lowering  of  the MAAT during 

Active rock glaciers are abundant in the rather 
dry valleys of the central Alps which are sheltered 
from  the precipitation bearing  air masses from  the 
north and south. Precipitation at 2,000 m  a.s.1. 
is in the order o f  750 to 1,200 mm/yr in these 
areas. The equilibrium line  (EL)  of  glaciers  there 
is  high  compared with the  humid northern slope, 
where precipitation is in the order of 1,600 to 
2,000 mm/yr (Gross 1983, Kuhn 1983). Active rock 
glaciers  are  almost  absent in the humid northern 
areas of the  Alps where the EL is c lose  to  the 
lower  boundary of  permafrost, thus  leaving no space 
for  the developement of rock glaciers.  The verti- 
cal distance between the  termini of active rock 
glaciers and  the equilibrium line altitude (ELA) 
increases  markedly with decreasing precipitation. 
From this it follows  that  the MAAT at  the ELA in 
dry  areas i s  lower  than in humid areas (Haeberli 
1979b, 1982, 1983). Hence, the MAAT at  the ELA 
can be taken  as an indirect measure for  the preci- 
pitation in a given area. The relationship between 
the MAAT at  the ELA and  the precipitation at 
2,000 m a.s.1. in the  Alps  (Figure 1) can  be ex- 
pressed  as 

Precipitation 2,000 = 3613.  M MA AT^)-^'^^'^ (1) 

from  the data of Haeberli (1982). A standard alti- 
tude of 2,000 m  a.s.1. i s  chosen for  practical 
reasons. It is also  used in other models for  the 
determination of paleoprecipitation (Kerschner 
1982a). 

Equation (1) serves as  the  basis  for  the quanti- 
tative estimation of paleoprecipitation during some 
of  the lateglacial stadials. The MAAT at  the ELA 
is  calculated  from  the vertical difference between 
the altitude of the  termini of fossil rock glaciers 
and  the  ELAs of nearby glaciers of similar age. 
Following the  lines of Haeberli (19821, it i s  
assumed  that  the MAAT at  the  termini of rock 
glaciers varies between -2.O'and -4.OoC, depending 
on aspect  and  topographic setting of the respective 
rock glaciers. 

Most of the available data come from  glaciers 
and rock glaciers o f  the Egesen Stadial cold Thase 
(11,000 t o  10,000 BPI. They show that  at  the  humid 
northern margin of  the  study  areas  the MAAT at the 
ELA was not below -2.5'C, from which a precipita- 
tion in the order of 1,600 to 2,000 mm/yr can be 
calculated with the help o f  equation (1). This is 
about  equal to the  present-day precipitation in 
this area. In the sheltered valleys of the central 
Alps, the MAAT at  the ELA was about -6.0° to -7.OoC 
indicating a precipitation in the order of 650 to 
800 m/yr, which is  about 25-33% less than present- 
day values. 

During the  late  stages of the Egesen Stadial, 
glaciers were much  smaller  and  their EL was at 
higher altitutdes  than during the maximum. In some 
areas rock glaciers developed within the area which 
was glacierized  during  the maximum advance (Miiller 
et al. 1981, Maisch 1981, Kerschner 1982b). Esti- 
mates show that  the MAAT at  the ELA was of the or- 
der of -3.5OC along  the northern slope but -8.OoC 
in the sheltered valleys, thus  pointing  to  a reduc- 
tion of precipitation by 25 and 55% respectively. 

These results can be cross-checked with a EtO- 
chastic glacier-climate model (Figure 1) which re- 
lates  the  summer  temperature  at  the ELA and  the 
precipitation at 2,000 m a.s.1. (Kerschner  1982a) 
and with a glacial-meteorological model, which re- 
lates ablation and accumulation at  the EL through  a 
system of equations defining  heat  and mass exchange 
at  the  glacier  surface (Kuhn 1980, 1982). In these 
models, data on the  change of the  alti.tude of tim- 

I 

Figure 1 Relation among mean 
summer temperature at  the 
equilibrium line (MST ) and 
precipitation at  2,008m a.s.1. 
("glacier-climate-model", Ker- 

among mean annual air tempera- 
ture  at  the equilibrium line 

2,000 m a . s . 1 .  ("glacier- 
permafrost-model" after Hae- 
berli (1982), slightly modi- 

schner (1982a))  and relation 

(MAATE)  and precipitation at 
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Figure 2 Distribution of precipitation in  the cen- 
tral Alps during the Egesen maximum advance, ex- 
pressed  as percentage of present-day precipitation 
at 2,000 m  a.s.1. 

berline  are  used  as an independent variable to de- 
termine  the change of summer temperature  at  the EL. 
The use of summer temperature in a glacier-climate 
model is  physically more correct  than  the use of  
the MAAT, because summer  temperature  is an impor- 
tant  factor governing ablation. The use of both 
models i s  limited  to  periods  for which estimates of 
the timberline altitude can  be made from palynolo- 
gical data. This precludes  their application to 
stadials which preceded  the Allerdd-Bdlling Inter- 
stadial complex (13,000 to 11,000 BPI .  They  give 
similar  values of  paleoprecipitation during  the 
Egesen Stadial as  the permafrost-glacier model d i s -  
cussed  in  this  paper. Differences do not  exceed 5% 
on the  average. 

A  combined application of the glacier-climate 
model and  the permafrost-glacier model allows the 
plotting o f  a map of  the  change o f  precipitation 
from present-day values  to  the precipitation during 
the maximum advance of the Egesen Stadial (Figure21 
The map covers an area of approximately 250 x 100 
km of the central and northern Alps in western 
Austria and eastern Switzerland. It shows the rap- 
id decrease o €  precipitation from  the northern 
slope towards the central valleys, which was much 
more  pronounced  during  the Egesen Stadial than  it 
is  today. The transition between humid  and  dry 

areas  during  this  period was sharp and concentrated 
along mountain chains with altitudes of more than 
2,700 m  a.s.1.  to  the  south of  the Inn valley. 

limited, so only a few remarks on the  former clima- 
tic conditions can be made. These data come from 
valleys which were part of the  humid northern area 
during the Egesen Stadial with 100% of the present- 
day precipitation. They indicate that precipita- 
tion in this area was about 252 lower  during  the 
Daun Stadial. During these Stadials, the ELA was 
much  lower  than  during  the Egesen Stadial (Table 1). 
By employing the glacial-meteorological model (Kuhn 
1982) the  lowering of summer temperature can be 
calculated. The precipitation values determined 
with the permafrost-glacier model are serving as 
input data. During the Senders Stadial, the lower- 
ing  of  summer  temperature was in  the order o f  
-4.5OC or more. During the Daun Stadial, summer 
temperatures were approximately -3.5'~ to -4.0Oc 
lower than at present-day. These changes of summer 
temperature cannot be  tested quantitatively against 
other information and  thus must be regarded as or- 
ders of  magnitude only. 

The overall impression of the  climate  during 
these  phases of the Alpine Lateglacial is  that o f  a 
rather cold  and  dry mountain climate which seems to 

Data on the Daun and Senders Stadials  are still 
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be readily comparable with the present-day climate 
in the high mountain regions of central Asia. It 
seems  that  the scadials started with cool and com- 
parably moist conditions which changed  to cold-dry 
conditions within a  time span of a  few centuries or 
less. This pattern, which was obtained from gla- 
ciological and geomorphological information, agrees 
favourably with the paleobotanical record of the 
Alpine Lateglacial. This record shows a  cold  and 
dry  climate favouring a  cold steppe vegetation in 
the upper reaches of the  valleys above timberline 
(Welten 1972, 1982, Markgraf 1973; extensive bib- 
liographies in Burga 1980, Kuttel 1979). Results 
of 180/160-investigations on lake marls in 
Switzerland agree also well with this pattern 
(Eicher 1979). 

CONCLUSIONS 

Fossil rock glaciers in the  Alps seem to  be a 
valuable source for paleoclimatic information. 
Fluctuations of the MAAT can be  inferred  from  the 
difference in altitude between fossil and active 
rock glaciers, if data are  derived from rock gla- 
ciers o f  identical exposure'comparable extent and 
comparable morphologic setting. The permafrost- 
glacier model discussed in this paper seems to pro- 
vide reliable values o f  the paleoprecipitation du- 
ring certain cold  phases of the Alpine Lateglacial. 
It seems to be  a useful model for  the determination 
of paleoprecipitation for periods, for which tim- 
berline data are absent but rock glacier data are 
available. 

The use of rock glacier data in paleoclimatic 
considerations allows to  extend quantitative paleo- 
climatic studies in  the  Alps  to  the northern Alps, 
where timberline altitude is not so much  controlled 
by climate, but  by relief and  the  limestone  sub- 
stratum. With some precautions, paleoclimatic 
estimates can be made  for  cold  phases older than 
the Allerdd-Bdlling Interstadial complex (13,000 to 
11,000 BP), whenatimberline had  not yet reached  its 
highest possible  position. Thus, rock glacier stu- 
dies allow to broaden the scope of quantitative pa- 
leoclimatic studies in the A l p s  both in space and 
in  time. 

ACKNOWLEDGEMENTS 

I would like t o  express my gratitude to Dr. 
Wilfried Haeberli (Versuchsanstalt fur Wasserbau, 
Hydrologie und Glaziologie, ETH Zurich), who provi& 
ed valuable encouragement during a l l  stages of the 
preparation of this  paper and to Dr.Klaus Frantz, 
who assisted in the final stages of the preparation 
of the manuscript. I greatly appreciate many valua- 
ble. suggestions for  the improvement of the  paper 
by the reviewers of a  first draft of the  manuscript. 

REFERENCES 

Barsch, D., 1977a, Alpiner Permafrost - Ein Beitrag 
zu seiner Verbreitung, zu seiner Charakteristik 
und seiner Okologie am Beispiel der Schweizer 
Alpen: Abhandlungen der Akademie der Wissen- 
schaften in Gottingen, Mathematisch-Physikali- 

sche Klasse 3, Folge 31, p. 118- 1 41 
Barsch, D., 1977b, Nature  and  impact  of mass-wast- 

inp by rock glackrs in alpine permafrost condi- 
tions:  Earth Surface Processes, v.2, 7 .  231-245 

Burga, C.A., 1980, Pollenanalytische Untersuchungen 
zur Vegetationsgeschichte des Schams und  des San 
Bernardino (Graubunden, Schweiz), Vaduz: Cramer, 

Eicher, U., 1979, Die 160/180 und 12C/13C-Isotopen- 
165 p. (=Dissertationes Botanicae 56) 

verhaltnisse in spatglazialen SiiOwasserkarbona- 
ten und  ihr Zusammenhang mic den Ergebnissen der 
Pollenanalyse: PhD.thesis, Bern, 205 p .  

Eicher, U., U.Siegenthaler, and  S.Wegmiiller, 1981, 
Pollen and oxygen isotope analyses on Late- and 
Postglacial sediments of the Tourbiere de 
Chirens  (Dauphin&, France): Quaternary Research 
v.15, p .  160-170 

Fliri, F., 1975, Das Klima der Alpen im Baume von 
Tirol: Monographien zur Landeskunde von Tirol 
I, Innsbruck: Wagner, 454 p. 

schneelinie in den Gsterreichischen Alpen: 
Innsbrucker Eeographische Studien, v.8, p. 59-83  

Haeberli, W., 1979a, Holocene push moraines in al- 
pine permafrost: Geografiska Annaler, v.61A, 
p. 43-48  

Haeberli, W., 1979b, Special aspects of high moun- 
tain  permafrost methodology and zonation in the 
Alps, & Proceedings of the  Third International 
Conference on Permafrost, v.1: Ottawa, National 
Research Council of Canada, p. 378-384 

Haeberli, W., 1982, Klimarekonstruktionen mit Glet- 
scher-Permafrost-Beziehungen: Materialien zur 
Physiogeographie, v.4, p. 9-17 

ships in the Swiss Alps - today  and in the past: 
Fourth International Conference on Permafrost, 
Fairbanks, Alaska 

Heuberger, H., 1966, Gletschergeschichtliche Unter- 
suchungen in den Zentralalpen zwischen Sellrain 
und ijtztal: Wissenschaftliche Alpenvereinshefte 
20, 126 p .  

Late Wiirm rock glaciers, eastern Central Alps, 
western Tyrol, Austria: Arctic and  Alpine Re- 
search, v. 10, p. 635-644 

Kerschner, H., 1982a, Outlines of the  climate dur- 
ing  the Egesen advance (Younger Dryas, 11,000 - 
10,000 BPI in the central Alps of the western 
Tyrol, Austria: Zeitschrift fur Gletscherkunde 
und Glazialgeologie, v. 16, p. 229-240 

Kerschner, H., 1982b, Zeugen der Gletschergeschich- 
te  im oberen Radurschltal - Alte Gletscherstande 
und Blockgletscher in der Umgebung des Hohenzol- 
lernhauses: Alpenvereinsjahrbuch 1982/1983 
("Zeitschrift" 1071, p. 23-27 

Kerschner, H., and E. Berktold, 1982, Spatglaziale 
Gletscherstxnde und Schuttformen im Senderstal, 
nordliche Stubaier Alpen: Zeitschrift fiir Glec- 
scherkunde und Glazialgeologie, v. 1 7 ,  p.125-134 

ings o f  the Canberra Symposium, Dec.1979: IAHS- 
AISH Publ. 131, p. 3-20 

Kuhn,  M., 1982, Die Beaktion der Schneegrenze auf 
Klimaschwankungen: Zeitschrift fiir Gletscher- 
kunde und Glazialgeologie, v .  16, p. 241-254 

Kuhn, M., 1983, Die HBhe der Schneegrenze in Tirol, 
berechnet  aus Fliris klimatischen Profilen: 
Innsbrucker Geographische Studien, v. 8, p.85-91 

Gross, G . ,  1983, Die Schneegrenze und die Alt- 

Haeberli, W., 1983, Permafrost-glacier relation- 

Kerschner, H., 1978, Paleoclimatic inferences from 

Kuhn,  M., 1980, Climate and glaciers, & Proceed- 



594 

Kii t 

Mai 

tel, M., 1979, Pollenanalytische Untersuchungen 
zur Vegerationsgeschichte und zum Gletscherruck- 
zug in den westlichen Schweizer Alpen: Berichte 
der Schweizerischen Botanischen Gesellschaft, 
v. 89, p. 9-26 
sch, M., 1981, Glazialmorphologische und glet- 
schergeschichtliche Untersuchungen im Gebiet 
zwischen Landwasscr- und Albulatal, (Kt.Graubun- 
den): Physische Geographie, Universitat Zurich, 
V. 3.  215 D. 

Mayr, F . ,  and H. Heuberger, 1968, Type areas of  
lateglacial  and  postglacial deposits in Tyrol, 
Eastern A l p s ,  @ Richmond, G.M., ed., Glaciation 
of  the Alps: University  of Colorado Studies, 
Series in Earth Sciences, v. 7 ,  p .  143-165 

Narkgraf, V., 1 9 7 3 ,  Paleoclirnatic evidence derived 
from  timberline fluctuations: Colloque Interna- 
tional CNRS Paris, v. 219, 15 p .  

Eletscher- und vegetationsgeschichtliche Uncer- 
suchungen im Val  de Nendaz (Wallis) - Ein Bei- 
trag  zur  alpinen Spatglazialchronologie: Zeit- 
schrift  fur Gletscherkunde und Glazialgeologie, 
V. 16, p. 61-84 

Patzelt, G., 1973,  Die postglazialen Gletscher- und 
Klimaschwankungen in der Venedigergruppe (Hohe 
Tauern, Ostalpen): Zeitschrift fur Geomorpholo- 
gie N.F., Supplementband 1 4 ,  p. 25-72 

Kitzbiihel - Spat- und  postglaziale Landschafts- 
entwicklung: Innsbrucker Eeographische Studien, 
v. 2 ,  p .  309-329 

Patzelt, G., 1980, Neue Ergebnisse der Spat- und 
Postglazialforschung in Tirol: Bsrerreichische 
Geographische Gesellschaft, Zweigverein Inns- 
bruck, Jahresbericht 1976177, p. 11-18 

Patzelr, G., 1983, Die spatglazialen Glerscherstan- 
de im Bereich  des Mieslkopfes und  im Arztal, 
Tuxer Voralpen, Tirol: Innsbrucker Geographi- 
sche Studien, v .  8, p .  35-44 

Patzelr, G., and S .  Bortenschlager, 1978,  Zur Chro- 
nologie des Spat- und Postglazials im utztal und 
Inntal (Ostalpen, Tirol),& Frenzel, B., ed., 
Fuhrer zur Exkursionstagung des IGCP-Projektes 
7 3 / 1 / 2 4  “Quaternary Glaciations i n  the Northern 
Hemisphere”, 5-13 September 1976: Bonn-Bad Go- 
desberg, p. 185-197 

Vietoris, L . ,  1972,  Uber den Blockglerscher des au- 
13eren Hochebenkars: Zeitschrift fur Gletscher- 
kunde und Glazialgeologie, v. 8, p. 169-188 

Voralpengebiet der Schweiz - Verlauf, Floristi- 
sches, Chronologisches: Rerichte der Deutschen 
Botanischen Gesellschaft, v .  85, p. 69-74 

Welten, M., 1982, Pollenanalytische Untersuchungen 
zur Vegetationsgeschichte des Schweizerischen 
Nationalparks: Ergebnisse der wissenschaftli- 
chen Untersuchungen im Schweizerischen National- 
park XVIl80, p. 3 - 4 3  

Muller, H.N., H. Kerschner, and M. Kiittei, 1981, 

Patzelt, G . ,  1975,  Unterinntal-Zillertal-Pinzgau- 

Welten, M., 1972,  Das Spatglazial im nordlichen 



G. 

SOME ABIOTIC CONSEQUENCES 

Peter Kershaw, Department 

OF THE CANOL CRUDE OIL PIPELINE PROJECT, 35 YEARS AFTER ABANDONMENT 

of Geography, University of Alberta, EdmntoO, Alberta Canada, T6G 2H4 

The Northwest Territories portion of the ChNOL No. 1 crude a i l  pipeline has been 
abandoned since 1945. A number of terrain distuxbances were ini t ia ted by the mn- 
stxuction and operation of this  pipeline that are comparable t o  those  associated 
with contemporary developments i n  northern environments. Abiotic  alternations in-  
clude the reraoval. compaction, or   burial  of the  often  peaty  soil surface layers. 
In a l l  cases there was less  organic  matter a t  the surface than i n  undisturbed 
areas. Disturbance subsurface  temperatures were warmer than  controls and it Was 
the  amelioration of this  ecologically  limiting  factor  that led to  a rapid rate of 
organic matter accumulation (e.g. up t o  98k o f  control  values). Subsurface mois- 
ture w a s  less  for most disturbance  types  except where depressions  resulted f r o m  
compaction ox thermal  subsidence i n  Organic Cryosols. Biological and geomorpho- 
logical  processes  continue t o  respond to the i n i t i a l  surface  disruptions and  have 
as y e t  not  stabilized, although  the degree of "recovery" varies  with  the type of 
disturbance and the terrain  in  which it occurs. 

INTRODUCTION 

The CANOL Pipeline  Project, 35 years af te r  
abandonment, provides an example of how a major, 
large-scale  developtent  has  altered  the  local en- 
vironment i n  t h i s  mountainous, discontinuous per- 
mafrost zone. The Project  affected a diversity of 
environments over a broad  geographical  area. How- 
ever  this study  only reports on the abandoned sec- 
tion  within  tundra  areas in  the Northwest Terri- 
tories,  Canada. This area extends  over 1.5' of 
lati tude and 3' o f  longitude between Road Mile 
Post (R.M.P.) 56.6 near the Mackenzie River a t  
640411N,  127°10'W, and R.M,P. 231.3  on the Con- 
t inental  Divide at 63'14'N,  130'02'W. Elevations 
of  the  tundra  affected by the CWOL Project xange 
from 775 m near  the Mackenzia River t o  1,740 m 
on the  Plains of Abraham. 

The term "substrate", as it is used i n  t h i s  
paper, refers e0 the surface and near-surface  lay- 
ers of the ground (Agriculture Canada 1976). It 
includes "soi18" of both disturbed and control 
sites. 

associated telephone system were constructed be- 
tween  10 October 1942 and 12 March 1944 and  aban- 
doned by 31 May 1945. During the 39 years  since 
the i n i t i a l  disturbances were created, no a r t i f i -  
cial  rehabilitation was attempted and this  area 
still remains c&oaed to auto  traffic. 

Within the study  area the pipeline, road, and 

METHODS 

Field sampling w a s  carried  out between 23 
June and 29 September  1979 on those s i tes  where 
vegetation  information had been previously  col- 
lected. Two cr i te r ia  w e r e  used in  selecting rep- 
resentative  disturbance and control sites far 
sampling. These insured  that  valid comparisons 
w i t h  control conditions could bo made. 

1. A variety of sites had to be located  in 

2. Each  set of sites had t o  be contained 
close proximity to  one another. 

within an area of homogeneous vegetation  (i.e., 
i n  term of structure and species  composition), 
considered representative of larger  regions. 

Layers were nrnnbered  and each measured t o  the 
nearest 0.5 mu. A l l  subsuface temperatures (i.e., 
10 cm depth) fox a s e t  of disturbances and their  
control were detexmined over a m@ximum of a few 
hours time an the same day. A t  this depth temper- 
atures were expected t o  vary l i t t l e  from day to  
day (Geiger  1959). 

Samples w e r e  thawed i n  the  laboratory and the 
moisture  content determined gravimetrically (Me- 
Keague 1976 and Kalra 1971).  Moisture content was 
expressed on an oven dxy weight basis. Organic 
matter w a s  determined by weight  loss-on-ignition 
(Weague 1976  and Kalra 1971) and expressed as a 
percentage of precombustion weight. Sieving  se- 
parated  four  soil  fractions: 1) gravel, 2 )  very 
coarse t o  medium s a d ,  3) medium to very fine 
sand, and 4) very fine sand, silt, and clay (Mc- 
Keague 1976). 

nearby undisturbed  areas. The control   soi l   p i t  
was  dug w i t h i n  the plant community i n  which the 
i n i t i a l  disturbance was effected. 

Discussion is based upon control-corrected 
values (CC) which are  the means of the  differences 
between disturbances (D) and associated  controls 
(e) 

cc = [ ( D ~  - cl) + ( D ~  - c2) . .. + (nn - cn) l/n 

If the mean of the  differences between the 
conhrol-disturbance  pairs w a s  positive, then th i s  
indicated that disturbances, on avexage, had 
greater amounts of a particular  characteristic. 
Negative values  indicated that. on avexage, dis- 
turbances were lower than their  controls. 

made from 33 sampling local i t ies  with 33 control 
soil  descriptions. The substrate sampling fol- 
lowed two years of investigations during  the g m -  
ing season and winter and selection of s i t e s  was 

Control or refexence s i t e s  were selected f r o m  

I n  total ,  132 substrate  descriptions were 
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based on these  studies. The substrates deecribed 
represent 43% of the 310 stands from which plant 
community information was collected (Kershaw 
1983). 

ReSULTS AND DISCUSSION 

Within the study area,  eight distinct types 
of  disturbances were recognieed - road, fa lse  
start road,  bladed trail, camp yard,  bulldozer 
track,  gravel  pit,  gravel  pit  access road and o i l  
sp i l l .   In  a l l  cases,  the road had an aggregate 
surface,  but  particle a i m  varied w i t h  the  source 
material because no crushing or washing faci l i -  
t i e s  were used a t  the time of construction. The 
road substrates remain highly compacted  a8 a re- 
s u l t  of vehicular use. 

roads, poor-weather alternate mads, and partly 
constructed road reroutings. They were infre- 
quently, i f  ever, used and as a consequence were 
less compacted than the Can01 Mad. 

The pipeline  r ight-ofray waa bladed to  
create a level  surface and to remve shrubs, large 
stones , or hummocks (Figure 1). I n  many cases, 
low spots would be l e f t   i n t ac t  while hummock 
tops were planed off. The Resulting  bladed t r a i l  
was generally a shallow depression dominated by 
mineral  exposures. 

Camp yards were temporary or permanent areas 
used as parking,  storage or building sites. Gen- 
eral ly  they were bladed level and seldom inf i l led  
but were driven  over by tracked and t i red vehi- 
cles.  Relatively  undisturbed s i t e s  were  found 
immediately adjacent to highly  altered, bladed 
surf aces. 

Bulldozer tracks were identified by the  prs- 
s e n e  of  two tread furrows that  resulted from 
compression of the  organic  horizons and therefore 
were most apparent in  areas with  peaty  surface 
layers (Figure 1) e 

wash,  till, and modern alluvium as well 88 i n  
blockfields (Figure 1). They often contained 
ponded water year round as a resul t  o f  local 
drainage into  the  closed  depression  or  excavaeon 
below the  local water table (Figure 1). The gra- 
ve l   p i t  access roads were generally no more than 
a buildup  of  loosely compacted, rutted material 
t h a t   f e l l  from t rucks as they lef t  the p i t  (Fig- 
ure 1). 

O i l  sp i l l s  were readily identified by their  
odor and blackened  appearance, and usually  lacked 
vegetation. I n  some cases,  these  substrates had 
high organic  content  but in  others,  deflation and 
running  water had l e f t  only a mineral  surface. A 
thick, w a x y  or tarry  coating w a a  also  present on 
some sites. The parameters chosen for  study do 
not  necessarily  reflect the degree of substrate 
disturbance  associated w i t h  o i l   s p i l l s .  The addi- 
tion o f  oil ha5 altered  the  substrate by intxoduc- 
ing substances toxic to plants and thereby dxama- 
t ically  affecting rates of revegetation. O i l  
spills  therefore w i l l  be discussed  separately. 

An i n i t i a l  evaluation of the  results  indi- 
cated  that  reaction t o  a particular  disturbance 
varied among the major plant communities in  the 
study  area.  Further  discussion w i l l  therefore be 

False start,roads  included graded wintar 

Gravel p i t s  were excavated i n  glacial  out- 

grouped by plant cmmunity  (Figure 1). 

Erect Deciduous  Shrub  Tundra 

This type of tundra w a s  found t o  generally 
occupy well-drained landforms of alluvium and till 
throughout the  study  area. However, the thick 
surface  covering  of  lichens reduced moisture 
losses and therefore  these  soils were also mist 
(Figure 1). The sporadically distributed  pat- 
terned ground appeared to be active. However, t o  
a large  extent th i s  w a s  the  result  of  needle ice 
act ivi ty  and deflation  processes, both of which 
prevent or  restrict  plant  colonization. 

Ice-rich  pennafxost was xestricted  to wet 
lands containing  isolated  palsas, where organic 
layers were relatively  thick. These features were 
small i n  area and the  soil  here was classified an 
Organic Cryosol. 

plant Cornunity and  were typically found beneath 
WetuZa glaokrZoaa- and SaZfx pkn$fot.ia- dominated 
sites. sa& a h W $ 8  was the dominant shrub i n  
riparian  plant communities w i t h  Humic Gleysol the 
most common soi l .  Bare ground generally accounted 
for   less  than  15% of the  total  area and was res- 
t r ic ted to  fine  materials  in  areas of patterned 
ground. 

community, including  six  control sites and repre- 
sentatives of all  eight  disturbance types (Figure 
1). A number of relationships were apparent. The 
laxge  absolute  differences i n  moisture  content 
between controls and disturbances probably result- 
ed  from the much higher  gravel  content and lower 
organic matter content on the  distuxbances  (Fig- 
ure 1). The lower moisture  content, combined 
w i t h  less organic  matter,  resulted i n  disturbances 
having warmer subsurface  temperatures. W i t h  the 
exception of fa lse  start roads,  rooting  depths 
were shallower on a l l  disturbances. This could 
be  a  response to  the  relatively  short  period 
(34-36 yeare)  that roots have had to penetrate 
the ground. Alternatively, the plant  species 
growing on the  disturbances may be more shallow 
rooted than those on undisturbed terrain.  

It is apparent from Figure 1 that  substrates 
of bulldozer  tracks and o i l   s p i l l s  were m a t  sid- 
lar to  the  controls, a resul t  of the limited i n i -  
t ia l  mechanical disturbance of  these sites. The 
gravel p i t  access roads had 98% of the  organic 
matter on their  associated  controls. Haag (1973) 
and Babb and Bliss (1974) reported  that the ox- 
ganic surface  layer w a s  important in  retarding 
subsurface  moisture  loss and heat gain. The 
gravel-dominated disturbances pmvide drier ,  war- 
mer substrates. Even those  disturbances that 
lef t   the   preexis t ing  soi l   re la t ively  intact  have 
warmer ,  drier  substrates  (Figure 1). 

the shrub canopy. Even without  excavation or the 
addition of gravel,  increased exposure t o  sun- 
l igh t  would result   in  greater  surface warming and 
greater advection  of  these  areas w i t h  a consequent 
removal o f  moisture from the surface. when  com- 
bined  with improved drainage (both surface and 
i n t e r n a l ) ,  these  factors  resulted i n  dramatic 
substrate  differences between controls and their 
associated  disturbances in   this   plant  community 

Dystric  Brunisols were most common i n  th i s  

Wenty-eight samples were taken i n  this  plant 

In i t ia l ly ,  a l l  of the  disturbances removed 
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(Figure 1) . 
Decumbent Shrub Tundra 

This plant comaunity w a s  mst common on 
landforms composed of colluvial and alluvial  de- 
posits. Species of mas, S d i x ,  and P o k m t i l h  
were the dominant plants and total cover varied 
from 60 to 1000. Areas w i t h  active needle ice,  
deflation, or seasonal frost.churning processes 
were dewid of plants. The nine  control  soil 
samples were classified as Humic Regosols. These 
so i l s  were well-to excessively-drained as a 
result of their  high gravel content. 

A total of  seven disturbance  types were des- 
cribed i n  this plant community and 35 Substrate 
samples were taken. I t  is noteworthy that over 
34-36 years, some disturbances which buried  or re- 
moved the preexisting soi l  (i.e., roads, gravel 
pi ta)  have since accumulated f x o m  55 to 67% of 
the amount o f  organic  material found i n  adjacent 
control  areas. This relatively  rapid  rate of 
organic accumulation may be a resul t  of enhanced 
production on disturbances o r  a reduced rate of 
decomposition. In   th i s  environment, where tem- 
perature is a biological  limiting  factor,  the war- 
mer substrates o f  disturbances must be a positive 
factor i n  plant growth. The shallower  rooting 

FIGURE 1. CIWDL Disturbance Substrate  Characteristics i n  Three Macksnzie  Mountain Plant Coarmunities. 
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depths  on  disturbances may indicate that plants 
are capable of taking  advantage of these warmer 
substrate conditions. This also suggests t h a t   i n  
this  plant  cornunity moisture is not a s ignif icant  
limiting  factor since the  organic  accumulations 
produced by the plants on the site have developed 
despite drier substrate  conditions. 

Sedge Meadow Tundra 

Sedge dominated wetlands  contained  organic 
Cryosols and Hlrazic Eleysols. The Organic Cryo- 
so l s  had organic  layers nore than 50 c m  thick 
and a late August thaw layer of 50-60 cm. Sedges 
i n  Cmex and Eriophorwtl were the dominant plants 
with  underlying mats of  Sphapwn spp. a d  Ry LO- 
comiwn s p ~ s n d m .  P l a n t  covex on Organic Cryo- 
501s w a s  100% whereas on the H u m i c  Gleysols it 
w a s  a s  low as 75%. 

sampled i n  Sedge Ueadm Tundra, including examples 
of five disturbance  types  (Figure 1) - surface 
layer  thickness on bladed trails and bulldozer 
tracks was reduced by excavation and/or compac- 
tion. As a result,  bulldozer  track  substrates 
w e r e  wetter and cooler  than  their  associated con- 
trols  (Figure 1). Despite the 40% gravel  emtent, 
i n  the gravel   pi t ,  it he8 accumulated 81% of the 
organic matter found i n  its control  (Figure 1). 
m t i n g  depth is approximately  equal to that of 
the associated  control  while  subsurface tempera- 
ture w a 8  higher  (Figure 1). These conditions have 
enhanced organic matter production and  a rapid 
rate of accumulation. The roads have warmer 
but  drier substrates and have accumulated 55% 
o f  the organic matter found in   the i r   cont ro ls  
(Figure 1). If decomposition is also accelerated 
by warmer substrate  temperatures,  then  the  rates 
of  organic ytter  production m u s t  be very high 
indeed.  Lore (1977) has shown tha t  enhanced 
annual  production  of  standing  crop  occurred on 
50-year-old cart   tracks.  Thus ra tes  o f  organic 
matter accumulations can be greater  than those 
of controls  within 50 years of  disturbance. 

Lichen Heath Tundra 

Five w n t r o l  and nine  disturbed sites were 

Thks plant a o m a i t y  accuxa pni.sw?ily on land- 
forms composed of  colluvium. No permafrost was 
encountered i n  t h i s  eomunity. Here, the Dystric 
Brunisol s o i l  suppoxtad  a plant  cover of 90-1001. 
Dominant plants  included Cassiops tatragma and 
Vm&n.tum utiginotosm with  lichen  species o f  
Ctadonia and C e t d a  forming mats at ground 
level.  In  addition, P o t y t S c h m  spp. were common. 

One set of four distuxbances  with the i r  asso- 
ciated  contsol w e r e  sampled i n  Lichen Heath Tun- 
dra. These well-drained  materials w i t h  low mi%- 
ture  xetention were warmer because of the removal 
o f  the insulating  surface  organic  layer and the 
reduced moisture  content. The thick lichen car- 
pet which graded  gradually in to  the organic  layer 
on undisturbed sites was remved and  no longer 
acted  as a ba r r i e r  to ground heat and moisture 
flux. The low organic matter accumulation ovex 
the 34-36 years since the i n i t i a t i o n  of the ills- 
turbance may indicate  that  moisture was a limit- 
ing factor i n  this plant  cwmunity, w i t h  the 
higher  substrate  temperatures (twice as high as 

those o f  the control.) causing periods of drought 
and subsequent  mortality  of  seedlings and/or adul t  
plants. 

Fruticose Lichen Tundra 

T h i s  type of tundra w a s  found on well-drein- 
ea, gravelly  landfonns c o w s a d   o f  alluvium o r  
colluvium  with Humic  Regosols and Dystric Bruni- 
sols. Lichen species  of C-nia and Cs-a 
were the dominant plants and generally formed 
Over 80% of the nomally 100% plant  cover. 

Six  disturbances were described  with  four 
control and 14 disturbed sites sampled. Where 
a disturbance  affected both soil   types i n  t h i s  
p l a t  colmnunity:y, the  differences in organic and 
misture content  relative to the controls were 
grea te r   in  Humic Regosols, despite the fact that 
control  soil  conditions were similar. Rooting 
depth i n  Humic Regosols was greater on a l l  dis- 
turbances ( w i t h  the exception of  gravel  pits)  
whereas i n  Dystric  Brunisols  the  depth  of  rooting 
wa8 generally less than  that  of the controls. I t  
is evident that: wanner substrates result from the  
removal or   bur ia l  o f  organic  surface  layers and 
the insulating lichen surface covering i n  addi- 
t ion to the  deposition or exposure o f  coarse, 
well-drained  materials. 

Cushion Plant Tundra 

This plant community was most mmmn on col- 
luvial  deposits where s o i l s  wexe Regosolic  with 
Humic Ragosols under plant  cover. These s o i l s  
were Well t o  excessively  drained and gravelly, 
often  with a shallow l i th ic   contac t .  This, com- 
bined  with their loca t ion   in  the rainshadow of 
the Mackenzie Mountains, has pxoduced dry soils. 
Plant cover values ranged from 3 to  20%. Dominant 
plants  included Dryas ocfopetalu, D. integri-  
fo l ia ,  Sitens acautis, and Sat ix  dodgsorza, 

Five controls and 10 sites representing  four 
types  of  disturbances were described fm Cushion 
Plant Tundra. Many substrate  parameters were 
similar on disturbed and cont ro l   s i tes  because 
of the  naturally  coarse  soils. I n  comparison with 
other  plant community substrates,  those of Cushion 
Plant Tundra had l i t t l e  difference between con- 
trols and disturbances. 

Crustoce Lichen Tundra 

This  plant community is mst common i n  block- 
fields. Some of these landforms frequently had 
f ine r  material beneath a surface  layer  of  blocks 
and/or in   i so la ted  islends dispersed  throughout 
(Figurn 1). All of these areas were classif ied 
as rockland  since  they  did  not meet the c r i t e r i a  
O f  Regosols I 

The 90-1000 plant  cover w a s  dominated by 
Long lived and slow growing lichen species i n  
Rhiaocmpon and Lsoanora. 

Three types of disturbances were studied  in 
this plant  community with a total of f ive  samples 
and thxee  controls described. Most disturbances 
had more fine-textured  materials and therefore 
had greater  moisture  storage  ability  than  did 
their controls (Figure 1). Disturbances were 
l ighter  in  color  than the black  lichen  covered 
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controls and w i t h  a higher  albeao, had lower 
surface  temperatures  (Figure I). These condi- 
tions  offered a much less harsh environment for  
vascular  plants on disturbances  than on controls. 
The high  temperatures and  low moisture of control 
substrates would create water stress  conditions 
for most vascular  plants, and disturbances would 
provide a more habitable environment. The fine 
materials found on disturbances  also provided a 
rooting medium for  vascular  plants that was ab- 
sent   in  undisturbed  areas. 

O i l  Sp i l l  Disturbances 

The type and  amount  of o i l  residue remaining 
i n  the  soi l   af ter  35 yrs.  varied from one oil 
s p i l l  to  the next (Kershaw 1983). O i l  s p i l l s  
were deposited on the ground surface and the  soil  
structure w a s  l i t t l e   a l t e r ed  by the  addition of 
oil .  Surface  vegetation and organics  usually 
absorbed the  oi l  and  have  undergone some con- 
solidation over the  past 35 years due t o  the 
weight of the  oil.  Moisture content was less  
than controls, as a resul t  of the  sealing of the 
surface by o i l  and the  f i l l ing of  mineral s o i l  
spaces to  pxevent  water in f i l t ra t ion  ( B l i s s  and 
Wein 1972). I n  organic  layers, a i l  was absorbed 
by the litter which acted as a sponge. This was 
also noted by MECown e t  al. (1972). Most o i l  
sp i l l s  produced a low surface  albedo that persists 
and produced warmex subsurface  temperatures 
(Figure 1) . 

SUMMARY 

On mad,  false start road,  bladed t r a i l ,  
gravel  pit,  and gravel p i t  access road dtsturban- 
ces  the  loss of organic matter most affected nmis- 
ture, and subsurface temperatures. These charac- 
terist ics  control seed  germination and survival 
success as is reflected by rooting depth and or- 
ganic matter accumulations (on i n i t i a l l y  mineral 
dominated substratefi) 34-36 years after tho i n i -  
t ial  disturbance. As expected in  control  plant 
c o m m ~ n i t i ~ ~  where organic matter is lacking ox 
limited i n  the  surface  layers  (e.g., Cushion 
Plant Tundra, Crustose Lichen Tundra) and  on dis- 
turbances where surface  layers have remained re- 
lat ively  intact  (e.g., some bladed trails ,   bull-  
dozer tracks) the overall  substrate  differences 
between controls and disturbances were relatively 
small. 

Many surfaces were  denuded o f  plants when 
they were distuxbed. The current accumulations of 
organic  matter on disturbances i n  several  plant 
communities  were a surprisingly high proportion 
of what was found on the associated  controls. 
Accumulation of organic laatter must be accelera- 
t ing w i t h  time as plants reestablish  (unless it is 
now i n  an equilibrium  with decomposition).  This 
implies  that substrate conditions on some distur- 
bances are  not  especially  limiting  to  plant pro- 
duction i n  general. 

ties had substrates w i t h  different  particle size 
composition than w a s  found i n  their  controls. 
The most significant  difference was the greater 
gravel  cantent found on several  disturbances. 

Several  disturbances i n   a l l   p l a n t  copuauni- 

The absence of fine  fractions, combined w i t h  the 
removal of surface  organics on several distuxban- 
ces  increased through flow, decreased internal 
storage, and increased  the  effectiveness of eva- 
poxation. All these  conditions have been des- 
cribed. fox ahort-term disturbances (Haag  and 
B l i s s  1974). mads,  false  start  roads, camp 
yards,  gravel pits, and gravel p i t  access roads 
were generally  drier and warmer than controls 
(Figure 2 ) .  Important exceptions to this Occur- 
red i n  Cushion Plant and crustose Lichen Tundra 
where the  controls lacked significant  organic 
layers. Despite increased ox unchanged gravel 
content,  disturbance substrates here had more 
fine  material and were able to retain more mis- 
tuse. Consequently subsurface  temperatures were 
generally  cooler than i n  control  areas. 

CONCLUSION 

Undisturbed so i l s  in the study area were 
generally  not  well developed w i t h  thin  surface 
organic  layers  (except  Cryosols) ana weakly  de- 
veloped mineral  layers. T h i s  w a s  the case des- 
pite  the extreme age of sections of the study 
area  lying  within  the  unglaciated  portion of 
the hhckenzie Mountains. so i l s  were generally 
cold and in  areas with thick accumulations of 
organics,  permafrost was often  present. Rego- 
sols,  Brunisols,  Gleysols, and Cryosols were des- 
cribed from the  region. 

With the exception of o i l   sp i l l s ,   there  
are  numerous cases where disturbed  substxates 
have responded positively  after 34-36 years. 
Certainly,  differences  exist between controls 
and disturbances. However, it i s  d i f f icu l t   to  
equate o r  compare a substrate  that is 34-36 
years of age with  a soil that  is thousands or ,  
i n  the  unglaciated  area, even a million years 
old. Even those substrates on such devastating 
disturbances as roads and gravel  pits have accu- 
mulated organic  matter and offer w a r m e r  substrates 
(Figure 1) to colonizing  plants i n  an environment 
where temperature is a majox ecologically  limiting 
factox. However, the removal or reduction  of 
organic  matter  (primarily i n  the L-H horizon) 
and the lower fine  particle  content on lnany of  the 
disturbances has created  drier  conditians (Figure 
1) that  can limit plant  reculonization (Johnson 
1981 and Johnson et .  al. 1983). 

t ial  CANOL disturbances. The pxoject proceeded 
with  virtually no preplanning, was executed  with- 
out sestrictions on construction and operation 
practices and no rehabilitation program was in -  
s t i tuted following its abanrbnment. However, 
the CANOL disturbances  provide  confinnation 
that rehabilitation would  have resulted i n  
much greater recovery than  has been observed. 
For eltample, fa lse  start roads where the predio- 
turbance so i l  was  removed had highly irregular 
surface topography, no drainage ditches,  slight 
compaction, and included some organic  rnatter. 
These disturbances were frequently more similar 
to  controls than were roads, which provided quite 
different  substrates (Figure 1). It i s  also 
possible  that  attempts  to  rehabilitate some types 
of  disturbances  (e.g.,  bulldozer  tracks) might 

No effor ts  were made to  minimize the i n i -  
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r e su l t   i n   g rea t e r   d i s rup t ion  than 
recover  naturally. 
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SITE  INVESTIGATION  AND  FOUNDATION  DESIGN  ASPECTS  OF  CABLE  CAR  CONSTRUCTION 
IN  ALPINE  PERMAFROST  AT  THE  "CHLI  MATTERHORN,"  WALLIS,  SWISS  ALPS 
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The  construction of the  uppermost  section of the  cable car leading  from  Zermatt 
(1,600 m a.s.1.)  to  the  'IChli  Matterhorn  ("little  Matterhorn", 3,884 m a.s.l), 
Wallis,  Switzerland,  posed  several  geotechnical  problems  related  to  the  presence 
of alpine  permafrost.  One  important  pylon  had  to  be  designed  to  withstand  the 
creep  pressure  from a perennially  frozen  historical  moraine,  rich  in  ice.  The 
site  was  investigated by geoelectrical  D.C.  resistivity  soundings,  core  drillings, 
and  geodetic  measurements  of  creep  displacements.  Pits  excavated  for  the  founda- 
tion o f  the  pylon  were  filled  with  pure  ice.  This  ice  has  first  to  be  squeezed 
out by  creep of the  frozen  moraine  before  the  full  creep  pressure  can  be  exerted 
on  the  pylon.  In  the  rocks of the  summit  station  (with  a  mean  temperature of 
about  -12OC),  the  anchorage  of  heavy  cables  had  to  be  effected  in a purely 
mechanical way, in  tunnels  which  were  specially  excavated f o r  this  purpose. 
Attention  was  giwen  to  the  thermal  insulation of buildings  in  order  to  avoid  any 
melting of ice  in  cracks  and  joints.  Deformation  of  the  rock  mass  is  being  measu- 
red  periodically  and  has  remained  small. 

INTRODUCTION 

High  mountain  construction  work  related  to 
tourism  and  to  scientific  and  military  activities 
has  often  encountered  permafrost  conditions  in  the 
Swiss  Alps  (Salomon  1929,  Barsch  1969,  Furrer  and 
Fitze  1970,  Haeberli  et  al.  1979).  However,  the 
phenomenon of high  altitude  permafrost  in  low 
latitude  mountains  has  only  relatively  recently 
appeared  in  the  scientific  and  technical  litera- 
ture.  Thus  the  occurrence of permafrost at high 
altitude  construction  sites  was  often,  and  some- 
times  still is, somewhat of a  surprise,  causing 
unexpected  technical  and  financial  problems of 
considerable  extent. In contrast,  permafrost 
aspects  were  taken  into  account from the  very  be- 
ginning of construction  for  the  cable  car  to  the 
"Chli  Matterhorn" (i.e., little  Matterhorn)  near 
Zermatt.  This  paper  discusses  some of these 
aspects,  especially  questions of site  investiga- 
tion and  foundation  design  in  perennially  frozen 
sediments  and  anchorage  of  heavy  cables  in  negati- 
ve  temperature  bedrock. 

Today  the  tourist can travel  easily  and  quickly 
from  Zermatt at 1,600 m a.s.1,  where  permafrost 
is  sporadic,  to  the  "Trockener  Steg"  at 2,939 m 
a.s.1,  at  the  border of the  "Oberer  Theodul- 

Figure  1: 
View  from  the  station of "Trockener  Steg" t o  
pylons 1, 2, and 3 and  the  "Chli  Matterhorn." 
Pylon 2 i s  situated  on a historical  lateral  morai- 
ne of the  "Oberer  Theodulgletscher"  (off  the  right 
of the  picture).  This  moraine  is  perennially fro- 
zen,  contains  a  large  amount of ice, and  creeps 
downhill  at a speed of a few centimeters  per  year. 
An  icefall of the  "Unterer  Theodulgletscher"  is 
visible  in  the  background. 

601  



602 

gletscher"  within  discontinuous  permafrost,  up 
into  the  belt of continuous  permafrost  at  the 
spectacular  summit of the  "ChLi  Matterhorn" at 
3,804 rn a.s.1.  Permafrost-related  engineering 
problems  were  restricted  to  the  section  leading 
from  the  "Trockener  Steg"  to  the  "Chli  Matterhorn" 
(Rieder  et  al. 1980). 

P n a N  2: CREEP OF PERENNIALLY FROZEN SEDIMENTS 

Before  crossing  the  "Unterer  Theodulgletscher" 
with a cable  approximately 3 krn in  length,  the 
cable  car  passes  over  three  pylons,  situated  bet- 
ween  about 2,950 and 3,050 m a.s.1.  (Figure 1). 
As is  also  the  case  for  the  lower  station  of  the 
cable car at "Trockener Steg, "  two of these  pylons 
(pylons 1 and 3 )  have  their  foundations  in  bed- 
rock, and  geotechnical  problems  specifically  re- 
lated  to  permafrost  were  not  encountered  at  these 
positions.  Pylon 2 ,  however, had -to be installed 
at a place  where  the  bedrock  (serpentinite)  was 
covered  by a layer of lateral  moraine,  still 
occupied by  the  "Oberer  Theodulgletscher"  during 
the  early  twentieth  century.  Rased  upon  experien- 
ce from a study of permafrost  distribution  in 
alpine  regions  with  comparable  climate  (Haeberli 
1975, p. 121),  it  was  estimated  that  this  moraine 
was  in a perennially  frozen state, and  adequate 
site  investigation  was  necessary. 

Eeoelectrical  resistivity  soundings  (Rothlis- 
berger 1967) using  the  Schlumberger  configuration 
were  carried  out  across  the  moraine  in  August 1974. 
The  results  are  summarized  in  Figure 2. Below  the 
thin, low  resistivity,  active  layer (1,200- 
3,000 I l m ,  about 2 m thick),  frozen  sediments  with 
a very  high  resistivity  were  encountered (145,000- 
156,000 am). Similar  resistivity  values  have  been 
reported  from  rock  glacier  permafrost  by  Fisch  et 
al. (1978). No low  resistivity  layer  was  observed 
between  these  sediments  and  the  bedrock-the  lattcr 
being a massive  serpenti,ni,te  with a resistivity  of 
about 18,000-25,OOG~~rn. The  absence o f  a low  re- 
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D.C. RESISTIVITY a Moraine (ACTIVE LAVER) 1 2 0 0  - 3000 11 rn 

Moraine ( PERMAFROST) 145000 - 156000 51 m 

Bedrock 18000 - 25000 am 
0 10 20 3 0 m  - 

Figure 2: 
Cross section  through  the  perennially  frozen 
moraine  near  pylon 2, as  determined  by  geoelcctical 
resistivity  soundings. 

sistivity  layer  indicated  that  the  sediments  were 
frozen  throughout  and  that  permafrost  conditions 
had  also  to  be  expected  in  the  underlying  bedrock. 
Dead  glacier  ice  with  resistivity  values of the 
order of many millionnm (Rothisberger 1967, Roth- 
lisberger  and  Vogtli 1967,  Fisch et  al. 1978) was 
either  too  thin  to be detected by  the  resistivity 
soundings or was  not  embedded  in  the  frozen  mo- 
rainic  sediments  et  all.  Because  of  the  rather 
unexpected  existence of a local  depression  in  the 
topography  of  the  bedrock  surface,  the  thickness 
of  the  frozen  moraine at the  proposed  site  for 
pylon 2 reached  about 30 rn. As a consequence,  the 
construction  site for pylon 2 was  shifted  to a 
place  were  bedrock  depth  was  expected  to  be 
shallower.  Three  core  drillings  furnished  supple- 
mentary  information  about  the  thickness  and  the 
properties  of  the  frozen  sediments  (Figure 3). A 
double-wall  core  drill  was used to avoid.the mel- 
ting of ice  in  the  cores as much  as  possible. As 
was  expected  from  the  resistivity  soundings,  bed- 
rock  was  encountered  here  between 6 m and 11 m be- 
low  the  surface. Core drilling C penetrated a 
snow  and  ice  patch of limited  thickness.  All  three 
drillings  recovered frozen, silty  sands  and  gravels 

:2  
: 1  
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622.103/90.385/3028.27 E22.114/90.370/3033.02 
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1",","1 flrn/snow 

Ice  

@ stones and rocks 
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bedrock (mass~ve Serpentlnlt,lolntlng: 30") 

Figure 3 :  
Three  core  drillings  taken  at the site of the 
foundation for pylon 2. 1-5: samples for labora- 
tory  analysis. 
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with  some  larger rocks, and i ce lens es.  More  than 
30% of the  frozen  moraine  consisted of relatively 
pure  ice,  Five  samples  were  analyzed  in  the  labo- 
ratory.  All of them  contained  very  limited  amounts 
of  air-only 1-2% by volume on average,  Ice  lenses 
(samples 2 and 5, Figure 3) were  almost  completely 
free  from  air  and  gave  density  values  of 
1-1.2 Mg mL3, corresponding  to  an  ice  content of 
about  85-95%  by  volume.  Samples 1, 3 ,  and 4 (Fi- 
gure 3 ) ,  taken  from  sections of frozen  moraine 
without  macroscopically  visible  ice,  had  densities 
between  about  1.4  and  1.6  Mg m-3 and  ice  contents 
above 60% by volume.  The  overall  ice  content 
(around  75%  by  volume)  in  the  obviously  super- 
saturated  frozen  sediments  was  therefore  higher 
than  the  porosity o f  comparable  nonfrozen  sediments 
by a  factor  of 2-3. These  observations  were  in 
good  agreement  with  the  results  of  scientific  core 
drillings  in  rock  glacier  permafrost  (Barsch 1977, 
Barsch  et  al.  1979). 

Supersaturated  f-rozen  sediments  with  reduced 
particle-to-particle  contacts  were  known  to  creep 
following a stress-strain  relationship  quite  simi- 
lar  to  that  of  ice  (e.g.,  Vyalov 1962, Thompson  and 
Sayles  1972,  Anderson  and  Morgenstern  1973, 
McRoberts  and  Morgenstern 1974,  Sayles and  Ilaynes 
1974, cf.  also  Huder  1979).  The  creep  velocity of 
the  frozen  sediments at  the  construction  site of 
pylon 2 was  therefore  geodetically  measured  at 5 
poles.  These  were  anchored  by  concrete  within  the 
permafrost  (below  the  active  layer).  However, 
rough  estimates of creep  displacements  were  already 
needed  before  the  end of the  observation  period 
(1975-1978)  in  order to design  the  foundation for 
planned  pylon 2. On  the  basis of Glen's  flow  law 
for pure  ice (Glen  1955) and  taking  into  account 
results  from  photogrammetric  movement  studies 
(Messerli  and  Zurbuchen 1968, Barsch  and  Hell 1975, 
Haeberli  et  al.  1979) on alpine  rock  glaciers 
(which  represent  natural  large-scale  experiments 
on the  long-term  creep  behavior of frozen  super- 
saturated  sediments),  1-10  cm  yr-l  seemed  to  be a 
reasonable  order of magnitude  for  the  considered 
11O-18' slope, with  the  given  geometry  and  density 
of the  frozen  moraine.  The  direct  observations 
finally  gave 5-8 cm  yr-l  with  one  exception (23 cm). 
It is  worthwhile  noting  that  the  displacement  vec- 
tors  deviated  considerably  from  the  line of 
maximum slope, 

Three  approaches  were  used  to  determine  creep 
pressure  against  the  pylon  within  the  frozen  mo- 
raine: (1) the  method of "passive  earth  pressure" 
after  Haefeli (in Mohr  et  al.  1947)  which  considers 
the  combined  effect of passive  earth  pressure  and 
shear  stresses  acting  at  the  sides of an  ob- 
struction  with  cylindrical  cross-section; for the 
case  under  consideration,  internal  friction  was 
assumed to be  zero  and a long-term  shear  strength 
had  to  be  introduced (1 t/m2 for ice  and 2 t/m2 
for  frozen  sediments  were  chosen to give  upper 
limits for the  estimation  of  creep  pressure); (2) 
the  use of an  empirical  relationship  for  the  cal- 
culation of creep  pressure  against  cylindrical 
piles,  after  Haefeli;  and ( 3 )  the  use of an 
equation  for  piles of circular  cross  section,  by 
Wenz  (Schenk  and  Smoltczyk 1966) 

Qc 2.5 Y(z + d)d ( 2 )  

Qc = 1.7(1 + ?r)dc ( 3 )  

wher e Q, ,is cre 
Y, speclfx weig 

ep  pressure  (per m pile  height); 
-ht of the  creeping  mass; z, depth 

below  surface; d, pile  diameter;  and c "long- 
term  shear  strength" of the  creeping  material, 
Because of the  geometrical  and  structural  com- 
plexity of' the  creeping  mass,  all  pressure  deter- 
minations  are  necessarily  rather  rough  approxi- 
mations.  Saf-ety  considerations  were  based  upon 
all  three  approaches. 

A scheme of the  system  selected  for  the  foun- 
dation of pylon 2 is  shown  in  Figure 4. Anchors 
had  to  be  installed  within  the  bedrock,  below  the 
foundation,  because  rock  resistance,  even  with 
fixation  depths of 3.8  and 4,8 m, was  not  high 
enough for the  required  safety.  Since  all  three 

U' 

Figure 4: 
Foundation  design f'or pylon 2. 

approaches  used for the  estimation of creep 
pressure  gave  smaller  pressures  for  ice  than  for 
f-rozen  sediments,  the  pits  excavated  f-or  the  foun- 
dation  were  refilled  with  ice  instead of morainic 
material.  This  ice  has  first  to  be  squeezed  out 
by  the  creeping  moraine  before  the  full  creep 
pressure  is  exerted on the  pylon  by  the  frozen 
sediments.  During  this  time, not only  the  pylon 
can  be  observed  but also the  nearby  glacier. If 
the  present  glacier  advance  in  the  Alps  continues 
(Kasser  1981),  the  ice of the  "Oberer  Theodul- 
gletscher"  could  build  up  irresistable  pressures 
against  pylon 2 within a time  period of a  few 
decades. 

SUMMIT: ANCllORING  HEAVY  CABLES  IN 
NEGATIVE  TEMPERATURE BEDROCK 

The  summit  station  (Fig. 5 )  was"  antimipated  to 
be  within  the  alpine  belt of continuous  permafrost 
and to have a mean  rock  temperature of around 
-lO°C  (cf.  Flaeberli 1976, p .  211).  During  the  ex- 
cavation  of a tunnel  from  the  steep rloTth  side  to 
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SELECTION OF PRINCIPLES FOR THE USE OF PERMAFROST MATERIALS 
AS A FOUNDATION  FOR  BUILDINGS AND STRUCTURES 

L .  N. Khrustalyov 

Research  Institute  of  Foundations  and  Underground  Structures 
Vorkuta, USSR 

In  designing  buildings  and  structures  in  the  North  two  principles  are  applied  in 
using  permafrost  materials  as  a  foundation  (the  permafrost  materials  are  used  either 
in  a  frozen  state  or  in  a  thawed state). The  choice  of  one of these  construction 
principles  represents a sophisticated  technical  and  economical  problem. It is  made 
on the  basis  of  optimization  of  the  reliability o f  the  foundation in terms  of  cost. 
Calculations of the  reliability of the  foundation  and  of  the  costs  involved  were 
made  by  computer  using  an  algorithm  developed  by  the  author  and  construction  of  a 
design  nomogram  that  interrelates  foundation  reliability,  costs  involved,  and  the 
controlling  parameters  of  the  foundation.  Then  the  nomogram  was  used  to  select  one 
of  the  principles  for  using  permafrost  materials,  the  foundation  depth  and  the  depth 
of  preliminary  thawing  or  freezing of the  foundation  materials. 

STATE OF THE PROBLEM 

Either  of  the  following  two  construction  prin- 
ciples of permafrost  ground  utilization  as  soil 
bases  is  currently in use  for  designing  soil  bases 
and  foundations  for  building  and  structures  to  be 
built  in  northern  areas. 

Construction  Principle 1 - The  permafrost 
ground  of  soil  bases is utilized  in  the  frozen 
state,  which  is  preserved  over  the  construction 
period  and  throughout  the  entire  service  life  of  a 
building  or  structure. 

Construction  Principle 2 - The  permafrost 
ground  of  soil  bases  is  utilized  in  the  thawed 
state  (its  thawing  is  permitted to the  design 
depth  prior  to  the  structure  use, in the  course 
of  the  structure  use, with the  upper  permafrost 
boundary  stabilized). 

In selecting  the  construction  principle  of 
permafrost  ground  utilization,  the  following  rules 
should  be  observed: 

1) For sites  where  the  seasonal  thawing  layer 
is  in  contact with the  permafrost  strata  over  the 
entire  area of a  structure  under  design,  it  is 
recommended  to  utilize  soil  bases  in  the  frozen 
state  (construction  principle 1).  This  rule  does 
not  cover  those  cases when special  technological 
or  structural  features o f  the  building or struc- 
ture  make  the  arrangement of a  cooling  system 
either  impossible  or  economically  disadvantageous. 

2)  For  sites  where  the  seasonal  freezing- 
thawing  layer is not  in  contact with  the  permafrost 
strata  at  all  or  is  in  contact  with  it  not  over  the 
entire  area of a  structure  under  design,  soil  bases 
may  be  utilized  both  in  the  frozen  state  (construc- 
tion  principle 1)  and  in  the  thawed  state 
(construction  principle 2 ) .  Principle  selection 
will  be  made  on  the  condition  that  the  minimum 
construction  costs  are  provided. 

3) For  sites  with  deep  permafrost  ground 
occurrence  it i s  more  advantageous to use  con- 
struction  principle 2. 

Such  a  small  body of information  affords  ample 
opportunities  for  adoption o f  peremptory  decisions 
that  cannot  be  put  up  with  in  the  engineering 
practice. 

the  reliability  theory. 
Let  us  now  consider  this  problem  in  terms o f  

DETERMINATION OF THE SOIL BASE RELIABILITY 

The reliability  of  a  soil  base  is  understood as 
its  capacity to  take up  external  loads  and  effects 
(thermal  and  mechanical) while maintaining 
serviceability  of  the  erected  building  or  struc- 
ture.  The  reliability  of a soil  base  is  thought 
to be  ensured  if  the  ultimate  conditions  for  the 
bearing  capacity  and  the  deformation  (settling) 
of  soils  are  met  (design in terms of ultimate 
stressed  state  of soils). Nevertheless,  the  answer 
to  what  extent  it  is  ensured  and  what  guarantee 
there  is  for  the  conservation of reliability  over 
a specified  period of time  profiting  by  the  deter- 
ministic  approach  adopted now  in the  engineering 
practice  cannot  be  given  yet.  But  the  probabil- 
istically  statistical  approach  provides  a  means 
for getting  it.  This  approach  consists  in  coherent 
understanding of the  fact  that  thermal  and 
mechanical  interaction  of  a  building  with  its  base 
is  a  time-developing  stochastic  process  that  is 
dependent on a  set of natural  climatic  and  techno- 
genic  factors  that  are  accidental  by  their  nature. 
According to the  general  concepts o f  the  reli- 
ability  theory  a  stochastic  process  is  developed 
within  the  system  quality  space  (Bolotin,  Gol'den- 
blat, & Smirnov, 1972). A set  of  the  system  states 
to be  allowable  in  teras  of  quality  forms  a  region 
o f  allowable  states (no) within  the  quality  space 
(VI. I€ a  stochastic  process  intersects  the 
boundaries  of  this  region,  then  the  system  quality 
will  be  lost  and  a  failure  will  occur.  The 
probability  of  quality  conservation  over a 
specified  period  of  time  is  system  reliability. 

The  quality  space  of  the  system  "base"  is  formed 
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by  its  elements  which  are  as  follows:  the  bearing 
capacity o f  base  and  the  quantity  of  simultaneous 
deformation  (settling)  of  the  base  and  building  or 
structure.  The  boundaries o f  the  allowable  states 
region  are  the  load  imposed  by  the  building  or 
structure on its  base  and  the  allowable  limiting 
quantity  of  simultaneous  deformation  (settling)  of 
the  base  and  building  or  structure.  Proceeding 
from  the  methodology  of  the  ultimate  states  we 
shall  think  that  the  base  quality i s  conserved  if 
the  bearing  capacity  of  base  exceeds  the  load 
imposed  by  the  building on its  base  and  the 
simultaneous  deformation  (settling)  of  the  base 
and  building  is  less  than  the  allowable  limit. 
The  probability  of  this  event  throughout  the  in- 
service  life  of  a  building  will  be  termed  base 
reliability  and  the  entire  flow  of  values  of  this 
time-allowable  probability  will  be  termed  base 
reliability  function. 

The  determination  of  the  reliability  function 
comprises  three  stages.  The  first  stage  consists 
in  schematization  of  the  system  and  the  external 
effects  it is exposed  to,  as  well as  in selection 
of  the  quality  space  and  the  allowable  states 
region.  The  second  stage  involves  determination 
of  the  stochastic  behaviour  of  the  system  being 
exposed  to  accidental  effects.  The  problem  comes 
therefore to solving  the  following  stochastic 
equation (1) : 

v = L . u  (1) 

where  v = the  component  of  the  quality  space V; 
u = the  component  of  the  entry  parameters 

L = the  system  operator. 
space U; and 

The  third  stage  incorporates  determination  of  the 
reliability  function P(t) as  equation ( 1 ' s )  com- 
plement  of  a  probability  of  the  process  accidental 
€all-out  from  the  allowable  states  region. 

The  entry  parameters  space U i s  understood  as  a 
set of natural  climatic  and  technogenic  factors, 
which  determine  conditions  of  thermal  and  mechani- 
cal  interaction  between  the  building  or  structure 
and  its  base. 

The  system  operator L represents  the  algorithm 
for  sequential  solving of the  following  problems: 

- Temperature  calculation  for  soil  surface  under 
building  as  well  as  beyond  its  area. - Temperature  and  freezing-thawing  depth  calcu- 
lation  for  soil  layer  under  building. 

- Calculation  of  ground  base on the  first 
ultimate  stressed  state  of  soils  (bearing 
capacity). 

- Calculation  of  ground  base on the  second 
ultimate  stressed  state of soils  (settling). 

In virtue  of  extreme  complexity  of  the  operator 
L we  recommend to compute  reliability  functions  by 
the  method  of  statistical  rests  (the  Monte  Carlo 
method). This  method  is  based on running  a  mass 
experiment on a  computer,  which  allows  one  to  apply 
multiple  solving  (testing)  of a determinate  problem 
on a computer  instead o f  solving  a  statistical 
problem  (Ermakov,  1971).  The  required  number  of 
tests  is  evaluated  by  the  formula: 

N =  4P(1- P) 
A2 

(2 )  

where P = the  expected  probability;  and 
A = the  given  accuracy  of  calculation. 

After  completion  of  tests  the  statistical 
estimate  of  the  reliability  function is computed: 

n* 
P(t) = P(At * i) = 1 - 2 N 

where n; = the  number of failures  within  the 

(3 )  

time  interval  ranging  from 0 to At*i; 
At = the  time  spacing; 
i = the  ordinal  number  of  time  interval 

(a total  of  m  time  intervals  is  all 
that  can  be  expected  from  the  con- 
dition mAr=tuse; and 

tuSe = the  in-service  period. 
A block-diagram of the  program  for  solving  the 

problem of base  reliability  estimation  by  the 
Monte  Carlo  method  is  shown  in  Fig. 1 .  It  consists 
of  19  operators. 

With the  known  operator L and  the  specified 
boundaries of the  allowable  states  region no the 
form  of  the  reliability  function P ( t )  will be 
completely  determined  by  the  input  parameters, 
i .e.  by  elements  of  the  population U. A part  of 
them,  namely  constructive  elements,  included  in  the 
group  of  technogenic  factors,  has  a  particularly 
strong  effect on the  function  value  and  unlike  the 
rest  of  these  elements  they  may  be  arbitrarily 
specified  by  a  designer,  i.e.  they  are  the  govern- 
ing  elements. 

If  the  structure  was  predetermined,  the  basic 
governing  parameters  will  be  as  follows:  the 
thickness  of  the  thawed  layer  left  under  the 
building  or  structure H; the  depth  of  the  founda- 
tion, h, and  the  type o f  the  foundation;  the  number 
of  ventilation  openings  (ducts)  in  the  basement  of 
the  building  or  structure  (ventilation  modulus of 
ventilated  basement j-11. 

A combination  of  these  governing  parameters 
completely  determines  the  construction  principle 
of permafrost  ground  utilization  as  soil  bases  of 
buildings  or  structures.  For  example,  if h > H  and 
this  inequality  is  mer  during  the  entire  service 
life  of  a  building  or  structure,  we  use  the  first 
construction  principle of permafrost  ground  utili- 
zation  as  soil  bases;  if h < H ,  we  use  the  second 
construction  principle  and  if,  in  addition, p + O  
the  principle  of  stabilization  is  used  for  the 
building  or  structure  construction. 

The  task  is to select  and  to  apply  such  a 
combination of the  governing  parameters  which  will 
ensure  the  optimal  reliability  of  the  system. 

OPTIMIZATION OF THE SOIL BASE RELIABILITY 

There  are no systems  with  the  absolute  reli- 
ability  in  Nature.  All  systems  have  reliability 
less  than  one. As it was mentioned  above,  the 
reliability  is  understood  as  a  minimum  of  the 
reliability  function, i.e.  it  is  its  value  at  the 
end  of  the  in-service  period. As a consequence, 
the  failures  are  bound to occur  causing  collapses 
of  some  built-up  structures  and  appearance  of  a 
detriment.  The  higher  the  reliability,  the less 
the  detriment.  On  the  other  hand,  the  high 
reliability  requires  high  costs  to  develop  a 
structure. It is  evident  that  the  system must be 
designed  in  such  a  way  as  to  ensure  its  optimum 



reliability. 
The problem  of  determining  optimum  reliability 

has  been  formulated  more  than  once  (Khotsialov, 
1929; Rzhanitsyn, 1961),  but in  doing so the  time 
factor  has  been  disregarded. 

A more  correct  formulation  of  this  problem 
(Bolotin,  1971)  is  that  for  every  point of the 
quality  space  V,  for  every  time  moment t, there  is 
a  definite  value  of  the  payoff  function C(v,t) 
equal  to  the  detriment  over  a  unit  time  provided 
the  system i s  to be  found in the  point  of  the 
quality  space V involved. If the  system is 
within  the  region of the  allowable  states Ro, the 
value  of  the  payoff  function C(v,t)  is taken  as 
zero.  Mathematical  expectation of  the  total 
detriment  (the  value of risk)  is  determined  by 
the  foluma: 

where P(v,t)dV = the  probability  of  finding  in 
the  time  moment t of the  com- 
ponent  v  existing in volume dV 
of  the  quality  space V. 

The  soil  base,  foundation,  and  frame  of  the 
building  are  generally  considered  to  be  nonrecover- 
able  systems.  In  systems  of  that  kind  any  type  of 
failure  results  in  the  collapse  of  the  structure. 
Therefore,  in  the  case  considered,  the  value  of  the 
payoff  function  will  only  depend on whether  the 
system  is  within  the  region  of  the  allowable  states 
or  not. 

Analytically  it  is  represented  by: 

with  v € 0 0  

C ( t )  with  v 3 R o  
C(v,t) = 

The  payoff  function C(t) is  in  turn  introduced 

If a building  fails  before  its  in-service  period 
for  the  reasons  which  are  as  follows. 

expires,  the  detriment  will  be  equal  to  the 
depreciated  cost of the  failed  building,  which  is 
determined  as  a  difference  between  the  renewal  cost 
and  the  depreciation  cost.  Besides,  the  building's 
failure  will  cause an  indirect  detriment:  either 
underproduction of products or reduction  in  trans- 
port  service  operations,  or  reduction  in  housing 
facilities.  The  indirect  detriment  is  generally 
expressed  as  a  fraction of the  building's  renewal 
cost. In  order that  the  time-differentiated  costs 
could  be  compared,  they  should  be  reduced  to  a 
common  time.  The  start-up of the  building  use  is 
generally  taken  as  a  reference  date  for  comparison. 
Based on the  statement  above,  the  payoff  function 
may  be  described  as  follows: 

where C O  = the  acquisition  cost of a  building  or 
structure; 

the  time-differentiated  costs; 
E = the  standard  reduction  coefficient  for 

t = the  period of reduction; 
krenewal = the  charge  rate  for  complete  renewal, 
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kecon. 

it  is  taken  according to the 
capitality  class of a  building  or 
structure;  and 
the  coefficient  of  economical  respon- 
sibility,  it  is  taken as ratio  between 
the  indirect  detriment  and  the  acqui- 
sition  cost of a  building  or 
structure. 

Subject  to  expression (61, for  determination  of 
the  value  of risk, expression ( 4 )  may  be  redes- 
scribed  as: 

h s e  (O.Olkrenewal 't - ke  con. - 1)  Pl(t) 
I c, = c o  dt 
0 (1 + E l t  ... (7 )  

where P1(r) = the  first-order  derivative of the 

There  are  discerned  systems  characterized  by 
economical  detriment  and  systems  characterized  by 
moral  detriment. In the  case of systems  with 
economical  detriment  the minimum of  the  reduced 
costs  serves  as  the  optimization  criterion: 

CO + C 1  = min. (8) 

In  the  case  of  systems  with  moral  detriment  it  is 
the  minimum  of  the  reduced  costs with the  given 
reliability: 

reliability  function. 

where P1 = the  reliability  with  which  safety of 
a  building  or  structure  use  is 
provided. 

The  problem  of  finding an optimum solution 
involves  the  selection of the  best  combination of 
the  governing  parameters  at which the  conditions 
o f  expression (8) or expression (9) will  be  mer. 
As it  was  stated  above,  the  combination  of  the 
governing  parameters  determines  completely  the 
construction  principle of permafrost  ground 
utilization  as  soil  bases  of  buildings  or  Struc- 
tures. 

the  reliability P as  well  as  the  reduced  cost C as 
functions  of  the  soil  base  parameters H, h, and p. 
Determination  of  these  relations  is  connected with 
a large  volume  of  calculations  which can be  per- 
formed on the  computer  only.  The  algorithm  for 
these  computations  is  shown in Fig. 2. It  com- 
prises 9 operators. 

The  acquisition  cost  of  a  building  or  structure 
is  computed  as  the sum of the  superstructure  cost, 
Csuperstructure,  costs of foundations  and  the  cost 
of soil  base  preparation.  The  value of risk  C1  is 
computed  by  formula (10) which  interprets  formula 
(7 )  in  terms of finite  differences: 

For design  purposes  it  is  necessary  to  calculate 

m 

* ;At) P[ (i - l)At] - P(iAt) 
(1. +EliAt 
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The  reduced  cost C is  determined  as  a  percentage 
of the  superstructure  cost: 

co + c1 - c c =  superstructure . 100% 
bsuperstructure 

Calculation  results  serve  as  a  basis  for  draw- 
ing  the  nomogram  which  illustrates  the  relation- 
ship  between 5 parameters (P, Cy h, H, p) as  well 
as  for  selection of the  construction  principle. 

EXAMPLE OF THE  CONSTRUCTION  PRINCIPLE  SELECTION 

An example o f  the  design  nomogram  drawn for a 
5-storeyed  large-panel  building on a  pile  founda- 
tion  is  shown  in  Fig. 3. The  foundation  depth,  h, 
is  plotted on the  ordinate  of  the  nomogram, on the 
abscissa-the  thickness  of  the  thawed  layer  H  to 
be  left in the  base  of  the  building  by  the  begin- 
ning  of  its  use.  The  line h = H  is  the  boundary 
between  the  first  and  the  second  construction 
principles  of  permafrost  ground  utilization  as 
soil  bases. On the  left  side of the  nomogram 
field  the  reliability  levels  fitting  the  minimum 
value of the  reliability  function  cut  off  a  region 
where  preparation  of  a  base  defined  by  the  given 
reliability  is  impossible. On the  nomogram  there 
are  also  drawn  the  isolines of the  reduced  costs 
of  the  building's  substructure  works  expressed  as 
a  percentage o f  the  superstructure  cost.  The 
isolines of the  reduced  costs  outline  the  region 
of  the  optimum  reliability. 

Let us illustrate  how  the  construction  principle 
of  permafrost  ground  utilization  as  a  soil  base  and 
the  values  of  the  governing  parameters  are 
selected  through  the  use of the  nomogram.  If 'the 
building  is  classed with the  systems  featuring  a 
purely  economical  detriment,  then  it  is  evident 
that on the  nomogram  the  design  point  is  to  be 
found  in  the  region  of  the  minimum  reduced  cost. 
In  our  example  it  will  be  the  point  with  the 
parameters h - 8  m  and H-10m. This  point  is 
positioned in the  region  associated  with  the  second 
construction  principle;  to  be  more  precise,  in  the 
region  associated with the  method  of  stabilization 
U = 5 . 9  * loT4.  It  fits  the  reduced  cost  of  the 
substructure  works  amounting to 12% of  the  super- 
structure  cost  and  the  minimum  value  of  the 
reliability  function 0.78. 

In the  case  referred  to,  reliability  has an 
indirect  effect  on  the  selection  of  the  governing 
parameters  via  the  reduced  cost;  to  be  more  pre- 
cise,  via the  detriment  function.  It  is  not 
assigned  beforehand,  but  it  is  obtained  from 
expression (8) as  a  consequence. 

building  is  classed with the  systems  featuring 
the  moral  detriment. In such a case  the  reli- 
ability  is  the  governing  factor  in  the  selection 
of  the  construction  principle.  Let  us  assume  that 
the  value  of  the  reliability  function  should  not  be 
less  than 0.99 to  ensure  safety. In our  specific 
example  we  shall  have two isolines P = 0.99. The 
first  one  is t o  be  found  in  the  region  associated 
with the  first  construction  principle  and  the 
other-in  the  region  associated with the  second 
construction  principle.  Any  point on these  two 
isolines  will  assure  the  specified  reliability 

The  picture  will  be  quite  different  if  the 

and,  hence,  may  be  taken  as  a  design  one.  However, 
the  reduced  cost  is  dependent  in  many  respects on 
what  specific  region  of  the  nomogram  this  point  is 
positioned  in. It goes  without  saying  that  the 
optimum  solution  will  be  that  at  which  the 
specified  reliability  will  fit  the  minimum of the 
reduced  cost.  Moving  along  the  isolines P = 0.99, 
we shall  find  this  solution. It will  fit  the 
point  with  the  coordinates h =  12 m; H=4m. This 
point  is  positioned  in  the  region  associated  with 
the  first  construction  principle  and  fits  the 
reduced  cost  of  the  substructure  works  amounting 
t o  40% of  the  superstructure  cost. 

constructed on the  method  of  stabilization.  The 
depth of pile  sinking  into  the  thawed ground 
should  be  put  equal  to 8 m  and  the  minimum  thick- 
ness  of  the  thawed  layer  equal t o  10 m. This  means 
that in those  areas  where  the  permafrost  ground 
occurs  at  higher  depths,  it is necessary  to  prethaw 
it  down  to  a  depth  of 10m. In the  second  case 
the  building  should  be  constructed  on  the  first 
construction  principle.  The  depth o f  pile  sinking 
into  the  frozen  ground  should  be  put  equal  to  12  m 
and  the  maximum  thickness o f  the  thawed  layer 
equal  to 4m. This  means  that  in  those  areas  where 
the  permafrost  ground  occurs  deeper  than 4 my it  is 
necessary  to  prefreeze  the  thawed  ground  layer. 

In the  design  practice,  application  of  the  pro- 
cedure  set  forth  in  this  paper  enables one t o  
perform  a  scientifically  grounded  selection of the 
Construction  principle  of  permafrost  ground  utili- 
zation  as  soil  bases  which  secures  a  building  or 
structure  against  the  untimely  failure  due  to  an 
unfavourable  combination of factors  and  offers 
therewith  the  least  reduced  construction  costs. 

Thus,  in  the  first  case  the  building  should  be 

REFERENCES 

Bolotin, V. V., 1971, Application of methods of 
probability  and  reliability  theories  for  design 
of structures,  Stroyizdat. 

A .  F., 1972,  Structural  mechanics.  Up-to-date 
state  and  development,  Stroyizdat. 

Ermakov, S. N., 1971, Monte  Carlo  method  and 
contiguous  problems,  Nauka  Press. 

Khotsialov, N. F.,  1929, Safety  margins.  Construc- 
tion  industry, no.  10. 

Rzhanitsyn, A .  P., 1961,  Determination  of  safety 
characteristics  and  margin  factors  from  econ- 
omical  considerations, in Problems  of 
plasticity  theory  and  structural  strength, 
Stroyizdat. 

Bolotin, V. V., Gol'denblat, I.  I., and Smirnov, 



6 10 

I I 

I I 1  I 

1 no J 

FIGURE 2 Block  diagram of the  program f o r  compu- 
tation of the quantities P and C as functions of 
the parameters H, h, and p. 

FIGURE 1 Block diagram of the program f o r  estima- 
tion of 60il base  reliability by the  Monte Carlo 
method. 
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FIGURE: 3 The nomogram f o r  selection of the construction principle. 
1 - reliability level 
2 - ventilation modulus 
3 - reduced cost 



H I G H  MOUNTAIN PERMAFROST I N  SCANDINAVIA 

Lorenz King 

Geographisches   Ins t i tu t   der   Univers i ta t   Heide lberg ,  I m  Neuenheimer  Feld  348, 
D-6900 Heidelberg, West Germany 

I n   t h e   v i c i n i t y  of t h e   h i g h e s t   e l e v a t i o n s  of northern  Europe,  the  Kebnekaise 
Massif in   nor thern  Sweden (peak of Kebnekaise is 2,100 m a.s.1.) and t h e  
Jotunheimen  area  in  southern Norway (Galdhopiggen  and  Glit tert ind  reach  about 
2 , 4 7 0  m a .s . l . ) ,   ex tens ive   permafros t   occurences   could   be   p roved .  Two t e s t  
a reas ,   the   Tar fa la   Val ley  (67O55'N, 18"35'E)  and  the  Leirvassbu/Juvasshytta 
a r e a  (61°40'N, So20 'E) ,   have   been   inves t iga ted   in   de ta i l  by means of  ground 
temperature  measurements, hammer seismic  soundings,   dc-geoelectric  soundings 
and   s tud ies  o f  snow depth  and snow temperature (BTS va lues) .   In   bo th   a reas  a 
permafrost   thickness of more than  100 m could  be  proved  above  1,500  and 
2 , 2 0 0  m ,  r espec t ive ly .  A continuous  alpine  permafrost  zone  seems t o   e x i s t  
here.   Additional  information  concerning  the  Sognefjell   and Rondane/Dovre a r e a  
and  the Lyngen Alps i s  given,  and a model  of a lpine  permafrost   zonat ion  for  
t h e   c e n t r a l   p a r t s  of the  Scandinavian  high  mountains i s  der ived from these  
f ind ings .  Cross sections  through  the  high  mountains  of  Scandinavia show t h a t  
l a rge   a r eas   unde r l a in  by widerspread  and  patchy  discontinuous  permafrost  must 
ex i s t   and   he lp   exp la in   t he   r i ch   pe r ig l ac i a l  morphology wel l  known Erom 
Scandinavia. 

INTRODUCTION 

Knowledge of permafros t   d i s t r ibu t ion   in   Scandi -  
navia i s  s t i l l  l i m i t e d   a n d   r a t h e r   r e s t r i c t e d   t o  
two very  special   features:   palsas   and  ice-moraines .  
Since  the  study of Fries  and  Bergstrdm  (1910),   the 
number o f  s t u d i e s  on palsa   formation  and  dis t r ibu-  
t ion   in   Scandinavia   has   increased   rap id ly   (c f .  
r e f e rences   i n  ghman 1977) , a n d   f u r t h e r   s t u d i e s   a r e  
s t i l l  being  conducted ( e . g .  Seppblb 1982). Some 
papers   even  s ta te   that   permafrost   in   Scandinavia  
is re s t r i c t ed   ma in ly   t o   t hese   spec i f i c   f ea tu re s  
( c f .  Vorren  1967, Wramner 1973). The study of i ce-  
cored  moraines   requires   sophis t icated  methods,   and 
(Zlstrem (1964, 1965) a f t e r  thorough  s tudies ,  was 
able   to   present   an  inventory  of   ice-cored  moraines  
covering  large  parts  of  Scandinavia.   Barsch  (1971) 
discusses   the  assumption  that   in   general   ice-cored 
mora ines   a re   rock   g lac ie rs   (c f .   a l so  gstrem 1971). 
In  so f a r ,  (Zlstrcm's inventory  of  ice-cored  moraines 
represents  a col lect ion  with  information  about  
high  mountain  permafrost  in  Scandinavia,  although 
t h i s  was not  recognized by many researchers .  
Bes ides   these   papers ,   there   axe   on ly  a few 
punctual   f indings of permafros t   ( see  Rapp and 
Annersten  1969, Ekman 1957) .  This   pauci ty   of  
d e t a i l e d  work on alpine  permafrost  is 
c h a r a c t e r i s t i c  of many high  mountain  areas  in  the 
world  and  has   been  regret ted by sc i en t i s t s   such  as 
Haeberli   (1978)  and  Harris  and Brown (1978).   In 
Scand inav ia ,   un t i l   ve ry   r ecen t ly ,   t h i s   l ack  is 
especial1  due  to   the  absence  of   engineer ing work. 
In  1977, Ehman could s t i l l  s t a t e   w i t h   f u l l  
j u s t i f i ca t ion   t ha t   i n   Scand inav ia   "pe rmaf ros t   i n   t he  
g r o u n d   o u t s i d e   p a l s a s   e x i s t s   i n   d i f f e r e n t   p a r t s ,  
( b u t )  l i t t l e  i s  known of i t s  d i s t r i b u t i o n . "  

Our s t u d i e s  began i n  1976, when w e  could  prove 
t h a t   i n   g e n e r a l ,   p e r m a f r o s t   e x i s t s   a l s o   i n   r i d g e s  

612 

located  in   the  vicini ty   of   ice-cored  moraines  
(King  1976) .   This   discovery,   together   with  c l imat ic  
s tud ie s ,   l ed   u s   t o   t he   a s sumpt ion   t ha t   l a rge   a r eas  
of the  Scandinavian  high  mountains  must  be 
underlain by permafrost .   Systematic  studies on 
permafrost  in  Scandinavia  were  started  in  1977,  and 
we a r e  now a b l e   t o   p r e s e n t  some h i g h l i g h t s  of 
pe rmaf ros t   d i s t r ibu t ion .  The most  important 
r e su l t s   have  been  summarized recently  (King 1982 
and King unpublished  manuscript) . 

INVESTIGATED  AREAS 

In   o rde r   t o   g ive  a v a l i d   p i c t u r e   f o r  many a r e a s  
of the  Scandinavian  high  mountain  belt ,   four 
widely  separated  regions  were  selected:  Jotunheimen 
and  DovreIRondane i n  the   southern   par t ,   and   the  
Lyngen Alps and  Kebnekaise/Abisko  north  of  the 
Arc t ic  Circle ( ~ i g u r e  1) - The important 
environmental   features  of these   a r eas  are given 
by Sdmme (19601, Gstrem e t  a l .   (19731,  (dstrem  and 
Ziegler  (1969) and King (unpublished  manuscript) .  
The purpose  of   the  project  was t o   o b t a i n  a p a t t e r n  
of  permafrost  and  lower limits of permafrost 
d i s t r i b u t i o n   t h a t  may be   cor re la ted   wi th   the  
cl imat ic   parameters   a long  an  east-west   gradient  
and a north-south  gradient.  The i n t e n t i o n  was t o  
obta in  a p i c t u r e  of the   perma€ros t   d i s t r ibu t ion  
tha t   shou ld   be   va l id   fo r  most a r e a s  of t h e  
Scandinavian  high  mountain  belt.  

STUDY METHODS AND METHODOLOGICAL RESULTS 

In  a l l  f o u r  test r eg ions ,   i nves t iga t ions  were 
c a r r i e d   o u t   i n  summer and  in   winter .  The 
methodological   resul ts   obtained  during  our   s tudies  
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FIGURE 1  Location of inves t iga ted  areas 
Jotunheimen,  Dovre/Rondane,  Kebnekaise/Abisko,  and 
Lyngen, 

are p r e s e n t e d   i n   d e t a i l   i n  King (Manus.)  and  can 
be  summarized as   fol lows:   For   the  detect ion  of  
permafrost ,   four  methods  prove t o  be  most 
e f f i c i e n t :   ( 1 )  hammer seismic f i e l d  work t h a t  
r evea l s   qua l i t a t ive ly   t he   ex i s t ence  of permafrost  
i n   d e b r i s  (p-wave v e l o c i t i e s   a r e  2 , 2 0 0 -  
3,800 m / s )  and   g ives   the   th ickness  of t h e   a c t i v e  
l a y e r ;  ( 2 )  dc-geoelectrical   soundings; ( 3 )  ground 
temperature  measurements  over  several  years,  the 
l a t t e r  two methods  give  an  indication t o   t h e   t o t a l  
permafrost   thickness;   and ( 4 )  measurement of t h e  
basal   temperatures  of t h e  snow cover (BTS) a t  t h e  
end  of t he   w in te r ,   pe rmi t t i ng   ve ry   e f f i c i en t  
mapping of permafrost on a la rger   sca le ,   p rovided  
t h a t   t h e r e  i s  a mean  minimum  snow thickness  of 
about  80 cm. The e l e c t r i c a l   r e s i s t i v i t y   i n   u n f r o z e n  
debr i s   u sua l ly  amounts t o  values  between 100 and 
10,000 Ohm-m, and   t ha t   i n   f rozen   deb r i s   t o   va lues  
between 10,000 and  900,000 Ohm-m. Mainly in   f rozen  
r o c k s   t h e   r e s i s t i v i t y   v a l u e s   i n c r e a s e   s i g n i f i c a n t l y  
with  lower  temperatures,  and a t  a  temperature  of 
about  -6'C t h e   r e s i s t i v i t ' y  of sch i s tose   p lu ton ic  
rock may be 5 t i m e s  higher  than a t  a temperature 
of -lac (cf. Bogolyuhov e t  al. 1978,  SQguin  1978). 
GeoelectricaL  and seismic soundings  in  permafrost  
nea r   t he   f r eez ing   po in t  may give  equivocal 
r e s u l t s ,   s i n c e   t h e   r e s i s t i v i t y   a n d  p-wave v e l o c i t y  
values  of  frozen  and  unfrozen  ground are over- 

lapping  (cf .   Dzhurik e t  a l .   1978) ,   Accurate   ground 
temperature  measurements  and  diggings w i l l  then 
have t o  prove  permafrost. However, dc-geoelec t r ica l  
sounding   provides   a   very   e f fec t ive   too l   for  
d e t e c t i n g   l a r g e r   i c e   c o r e s   o r  ice l e n s e s ,  as these  
show e l e c t r i c a l :   r e s i s t i v i t i e s  of   several   tens  of 
MOhm-m. The method as   developed by Haeberli  (1973, 
1978)  of  measuring  the  basal  temperature of a snow 
cove r   i n   t he   A lps   y i e lds  good r e s u l t s  also i n  
northern  Europe. The Limiting  temperature  values 
fo r   d i s t i ngu i sh ing  between areas   with  unfrozen 
ground  from  those  with  questionable  and  reliable 
permafrost   occurences  are -2' and -3OC a t  a snow 
depth  of 150 cm. The l imi t ing   va lues   a r e   dependen t  
on t h e  snow depth ,   the  minimum snow cover  being 
80 cm. BTS values  furthermore may give  a  good 
i n d i c a t i o n  of t h e  mean annual  ground  temperature 
a t  the  depth  of  the  Zero Annual  Amplitude  (King 
unpublished  manuscript) .   Figure 2 gives   an  idea 
of t h e  number of  soundings  in  our main t es t  a r e a ,  
T a r f a l a ,   j u s t   e a s t  of the  Kebnekaise  peak,  Sweden's 
h i g h e s t   p o i n t .  BTS s i t e s   a r e   n o t  shown, b u t  172  
BTS values  have  been  recorded a t   t h e  end  of  the 
winter  of  1979/1980,  and many more snow depths  
were  measured,  too. 

REGIONAL RESULTS 

In  the  Kebnekaise/Abisko  area  (cf .   Figure 1) , 
where  mainly  the  Tarfala  Valley  has  been 
in t ens ive ly   s tud ied ,  a permafrost   th ickness  of more 
than 100 m is probable  a t  a l t i t u d e s  of more than 
1,500 m a.s .1 .  (mean annual  ground  temperature i s  
about  -4OC; th ickness   o f   ac t ive   l ayer  is about  
130 cm).  Widespread  discontinuous  permafrost is  
encountered  between  1,500  and  1,200 m a.s.1. (mean 
annual  ground  temperature i s  i n  the  range  of - 4 O  

t o  -2OC; t h i c k n e s s   o f   t h e   a c t i v e   l a y e r   a t t a i n s  
200-400 cm). Act ive  permafrost  is mostly  missing 
Qn t h e   v a l l e y   f l o o r  due t o  a t h i c k  snow cover   in  
winter   and  probably  hydrological   heat   t ransport  
( c f .   F igu res  2 and 3 ) ,  bu t   i nac t ive   pe rmaf ros t  
seems to   occu r   he re .   Sporad ic   pe rmaf ros t   ex i s t s   i n  
p a l s a s  down to   t he   l owes t   p l aces   a long   t he   sho res  
of  Lake  Tornetrask (342  m a . s . 1 . ) .  

I n   t h e  Lyngen Alps  the  val leys   Veidalen  and 
Gjerdelvdalen  have  been  investigated. The lower 
l i m i t  of discont inuous  permafrost  was found a t  
about  960 m a.s.1. in  block  tongues  exposed  to NW. 
The lower limit of  widespread  permafrost is 
reached on F a l s n e s f j e l l e t  ( 1 , 2 0 0  m a.s.1.). 
Theore t ica l ly ,  areas, with  continuous  permafrost  
should e x i s t  only a t  khe h i g h e s t   e l e v a t i o n s  of 
t h e  Lyngen Peninsula  (peak of  J iekkevar re  is 
1,833m a . s . 1 . ) .  

In  Jotunheimen,  where  the  Juvasshytta  area  has 
been   s tud ied   in   de ta i l ,   a   permafros t   th ickness   o f  
100-200  m o c c u r s   a t  2 , 2 0 0  m a.s.1. (est imated mean 
ground  temperature is  about -6 'C;  thickness  of 
a c t i v e   l a y e r  i s  about 110 cm). Permafrost i s  still 
very  widespread  between  1,900  and  1,600 m a.s.1. 
(mean ground  temperature i s  about  - 3 O C ;  a c t i v e  
l a y e r  is about  150  cm).  In  the  Leirvassbu  area 
15 km SW of   Juvasshyt ta ,   scat tered  permafrost  may 
be  found  between  1,600  and  1,400 m a.s.1. As a t  
t h e   t e s t  sites i n   t h e  Lyngen Alps, it seems t h a t  
t h e  l i m i t  of pe rmaf ros t   d i s t r ibu t ion  is Lower i n  
t h e  SognefjeI.1 a r e a  and t h e   a r e a  of permafrost  



6 14 

FIGURE 2 Map of the   t es t   a rea   Tar fa la   (Kebnekaise   reg ion)   wi th   loca t ion   of   g round  tempera ture ,   geoe lec t r ic ,  
and  seismic sites. In addi t ion ,  1 7 2  BTS values  and many more snow depths  have  been  measured  in  the 
Tarfala  Valley.  

occurrences i s  increased   due   to   the   ex is tence  of 
perennia l  snow f i e l d s .  

e n c o u n t e r e d   i n   p a l m   f i e l d s  down t o  940 m a.s.1. 
(Meloya,  EinunndaLen), and r e l i c t   p e r m a f r o s t  seems 
t o   e x i s t   h e r e   i n  windswept t e r r a c e s .  The lower 
limits of  discontinuous  permafrost  i n  slopes  exposed 
t o   t h e  NW could  be  found  in  the Rondane a r e a  a t  
1,330 m a .s .1 .  Measurements a t  t h e   t o p  of 
Simlepiggen  suggest  that   the  lower l i m i t  of 
continuous  permafrost  i s  not  much higher  than 
1 , 7 2 0  m. The highest   peaks o f  t h e  Rondane a r e a  
should  reach  into  the  cont inuous  permafrost  zone 
but   have  not   been  invest igated  to   date .  

In Rondane/Dovre, sporadic   permafrost  is  o f t e n  

CONCLUSIONS AND ZONATION 

Permafros t   d i s t r ibu t ion   in   a lp ine   a reas  i s  
p r imar i ly   con t ro l l ed  by r e l i e f   ( a l t i t u d e ,   a n g l e ,  
and slope) and  secondarily by the   dura t ion   and  
th ickness   o f   the  snow cover   (c f .  Gorbunov 1978).  
Other   factors   such as vegetat ion,   thermal  
conductivity  of  the  ground,  and  hydrology may be  of 
importance  for  local  permafrost   occurrences  but are 
of  minor i n t e r e s t   f o r   t h e   r e g i o n a l   d i s t r i b u t i o n .  
The lower limit of discont inuous  permafrost   in   the 
a lp ine   a r eas   i nves t iga t ed  may be def ined as t h e  
lower limit in  s lopes  exposed  to   the  north.   There,  
angles  of not more than 45O s t i l l  allow g e o e l e c t r i -  
c a l ,  seismic  or  temperature  soundings  in  an economi- 
cal  way. Steeper  slopes  could n o t  be   inves t iga ted  
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FIGURE 3 Ground tempera tures   o f   se lec ted   s i tes  
(cf. Figure 2 ) .  The temperature  envelopes mark 
minimum and maximum temperatures  registered  between 
August 1977 and  September 1980. 

s a fe ly ,   e spec ia l ly   i n   w in te r  time (avalanches!) . 
The same p r i n c i p l e   a p p l i e d   t o   t h e   l o w e r  limit of 
continuous  permafrost   and  corresponding  soundings 
in   s lopes  exposed  to   the  south.  The l i m i t  between 
widespread  and  patchy  permafrost   separates   areas  
where more or l e s s   t h a n  50% of the  ground, 
respec t ive ly ,  i s  frozen (Karte 1979). I t  corre-  
sponds t o   t h e   a l t i t u d e   o f   t h o s e   v a l l e y   f l o o r s  where 
snow f ree   r idges   conta in   permafros t   bu t  where t h e  
g r o u n d   i n   f l a t   a r e a s  is only   par t ly   f rozen ,  depend- 
ing on the   t h i ckness  of t h e  snow cover. 

The lower limits of  continuous,   discontinuous 
widespread,  and  patchy  discontinuous  permafrost  in 
the   four   inves t iga t ion   reg ions   cor respond  c lose ly  
t o   t h e  mean annual a i r  tempesature (MAAT) of -so, 
-3 ,5" ,  and -Z,S0C f o r  most  of t he   i nves t iga t ed  
p l aces   ( s lopes  up t o   4 5 " ) .   I f   t h e   l o w e r  l i m i t  of 
continuous  permafrost  (walls exposed t o   t h e   s o u t h )  
i s  f i x e d   a t   t h e   a l t i t u d e  of t h e  -6°C isotherm of 
t h e  MAAT and  the  lower l i m i t  of   discontinuous 
permafrost (walls exposed t o   t h e  N) a t   t h e   a l t i -  
tude  of   the -1,5OC isotherm, sites that  cannot  be 
investigated  economically by our  methods  should  be 
included  in   our  model, too   (F igure  4) . 

We r e a l i z e   t h a t   t h e  -6OC isotherm i s  a r a t h e r  
high  value compared  with -8,5OC in   the  zonat ion  of  
h igh   l a t i t ude   pe rmaf ros t  (Brown and Pew& 1973). 
Haeberl i   (1978)   ment ions  f ie ld   observat ions  that  
suggest   that   the   lower  boundary  of   cont inuous 
permafrost  may be somewhat lower  in  the  Swiss  Alps 
(-7OC) a n d   s t a t e s  a l i m i t  of  perhaps -6' oder -7OC 
i n   h i s  most   recent   report   (Haeberl i  1982) .  We would 
l i k e  t o  l e a v e   t h i s   q u e s t i o n  open f o r   f u r t h e r  
research   and   th ink   tha t   th i s   might   no t   on ly   be  a 
mat te r   o f   permafros t   f ind ings   bu t   a l so  a matter  
o f   d e f i n i t i o n  of t h e  term "continuous". 

to   be  lower  due  to   the  mari t ime  inf luence  of  un- 
f rozen   f j o rds   i n   t he   wes t e rn   pa r t   o f   ou r   i nves t i -  
gat ion  regions,   and  s imilar   dif ferences  might   a lso 
be found toward more cont inenta l   a reas   o f   F innish  
Lapland.   Research  in   these  areas  i s  c e r t a i n l y  
needed  and also intended. 

The f a c t   t h a t   t h e   a l t i t u d e  of the  lower limit of 
permafros t   co inc ides   wi th   the   a l t i tude  of a c e r t a i n  
MAAT al lows  us   to   propose  an  extrapolat ion  for   the 
noninvest igated  areas .  A permafrost  map of LaFland 

The lower limits of permafrost   occurrences seem 

0 -1 0 

0 "10 

a 
0 

- 0' 

e sporadic permafrost 
1 - * l e  

F1GU.U 4 Zonation of a lp ine   permafros t .  The 
cor responding   a l t i tudes   for   the   inves t iga ted   a reas  
a re   g iven   in   Table  1 

and  southern  Scandinavia i s  i n  preparation  (King, 
unpubl i shed   manuscr ip t ) .   Four   c ross   sec t ions  
through  the  Scandinavian  high  mountain  range are 
shown in   F igure  5 .  F o r e s t  limits (taken  from 
topographical  maps) and g l a c i a t i o n  limits (cf .  
O s t r e m  e t   a l .  1973, O s t r e m  and  Ziegler 1969) 
a r e  also marked. I t  i s  noteworthy  that   contrary 
to   t he   pe rmaf ros t  limits, t h e   f o r e s t  limit and 
t h e   g l a c i a t i o n  l i m i t  a r e   r i s i n g   w i t h   i n c r e a s i n g  
c o n t i n e n t a l i t y .  The uppermost   cross   sect ion shows 
t h a t   l a r g e   p o t e n t i a l   f o r e s t   a r e a s   r i s e   a b o v e   t h e  
a l t i t u d e  of t h e  -1,5OC isotherm  in  Finnish Lap- 
land .   These   a re   the   a reas  where t h e  most  impressing 
palsas   in   Scandinavia   exis t   favored by c l imate ,  
vege ta t ion ,   and   r e l i e f .  They belong t o   t h e   d i s -  
continuous  permafrost   zone  (cf.  King 1979) .   In   the 
o t h e r   c r o s s   s e c t i o n s   t h e   f o r e s t  limit hard ly  
reaches up t o   t h e   a l t i t u d e  of t h e  -1,5T isotherm, 
and  minute  palsa  forms  belonging  to  the  sporadic 
zone are   repor ted   f rom  there   (Sol l id   and  Sdrbel 
1974). 

Further   permafrost   research i s  urgently  needed 
e s p e c i a l l y   i n   t h e  areas o u t s i d e   t h e  main mountain 
range. Models with  freezing  and  thawing  indices 
are developed by the   au thor  ( c f .  Harris 1982) .  We 
t r u s t   t h a t   a l r e a d y  now t h e  model for   permafros t  
dis t r ibut ion  in   Scandinavia   presented  above w i l l  
b r ing  new a s p e c t s   t o   o t h e r   r e s e a r c h   t o p i c s .  We 
espec ia l ly   t h ink  of the  s tudy  of   per iglacial   pro-  
cesses  and  forms by Scand inav ian   s c i en t i s t s   i n  
s e v e r a l   c l a s s i c a l   s t u d i e s  (Rapp  and  Rudberg  1964, 
Rudberg  1977).  Geomorphological  surveys in t h e  
investigated  areas  have  been  done by the   au tho r .  
They sugges t   t ha t   " the   spa t i a l   ex t en t  of p e r i g l a c i a l  
regions  not   underlain by permafros t   o f   one   sor t   o r  
another  is  l imited"  (French 1979) .  Apparent ly ,   th i s  
seems t o  be t r u e   f o r  many a lp ine   r eg ions ,   t oo .  
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TABLE 1 A l t i t u d e  of MAAT Key Values  (1931-1960), 
Temperature  Gradient = 0.53'C/100m 

region:  Jotunheimen Rondane Kebnekaise Lyngen 
area:  Leirvassbu  Simlepigg  Tarfala  Gjerdelvdal 

-6.0' 2,060 1,960 1 ,600 1 , 720 
-5.0' 1,870 1 , 770 1,420 1 , 530 
-3.5" 1,580 1,490 1,130 1,250 
-2.5" 1 , 400 1,300 940 1 ,060 
- 1 3 0  1,210 1,110 750 8 70 
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FIGURE 5 Cross sect ions  through  the  Scandinavian  high  mountain  bel t   wi th   posi t ion of lower limits of 
permafrost   zones,   g laciat ion limit, and t r e e  limit. 
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The importance o f   t h e   C e n t r a l  Gas I n j e c t i o n   F a c i l i t i e s   a t  Prudhoe Bay, Alaska, 
prompted a d e t a i l e d   s t u d y   o f   i t s   a d f r e e z e   p i l e   f o u n d a t i o n  when d i f f e r e n t i a l  
set t lements  were  not iced i n  some p i l e s .  As a r e s u l t ,  an extensive  data 
gather ing  program was i n i t i a t e d   t o   m o n i t o r   p i l e  movement, subsoi l   temperatures, 
and  mic roc l imate   tempera tures   beneath   the   fac i l i t y .  The da ta   ga thered  ind ica ted  
t h a t   p i l e   s e t t l e m e n t  was occu r r i ng  and tha t   se t t l emen t  was n o t   r e l a t e d   o n l y   t o  
the  magnitude o f   app l i ed   l oad .   S tud ies   i nd i ca ted   t ha t   se t t l emen t  was more 
r e l a t e d   t o   s o i l   t e m p e r a t u r e  and t h e   c r e e p   c h a r a c t e r i s t i c s  of s o i l   n e a r   t h e   p i l e .  
A t heo re t i ca l   ana lys i s   success fu l l y   p red ic ted   obse rved   se t t l emen t   ra tes  on those 
p i l e s  showing  the  most  sett lement. The t h e o r e t i c a l  model assumed t h e   p i l e s  were 
embedded i n   i c e  or i c e - r i c h   s o i l s .  Remedial  measures  were undertaken t o   c o n t r o l  
and limit t h e   p i l e  movement, The g r o u n d   s u r f a c e   b e n e a t h   t h e   e n t i r e   f a c i l i t y  was 
insu la ted ,  many p i l e s  were  converted  to  thermosyphons,  exposed p i l e   s u r f a c e s  
w e r e   p a i n t e d   w h i t e   t o   i n c r e a s e   t h e i r   r e f l e c t i v i t y ,  and an impervious membrane 
was i n s t a l l e d   o v e r   t h e   i n s u l a t i o n   t o   c o n t r o l   m o i s t u r e  and  contaminant 
i n f i l t r a t i o n .  These remedial  measures  appear t o  have c o n t r o l l e d   p i l e  movement 
t o  an acceptab le   leve l  and t o   w i t h i n   t h e   a c c u r a c y  o f  survey  measurements. 

INTRODUCTION 

The Centra l  Gas I n j e c t i o n   F a c i l i t i e s   a t  
Prudhoe Bay, A laska,   are  located on a 1.8 m t h i c k ,  
13 ha gravel  pad on the   eas t   s ide  o f  t he  Prudhoe 
Bay f i e l d .  The gravel   pad was p l a c e d   d i r e c t l y  on 
the   tundra  mat  which  covers  about 5 m of s i l t  
o v e r l y i n g  sands  and gravels .  The area  contains 
polygonal  ground, and massive  ice was encountered 
i n  many o f  the   bor ings .  

The f a c i l i t i e s   c o n s i s t  of  approximately 40 
modules  having 5 t o t a l   f i r s t   l e v e l   f l o o r   a r e a   o f  
n e a r l y  15,000 m , The modules  are  elevated 2.5 
m above t h e  pad  and are supported on approximately 
1200 s t e e l   p i p e   p i l e s .  The p i l e s   a r e  46 cm i n  
diameter,  about 6.5 m long and a r e   s l u r r i e d  and 
f r o z e n   i n   t h e   s i l t  and ice  permafrost   which 
o v e r l i e s   t h e  sand  and g rave l .  The  modules  were 
c o n s t r u c t e d   i n  Tacoma, WashSngton, and  barged t o  
Prudhoe Bay i n  1975,  1976,  and  1977. F i e l d  
s t a r t - u p  o f  t h e   f a c i l i t i e s   o c c u r r e d   i n  mid-1977. 
Photograph 1 i s  an ae r ia l   v i ew  o f  t h e   f a c i l i t i e s .  

The C e n t r a l   I n j e c t i o n   F a c i l i t i e s   c o n s i s t   o f  
the   Cent ra l  Compressor P l a n t  (CCP), t h e   F i e l d   F u e l  
Gas U n i t  (FFGU), and t h e  gas i n j e c t i o n  system. 
The f u n c t i o n  o f  t he  CCP i s   t o  compress t h e   n a t u r a l  
gas p r o d u c e d   f r o m   t h e   e n t i r e   f i e l d   f o r   i n j e c t i o n  
i n t o   t h e  Prudhoe Oil Pool  .gas  cap. The f u n c t i o n  
o f  t he  FFGU i s   t o   c o n d i t i o n  produced gas f o r  use 
as fue l   t h roughou t   t he   f i e ld .   Near l y  254,000 KW 
of   comprys ion  equipment   in ject  as much as 57 
m i l l i o n  m STP o f  gas per  day i n t o   t h e  gas cap. 

f a c i l i t y   i s   c r i t -  
1 f r o m   t h e   e n t i r e  

The equipment  enclosed i n   t h i s  
i c a l   t o   t h e   p r o d u c t i o n  of o i  
Prudhoe Bay f i e l d .  

This  paper  d iscusses  the h 

entSal   foundat ion  set t lement   problem  at   the 
C e n t r a l   I n j e c t i o n   F a c i l i t i e s .  The foundat ion 
s tab i l i za t i on   p rocedure   used  and i t s  effectSveness 
are  descr ibed. 

HI STORY 

I n   t h e  summer o f  1976, C e n t r a l   I n j e c t i o n  
F a c i l i t i e s  module  foundations were  suspected o f  
movement because  of   observed  archi tectural  , 
s t r u c t u r a l ,   p i p i n g ,  and  equipment  alignment 
problems. Door frames i n   t h e   f a c i l i t i e s  were 

i s t o r y  of a d i f f e r -  
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rack ing  caus ing  doors  to   b ind,   in termodular  
connect ions  were  showing  distress,   instances  of  
unsupported  piping  were  occurr ing,  and r o t a t i n g  
equipment  real ignment  requirements  were  excessive. 
A p i l e   mon i to r i ng   p rog ram was implemented a t  
t h i s   t i m e   t o   t r a c k  and ve r i f y   suspec ted  
d i f f e r e n t i a l   p i l e  movement. 

By t h e  end of 1979, 20 p i l e s  had shown 
r e l a t i v e   s e t t l e m e n t s   g r e a t e r   t h a n  3 cm.  One p i l e  
had s e t t l e d  8.5 cm, w h i l e   o t h e r   p i l e s  had n e g l i g i -  
b l e  movement. I n   g e n e r a l ,   t h e   r a t e   o f   s e t t l e m e n t  
was g r e a t e s t   d u r i n g   t h e   l a t e  summer, f a l l ,  and 
e a r l y   w i n t e r  when subgrade  temperatures  were 
maxlmum, and near ly   s topped  dur ing   the   spr ing  when 
the  ground  temperature was a t  a minimum. 

Several  hypotheses  were  developed  to  explain 
the  set t lements.  Subgrade  temperatures may have 
been increased due to  elevated  ambient  tempera- 
tures  be low  the  turb ine  modules and s o l a r  
r a d i a t i o n   a t   t h e   s o u t h  and  west  module  perimeters. 
G l y c o l   s p i l l e d   i n  one area may have  penetrated  the 
s o i l s  and  depressed  the  freezing  point.  Ponding 
water  under and  around  the  modules may a l s o  have 
r e s u l t e d   i n  an increased  ground  temperature. 
There was a l a c k   o f   q u a l i t y   c o n t r o l  on p i l e  
s l u r r y i n g   d u r i n g   c o n s t r u c t i o n   w h i c h  may have 
r e s u l t e d   i n   p o o r  workmanship,  and  the  original 
p i l e   a d f r e e z e  bond s t r e n g t h   d e s i g n   c r i t e r i a  were 
o p t i m i s t i c ,  

I n   t h e   s p r i n g  o f  1981, a program was under- 
t a k e n   t o   s t a b i l i z e   t h e   f o u n d a t i o n   o f   t h e   C e n t r a l  
I n j e c t i o n   F a c i l i t i e s .  The subgrade  below 22 
modules was i n s u l a t e d  by p l a c i n g  a 10 cm t h i c k  
l a y e r   o f   p o l y s t y r e n e   b o a r d   i n s u l a t i o n  on t h e  
ground  surface  and  anchoring i t  wit.h a shal low 
l a y e r   o f   g r a v e l .   T h i s  was in tended  to   reduce  the 
a c t i v e   l a y e r   t h i c k n e s s .   I n   a d d i t i o n ,   n e a r l y  500 o f  
t h e   p i l e s   e x h i b i t i n g   h i g h   s e t t l e m e n t   r a t e s  were 
conver ted   to  two-phase  thermosyphons t o   p r o v i d e  
add i t iona l   coo l ing   to   the   g round  sur round ing   the  
p i l e   d u r i n g   w i n t e r  months. 

INSTRUMENTATION AND MONITORING 

V e r t i c a l  movement o f   s e l e c t e d   p i l e s   a t   t h e  
C e n t r a l   I n j e c t i o n   F a c i l i t i e s  has  been monitored 
s ince  1976. A comprehensive  and s o p h i s t i c a t e d  
p i l e   mon i to r i ng   p rog ram was implemented i n  Septem- 
b e r  1981 t o   c a r e f u l l y   t r a c k  and analyze  foundat ion 
movement on a l a rge r   sca le .  The p i l e   m o n i t o r i n g  
program i s  d e s i g n e d   t o   o b t a i n   f i r s t   o r d e r   l e v e l  
accuracy or b e t t e r ,   P i l e   e l e v a t i o n s   a r e  
r e f e r e n c e d   t o   f o u r   a r c t i c  bench  marks,  which  are 
r e f e r e n c e d   t o  a U. S. Geological  Survey monument. 

Accuracy i s  a primary  concern when dea l i ng  
w i t h   t h e   s m a l l   v e r t i c a l  movements o f   p i l e s   f r o z e n  
i n  permafrost. The environmental   extremes  of   the 
a rc t i c   a f fec ted   su rvey   p rocedures  and the  accuracy 
of   the  e levat lon  data  col lected.  Large  tempera- 
t u r e   v a r i a t i o n s  and  ground movement caused  by 
seasonal   f reezing and thawing   cyc les   a f fec ted   the  
reference  bench  marks  and  caused  apparent  cycl ic 
movement o f   t h e   p i l e s .  Extreme  low  temperatures, 
long  hours of darkness,  and  whi teout  condi t ions 
caused  hardships on men and  equipment  during 
w i n t e r   s u r v e y s .   B r i g h t   s u n l i g h t  and r a d i a t i o n  
heat waves caused d i s t o r t i o n s  and d i f f i c u l t   s i g h t  
c o n d i t i o n s   i n   t h e  summer months, 

Special  techniques  were  used i n   t h e   p i l e  
mon i to r i ng   p rog ram  to   ma in ta in   e r ro rs   o f   c l osu re  
on l e v e l   l o o p s   t o   w i t h i n  kO.100 cm and i n d i v i d u a l  
p i l e   e l e v a t i o n   r e a d i n g s   t o   w i t h i n  i0.015 cm. 
Seasonal movement between  the  arct ic  bench  marks 
over   severa l   years has  been approx imate ly  0.02 cm. 
It i s  e s t i m a t e d   t h a t   p i l e   e l e v a t i o n   d i f f e r e n c e s  
between  studies  are  accurate t o  +0.090 cm, 
neg lec t i ng   t he   e f fec ts   a f   t he rma l   expans ion  and 
con t rac t i on .  Thermal e f f e c t s  on p i l e s  between 
stud ies  can be as g rea t  as 0,100 cm. Cor rec t i on  
f o r   t h i s   c o n d i t i o n  i s  p o s s i b l e   b u t  has genera l l y  
n o t  been attempted on t h i s   p r o j e c t .  

The subgrade  thermal  regime  below  the  Central 
I n j e c t i o n   F a c i l i t i e s  has  been monitored on a 
month ly   bas is   s ince   Ju ly  1981. Twenty-eight 
t h e r m i s t o r   s t r i n g s   w i t h   o v e r  250 t h e r m i s t o r   p o i n t s  
were  p laced  be low  the  insu lat ion  (approx imate ly  
40 cm be low  ex is t ing   g rade)   to   mon i to r  
temperatures i n   t h e   h o r i z o n t a l   p l a n e .   E i g h t e e n  
v e r t i c a l   t h e r m i s t o r   s t r i n g s   w i t h  25 t he rm is to rs  
each  were i n s t a l l e d   t h r o u g h o u t   t h e   s i t e   a t  
locat ions  such as a t   t h e  ends o f   t h e   f a c i l i t y ,  
benea th   t he   f ac i l i t y ,   a t   l oca t i ons   hav ing   un ique  
shading  condi t ions,  and  spaced r a d i a l l y  from 
selected  p i les  conver ted  to   thermosyphons.  All b u t  
one v e r t i c a l   s t r i n g   e x t e n d  9 m below  grade. One 
30.5 m v e r t i c a l   s t r i n g  was i n s t a l l e d   t o   o b t a i n  
temperature  in format ion  be low  depths  a f fected  by 
seasonal   temperatures.   Three  thermistor  str ings 
were i n s t a l l e d   w i t h i n   s t e e l   p i l e s   w h i c h  were 
converted  to  thermosyphons i n  an at tempt  t o  reco rd  
i n t e r n a l   p i l e   w a l l   t e m p e r a t u r e s .  

E a r l y   i n   t h e   p r o j e c t   l o c a l i z e d   c l i m a t i c  
condit ions  were  observed a t  v a r i o u s   l o c a t i o n s  
beneath  the  turb ine  modules.   In   addi t ion,   weather  
a t   t h e   C e n t r a l   I n j e c t i o n   F a c i l i t i e s   s i t e   i s  
no tab ly   d i f f e ren t   f rom  tha t   o f   t he   nea res t  
me teo ro log i ca l   s ta t i on ,   t he  Prudhoe Ray a i r s t r i p .  
I ns t rumen ta t i on  was p laced  be low  two  typ ica l  
t u r b i n e   m o d u l e s   t o   c o l l e c t  and record  ambient a i r  
tempera ture ,   sur face   so i l   tempera ture ,   p i le   wa l l  
contact   temperature,  and wind speed  and d i r e c t i o n .  
Maximum, minimum, and  average  values  were  recorded 
on the  hour.  The system  has  been somewhat 
u n r e l i a b l e  and l im i ted   usab le   da ta   have been 
c o l l e c t e d   t o   d a t e .  

FEMEDIAL DESIGN DEVELOPMENT 

Large   d i f f e ren t i a l   se t t l emen ts   o f  many pt ’ les  
prompted  the  search  for a des ign  that   would limit 
a d d i t i o n a l   p i l e   s e t t l e m e n t s  t o  w i t h i n   t o l e r a b l e  
l i m i t s .   I n   o r d e r   t o   f o r m u l a t e  a des ign   t o  
minimize  set t lements,  i t  was f i r s t  necessary  to  
i n v e s t i g a t e   t h e   s e t t l e m e n t   h i s t o r y  and determine 
p o t e n t i a l  causes f o r   p i l e   s e t t l e m e n t .  

G e n e r a l l y ,   t h e   p i l e s   e x h i b i t i n g   t h e   g r e a t e s t  
se t t lements   were   p laced  dur ing   the   la te   w in te r   o f  
1975-1976. The s p e c i f i c a t i o n   t h a t   g o v e r n e d   p i l e  
placement f o r  many o f   t h o s e   p i l e s   c a l l e d   f o r  warm 
w a t e r   t o  be placed in   t he   annu lus   be tween   the   p i l e  
and t h e   d r i l l e d   h o l e .  Sand was then dumped i n t o  
the  water  and v i b r a t e d   t o  cause d e n s i f i c a t i o n .  
P i l e s  were  placed i n   p o s i t i o n   w i t h o u t   p i l e  caps o r  
covers.  Freezeback  of  the  slurry  occurred 
n a t u r a l l y .  

Seasonal  thaw p e n e t r a t i o n   a t   t h e   s i t e   v a r i e d  
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f rom 1.2 m t o  2.3 m, depending  upon  the  location, 
t he   l oca l   dep th   o f   g rave l  fill, and the  micro- 
c l i m a t e .   P i l e   s e t t l e m e n t  measurements revealed 
t h a t   t h e   p i l e s   w i t h   e x c e s s i v e   s e t t l e m e n t   s e t t l e d  
most   dur ing  those  por t ions  o f   the  year  when the  
ground  temperature  throughout  the  depth o f  t he  
p i l e  was r e l a t i v e l y  warm and p o r t i o n s   o f   t h e  
gravel  pad  were thawed. 

A s t r u c t u r a l   a n a l y s i s   t h a t   i n c o r p o r a t e d  
se t t lement   da ta  showed tha t   se t t l emen t  was n o t  
p r o p o r t i o n a l   t o   l o a d i n g .  The grea tes t   se t t lement  
was measured  on a p i l e   w i t h  a c a l c u l a t e d   a x i a l  
l oad  of l ess   t han  23 me t r i c   t ons ;   wh i l e   ana lys i s  
showed t h a t   o t h e r   p i l e s  were  loaded t o  more than 
135 met r ic   tons  and showed comparat ive ly  l i t t l e  
movement. 

P i l e   s e t t l e m e n t   r a t e s  were  analyzed  using 
techniques  based on those  presented  by  Nixon and 
McRoberts  (1976), Weaver and  Morgenstern  (1981a), 
and  Morgenstern e t  a1 (1980). Data  from f u l l -  
s c a l e   p r o p r i e t a r y   p i l e   t e s t s   c o n d u c t e d  by B r i t i s h  
Petroleum/SOHIO a t  Prudhoe Bay i n  1971, as wel l   as 
o ther   da ta   f rom Weaver and  Morgensten  (1981b),  and 
Johnston  (1981),  were  used  to  est imate  the  creep 
r a t e   r e l a t i o n s h i p s   f o r   t h e   p i l e s .   B a c k - c a l c u l a t e d  
c r e e p   r e l a t i o n s h i p s   f r o m   p i l e   s e t t l e m e n t   r a t e   d a t a  
du r ing   pe r iods  of rap id   c reep on t h o s e   p i l e s  
exper ienc ing   se t t lement   ind ica ted   tha t   ad f reeze 
stresses  were on the   o rder   o f   those  fo r   i ce   be low 
t h e   a c t i v e   l a y e r .   T h i s   i n d i c a t e d   t h a t   s u p p o r t  
a long  those  pi les  showing  appreciable  set t lement 
was p r i m a r i l y  by i ce .  

G l y c o l   s p i l l s  and the   subsequent   so lu t ion   o f  
i c e   w i t h i n   t h e   s o l 1   p r o b a b l y   i n c r e a s e d   t h e  
se t t l emen t   ra tes   i n   t hose   a reas   where   t he   g l yco l  
sp i l l s   occu r red .   Hea t   conduc t ion   i n to   t he  
subgrade  and  along  the p i l e   w a l l s  may have  been 
increased by s o l a r   h e a t   g a i n   i n  exposed  areas  and 
by  exhuast  heat I n   t h e   v i c i n i t y   o f   e x h a u s t   s t a c k s .  
Water  from  the roof condensers and  snowmelt may 
have  caused  increased  subgrade  temperatures. 

The remedial  measures t h a t  were  used t o  limit 
f u t u r e   p i l e   s e t t l e m e n t   c o n s i s t e d  o f  t h e   f o l l o w i n g  
f o u r  components: the  ground  surface  beneath a l l  
modules was i n s u l a t e d  wSth  10 cm o f  expanded 
po lys ty rene   i nsu la t i on   ex tend ing  a minimum o f  5 m 
beyond t h e   s t r u c t u r e ,  an impervious membrane was 
i n s t a l l e d  above t h e   i n s u l a t i o n ,   a l l  exposed 
p o r t i o n s   o f   p i l e s  were  painted  white,  and 
s e l e c t e d   p i l e s  were  converted  to  two-phase 
thermosyphons. The remedial measures  were 
des igned  to   reduce  the  depth o f  t h e   a c t i v e   l a y e r  
and t o  reduce  the maximum ground  temperatures 
th roughout   the   depth   o f   the   p i les ,   thereby  
prov id ing   add i t iona l   ad f reeze  a rea  and a lower  
c r e e p   r a t e   w i t h i n   t h e   s u p p o r t i n g   s o i l s .  The 
impervious membrane was i n s t a l l e d   t o   i n h i b i t  
f u r t h e r   g l y c o l  and w a t e r   i n f i l t r a t i o n   i n t o   t h e  
subgrade. 

P i l e s  were   se lec ted   f o r   conve rs ion   t o  
thermosyphons  based  on  the  fol lowing  order  of 
impor tance :   (1 )   p i l es   w i th   t he   h ighes t  
set t lement ;  (2 )  p i l e s   d i r e c t l y  
turbines,  compressors and  exhaust s t ~ ~ ~ ! ~ r t ~ ~ ~  
p i l e s   i n   t h e   g l y c o l   s p i l l  area;  and ( 4 )  a d d i t i o n a l  
p i l e s  as needed t o   p r o v i d e   b u l k   h e a t  removal  from 
the  subgrade. 

THERMOPILE CONVERSION PROCEDURE 

Each p i l e   s e l e c t e d   f o r   c o n v e r s i o n  was 
de-iced,  pressure  tested,  evacuated,  and  charged 
w i t h   r e f r i g e r a n t .  The p i l e s   a t   t h e   s i t e   c o n t a i n e d  
v a r i o u s   q u a n t i t i e s   o f  snow and i ce .  The snaw 
a p p a r e n t l y   e n t e r e d   t h e   p i l e s   d u r i n g   t h e   i n t e r v a l  
of  t ime  between p i l e  placement  and p i l e  cap 
attachment. A l a y e r   o f   i c e  capped t h e  snow i n   t h e  
p i l e s  whenever snow l e v e l s  were  as h igh  as the  
b o t t o m   o f   t h e   p r e c o n v e r s i o n   a c t i v e   l a y e r   a d j a c e n t  
t o   t h e   p i l e s .  

Refr igerated  methanol  was used t o   d e - i c e   p i l e  
i n t e r i o r s   t o   p r e v e n t  warming o f   t h e   m a t e r i a l  
around  the  p i le .   Chi l led  methanol  was sprayed 
i n t o   t h e   p i l e s ,   c o a t i n g   t h e   w a l l s   w i t h  a t h i n  film 
t o  ensure  thorough  de- ic ing.  The methanol 
remained i n   t h e   p i l e s   u n t i l   a l l   o f   t h e  snow and 
i c e  was i n   s o l u t i o n   w i t h   t h e   m e t h a n o l .  The normal 
t i m e   p e r i o d   r e q u i r e d   f o r   c o m p l e t e   s o l u t i o n  o f  t he  
snow and i c e  was between 1 and 2 days. 

Once the  de- ic ing  procedure was completed, 
t h e   p i l e s  w e r e   p r e s s u r e   t e s t e d   f o r   f i t t i n g   l e a k s  
t o  310 kPa. The p i l e s  were  then  evacuated  to a 
vacuum o f  4 kPa. A f te r   evacuat ion   the   p i les   were  
charged  wi th  Refr igerant-12  (R-12).  R-12  was 
se lec ted  because i t  was r e a d i l y   a v a i l a b l e   a t  a 
reasonable  cost  and i t  would  operate a t  a low 
pos i t i ve   p ressure .  

A f te r   app rox ima te l y  2 months o f   o p e r a t i o n ,  
the  thermosyphons  were  checked f o r   o p e r a t i o n  and 
noncondensing  gases  were  purged  from  the  units. 
M o s t   c o m m e r c i a l l y   a v a i l a b l e   f l u o r o c a r b o n   r e f r i -  
g e r a n t s   c o n t a i n   s m a l l   q u a n t i t i e s   o f   i m p u r i t i e s .  
A f te r   thermocyc l ing  has taken  place,  the noncon- 
d e n s i n g   i m p u r i t i e s   e f f e c t i v e l y   c u t   o f f   t h e  
avai lable  condensat ion  area,  thus  reducing  the 
h e a t   t r a n s f e r   c a p a b i l i t y   o f   t h e  system. 

Snow and i c e  were n o t   t h e   o n l y   i t e m s   i n s i d e  
o f   t h e   p i l e s .  Sand s lu r r y ,   p ieces  o f  wooden 
boards, a c o f f e e  cup, g l y c o l ,  and a s e c t i o n   o f  
40.64 cm 0.0. steel   p ipe  were some o f   t h e   i t e m s  
d i s c o v e r e d   i n s i d e   t h e   p i l i n g .  Many t imes i n   t h e  
f ie ld ,   ingenious  techniques  were  dev ised  to   s ide-  
step  problems  caused  by  debris i n   t h e   p i l e s .  

Thermosyphon pressures  are  moni tored  annual ly  
p r i o r   t o   c o l d   w e a t h e r   a c t i v a t i o n .   T e m p e r a t u r e   o f  
t h e   l i q u i d / v a p o r   i n t e r f a c e   w i t h i n   t h e   p i l e   i s  
der ived   f rom  the  measured pressures  using 
p u b l i s h e d   d a t a   f o r   t h e   r e f r i g e r a n t .   M o n i t o r i n g  
has shown that   the  average maximum p i l e   w a l l  
temperature a t  a depth of 4 m decreased  approx- 
ima te l y  1°C d u r i n g   t h e   f i r s t   y e a r   o f   o p e r a t i o n ,  

DATA ANALYSIS 

P i l e   S e t t l e m e n t  

Only a few p i l e s  were i n i t i a l l y  surveyed,  and 
as a resu l t   comp le te   se ts   o f   se t t l emen t   da ta  do 
n o t   e x i s t   f o r  most   o f   the  p i les.   F igure 1 shows a 
t y p i c a l   S e t t l e m e n t   t r e n d   e x h i b i t e d  by many p i l e s .  
I n i t i a l l y ,   s e t t l e m e n t s   o c c u r r e d   d u r i n g   l a t e  summer 
and f a l l  , w i t h   l i t t l e   s e t t l e m e n t ,  and i n  some 
instances  apparent heave, occu r r i ng   du r ing   t he  
w i n t e r  and spr ing.  The p i l e   r e p r e s e n t e d   i n   F i g u r e  
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FIGURE 1 Typical p i l e  displacement 

1 was converted  to a thermosyphon in  early 1981 
with ground surface  insulation  being  placed 
shortly  thereafter.   Negligible  sett lement has 
been observed  since  the thermosyphon conversion 
a n d  ground insulation  placement.  Analyses 
indicate  that  the  reduction  in  set,tlement  rate was 
caused by the remedial  measures and not by the 
na tu ra l  reduction  in  secondary  creep r a t e  with 
time. 

Recent survey measurements taken  throughout 
1982 show  many small heave and settlement 
fluctuations,  many o f  which do not  tend toward 
overall heave or settlement of a p i le .  These 
fluctuations in surveyed  elevations a.re of a 
greater magnitude than  expected heave or 
settlement, making prediction of future  per- 
formance based on these  settlement measurements 
d i f f i c u l t .   I t  appears t h a t  the  f luctuations  are 
predominantly  a r e su l t  o f  survey  inaccuracy and 
thermal e f f ec t s  above the ground surface, and are  
n o t  real   p i le  movement within  the ground. 

Microcl imate 

Microclimate  conditions beneath two com- 
pressor train modules were monitored w i t h  42 

UNDER BUILDING AND 
UNDER INSULATION 

w 
m 

4" 
w 
n 

-215 -dO -1'5 -40 "5 b 5 
TEMPERATURE - "C 

FIGURE 2 Minimum and maximum temperatures 

Soil  Temperatures 

Vertical  thermistor  strings were placed a t  
numerous locations around t h e   f a c i l i t i e s  t o  gather 
d a t a  t h a t  would be representative o f  di f fe ren t  
conditions.  Profiles of the minimum and maximum 
temperature  versus  depth are shown for  various 
conditions on Figure 2 .  Placing  a  gravel pad on 
the  surface  increased  the width of the  temperature 
range a t  the  surface b u t  decreased the temperature 
range a t   the   surface of the  organic  layer. The 
average  temperature a t  a  depth of 9 m was 
decreased  about 1°C. 

The temperature  ranges  recorded under the 
insulation and under the  building were smaller, 
and the  average  temperature a t  a  depth of 9 m was 
about 1°C colder t h a n  in  those  areas w i t h o u t  the 
insulation. Near piles  converted t o  thermo- 
syphons, the  average  temperature a t  a depth of 9 m 
was approximately 1°C colder  than a t   g rea t e r  
distances from the  converted  piles. 

thermistors  placed  to  record: a i r  temperature 30 
cm above ground, ground surface  temperature, and  
pile  surface  temperature.  Several  trends were 0 

observed  in the  microclimate  data, 
During warm periods,  plle  temperatures were 

generally  observed  to be cooler near the  center of 
the modules. Temperatures 1 "C t o  3°C colder t h a n  
ambient a i r  were noted.  Pile  temperatures  near " -10 

the exhaust  stacks and along  the  perimeter of the w 
modules generally  followed  the ambient a i r  a 

=I -15 
temperature a t  the CCP d u r i n g  periods when the I- a 
thermosyphons were expected to  be inactive.  As K 

w 
expected,  active ' thermosyphons had surface n - 2 0  

temperatures warmer t h a n  the ambient a i r  
temperature. -25 

Microclimate a i r  temperatures  beneath  the 
modules follow  the same trend  as  pile  surface 
temperatures, however, the  temperature  extremes 
and f luctuat ions  are   sreater .  Ground surface 

-5 
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I- 

temperatures  appear  to-  vary  closely 
microclimate a i r  temperature a t  a given 

with 
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V e r t i c a l   t h e r m i s t o r   s t r i n g s   w e r e   p l a c e d  
i n s i d e   t h e   p i l e   a n d   a t  0.6 m and 1.8 m r a d i a l  
d i s t a n c e s   f r o m   c o n v e r t e d   p i l e s   a t   t h r e e   l o c a t i o n s .  
A t y p i c a l   r e l a t i o n s h i p   b e t w e e n   t e m p e r a t u r e   a n d  
t i m e   i s  shown a t   t h e  4 m d e p t h   i n   F i g u r e  3. As 
expected ,   the   thermosyphon  wa l l  became c o l d e r   t h a n  
t h e   s u r r o u n d i n g   s o i l  when t h e   a i r   t e m p e r a t u r e  
dropped  be low  the  ground  temperature,  Once t h e  
a i r   t e m p e r a t u r e  became w a r m e r   t h a n   t h e   p i l e   w a l l ,  
t h e   t h e r m o s y p h o n   c e a s e d   t o   f u n c t i o n   a n d   t h e   p i l e  
soon warmed t o  t h e  same tempera tu re  as t h e  
s u r r o u n d i n g   s o i l .   B e t w e e n  November  1981  and 
November  1982, t h e   n e t   d e c r e a s e  i n  t e m p e r a t u r e   o f  
t h e   s o i l   s u r r o u n d i n g   t h e   c o n v e r t e d   p i l e s   a t  a 
depth   o f  4 m was approx ima te l y  1°C. 

B a s e d   o n   d a t a   f r o m   t h e   t h e r m i s t o r s   p l a c e d  
i m m e d i a t e l y   b e l o w   t h e   i n s u l a t i o n ,   t h e   w a r m e s t  
tempera tu res   under   t he   modu le   were   on   t he   o rde r  of 
-3°C and  were  about 1°C c o l d e r   i n   t h e  summer o f  
1982   than   t he  summer o f  1981. No s i g n i f i c a n t  
d i f f e r e n c e  i n  the  change i n  warmest  temperatures 
cou ld   be   de tec ted   be tween  those  a reas   immedia te ly  
ad jacent   to   thermosyphons  and  those  a reas  a t   l e a s t  
6 m f rom  any   t he rmosyphon   i nd i ca t i ng   t ha t   t he  
c o o l i n g   e f f e c t   i s   w i d e s p r e a d .  The d a t a  does n o t  
i n d i c a t e   w h e t h e r   t h e   c o o l i n g   i s   c a u s e d   b y   c l i m a t i c  
changes or   the  thermosyphons.   The  thermosyphons 
shou ld   have  caused  coo l ing ,   however ,   the   c l imate  
was a l s o   g e t t i n g   c o l d e r .  The t h e r m i s t o r s  do n o t  
show i s o l a t e d   h o t   s p o t s   s u c h   a s   u n d e r   e x h a u s t  
s tacks .  

P ILE ANALYSIS TECHNIQUE 

The s e t t l e m e n t   r a t e s   o f   t h e   p i l e s   w e r e  
c a l c u l a t e d   a s s u m i n g   t h a t   t h e   p i l e s   e x h i b i t i n ?   t h e  
most, se t t l emen t   were  embedded i n  i c e .   U s i n g   t h e  
m e a s u r e d   t e m p e r a t u r e - d e p t h   p r o f i l e   a t   v a r i o u s  
t imes  o f  t h e   y e a r  i t  was p o s s i b l e  t o  d e t e r m i n e   t h e  
c reep   ra te   ve rsus   s t ress   dependency  o f  t h e   i c e  
a r o u n d   t h e   p i l e   a t   a n y   d e p t h   a n d   a t  an.y t i m e   o f  
y e a r .   S i n c e   t h e   p i l e   d i s p l a c e m e n t   r a t e   ( i c e   c r e e p  
r a t e )   i s   u n i f o r m   t h r o u g h o u t   t h e   l e n g t h  o f  t h e  
p i l e ,  i t  was p o s s i b l e  t o  d e t e r m i n e   t h e   s t r e s s  
l e v e l  on t h e   p i l e   a t   a n y   d e p t h   a n d   t i m e ,   g i v e n   t h e  
p i l e   d i s p l a c e m e n t   r a t e   a n d   t h e   t e m p e r a t u r e .   S i n c e  
t h e  sum o f   t h e   p i l e   w a l l   s t r e s s e s   i s   t h e   t o t a l  
l o a d  on t h e   p i l e ,  i t  i s   p o s s i b l e   t o   c a l c u l a t e   t h e  
p i l e   d i s p l a c e m e n t   r a t e   t h r o u g h o u t   t h e   y e a r   u n d e r  
a n y   t o t a l   l o a d .  

As shown i n   F i g u r e  1, t h e   c a l c u l a t e d   p i l e  
d i s p l a c e m e n t   r a t e s   t h r o u g h o u t   t h e   p o r t i o n s   o f   t h e  
y e a r  when s e t t l e m e n t   r a t e s   a r e   g r e a t e s t   q u a l i -  
t a t i v e l y   a g r e e   w i t h   t h e   d i s p l a c e m e n t   r a t e s  
measured  on   those  p i les   tha t   have  undergone  the  
m o s t   s e t t l e m e n t   ( e x c l u d i n g   t h e   p i l e s   i n   t h e   g l y c o l  
s p i l l   a r e s ) .   D u r i n g   t h o s e   p o r t i o n s  o f  t h e   y e a r  
when g r o u n d   t e m p e r a t u r e s   a r e   c o l d e s t ,   t h e  
p r e d i c t e d   s e t t l e m e n t   r a t e   i s   g r e a t e r   t h a n   t h e  
m e a s u r e d   s e t t l e m e n t   r a t e .   D u r i n g   t h i s   p o r t i o n   o f  
t h e   y e a r ,   t h e   g r a v e l   p a d   i s   f r o z e n ,   p r o v i d i n g   h i g h  
s h e a r   s t r e s s e s   o n   t h e   p i l e   n e a r   t h e   t o p ,   w i t h i n  a 
m a t e r i a l   t h a t   i s   s u b j e c t   t o   l o w   c r e e p   r a t e s .  The 
t h e o r e t i c a l   m o d e l   u s e d   f o r   t h e   p r e d i c t i o n s  shown 
o n   F i g u r e  I. d i d   n o t   t a k e   t h i s   i n t o   a c c o u n t .  

A c c u r a t e   t h e o r e t i c a l   a n a l y s e s   o f   p i l e   c r e e p  
r a t e s   a r e   n o t   p o s s i b l e   b e c a u s e   o f   t h e   u n c e r t a i n t y  
o f   t h e   l o a d   o n  a g i v e n   p i l e  and o f  t h e   a c t u a l  

m a t e r i a l   s u r r o u n d i n g   e a c h   p i l e .   T h e   l o a d  on a 
g i v e n   p i l e  may n o t   b e   t h e  same a s   t h e   d e s i g n   l o a d  
due t o   r e d i s t r i b u t i o n   o f   t h e   l o a d   c a u s e d   b y  
d i f f e r e n t i a l   p i l e  movements. 

CONCLUSIONS 

P i l e   S e t t l e m e n t  

The  remedial   measures  undertaken t o  decrease 
o r   s t o p   t h e   s e t t l e m e n t   o f   p i l e s   h a v e   a p p e a r e d   t o  
w o r k   w e l l .   P i l e  movement o v e r   t h e   f i r s t   y e a r  
s ince  they  were  implemented  ha5  been,   on  the 
average,   less   than  k0 .1  cm, i n   c o n t r a s t   t o   e a r l i e r  
y e a r s  when as much as 2 cm was o b s e r v e d   i n  a 
s i n g l e   y e a r .   T h e   m a g n i t u d e   o f   p i l e  movement 
r e c o r d e d   i n   t h e   f i r s t   y e a r   a p p e a r s   t o   b e   w i t h i n  
t h e  limit o f   s u r v e y   a c c u r a c y   a n d   t h e r e f o r e ,  i t  i s  
d i f f i c u l t  t o  a c c u r a t e l y   p r e d i c t   f u t u r e   p i l e  
per formance  based  on  t rends  developed i n  p i l e  
movement o v e r   t h e   o n e   y e a r .  

Subgrade  Temperatures 

W i t h i n   t h e   f i r s t   y e a r   a f t e r   r e m e d i a l   m e a s u r e s  
were  completed,   the maximum temperat,ure a t   t h e  
base o f   t he   pad   had   been   reduced   f rom  abou t  - 1 ° C  
t o   a b o u t  -7"C, and  the  gravel   pad  has  remained 
f rozen  th roughout   the   year .   The  thermosyphons 
r e d u c e d   t h ?   g r o u n d   t e m p e r a t u r e   w i t h i n   a b o u t  0.6 m 
o f  t h e   p i l e   a t   t h e  4 m depth   by   about  2°C. by  June. 
T h e   t e m p e r a t u r e   n e a r   t h e   p i l e - s o i l   i n t e r f a c e  comes 
t o  e q u i l i b r i u m   w i t h   t h e   s u r r o u n d i n g   s o i l   w i t h i n  a 
few  weeks a f t e r   t h e   a i r   t e m p e r a t u r e   r i s e s   a b o v e  
t h e   p i l e   w a l l   t e m p e r a t u r e .  
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THE  PROCESS OF NALED ( I C I N G )  FORMATION I N  THE TROUGHS  OF 
THE PACIFIC MOUNTAIN BELT 
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The  formation  and  existence  of  belts  of  icings  are  pre-determined  by  the  geology  and 
evolutionary  history  of  the  regions  during  the  Pleistocene  and  Holocene.  These  belts 
are  related  geomorphologically  to  the  activities  of  former  and  contemporary  glaciers. 
The action  of  the  latter  has  Zed  to  the  formation  of  moraine-and-riegel  complexes, 
series of which  have  resulted in the  icing  belts.  Icing  formation  occurs  within  the 
moraine-and-riegel  complexes. A definite  interrelationship  exists  between  the  icings 
and  sub-icing  taliks.  The  dimensions  of  the  moraine-and-riegel  complexes  and  of  the 
icing  complexes  regularly  decrease  with  altitude.  There  may  be  several  separate 
taliks,  or  a  single  extensive  one,  but  they  are  always  smaller  in  area  than  the  area 
occupied  annually  by  icings.  The  number of icings  corresponds to the  number  of  talik 
basins,  which  in  turn  coincides  with  that of the  erosional  valleys  draining  the  sides 
of the  troughs.  Freezing  of  the  taliks  and  icing  formation  always  begin  from  the 
upper  part  of  the  area  affected  by  the  icing  and  the  freezing  barrier  migrates  from 
higher  to  lower  altitudes. 

In  many  mining  developments  in  East  Siberia, 
within  the  so-called  mobile  Pacific  belt,  traces 
of stadial  contraction  of  Sartan  glaciation  have 
been  revealed  to  date. In different  regions  the 
number  of  stadial  formations,  because  of  their 
different  conditions of preservation  and  variations 
+in the  de-glaciation  process,  does  not  remain 
constant. 

Marginal  moraines  forming  part  of  the  above- 
mentioned  stadial  complexes  had  formed  mainly 
along  the  edges of glaciers  as  these  discontinued 
their  advance,  or  originated  as  the  advancing  ice 
was  pushing  debris  material,  thus  fixing  the 
maximum  advance  of  the  glaciers  at  that  particular 
stage.  The  thickness of moraines  reached  consid- 
erable  values;  their  fragments,  still  well  pre- 
served,  are  arch-shaped  hills 150 to 200 m  high. 
In front  of  such  obstacles  many  large  moraine- 
dammed  lakes  formed.  Their  breakthrough  took 
place  outside  the  former  bed of valleys  and  the 
river  network  was  then  reshaped.  Such  a  moraine- 
dammed  lake,  well  preserved  to  date,  is  exemplified 
by  Tabanda  Lake  in  Chibagalakhsky  Ridge  (Chersky 
Mountain  Range)  which  represents  a  trough  scoured 
during  the  Sartan  glaciation  and  later  flooded  for 
a  distance of more  than 11 km. An example o f  a 
sharp  curve  in  a  river  in  front of an  obstacle 
such  as  a  terminal  moraine  is  in  turn  presented  by 
the  valley of the  Buordakh  River  near  its  conflu- 
ence  with  the  Lyunkide  River  (Ulakhan-Chistaisky 
Ridge). The  rivers  just  mentioned  had  been  north- 
flowing,  but  once  blocked  by  the  huge  Sartan 
moraines,  they  first  filled  large  depressions  and 
produced  lakes. The lake  in  the  valley  of  the 
Lyunkide  River  drained  at  the  eastern  termination 
of  the  moraine dam, and  it  was  this  that  altered 
the  original  direction  of  the  river.  At  the 
present  time,  the  Lyunkide  River,  meandering  on 
the  bed of the  drained  lake,  discharges  into  the 
Buordakh  River  and  abruptly  turns  eastward  in 

front  of  the  aforementioned  terminal  morainal  ridge. 
Simultaneously with the  formation  of  terminal 

moraines,  stadial  riegels  were  forming  in  the 
valleys.  They  were  produced  by  the  combined 
action on the  valley  floor  of  a  glacier  trough  and 
the  water  flow  from  beneath  it.  Somewhat  upstream 
from  the  termination  of  the  glacier  tongue,  there 
was  an  area o f  intense  glacial  erosion  (Markov, 
1941; Avsyuk,  1948;  Evteev, 1964; et al.). Right 
beneath  the  snout of the  glacier,  the  valley  floor 
practically  does  not  erode,  while  downstream  from it 
the  floor is strongly  affected  by  fluvial erosion. 
After  the  glacier  melts away,  a  riegel  with  well- 
defined  relief  remains  in  such  a  place,  forming  a 
ledge  in  the  bedrock  floor  of  the  valley  shaped  by 
the  glacier, on which  a  ridge  of  the  stadial  ter- 
minal  moraine  is  superimposed.  The  "choking" 
effect on the  valley  due  to  a  moraine-riegel  com- 
plex  is  further  intensified  because  at  the  time  of 
glacial  stagnation,  the  trough  edges  above  the 
stadial  moraine  continue  to  be  affected  by  intense 
glacial  erosion  whereas  downstream  in  the  valley 
there  is no such  impact  and  here  the  river  erodes 
predominantly  downwards  into i t s  bed.  After  the 
river  overcomes  the  moraine-riegel  obstacle,  there 
normally  arises  a  canyon-  or  ravine-shaped  valley 
with  narrow  precipitous  sides. 

the  mountains  of  East  Siberia,  the  contraction of 
Sartan  glaciation  seems  to  have  been  accompanied 
only  by  stoppages  and  thereafter  only  by  minor  re- 
advance  of  glaciers. It was  the  duration of the 
still-stands  of  the  retreating  Sartan  glaciers  that 
contributed to the  formation  of  well-defined 
moraine-riegel  complexes,  whose  unconsolidated 
sediments,  in  the  presence of a  perennially  frozen 
substrate  within  the  sides  of  the  valleys,  changed 
into  a  frozen  state  which  further  enhanced  the 
preservation  of  the  formations  in  question 
(Sheinkman, 1978). 

Under  severe  continental  climatic  conditions  in 
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After  the  Sartan  glaciers  had  melted  away,  the 
valley  floors of that  region  were  affected  by 
cryogenic  processes.  The  most  active  of  them  is 
the  formation  of  icings  which  not  infrequently  was 
pre-determined  by  the  dynamic  evolution  of  Sartan 
glaciers.  Thus,  most  of  the  major  perennial  icings 
in  the  troughs  of  the  region  are  associated  with 
moraine-riegel  complexes.  This  is  largely  due to 
the  alternation  of  extended  and  contracted  areas, 
t o  the  presence  within  their  floors  of  a  large 
thickness  of  glacial  and  alluvium-sandr  sediments, 
as  well  as  due  to  the  stepped  profile  of  the 
valleys  (Sheinkman & Nekrasov,  1976, 1978). In 
addition,  present-day  streams  commonly flow on 
broad,  even  valley  floors  and  meander  strongly, 
which is  not  typical  of  mountain  rivers;  on  such 
places  at  shoals  there  arise  fairly  large  (but 
only  seasonal)  icings. 

In  general,  in  the  middle  and  lower  parts  of  the 
troughs  within  the  moraine-riegel  complex,  an  icing 
first  develops on an  area  of  the  bedrock  riegel 
which is intersected  by  a  river.  This  is  due  to 
the  fact  that  at  such  places  the  alluvium  layer 
within  the  valley  floor  is  of  small  thickness  and 
within  it  there  are no water-bearing  taliks  below 
its  bed.  An  icing  is  produced  owing  to  the  waters 
coming  from  the  upper  portions o f  the  valley. 

After  the  formation  of  an  icing on a portion o f  
the  canyon,  the  groundwater  collector  that  exists 
upstream  from  the  riegel  in an erosional  basin 
filled  with  morainal  material,  becomes  dammed. As 
the  pre-riegel  basin  is  frozen,  there  is  an  in- 
crease  in  pressure  in  the  groundwater,  concentrated 
within  ground-seepage  taliks  within  these  sediments 
(according  to N .  N .  Romanovsky's  classification, 
1 9 7 2 ) .  Ultimately,  these  waters  dig  through  the 
frozen  roof,  forming  an  icing,  the  size of which 
is  determined  by  the  configuration  and  water- 
bearing  capacity of the  taliks  (Klimovskiy, 1980). 
An icing  can  also  form  downstream  from  the  maraine- 
riegel  obstacle  when  there  exist  glaciofluvial 
sediments  of  considerable  thickness  which  store 
groundwater. 

conditions  the  number  of  stadia1  complexes in 
Sartan  troughs  of  the  region  under  consideration 
is  as  large  as  eight,  systems  of  associated 
perennial  icings  occur  only  in  some  cases,  This 
is  explained  by  the  limited  amount of water  avail- 
able  to  form  icings. A perennial  icing  complex, 
including  the  three  types of icing  mentioned, on 
occasion  forming  part of a  single  ice  mass,  forms 
only  in  areas  with  the  best  conditions  for  feeding 
groundwater.  Generally,  this  occurs  in  middle 
parts of Sartan  troughs,  where  the  flow  of  icing- 
forming  waters  is  sufficient t o  form  a  large  peren- 
nial  icing.  Besides,  the  moraine-riegel  obstacles 
in  the  middle  parts  of  Sartan  troughs  have  already 
been  somewhat  destroyed,  and  the  flow  of  icing- 
forming water, escaping  out  of  the  pre-riegel 
collector, is able  to  transit  the  region  of  the 
canyon-shaped  valley,  and t o  contribute  to  feeding 
groundwater  within  the  accumulation  of  glacio- 
fluvial  deposits  associated  with  the  riegel. 

Downstream  in  the  valley,  the  icing-forming 
groundwater  flow is sufficient  to  form  large  per- 
ennial  icings  only  toward  the  lower  reaches of the 
troughs,  especially  as  the  formation  of  an  icing 
here  will  be  facilitated  by  a  thinning  of  the 

It is  interesting  to  note  that  if  under  the  best 

glacial  deposits  (Preobrazhenskiy, 1963).  In this 
case,  howeve.r,  the  oldest  moraine-riegel  obstacle 
is  usually  largely  destroyed,  and  the  groundwater 
flow from  the  pre-riegel  collector  will  largely 
traverse  this  section  freely. In such  a  situation 
no icing  will  form  upstream  from  the  riegel. 

As far  as  the  upper  reaches of Sartan  troughs 
are  concerned,  the  dynamics  of  the  icing  process 
is  rarely  the  same, as discussed  above,  but  more 
often has  a  quire  different  character.  This is 
particularly  true  in  cases  where  troughs  are 
incised  into  the  middle  or  upper  terraces  (for 
example,  the  upper  reaches  of  the  Garbynya  River). 

the  formation  of  icings  in  such  areas  involves  two 
aspects:  hydrological  and  geocryological.  The 
former  implies  the  determination  of  basic  trends 
in  the  association  of  icings with individual 
elements  of  the  relief,  the  detection of the 
sources  that  feed  them,  and  the  delineation  of 
thawed  basins  and  the  establishment  of  the  nature 
of taliks.  The  latter  involves  the  study of the 
geomorphological  activity  of  an  icing  as  a  dis- 
tinctive  cryogenic  phenomenon. 

In  this  connection,  it  is  interesting  to 
elucidate  some  questions  concerning  permafrost 
and  geohydrological  behavior  that  reflect  the  main 
properties o f  the  icing  process  within  the  youngest 
moraine-riegel  complexes,  and to show  the  ratio 
between  icing  areas  and  unfrozen  areas. 

It is  known  that  upstream  from  each  bedrock 
riegel  ridge  along  the  axis of main  troughs,  there 
occurs  a  pre-riegel  basin.  Like  the  entire  trough 
bed,  even  in  the  upper  reaches  of  troughs,  this 
basin  is  always  filled  with  morainal  debris  with 
generous  porosity  and  permeability.  Upstream in 
the  valley  the  thickness of these  deposits  declines 
rather  sharply,  and  present-day  alluvium  has  not 
yet  formed.  Hence it is  also  evident  that  the 
largest  amounts  of  water  below  a  river  bed  can 
concentrate  only  within  a  pre-riegel  basin. 

However,  as i s  shown by  geomorphological 
research,  ridges  of  lateral  moraines  between  two 
neighboring  riegels  occur  as  a  rule on the  sides 
of the  trough,  and  are  intersected  by  present-day 
erosional  valleys, for which  the  bottom  of  the  main 
trough  is  a  local  base  level  of  erosion. In this 
connection,  at  the  mouth  of  the  valleys  there  are 
large  alluvial  fans  composed  of  a  thick  layer  of 
boulder-shingle  deposits.  These  fans  not  infre- 
quently  merge  to form bajadas  and  thereby  can  have 
substantial  influence not only  upon  redistribution 
of loose  coarse  debris,  but  also  upon  the  hydro- 
geological  regime  of  the  waters  below  a  river  bed. 
This,  in  turn,  gives  rise  to  changes  in  the 
dynamics  of  the  icing  process  and  in  the  regime  of 
the  taliks  below  river  beds,  determining  their 
morphology  (both in horizontal  and  vertical 
sections)  and  icing  duration. 

A vertical  section  shows  that  within  through 
floors  the  bedrock  is  covered  by  young  alluvium 
while  moraine  suglinoks* with  a large  number  of 
boulders  predominate  toward  the  sides. It should 
be  noted  that  moraine  deposits  may  lie  directly 
on  bedrock. 

From the  engineering-geological  point o f  view, 

* Editor's  Note: Stngt-inok is  loam or loamy  soil. 
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The  flows  of  streams  that  drain  glacial 
terraces  and  moraine  ridges  have  high  energy 
owing to steep  gradients. A s  a  result,  they  wash 
out  and  remove  practically  all  finely  dispersed 
matrix  material.  Therefore,  alluvial  fans  are 
formed of shingly  uncemented  deposits  containing 
boulders.  The  zone  of  fine  washed  out  material 
exceeds  substantially  the  width  of  the  channels  of 
these  streams,  and  extends  deep  into  the  masses of 
sediment.  Its  maximum  depth  is  observed  at  the 
upper  parts of the  alluvial  cones,  and  it  can  vary 
from 3 to 10-15 m. This  value  increases  at  the 
mouth of each  subsequent  downstream  tributary 
along  the  valley  of  the  trough.  This  is  associated 
with increasing  depth o f  the  erosional  incision. 
Such  wash-out  zones  exhibit  very  good  collector 
properties,  and  contribute t o  intensive  deep 
penetration  of  surface  waters which  warm  the 
sediments  deposited on the  sides  and  floors  of  the 
valleys of tributary  streams  and  of  the  main  trough 
and  they  thereby  contribute  to  the  formation  of 
taliks.  Taliks,  initially  having  the  form o f  
isolated  capsules,  grow  in  size  and  merge  together, 
forming  a  talik  of  complex  configuration  extended 
downstream  along  the  river  valley:  expansions  of 
the  talik  alterate  with  narrowing. A maximum 
cross-section  of  collector  taliks  occurs  within 
trough  floors,  opposite  the  mouth  areas  of  erosion 
valleys.  Downvalley  the  size  of  the  talik  gradu- 
ally  decreases,  reaching  a  minimum  near  the  mouth 
of  the  next  tributary, i.e. where  the  flow  velocity 
drops off  and  the  alluvium  of  the  floodplain  and 
terraces  is  saturated  with  a  sufficient  amount  of 
fine-grained  material.  This  decreases  the  per- 
meability  properties o f  the  unconsolidated 
deposits. 

The  above-mentioned  morphological  features  of 
collector-taliks  regularly  repeat  themselves  down- 
stream  along  the  axis  of  the  trough, with the  only 
difference  being  that  the  size  of  the  talik  in- 
creases  in  both  expansions  and  contractions.  The 
total  number  of  talik  basins  corresponds  to  the 
number  of  tributary  erosional  valleys  that  drain 
the  slopes  of  the  trough or erode  the  terrace 
surf  ace. 

dinal  axis of trough  valleys  shows  that  the  lower 
and  upper  boundaries of the  talik  below  the  river 
bed  are  not  patterned  after  the  relief  and  inclina- 
tion of the  bedrock  floor,  but  behave  in  a  wavelike 
manner:  the  lower  talik  boundary  rises  and  the 
upper  one  descends  near  mouths of tributary 
erosional  valleys, i.e.  at  the  site o f  alluvial 
fans . 

As far  as  the  morphology of a  talik  below  a 
river  bed  as  seen  in  plan view is  concerned,  a 
bead-like  structure  is  clearly  marked  here:  expan- 
sions  usually  correspond  to  wash-out  zones  and  are 
fixed on the  trough  bottom  by  sections  where 
alluvial  fans  are  well  developed,  while  abrupt 
contractions  occur  where  fragments  of  above-flood- 
plain  terraces  have  remained.  These  are  mainly  the 
low  interfluves  of  neighboring  erosional  tributary 
valleys. 

From  the  above  analysis  we  can  draw  the  follow- 
ing  conclusions. 

1. In the  upper  reaches  of  troughs,  within one 
moraine-riegel  complex  and  icing  area,  there  can 
exist  one  common  talik  or  several  separate  taliks 

Thus,  the  vertical  section  along  the  longitu- 

with a complex  Configuration  as  viewed  horizontally 
and  vertically.  The  area of these  taliks  is  every- 
where  smaller  than  that  of  icing  areas  and  they  do 
not  repeat  their  shape  in  a  plan  view. 

2. Icing  masses  form  owing to discharge  of 
groundwater  stored  in  several  talik  basins, 
coinciding with one  icing  area.  Therefore,  within 
one  moraine-riegel  complex  an  icing  consists  of 
several  merging  icings,  the  number  of  which is 
determined  by  that of the  erosion  valleys  within 
the  trough  sides. 

hydrocryogenic  process,  Starts in the  upper  part 
of the  icing  area  where  the  first  frozen  barrier 
forms  with  the  beginning  of  cold  weather  because, 
in  this  case,  the  supply  of  water  in  the  talik 
below  a  river  bed  is  the  smallest  and  the  cross- 
section  of  the  supply  collectors  is  also  small. 

and  reaches  the  riegel.  The  freezing  raliks  merge 
to  form  a  single  frozen  body.  Hydrodynamical 
stresses  arising  in  the  process  contribute  to  the 
formation  of  icing  frost  mounds  in  areas  upstream 
from  the  riegel. 

4 .  The  outwash  zones  extending  far  beyond  the 
boundaries  of  present-day  alluvial  fans,  being 
good  collectors  for  groundwater  below  a  river  bed 
moving  at  depth  through  the  sediments  considerably 
warm  the  adjacent  areas o f  moraine  relief  and of 
Holocene  terraces.  This can lead to the  formation 
o f  single  masses of "non-convergent  permafrost". 

The  above  mechanism  of  icing  processes  in  the 
upper  reaches  of  Sartan  troughs does not,  however, 
rule  out  formation  of  rather  large  perennial 
icings.  This  occurs when bedrock  hills  delineating 
troughs  reach  high  absolute  altitudes,  and  accumu- 
late on their  slopes  a  considerable  amount  of 
precipitation  which  decreases  abruptly  for  mount- 
tains  of  more  moderate  altitude.  This  situation 
favours  an  ample  supply  of  surface  water  and 
ground  water  which  contribute  to  the  formation of 
icings.  The  best  conditions  for  icing-forming 
water  supply  exist  when  contemporary  glaciers  have 
been  preserved  in  the  upper  reaches  of  Sartan 
troughs.  Here  icings  are  steadily  fed  by  glacier 
melt  water  and  coincide  with  the  youngest,  and 
therefore,  best-preserved  moraine-riegel  formations. 
Icings,  formed  upstream  from  a  riegel  and  in  the 
area  of  a  down-cutting  canyon,  practically  entirely 
intercept  the icing-€arming ground  water  flow. A s  
a  result, no icing  forms  downstream  from  the  riegel, 
especially  because  glaciofluvial  sediments  associ- 
ated  with  young  glacial  stadia1  formations  do  not 
reach  large  thicknesses,  and  are  unable  to  accumu- 
late  considerable  reserves of ground  water. 

Because  in  the  mountains of East  Siberia  the 
clastic  material  in  valleys  (under  conditions of 
neo-tectonic  uplifting of rock  structures)  is  of 
considerable  thickness,  particularly  within  Sartan 
troughs,  these  are  the  processes  of  talik  formation 
that  determine  the  formation  of  icings.  But  this 
icing  formation,  as  shown  above,  is  then  to  a 
considerable  extent  due  to  the  dynamics  of  Sartan 
glaciers  and  current  denudation. 

A s  for  tectonics,  however,  the  contribution o f  
which  to  the  formation  of  icings  is  unquestioned 
(Simakov, 1961; Tolstikhin, 1966; et  al.) , we  will 
remark  here  that  Sartan  troughs  occur  mostly  within 
the  region of deeply  circulating  ground  water,  and 

3. The  formation  of  an  icing,  as  a  specific 

The  icing  formation  extends  gradually  downvalley 
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only  the  lower  reaches o f  valleys can intersect 
the  flow  lines of this  water  discharge.  These 
situations  frequently  occur  in  the  near-margin 
parts of inter-mountain  depressions,  the  floors  of 
which,  in  turn,  had  commonly been the  source  for 
propagation of Sartan  glaciers. Thus, on  the  one 
hand,  part  of  the  waters  from  the  ground  water 
collectors,  produced  by  the  activity  of  Sartan 
glaciers  in  the  upper  and  middle  parts  of  these 
troughs,  can  go to supply  the  deep-circulation 
waters  along  tectonic  fractures  that  break  the 
integrity o f  permafrost. On the  other  hand,  in 
the  lower  reaches of troughs,  such  collectors  may 
be  intersected  by  deep  water  circulation,  and 
therefore  the  formation of icings  there  will  be 
still  more  intense. 

Thus,  icings  in  Sartan  troughs of mountain 
regions  of  the  Pacific  belt  represent  part of a 
regulated  drainage  system,  corresponding  to  a 
given  stage  of  evolution of nature.  Any  changes 
in  the  regulation  of  this  system  will  immediately 
entail an increase in the  icing  effect  in some 
places,  and  conversely,  a  decrease  of  icing 
activity  in  others. In  the  end,  this  will  cause 
the  icings  to  migrate to benches  of  moraine-riegel 
complexes,  and  the  migration  will  go on until  the 
entire  system is i n  equilibrium with the new con- 
ditions.  One  of  the  most  important  regulators o f  
this  process  is  the  deglaciation  that  caused  a 
stadial  contraction  of  the  Sartan  glaciation 
(Sheinkman & Nekrasov,  1976, 1978). 

icings  contribute  much  to  the  transformation  of 
valleys.  Therefore, when the  icing  system,  as 
deglaciation  develops,  migrates  along  the  valley, 
the  earlier  positions  of  icings  are  marked  by 
relict  sires  of  annual  icings,  yet  are  free  from 
ice  and  well  defined  in  the  relief.  As a result, 
the  bench-like  profile of valleys  in  areas  of 
moraine-riegel  complexes,  as  well as the  whole 
appearance  of  troughs,  becomes  more  sharply 
expressed. 

changes  into  a  relict  state,  taliks  within  the 
valley  floor  deposits  start to freeze  up.  For  some 
time  thereafter,  ground  water  still  moves  through 
them  but  they  are  usually no longer  capable of 
breaking  the  frozen  talik  roof,  because  most of the 
icing-forming  flow  is  intercepted  by  newly  emerged 
icings. In this  case  within  unconsolidated  de- 
posits,  there  arise  only  layered  deposits  of 
injection  ice. 

with  general  regularities of the  formation  of 
fluvial  valleys,  in  glaciated  regions of the 
Pacific  belt,  this  process  will  exhibit  features 
of  its own. These  features  are  determined  by  the 
peculiarities  of  interaction of tectonic,  glacial, 
and  cryogenic  processes.  Icing  formation  and 
icing  glaciation  are  the most active  external 
agents  determining  the  present-day  appearance  of 
the  valleys.  The  most  important  regulator of 
development  of  both  phenomena  proved  to  be  the 
stadial  process,  developing  throughout  the 
Holocene. 

The  above  considerations  confirm  once  more  that 
numerous  icings  and  sources  feeding  them  are  closely 
related,  not  only  to  the  area  of a water  collecting 
basin  and  the  river  flow  rate,  but  also  primarily 

A s  i s  known  (Alekseev, 1973; Romanovsky, 1973), 

After  the  site  of  annual  appearance of an  icing 

From the  aforesaid, we can  conclude  that  along 

related to the  geological  and  geomorphological 
structure  of  regions,  and  the  position  of  various 
sections  in  relief  (Shvetsov, 1968). 

state  that  in  high-altitude  regions of the 
Verkhoyansk-Kolyma  Mountain  Range,  as  well  as  in 
the  mountains  of  the  North  Trans-Baikal,  the  dis- 
tribution of icings  allows  us  to  identify  an  "icing 
belt"  (according to 0. N. Tolstikhin, 1974),  con- 
fined  to  an  altitude  range  with an upper  boundary 
400-900 m  lower  than  the  altitude of drainage  basin 
divides,  and  a  lower  boundary  observed  about  50-100 
m below  the  regional  base  level of erosion. 

The  formation  and  existence of an  "icing  belt" 
is  due  not  only to the  properties  of  the  geological 
structure o f  the  region,  but  also  due to its 
evolutionary  past,  especially  during  the  Quaternary 
epochs, i.e. Pleistocene  and  Holocene,  for  which 
development  of  glaciation  over  considerable  areas 
was  typical. 

The  formation  of  "icing  belts"  is  closely  linked 
geomorphologically with  the  activity o f  Pleistocene 
glaciers,  and in some  regions  (Ulakhan-Chistai 
Range,  Kodar  Range) of present-day  glaciers  as  well. 
Consequently,  geomorphological  activity of glaciers 
implies  not  only  glacial  erosion  and  general 
planation of the  relief,  but  also  the  formation of 
a  great  variety  of  moraine-riegel  complexes. It is 
a  series  of  such  complexes  that  produces an "icing 
belt". 

To date we have  sufficient  observational  data  to 
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THE EFFECTS OF GRAVEL ROADS ON ALASKAN ARCTIC COASTAL PLAIN TUNDRA 
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Gravel   roads  on t he   A laskan   Arc t i c   Coas t a l   P l a in  may i n d u c e   c o n s i d e r a b l e   h a b i t a t  
a l t e r a t ion   t h rough   snowbanks ,   f l ood ing ,  and d u s t .  An in t eg ra t ed   s ampl ing   approach  
is t aken  t o  d e l i n e a t e   t h e   m a g n i t u d e  and e x t e n t  of t h e s e   i m p a c t s  on t h e   t u n d r a  
communi t ies   a long   the  West Road a t  Prudhoe  Bay,  Alaska.   After 1 year  of 
moni tor ing ,   minor   vege ta t ion   changes  are no ted .  Snowbanks w i t h i n  10 m of   the   road  
a r e  5-10 times deepe r   t han   t he   na tu ra l   snowpack .   Un l ike   roads   w i th   heavy   w in te r  
t r a f f i c  where d u s t  on the   snow  sur face   decreases   a lbedo   which   has tens   snowmel t ,  
t h e  West Road r e c e i v e s  no w i n t e r   t r a f f i c  and snowbanks p e r s i s t   f o r  many weeks 
a f t e r   n a t u r a l  snowpack melt .  These  snowbanks  block  culverts  which  causes 
e x t e n s i v e   e a r l y  summer flooding  which i s  the   p redominant   impact   o f   the   road ,  
i nduc ing   g rea t e r   dep th   o f   t haw and g reen ing  of t h e   v e g e t a t i o n .  The l e v e l   o f   d u s t  
f a l l o u t  along t he   road  is r e l a t i v e l y  low,   only  about   one-third  of   that   measured 
a l o n g   o t h e r   r o a d s   i n   t h e  area. A m a t r i x  o f  p r e d i c t e d   i m p a c t s  is p resen ted  and 
c e r t a i n   m i t i g a t i v e   m e a s u r e s  are sugges t ed   fo r   g rave l   road   cons t ruc t ion   and  
main tenance .  

INTRODUCTION 

The p resen t   app roach   o f   bu i ld ing   g rave l   roads  
i n   t h e   A r c t i c  i s  t o   b u i l d   t h e   r o a d b e d   t h i c k   e n o u g h  
to   p revent   thawing  of t h e   u n d e r l y i n g   t u n d r a .  In 
n o r t h e r n   A l a s k a ,  2 m  t h i ck   roadbeds  are g e n e r a l l y  
u s e d .   A l t h o u g h   t h i s   d e s i g n  i s  s u c c e s s f u l   i n  
m a i n t a i n i n g   t h e   i n t e g r i t y  o f  t h e   r o a d b e d ,   t h e r e  
are cer ta in   consequences   which  may d r a s t i c a l l y  
a l t e r  t h e   a d j a c e n t   p h y s i c a l  and b i o l o g i c a l  
envi ronments .  The t h r e e   m a i n   e f f e c t s   o f   t h e s e  
roads  on t h e   a d j a c e n t   t u n d r a   a r e :  a deepening  of  
snowpack,  the  impedance of s u r f a c e   d r a i n a g e   w i t h  
r e s u l t a n t   f l o o d i n g  and d u s t   f a l l o u t .   T h e s e  
e f f e c t s   h a v e   b e e n   n o t e d  for  s e v e r a l   y e a r s   b y  
numerous  authors  (Benson et  a l .  1975, E v e r e t t  
1980,  Walker  and Werbe 1980, S p a t t  and Miller 
1981).   There is s t i l l ,  however, a l a c k   o f  
unde r s t and ing  of t h e   i n t e g r a t e d   s y s t e m  of 
r o a d - t u n d r a   i n t e r a c t i o n s .   T h i s   p a p e r   i n t e g r a t e s  
t he   obse rva t ions   f rom ear l ier  s t u d i e s   w i t h  
p r o v i s i o n a l   r e s u l t s   o f  a m u l t i y e a r ,   m o n i t o r i n g  
s t u d y   d o c u m e n t i n g   t h e   a b i o t i c  and b i o t i c   c h a n g e s  
a d j a c e n t  to a grave l   road  on wet A r c t i c  
C o a s t a l   P l a i n   t u n d r a   a t   P r u d h o e  Bay, Alaska .  
Th i s  work was per formed  for   the   Depar tment   o f   the  
Army, A l a s k a   D i s t r i c t ,  Corps o f  Enginee r s ,  
Anchorage. The monitoring  program i s  sponsored  by 
ARC0 Alaska ,   Inc .  and Sohio  Alaska  Petroleum 
Company and i s  r e q u i r e d  to f u l f i l l   p e r m i t t i n g  
s t i p u l a t i o n s .  The program was managed  by 
Woodward-Clyde C o n s u l t a n t s   i n  1981-1982, and by  
Env i rosphe re  Company i n  1982-1983. 

under s t and ing   t he   cumula t ive   impac t s  of roads  on 
tundra  communit ies  and i n   d e t e r m i n i n g   r e l i a b l e  
m i t i g a t i v e   m e a s u r e m e n t s   f o r   r o a d   c o n s t r u c t i o n  and 
main tenance .  The a d d i t i v e   e f f e c t s  of road-induced 

S t u d i e s   o f   t h i s   k i n d  are u s e f u l   i n  

B E A U F O R T  SEA 

FIGURE 1 L o c a t i o n  o f  the West Road study area 
( l a c .  70' 22' ,  long.  148' 36' )  a t  Prudhoe Bay, 
Alaska .  Heavy Lines denote gravel roads .  

snowbanks ,   f looding ,  and d u s t  on t h e   v e g e t a t i o n  
r e s u l t   i n   n o t a b l e   l o s s e s  and g a i n s   i n   w i l d l i f e  
s p e c i e s   t h r o u g h   h a b i t a t   a l t e r a t i o n .  By examining 
road  usage and d e s i g n   i n   t h e   c o n t e x t  of h a b i t a t  
changes,  sound  recommendations  can  be made i n  
r o u t e   s e l e c t i o n ,   c u l v e r t   l o c a t i o n ,  and road 
main tenance .  

Road ( F i g u r e   1 ) .  It was c o n s t r u c t e d   i n   t h e   w i n t e r  
of 1980-1981 and ex tends   f rom  the  Arct ic  c o a s t   f o r  
7 Ion s o u t h w e s t ,   t r a v e r s i n g  an a r e a  of   cont inuous 
pe rmaf ros t .  The a r e a  i s  f la t   wi th   numerous  
s h a l l o w   l a k e s   a n d   d r a i n e d   l a k e   b a s i n s .  The 
v e g e t a t i o n ,  soils, and landforms o f  t h e   r e g i o n  
a r e   d e s c r i b e d  by Walker e t  a l .  (1980).  

The new r e s u l t s  were g a t h e r e d   a l o n g   t h e  West 

Moni to r ing   o f   t he  West b a d   i m p a c t s  is be ing  
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accomplished  with  four  principal  methods:  mapping, 
road t r ansec t s ,   dus t  measurement, and permanently 
marked s tudy   p lo ts .  The mapping approach  ut i l izes  
ver t ica l   aer ia l   photographs   to   de l inea te   the   ex ten t  
of snowbanks and flooding  (Figures 2a and 2b, 
respec t ive ly) .  A d u s t  d i s t r i b u t i o n  map (Figure 
2c) was constructed by p l o t t i n g   i s o l i n e s  of equal 
dust   fa l lout   using  the  resul ts   of   the   dust  
measurement. Road t r a n s e c t s   a r e  used t o  monitor 
changes i n  snow, water, and thaw depths  adjacent t o  
the  road. Dus t  quant i ty  and q u a l i t y  measurements 
are  being made  on mater ia l   co l lec ted   in   dus t  
s e t t l emen t   t r aps   l oca t ed   a t  each p l o t .   T r a f f i c  and 
meteorological  monitoring  are  being  performed  as 
well. Permanent  study plots  are  being sampled 
nondestruct ively  for   vegetat ion  cover ,  community 
composition, and numerous s o i l  and environmental 
va r i ab le s .   P lo t s   a r e   d i s t r ibu ted  on both  sides  of 
the  road  evenly  between  impacted,  experimental and 
nonimpacted  control  areas and among the   th ree  main 
tundra  moisture  regimes:  dry,  moist, and wet. 

MAJOR EFFECTS OF THE ROAD 

Snowbanks 

Benson e t   a l .  (1975) have  reported on snowbank 
formation  along  roads  in  the Prudhoe Bay region.  
They observed  that   roads  or iented  perpendicular   to  
the  prevail ing  winter  winds  generated  deep and 
extensive snowbanks,  whereas  roads  running  parallel 
to   the  winds  did  not  cause a deepening of the 
na tura l  snowpack. 

a re   charac te r ized  by transect  measurements  (Figure 
3)  which show a deeper, more extensive snowbank on 
the  west (downwind) s ide .  The winds tha t   bu i l t   t he  
1982 snowbanks apparent ly   prevai led from an 
eas te r ly   d i rec t ion   wi th   s t rong   secondar ies  from the  
west. This  accumulation  pattern is somewhat 
d i f f e r e n t  from t h e   r e s u l t s  of Benson e t   a l .   (1975) ,  
who found  deeper snowbanks on t h e   e a s r s x e  of the  
roads.  During  the  winter of the i r   observa t ions ,  
most  of the  s torms  with  s ignif icant   snowfal l  had 
winds  from the west and southwest.  There i s  
cons ide rab le   va r i a t ion  among years   with  respect   to  
wind pa t te rns  and to ta l   snowfa l l ,  and both  of  these 
factors  are  important  with  regard t o  the   s i ze  and 
position  of  the  road  snowbanks. 

ind ica tes   tha t   the   major i ty   (over   80%) of the  study 
a r e a  is under  patchy snow cover  or is e n t i r e l y  snow 
f ree   jus t   p r ior   to   b reakup.  It is  the snow f r e e  
a r e a s   t h a t   a r e  most u t i l i z e d  by ear ly   breeding  bird 
spec ies .  Snowbank formation  due  to  the  road  has 
c lear ly   diminished  the  extent   of   this   habi ta t   in  
the ear  y summer.  Road- ugmented snowbanks o v e r l i e  
0.65 km of  the 22.21 km study  area which may be 
bet ter   expressed  as  9.2 ha km- (37 acres mi -  ) of 
road. 

One of  the main e f f e c t s  of  snowbanks is t h e  
blockage of c u l v e r t s .  %is e f f e c t  is reduced by 
heavy  winter   t raff ic  when dust  accumulation on the  
snow surface  near a road  decreases  albedo and 
snowmelt is hastened,  Even though snowbanks next 
to   the  e levated roads may be 5-10 times  deeper 
than  the  average  winter snowpack a s  a r e s u l t  of 
dr i f t ing  and/or   plowing,   these  are   of ten  the  f i rs t  

Changes i n  snow depth  with  distance  to  the  road 

The  snow d i s t r i b u t i o n  map f o r  1982 (Figure 2a) 

$ 1 

areas   to   mel t  (Benson e t  a l .  1975).  Conversely, 
roads  with l i t t l e  or  no w i n t e r   t r a f f i c  have 
i n s i g n i f i c a n t  dust  f a l l o u t  and snowbanks may 
p e r s i s t   f o r  many weeks a f t e r   n a t u r a l  snowpack 
meltout and completely  block  culverts.   This 
s i t u a t i o n  can  cause  the  deepest and most extensive 
flooding  following  spring  runoff a 

to   increased snow accumulations.   Prostrace 
wi l lows ,   l i chens ,   horse ta i l s ,  and numerous forbs  
f l o u r i s h   i n  snowbanks of  the  mudhoe Bay region 
(Walker 1981). It should be noted,  however,  that 
snowbanks associated  with  roads  are   qui te  
d i f f e ren t   t han  most n a t u r a l  snowbanks i n   t h e  
Prudhoe Bay region,  Most o f  t he   l a rge r   na tu ra l  
snowbanks are  associated  with  pingos,  creek 
b l u f f s ,  and other   areas  of h igh   r e l i e f  which a r e  
well   drained. These n a t u r a l  snowbank a reas   a r e  
re la t ive ly   wel l   d ra ined ,  and the  vegetat ion  has  a 
mesic or xeric  character.   Road-associated 
snowbanks, i n   c o n t r a s t ,  commonly occur  in  the  very 
wet a reas   s ince   th i s  is the most common moisture 
regime on e i t h e r   s i d e  of the  road. 

a s ignif icant   suppression of graminoid  cover  in 
wet areas .  Snow i s  na tura l ly   deeper  on wet p l o t s  
and addi t iona l  snow i s  l i k e l y  t o  delay  vascular  
plant  phenology t o  a measurable  extent.   Since 
graminoids make  up over 95% o f  the  vascular  plant 
cover  in wet p l o t s ,   t h i s  i s  the growth form i n  
which  the  change is manifested  most. 

Flooding 

Certain  plants   are   l ikely  to   respond  favorably 

A notable  consequence, so f a r ,  of snowbanks i s  

Flooding i s  the  predominant  impact of the West 
Road both  in  terms of a rea l   ex ten t  and observable 
and measurable  change.  Extensive  flooding  can 
occur  during snowmelt i n   a r eas  where a drainage 
bas in  is t raversed by an elevated  gravel  roadbed. 
Normally, cu lve r t s   i n   t he  roadbed a t  the  tundra 
surface  can  prevent  deep  ponding i f   t hey   a r e  
des igned ,   ins ta l led ,  and maintained  properly,  
However,  numerous problems  render many c u l v e r t s  
inoperable. Roadway compaction  can  deform 
culverts,  causing  the  ends  or  middle  to bow (Berg 
1980). Ends of c u l v e r t s  can  clog  with  gravel from 
road  shoulder  grading  (Berg  1980).  Early  in  the 
summer, snow  and i c e  may block  the  passage of 
water  through  the  culverts.   Walker 's   (1981)  study 
of the   vegetat ion  of   the Prudhoe Bay region  noted 
that  thermokarst  was associated  with  road-induced 
flooding.  Ponding  caused by the  Dalton Highway 
(formerly  cal led  the TAPS Haul Road) has  been well 
documented by Berg (1980). He also  discussed some 
poss ib l e   e f f ec t s  of ponding on permafrost and 
roadbed  degradation. 

Along the West Road, 99% of the  road-related 
flooding  occurs on the   eas t   s ide .   This  i s  due t o  
the  main a x i s  of the  road  running  obliquely t o  the 
no r the r ly   d i r ec t ion  of surface  water  flow. 
a rea  of f l o   d i n  shown in  Figure 2b is 1.34 km or  
18.2 ha km-' (7: acres  mi -  ) of road. In 1982, 
add i t iona l   cu lve r t s  were properly  placed  along 
sec t ions  of the  road which brought  about more 
rapid  drainage of the impoundments than  in  
1981. 

Early  season  water  levels  are  very  high  in 
a reas   next   to   the   eas t   s ide  of the  road,  but  drop 
of f   rap id ly  by mid-season to   dep ths   s l i gh t ly  above 

Th5 
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FIGURE 2 West road impact map,s. ( a )  Snow d i s t r i b u t i o n  shows ex tens ive  snowbanks adjacent to 
roads and pads. (b) Flooding maps shows flooding  concentrated on the  southeastern side of the 
road.  (c) Dust d i s t r i b u t i o n  map delineates isolines of dust   fa l lout .  
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FIGURE 3 Snow, water,  and  thaw  depths at Transect  B i n  1982. Note the  deeper snowbank on the  northwest  
(downwind) s i d e ,  and t h e   g r e a t e r  thaw depths  on the   sou theas t  (flooded) side of the  road. 

those  in   control   areas   (Figure 4 ) .  Flooding  also 
induces  greater  thawing  of  the  active  layer.  A 
flooding  index was ca lcu la ted  for each  permanent 
plot .   This  index is based on the  depth  of 
f looding,   the   durat ion o f  f looding,  and the normal 
(preroad)   water   levels .  End of  season  active 
layer   thickness  i s  h ighly   cor re la ted   (p  < 0.001) 
with  this  index.  Similar  increases  in  depth of  
thaw  due t o  flooding  have  been  noted by o ther  
authors   (e .g . ,  Berg 1980). 

The most apparent   effect  of flooding on p l a n t s  
is a deep  greening of the   vege ta t ion   ev ident   l a te r  
i n   t he  summer  when wa te r   l eve l s   a r e   a t  a minimum. 
This  probable  increase  in  graminoid  production is  
l ikely  caused by severa l   fac tors   inc luding  warmer 
temperatures  associated  with  ponds,  increased 
n u t r i e n t   a v a i l a b i l i t y  and changes  in  phenological 
p a t t e r n s .  The assumed increase i n  plant  
productivity  in  greening  areas  has  not  yet   been 
demonstrated;  however,  changes  in  cover of c e r t a i n  
plant   categories   can be cor re la ted  wiKh the 
flooding  index. In  moist   p lots ,  which are  not 
r egu la r ly   sub jec t  t o  pers i s ten t   s tanding   water ,  
l ichens and shrubs  are  responding  unfavorably  to 
flooding,  whereas  bryophytes, which o f t en   f l ou r i sh  
i n  a water-saturated  environment,   appear  to be 
benef i t ing  from an  enhanced  water  regime. 

Road Dust  -~ 
Everet t  (1980) has  studied  the  physical  and 

chemical  properties of road  dust and i t s  
d i s t r i b u t i o n   p a t t e r n s  aK Prudhoe Bay and along  the 
Dalton Highway. He has  demonstrated  clearly  the 
log-log  re la t ionship between the mass of dust 
f a l l o u t  and d is tance  t o  the  road, The e f f ec t s   o f  
road  dust on the  vegetat ion  a long  the DalKon 
Highway have been reported by Walker and Werbe 
(1980). and Spat t  and Miller (1981). They have 
shown that   heavy  dust   loads  are   detr imental   to  
manv mosses and l ichens  and ce r t a in   vascu la r  
plants,  such  as  Cassiope  tetraRona and Lycopodium 
annotinum. 

- ,  

Dust  f a l l o u t  along the  West Road in  1982 was 
only  one-third of t h a t  measured  along  other  roads 
in  the  Prudhoe Bay region by Everet t  (1980). This 
i s  the  result  of r e s t r i c t e d  access to   t he  West 
Road throughout most of the  year.  Most of the 
dust  accumulating  along  the  road was produced 
during  July and August when t r a f f i c  was 
u n r e s t r i c t e d .  D u s t  was d i s t r ibu ted   f a i r ly   even ly  
on both sides o f  the  road  (Figure  2c) and followed 
the  log-log  relationship  mentioned  above, 

Walker (1981) has  described  the two d i s t i n c t  
vege ta t ion   r eg ions   a t  Prudhoe Bay. The f i r s t  is 
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FIGURE 4 Seasonal  progression of water and thaw  depths  at  the wet plots  along  Transect B i n  1982. 
Southeast   s ide  experimental   p lots  show greater   water  and thaw depths  due  to  f looding. 
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TABLE 1 West Road Vegetation Impacts Observed After 2 Years and Expected Impacts After 10 Years. 

Vegetation Type  Snowbanks Flooding I Dusts/ 
Impdct Type 

Dry  Prostrate Shrub Tundra Impact a f t e r  2 years: IC0 negative  effects 
tncredse in l ichens. ( 1 )  

Expected  impact a f ter  10 years: Will probably be d i f f i c u l t   t o  
detect snow e f fec ts  because oi  
overr id ing impact of  dust. 

Mois t   Srminold Tundra Impact a f t e r  2 years: No negative  effects 
Possible  Incredse i n  bryophytc 
and forb  product iv i ty.  

Erpected  Impact a f ter  10 years: Will probably be d l f f i c u l t   t o  

the   over r id ing  Impact of  dust, 
detect snow effects because of 

!dillows near the  road may 
increase i n   s t a t u r e  due t o  
winter  protect ion  af forded by 
the snow bank. 

Yet Graminold Tundrd Inpact   a f ter  2 years: Decrease in  standing  crop 

p lan ts .   D i f f i cu l t   t o  separate 
algae n d  l i ve  vascular  

rnohank  effects frun flooding 
ef fects .  

Expected  lmpdct a f ter  10 years: Will probably De d i f f i c u l t   t o  

the   over r id lng  impact of 
detect snow ef fects  because of 

f looding. Species composition 
of unflooded wet areas w i th  
deep snow wi 1 1  Change very 
l i t t l e .  

Yet Grminoid Tundra Impact a f t e r  2 years: Decrease in  standing  crop 
algae bnd l i ve  vascular  
p l a n t s .   D i f f i c u l t   t o  separate 
snowbank e f fec ts  frm f looding 
effects. 

Expected  impact a f t e r  10 years: W i l l  probably be d i f f i c u l t  to 

the   over r id ing  impact of 
detect snow e f f e c t s   k a u s e  of 

f looding.  Species conposit ion 
Of unflooded mt areas w i th  
deep snow will Chdnge very 
l i t t l e .  

Aquatic W u i n o i d  Tundra Expected Impact a f t e r  10 years: b ef fects .  

&ne. 

Weds of  high-centered  polygons 
will have thermkarst  in the 
troughs. Tops o f  polygons will 
be eroding  into  the  troughs. 

Decrease in l lchens and 
Increase in bryophyte 
production. 

Most mi%t areas will not be 
impacted. Yhere they are. 
i n t e   r i f o l i r .   l i c h e n s  and many 

Sedges and hydrophilous  msses 
e  eliminated. 

wi 11 increase. 

G&in-b 

Decrease I n   g r m i n o i d s   i n   t h e  
deepest f l w d e d  areas. also 
decreases in algae, l i v e  
vascular  plants and standing 
crop.  Greening of   grunlnoidr 

p roduc t lon   in  sune f looded 
and posrlble  Increase In 

areas. 

Deepest flooded  weds  Hi11 
increase i n  depth due t o  
thermkarst.  Graninoid 
production wi 1 1  probably 
decrtase  in  these areas. 
In  less  deeply  flooded areas, 
many forbs and msses will 

Arras flooded only during 
decrease or be eliminated. 

Mt change WCh. 
the  ear ly  season melt will 

Decrease l n  g r m l n o i d s   i n   t h e  
deepest flooded areas, also 
decreases i n  algae, l i v e  
vascular  plants dnd standing 
crop.  Greenlng o f   g rm ino ids  
and possible  Increase i n  
p roduc t lon   in  5 m e  f looded 
areas. 

Deepest f looded areas  wl11 
lncredse i n  depth due t o  
thermkarst.  Graminoid 
production will probably 
decrease i n  these areds. 
In less deeply  flooded dre4S. 
many forbs and n s ~ e s  rill 

Areas f looded  only  during 
decrease or be eliminated. 

not change u c h .  
the  ear ly  season mlt * I 1 1  

Generally no effects,  except 

f a l l   t o   d r a i n  because of lack 
in  deeply  f looded areas that  

of cu lver ts .  Here a11 plants  
are l i k e l y   t o  be e l l n ina ted  
M d  permanent laker  forned. 
Areas w i t h   A r c t o   h i l a   f u l v a  
will be u n a m d a "  

l l t t l e  or m e f fec t .  

Near the  road m s t  aorses 

smthered by l us t .  Low 
and lichens will be 

growing  forbs w i l l  be 
dolng poorly. Sedges and 
low shrubs will be doing 
r e l a t l v e l y  w e l l .  

Possible  Increase i o  
forbs. 

Less tolerant  taxa tnat 
w i l l  decrease include 
:,,si;,, t e t r a y a ,  

& k t  ed 
t%k+%?nk%. 

nedr the  road. Pare 
to lerant  taxa  include 

possible increase i n  
Increase i n  blgae, 

standing crop. 

S w  soecies o f  mss 

nmsscs such a< 
road. Other dominant 

dust. 

posrlble increase  in 
Increase in algae; 

standing crop. 

S o w  sDecies o f  n s s  
such Catasco ium 

hi near the 
nr r i t um wt+ 

msses such as 
road.  Other  dmlnant 

p a " ; ;  1 adus and 

dust. 
%rant  of 

m ef fects  except 
l m r d i a t e l y  adjacent t o  
the redd *here  sme 

m t h e r e d  by  dust. 
aquatic  msses may be 

?'Projected  dust  impacts a f te r  10 p a r s  are based on observations frm along  the Prudhoe Bay Spine Road  and the  Dalton Highway haul  road  (Yalker and  Werbe 
1980:). 
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an area  of  alkaline  tundra  associated  with  loess 
from  the Sagavanirktok River, and  the  second  is 
from acidic  tundra  that is outside  the  main  area 
of  loess  deposition. The study  area  lies entirely 
within the  region  of  acidic  tundra. This 
situation is  important  when considering the 
effects of  road  dust. The roadbed  material is 
quarried  from calcareous alluvial  deposits.  The 
high pH of the  dust  released  from  traffic  across 
this  roadbed  ultimately  can be expected to change 
the  acidic  tundra by reducing or eliminating many 
of the  acidophilous  plant  taxa. 

Certain species in  the region of alkaline 
tundra  are  preadapted  to  a  more calcareous 
environment and experience no change  or  even  an 
increase in productivity  next to  the  road. 
Conversely, acidophilous species, such  as  Sphagnum 
spp.  and Dicranum spp.,  are  likely  to  be  eliminated 
near the  road.  Along older roads  in northern 
Alaska, many cryptogams have  been  eliminated  due  to 
smothering and  toxicity effects of road  dust 
(Walker  and  Werbe 1980). By removing this 
important  insulating layer, thermokarst  potential 
is  greatly  enhanced. 

The impacts of dust  from  the  West  Road  on  the 
vegetation at this  time  are  slight.  The only 
noteworthy effect of dust  to  date  is  an increase in 
the  alga  Nostoc commune which is apparently 
responding to a changed  nutrient  regime  near  the 
road.  We  expect  that  with  time,  other  dust-related 
changes will be apparent. 

CONCLUSIONS 

The  monitoring of the  road  impacts  has shown 
that  flooding is the  major  impact  both in terms of 
magnitude and  extent.  The  most  important  abiotic 
effect  noted at this  time  is  a  significant  increase 
in  the  active  layer  of  flooded  areas. Snowbanks 
and  dust  are currently relatively minor impacts 
along  the  West Road. 

very  different  in  many respects from  other  roads at 
Prudhoe Bay. The restricted vehicle access i s  
causing  low  levels  of  dust  fallout.  The  road  is 
located  in an area  of  tundra  that  is  somewhat 
wetter  and  more  acidic  than  most .of the  region. 
Furthermore, the  road runs obliquely  to  the 
drainage patterns,  causing  more  flooding than 
other roads in the area which  parallel  the 
direction of drainage, Due to these  high  levels 
of flooding, considerable  attention  has  been paid 
to  the  number  and  placement o f  culverts in  the 
West  Road. 

Based on the  preliminary  results  of  the  West 
Road  study  along  with  many  years  of observations 
around  the Prudhoe Bay region, a predictive  impact 
matrix is  presented  which  summarizes  the  short- 
term and  long-term  effects  of  gravel  roads on 
tundra vegetation (Table 1). Measurable changes 
in  the vegetation, so far,  have  been  slight.  Most 
tundra  plants  are  long-lived  perennials  with  large 
belawground food reserves and  are  likely t o  
persist  for  many years after  the habitat has 
changed. However , road  effects  are  likely t o  be 
cumulative over  many years, and vegetation changes 
may occur  very  quickly  once a critical  level  of 
impact  is  reached. 

It is important t o  note  that  the  West  Road  is 

To reduce  the  level of impact  along  gravel 
road,  certain mitigative measures are recomended . 
First, culverts  should be  installed  during  the 
summer  thaw  season  when drainage patterns  can be 
more readily observed, rather  than  during  the 
winter  which is" the  current  practice. Second, 
culverts should  be  kept  free  of  snow  and  ice 
during  snowmelt  to  prevent  extensive  flooding. 
This can  be  accomplished  by  removing snow from 
culvert openings and  by  using  steam  pipes  to 
prevent  ice  clogging  in  the  culvert. Third, dust 
suppression  techniques  should  be  used on a regular 
basis. 

Future  plans  for  development on the  Arctic 
Coastal Plain call for many hundreds o f  kilometers 
of gravel  roads.  The  potential  impacts of this 
extensive  road  system on wildlife and habitat  are 
immense, With  a  good  understanding of road-tundra 
interactions derived  from  integrated  studies on 
existing roads, well-devised mitigative measures 
can be  applied  to minimize future  impacts. 
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ALPINE PLANT COMMUNITY COMPLEX ON PERMFROST AREAS OF THE  DAISETSU 

MOUNTAINS,  CENTRAL HOKKATDO, JAPAN 

Takeei  Koizumi 

Department  of  Geography,  Tokyo  Gakugei  University,  Koganei  City,  Tokyo, 184 Japan 

On the  summit  areas of the  Daisersu  Volcanic  Fountains,  the  existence  of  permafrost 
is  recognized, In this  area  an  alpine  plant  community  complex  is  distributed  widely. 
It is  composed  of  alpine  windblown  herb-heath,  an  alpine  stony  desert  plant  commun- 
ity,  and  two  kind  of  Salix  (Salix  pauciflora  and  Salix  yezoalpina),  which  are  thought 
to grow  in  a  humid  habitat.  To  clarify  the  cause  of  this  complex,  the  depth  of  the 
active  layer  in  mid-July,  vertical  changes  of  soil  temperature,  and  the  depth  of  the 
water  table  were  examined. It became  clear  that  the  depth of the  water  table  was  the 
only  factor  controlling  the  distribution  of  the  two  species  of  Salix,  rhough  there 
were  no  relations  between  the  distriburion o f  windblown  vegetation  and  three  condi- 
tions.  Salix  is  limited to the  humid  places o f  the  shallow  water  table,  less  than 
35 cm in  mid-July.  They  do  not  emerge  in  the  dry  places of  the  low  water  table. 
Owing  to  the  rise of the  water  table  caused  by  the  permafrost,  two  species o f  Salix 
are  thought  to  have  mixed  in  windblown  vegetation,  which  is  ordinarily  a  dry  type 
plant  community.  And  as  a  result,  the  alpine  plant  community  complex is formed. 

INTRODUCTION 

There  are  some  investigations on the  influences 
of  permafrost on vegetation.  Johnson  (1966) sug- 
gests  the  following  effects of permafrost;  the  im- 
peder of the  drainage  of  water,  the  cooling  of  the 
surficial soil, the  making  of  the  surficial 
irregulalities  and  the  provision  of  an  impervious 
substrates  which  reject  the  penetration of the 
plant  root.  Ronning (1969) investigates  the 
relationships  between  microtopography,  permafrost 
and  vegetation  in  Spitzbergen.  He  showes  that  the 
Dryas  community  occupy  the  dry  ridges  with  the  low 
groundwarer  level,  though  the  Deschmpsia  community 
grows in the  wet  depressions  with  the  high  ground- 
water  level.  Dingman  and  Koutz  (1974)  studies  the 
relationships  between  the  forest  types  and  the 
distribution of permafrost,  in  the  discontinuous 
permafrost  areas  of  Alaska.  Brown  (1970)  makes 
clear  that  the  terrain  formed  by  permafrost  decides 
the  vegetation  in  palsa  areas. In any  case,  the 
groundwater  level  is  considered  to  be  very  impor- 
tant(1to 1978, Peterson  and  Billings 1980, etc,). 

In  Japan  the  distribution  of  permafrost  is 
recognized  in  only  two  places:  one  is  the  summit 
area  of Mt. Fuji  and  the  other is the  summit  areas 
of the  Daisetsu  Mountains  (Fukuda  and  Kinoshita 
1974). However,  the  influence o f  permafrost on the 
alpine  Vegetation  has  not  been  studied  yet.  This 
paper  discusses  the  influences  of  permafrost on 
the  alpine  vegetation,  especially on the  composi- 
tion  of  plant  communities.  The  studied  area  is  the 
summit  area of Mt.  Koizumitake (2,158 m) in  the 
eastern  parr  of  the  Daisetsu  Mountains. 

OUTLINE OF STUDIED AREA 

The  Daisersu  Mountains  are  located  in  the 
central  part of Hokkaido,  the  northernmost part of 
Japan.  It  is  a  plateaulike  large  volcano  composed 
of  many  volcanic  cones  and  pyroclastic  or  lava flow 
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plateaus.  The  altitude of these  cones  and  plateaus 
is  about 2,100-2,300 m a.s.L.(Figure 1). Gentle 
slopes  are  conspicuous  (Plate 1). 

above  belongs  to  the  alpine  zone. In the  alpine 
The  forest  line runs at  about  1,600  m  and  the 

FIGURE 1 .Location of studied  area. 
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PLATE 1 View of the  Daisetsu  volcano 

tone Jklnus- pumila scrubs  are  eminent.  However, i n  
summit a reas  o r  a reas  along the  main rounded  ridges 
t h e r e   a r e   p e r i g l a c i a l   d e b r i s   f i e l d s  and windblown 
herb-heath  and  alpine  stony descrL p lan t  conmuni- 
t i e s .  They emerge as summit phenomena. Becausc of  
strong  northwest monsoons, rhere i s  l e s s  snow i n  
winter  on s u m i t   a r e a s .  So P inus  pumila,  cannot grow 
i n  such  places and windblown herb-heath  and  alpine 
s tony   dese r t   p l an t  communities  emerge  instead. 
There i s  f r o s t  action and many kinds of pa t te rned  
ground, f o r  exampl.e, s o r t e d   s t r i p e s ,  s o l i E l u c t i o n  
l o b e s ,  o r  t u r f -banked   t e r r aces ,   a r e   d i s t r ibu ted  ( 
Koaze 1965) .  

t h e  Dai.setsu volcanos (Plarre 2 ) .  
Mr. Koizumitake i s  one of the ruunded peaks o f  

PLATE 2 V i e w  o f   t he  M t .  Koizumitae  from  Hokkai- 

d i s t a n t  view: M t .  Koizumitake 
fo reg round :   Hokka ida i r a   (py roc la s t i c  

d a i r a  

f low  p l a t eau )  

CONPOSTTION OF PLANT COMMUNITIES 
OF MT, KOIZUMITAKE 

The a u t h o r  set t h e   2 1   q u a d r a n t  on t h e   e i g h t  
p o i n t s   f o r   v e g e t a t i o n   s u r v e y i n g   f r o m   t h e  top  o f   t h e  
M t .  Ko izumi take   t o   t he   gen t l e   co l   be tween  M t .  
Koizumitake  and K t .  Hakuundake (F igu re  2 ) .  One 
quadran t  i s  2 x 2 m w i d t h .   R e s u l t s   o f   v e g e t a t i o n  

FIGURE 2 Topography of M t .  Koizumitake  and 
t h e   l o c a t i o n   o f   s u r v e y i n g   p o i n t .  

su rvey ing  are shown i n  Table  1. 
G e n e r a l l y   s p e a k i n g ,   t h e   v e g e t a t i o n   c o v e r  i s  

p o o r   a n d   t h e   p e r i g l a c i a l   d e b r i s   f i e l d s  are 
e x t e n s i v e   ( P l a t e  3). The main p l a n t s  are Diapens i a  
l appon ica  var. obovata ,  =ex f l a v o c u s p i s ,  and 
Loise leur ia   p rocumbens ,  e t c . ,  which make up t h e  
windblown  herb-heath.   However ,   ref lect ing  the 
complexi ty  of t h e   h a b i t a t ,   t h e   c o m p o n e n t s  of a l p i n e  
s t o n y   d e s e r t   p l a n t  community are also p r e s e n t .  
These   spec ie s ,   fo r   example ,   V io la  c r a E ,  Dicen t r a  
p e r e g r i n a   v a r .   p u s i l l a ,  e t c .  grow on u n s t a b l e  
h a b i t a t s  as t h e   p a r t   o f   t h e   f i n e - s i z e   g r a v e l s   o f  
s o l i f l u c t i o n   l o b e s .  

PLATE 3 Plant  curnmunities  and  periglacial 
d e b r i s   f i e l d s  on Kt. RoizLImitake. 

I n   a d d i t i o n ,  two s p e c i e s   o f   S a l i x   ( S a l i x  
p a u c i f l o r a   a n d   S a l i x   y e z o a l p i n a )  mix i n  t h e s e   p l a n t  
communities.  They are d i s t r i b u t e d   o n   p o i n r s  2 ,  ‘t, 
5 ,  6 ,  and 8. U s u a l l y   S a l i x  i s  t h o u g h t   t o  grow i n  a 
r a t h e r  humid h a b i t a t .  In  the   J apanese  Alps  t hey  are 
n o t   d i s t r i b u t e d  on the  windblown areas, which are 
u s u a l l y   d r i e d .  So t h i s   d i s t r i b u t i o n  phenomenon 
means t h a t   t h e   p l a n t s  of humid h a b i t a t   g e t  mixed 
with  the  dry- type  windblown  plant   communit ies .  
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PLATE 5 S a l i x   y e z o a l p i n a  

(Photo  by H. Shinsho) 

T h e r e f o r e ,   t h e   a l p i n e   v e g e t a t i o n   c o n s i s t s  of  a 
p l a n t  community  complex h e r e .  

a l r e a d y  (It0 and  Nishikawa  1977,  I to  and  Sat0  1980 
). But the   r eason  of t h e   d i s t r i b u t i o n   o f   t h i s  
complex i n   n o t   b e e n   c l a r i f i e d ,  

T h i s   p l a n t  community  complex is repor t ed  

INFLUENCE OF PERMAFROST ON VEGETATION 

The d i s t r i b u t i o n   o f   s u c h  a p l a n t  community 
complex is l i m i t e d   o n   t h e   p e r m a f r o s t   a r e a s   o f   t h e  
Daisetsu  Mountains.  To c l a r i f y   t h e   c a u s e   o f   t h i s  
complex ,   the   in f luences  of permafrost  on v e g e t a t i o n  

FIGURE 3 Vert ica l   change  of s o i l  
t empera tu re   i n   each   po in t  

were c h e c k e d ,   s p e c i f i c a l l y ,   t h e   c o o l i n g  of s u r f a c e  
s o i l   o r   t h e   c h a n g e   o f  a h a b i t a t   t o  a humid s ta te  
caused by permafrost .  So t h e   d i s t r i b u t i o n  of perma- 
f r o s t ,   t h e   d e p t h   o f   t h e   a c t i v e   l a y e r   i n   m i d - J u l y ,  
t h e   v e r t i c a l   c h a n g e s  of  s o i l   t e m p e r a t u r e ,   a n d   t h e  
depth o f  t h e   w a t e r   t a b l e  were examined. 

In these   cond i t ions ,   pe rmaf ros t  is recognized 
a t  a l l  p o i n t s  on M t ,  Koizumitake.   Therefore ,   the  
e x i s t e n c e  of p e r m a f r o s t   i t s e l f   h a s  no r e l a t i o n   t o  
p l a n t   d i s t r i b u t i o n .   C o o l i n g   o f   s u r f a c e   s o i l  i s  n o t  
r e c o g n i z e d   i n   e a c h   p o i n t .  The s o i l   t e m p e r a t u r e   o f  
t h e   e a r t h ' s   s u r f a c e  rises t o  15-20 C o r  more i n  
mid-July  (Figure 3 ) .  So it i s  improbab le   t ha t   t he  
coo l ing  of s o i l  limits the   g rowth   o f   p l an t s .   Fo r  
t h e  same r e a s o n ,   t h e   t h e , d e p t h  of t h e   a c t i v e   l a y e r  
h a s  no r e l a t i o n   t o   p l a n t   d i s t r i b u t i o n   ( T a b l e  2 ) .  

But i t  becomes c l e a r   t h a t   t h e   d e p t h  o f  t h e  
w a t e r   t a b l e   h a s  a c l o s e   r e l a t i o n  to t h e   d i s t r i -  
b u t i o n  of t h e  two s p e c i e s   o f   S a l i x .  I n  t h i s  area 
t h e   w a t e r   t a b l e   e x i s t s   g e n e r a l l y ' i n   s h a l l o w   p l a c e s  
(Table  2 ,  Figure  4 ) .  The r eason   fo r   such  a h igh  
water t a b l e  i s  t h a t   t h e   p e r m a f r o s t   p r e v e n t s   t h e  
pene t r a t ion   o f   g roundwate r .  

gent le   mounta in   s lope   (po in t  4 - 6 ) ,  but   a round  the  
co l  i t  becomes r a t h e r   d e e p .  The two s p e c i e s   o f  

The w a t e r   t a b l e  i s  e s p e c i a l l y   s h a l l o w  on t h e  

TABLE 2 Depth of Water  Table  and  Depth of 
Act ive  Layer  a t  Each Po in t .  

p o i n t  number 1 2 3 4  

depth  of water t a b l e  (cm) deep 20-26 42 0 
depth of a c t i v e   l a y e r  

in mid-July (cm) 
85 7 3  62  104 

4A 5 6 7 8 9  

25 35 30 50 19 deep 

104 85 110 68 58 deep 



FIGURE 4 S c h e m a t i c   p r o f i l e s  of f rozen  ground  and  the  water  
t a b l e  on Mt.Koizumitake i n  mid-July, 
1: a c t i v e   l a y e r   a b o v e   w a t e r   t a b l e  
2 :  a c t i v e   l a y e r   b e l o w   w a t e r   t a b l e  
3: f rozen  ground 
Numbers  show the   su rveyed   po in t s .  

S a l i x  emerge i n   t h e   h a b i t a t   w i t h  a sha l low  water  
t a b l e   b u t   n o t   i n   t h e   d r y   p l a c e s   o f   t h e  low wa te r  
t a b l e .  The b o r d e r l i n e  i s  a t  -35 cm i n  mid-July. 

As  ment ioned  a l ready,   the   surveyed areas a r e  
l o c a t e d  on windy  places ,  so t h e   m i x t u r e   o f   t h e  two 
S a l i x  is an  abnormal  phenomenon i n  a sense .   Bu t   t he  
presence   o f   permafros t   enables   such  a d i s t r i b u t i o n  
t o   e x i s t .  And the   format ion   of  a p l a n t  community 
complex is a l s o   t h e   r e s u l t   o f   s u c h  a d i s t r i b u t i o n .  
S ince   such  a h a b i t a t   d o e s   n o t   e x i s t   o t h e r   h i g h  
moun ta ins ,   t he   p l an t  community  complex i n   t h i s  
mountain i s  unique   to   Japan .  
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COVER SANDS IN SOUTHERN JUTLAND (DENMARK) 

Else   Kolstrup 

Panmarks  Geologiske  Undersogelse,  Thoravej 31, DK-2400 Kobenhavn NV , Denmark 

I n v e s t i g a t i o n s   i n   s o u t h e r n   J u t l a n d  (Denmark) have  revealed  the  presence  of  Older 
and Younger Cover  Sands. By means of po l len   ana lys i s  and s t ra t igraphic   comparisons 
with  neighbouring  countries,  i t  is suggested  that   the  Upper P l e n i g l a c i a l  is 
represented by the  Older  Cover  Sand I and 11, with a phase of f l u v i d   a c t i v i t y ,  
d e f l a t i o n ,  and f r o s t   a c t i o n   i n  between.  There is a Z a t e q l a c i a l   s u c c e s s i o n  of 
Younger Cover Sand I ,  peat of Allermd  age,  and Younger Cover  Sand I1 on t o p  of 
the  Older  Cover  Sand 11. Holocene  peat is found on t o p   i n  some areas .   Within  the 
area glaciated  during  the  Weichsel ian,   d iamicton is l o c a l l y   o v e r l a i n  by  cover sand, 
while  west of t h e   g l a c i a t e d  area a period of cold  c l imate  i s  r e f l ec t ed   w i th in   t he  
COVer-Eand sequence. It is suggested  that   the   condi t ions  for   the  accumulat ion of 
cover  sands  are:  a f l a t  or v e r y   g e n t l y   s l o p i n g   r e l i e f  i n  t h e   a r e a  of depos i t ion ,  
( shor t? )   vege ta t ion  t o  ca tch   and   re ta in   the   sand  and s i l t ,  winds,  and a sandy- 
s i l ty   source   a rea   wi thout   p ro tec t ive   vege ta t ion   cover .  

INTRODUCTION 

The geology of large p a r t s  of Denmark w a s  
mapped du r ing   t he   ea r ly   ha l f  of t h i s   c e n t u r y .  The 
maps ( inc luding   descr ip t ions)  of western  and 
southern   Ju t land  (e.g., Hansen 1965, Mil thers  
1925) show l a r g e  areas  covered by eo l i an   depos i t s ,  
most of  which c o n s t i t u t e  a t h i n ,   u s u a l l y  only a 
few decimeters  thick,   cover on the  landscape.   This  
cover of eo l i an   s and   ve ry   o f t en   l i e s  on and i n   t h e  
v i c i n i t y  of so-called  "fresh-water"  deposits and 
"layered  sand",   deposits  which were  thought t o  be 
water - la in ,   bu t   descr ip t ions   and   fur ther  
suggest ions  concerning  their   environment(s)  of  
depos i t i on   a r e   s can ty .  

c o n s t r u c t i o n   i n  Denmark s i n c e  1981. The l o c a t i o n s  
of t he   gas   p ipe   l i ne   t r enches ,  Frmslev-Egtved 
(S-N), and  Egtved-Lil lebdt  (W-E), a r e   i nd ica t ed  on 
t h e  map of southern  Jut land i n  f i g .  1 together   wi th  
an o u t l i n e  of the  geology of tha t   a rea .  The gas 
pipe l i n e s  a r e  buried  in   cont inuous  t renches 
approximately two meters deep.  These  trenches made 
i t  p o s s i b l e   t o   s t u d y   t h e   v e r t i c a l   s u c c e s s i o n  o f  
sediments and t h e   l a t e r a l   c h a n g e s  of l a y e r s .   I n   t h e  
a reas   w i th  a t o p   s h e e t  of eo l i an   s and ,   t he   t op  
l a y e r  as we l l  as the  underlying  sediments  were 
i n v e s t i g a t e d   i n   v e r t i c a l   s e c t i o n   w i t h   r e g a r d   t o  
s t r u c t u r e ,   t e x t u r e ,  and s t r a t ig raph ic   success ion .  

A gas pipe l ine  system  has  been  under 

SEDIMENTS 

Two types of sediments  were  found t o  be 
p r e v a l e n t   i n   t h e  areas with a top   shee t  of e o l i a n  
sand  (Kolstrup & Jorgensen  1982) * 

Type 1 

Type 1 corresponds t o  t h e   e o l i a n   s a n d   s h e e t s  of 
the  Danish  geological  maps. This t y p e   c o n s i s t s  of 
h o r i z o n t a l   t o   s u b h o r i z o n t a l   l a y e r s  from mm t o  a few 
c e n t i m e t e r s   t h i c k   ( f i g .  2). Consecut ive  layers  a r e  
well-sor ted and normally they  have  approximately 

W W e i c h s e l  landscape 

Saale  landscape o 10 20 3'0 <Okm 

0 Outwash plain - Gas  pipe l ine 

=Marsh "" Danish-German  border 

Figure  1. Map of sou the rn   Ju t l and   w i th   l oca t ions  of 
cover-sand  occurrences  indicated along t h e  gas pipe 
l i n e   t r e n c h e s  Frmslev-Egtved (S-N) and  Egtved-LiL- 
l e b d t  (W-E). The geological  boundaries are based 
on P. Smed, 1982, Landskabskort  over Danmark, Blad 
3, Smnderjylland, Fyn. Geograffoslaget,  Brenderup. 

t h e  same g r a i n   s i z e ,   w i t h  a maximum u s u a l l y  
between 150 pm and x0 p m  (dashed   l ines  t o  t h e   l e f t  
i n   f i g .  31, but  layers  dominated by grains   about  
2 t o  4 mm i n  dianieter may be  found l o c a l l y ,  as we l l  
as single   pebbles  up t o  1.5 cm i n   s i z e .  The 
composition of the   sand is strongly  dominated by 
q u a r t z   g r a i n s  which are  rounded  to  well  rounded  and 
po l i shed .   In  some l o c a l i t i e s   t h i s   u n i t  is divided 
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Figure  3 .  Gra in - s i ze   d i s t r ibu t ion  of Younger Cover, 
$and  (dashed  lines),  Older  Cover  Sand I ( f u l l  
Lines) , Older  Cover  Sand I1 ( d o t t e d   l i n e s )  , and a 
f ine -g ra ined   l aye r   i n   t he   O lde r  Cover  Sand  (dashed- 
d o t t e d  l i n e ) .  

by a pea t   l ayer  ox' by a somewhat f iner   hor izon  
which may possess   bioturbat ion.   Al though  type 1 
may be  up t o  1.5 m t h i c k ,  i ts thickness  is usua l ly  
l e s s   t h a n  one meter. It makes up t h e   t o p   l a y e r  of 
t h e   p r o f i l e s  where it  is present ,  and the o r i g i n a l  
l a y e r i n g   i n  its upper   par t  is the re fo re   o f t en  
dis turbed  by  surface  processes  or has  disappeared 
a l t o g e t h e r .   I n  some depressions  type l is over la in  
by peat .  The good s o r t i n g  and the   po l i shed   gra ins  
of  t h i s   u n i t ,   t o g e t h e r   w i t h  its appearance a8 a 
morphological ly   inconspicuous  surface  layer  
c o v e r i n g   f l a t  and s l i g h t l y   u n d u l a t i n g  a r e a s ,  makes 
an eo l ian   o r ig in   p robable .  

Type 2 

Type 2 is included  in   the  "fresh-water"   deposi ts  
and  "layered  sand" of the   geologica l  maps. Also, 
th i s   sed iment   normal ly   cons is t s  of h o r i z o n t a l   t o  
subhorizontal  from mm t o  a few cent imeters   th ick  
l a y e r s   ( f i g .  2 ) ;  however, t h e r e  is a v e r t i c a l  
a l t e r n a t i o n  o f  f i n e  and medium s a n d   l a y e r s   i n   t h i s  
d e p o s i t ,   I n  some p l a c e s   t h e   f i n e   f r a c t i o n ,   u s u a l l y  
dominated by p a r t i c l e s   r a n g i n g  between 63 pm and 
l O 5 p m ,  may be  dominant i n   v e r t i c a l   p r o f i l e ;   i n  
o t h e r s ,   t h e   c o a r s e   f r a c t i o n   p r e v a i l s .  The dotted- 
dashed   l ine   in   the   r igh t -hand  par t   o f   f ig .  3 
represents  a decimeter- thick  layer   of   the   f ine 
f r a c t i o n ,  and i t  can be s e e n   t h a t   i n d i v i d u a l   l a y e r s  
are well so r t ed .   F i e ld   obse rva t ions   r evea l   t ha t   t he  
medium sand l a y e r s  of type 2 are similar i n   t e x t u r e  
and s o r t i n g   t o  the sand of type 1. Bulk  samples of 
type 2, t h e r e f o r e ,   a r e  made up of various  mixtures 
of the   pure   popula t ions   (do t ted  and f u l l .   l i n e s   i n  
f i g .  3 ) .  The l a r g e r   g r a i n s  of t h i s   u n i t   a r e   w e l l  
rounded  and  polished  whereas the smal le r   g ra ins   a re  
more angular  and  shiny. 

I n  t he   sou the rn   pa r t  of t h e  Frmslev-Egtved 
s t r e t c h ,   t y p e  2 is d iv ided   i n to  two subuni t s  by a 
grave l   l ayer   wi th  a h o r i z o n t a l   t o   s u b h o r i z o n t a l  
l a y e r  of wind-polished and faceted  pebbles and 
s t o n e s  on top. The upper  subunit ,  which r e s t s  upon 
th i s   pebb le   l aye r  is usually  undisturbed,  whereas 
the  par t   underlying  the  pebble   layer  is usua l ly  
s t rong ly   i nvo lu ted  and inc ludes  somewhat coarser  
sand and grave l .  

I n   t h e   n o r t h e r n   p a r t  of t h e  above-mentioned 
s t r e t c h ,  and in   t he   wes t e rn   pa r t  of t h e  Egtved- 
L i l l ebd t   t r ench ,   und i s tu rbed   t ype  2 sediment is 
found on t o p  of a diamicton,  predominantly t ill ,  
wi th   g ra in   s i ze s   r ang ing   f rom  c l ay   t o   bou lde r s   w i th  
wind-polished  and  faceted  stones on top.  The upper 
(undis turbed)   subuni t  of type 2 is usua l ly  between 
0.5 and 1 meters   thick,   a l though  in  some s e a s  i t  
may be more than  two meters  thick.   This  deposit  
e i ther   g rades  upwards i n t o   t y p e  1 sediment, or 
t h e r e  may be an up-to-10-cm-thick l a y e r  of f i n e  
sand  and loam sepa ra t ing   t he  two. Due t o   t h e  
t e x t u r e  of the   ind iv idua l   sand  grains, t h e   s o r t i n g ,  
and the   po l i shed  and faceted  pebble   layer ,   the   type 
2 deposi t  is a l so   t hough t   t o  be of eo l i an   o r ig in .  

POLLEN ANALYSIS 

The peat  wit 'hin  type 1 c o n t a i n s   f a i r l y   h i g h  
percentages  of   Betula   pol len  including  both  larger  
and  smaller  grains.   Pollen of Gramineae,  Cyperaceae 
and  herbs  are a l s o  f a i r l y   w e l l   r e p r e s e n t e d ,  as a r e  
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Figure  4.  Pollen  diagram  representing  organic 
l aye r s   w i th in   t he   O lde r  Cover  Sand I T  near  Frmslcv. 
The b l a c k   p a r t s   i n   t h e   s p e c t r a  of the   reso lved  
diagram  are of t h e  same s c a l e  of percentage a6 t h a t  
of t h e  main-diagram t o   t h e   l e f t ;   t h e   s c a l e  of t h e  
open b a r s  is indica ted  below the  resolved  diagram. 

spores  of Gymnocarpium. Pol len  from t r e e s   o t h e r  
than  Betula ,   Pinus,  and 3 a r e  absent.   This 
p o l l e n  composi t ion  points   to  a vegetat ion  of   short  
p lan ts ,   wi th   sca t te red   occur rences  of b i rch   (Betu la  
pubescens and B. nana) and willow. 

Within  the  upper,   undisturbed  subunit  of type 2, 
f o u r  approximately  1-cm-thick layers conta in ing  
organic   mater ia l   could be followed 1ateral . ly  for 

LITHOSTRATIGRAPHY  CHRONOSTRATIGRAPKY 
I 

I SOUTH NORTH 

S O I L  OR PEAT HOLOCENE 
YOUNGJi'R COVER SAND I1 LATE DRYAS 

LOAMY SAND OR FEAT ALZERBD 

YOUNGER COVER SAND I mIER DRYAS 
""""" 

I-""" I t I  

WIND POLISHED PEBBLES 
SAND AND a u m  l l  

Pinus rnceac neae 
.. 

more than 350 mete r s   i n   t he   sou the rn   pa r t  Of  the  

F igure  5. Outl ine of t h e   s t r a t i g r a p h y   i n   t h e   c o v e r -  
sand   a reas  in the   southern  and  northern  par t  of the  
a r e a  of  inves t iga t ion .  

Frmslev-Egtved  trench. The composition  of  the 
p o l l e n  from the  organic  Layers is given in f i g .  4. 
The pol len is strongly  dominated by Cyperaceae  and 
Gramineae,  and a number of herb  pol len  types  are  
present ,   no tab ly   Gent iane l la  and Sax i f r aRa   i n   t he  
Lower spec t ra .   Betu la  is almost   exclusively 
represented by small po l l en ,   v i e . ,   po l l en   de r iv ing  
from Betula  nana, and the   po l l en  of Sa l ix   p robably  
a l so   r ep resen t s   sho r t  forms r a the r   t han  t rees .  The 
s p e c t r a   i n   f i g .  4,  t h e r e f o r e ,   i n d i c a t e   t h a t   s h o r t  
p l a n t s  wcre  growing i n  a moist  environment. 

STRATIGRAPHY 

A comparison of  type 1 and 2 deposi ts   wi th 
depos i t s  from The Netherlands,  western  Belgium, 
nor thern  Germany, and  Poland shows t h a t   t y p e  1 and 
2 are similar t o   t h e  Younger and Older  Cover  Sands 
r e s p e c t i v e l y  (compare,  e.g., van der  Hammen 1951; 
Nowaczyk 1976). 

L i t h o s t r a t i g r a p h y  

Two types of s t ra t igraphic   sequences  were 
exposed i n  t h e   t r e n c h e s   ( f i g .   5 ) .   I n   t h e   s o u t h e r n  
p a r t  of t h e  Frmslev-Egtved  trench,  the lower par t  
of the   sequence   cons is t s  of  a water-lain deposit  of 
sand and gravel,  sometimes  covered by a l a y e r  of 
wind-polished  gravel. Above t h i s  is type 2 ,  v i z . ,  
Older  Cover  Sand  deposit,  which i n  t u r n  is covered 
by another   water- la in   deposi t  of sand and  gravel. 
This par t  of the  sequence is usua l ly   s t rong ly  
involuted or  undulating,  and,  locally,   frost-wedge 
cas t s   ex tend  downward from  within  the  involuted 
l a y e r .  I n  t he   no r the rn   pa r t  o f  t h e  Frmslev-Egtved 
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t rench ,  and i n   t h e   w e s t e r n   p a r t  o f  the  Egtved- 
L i l l e b d t   t r e n c h   ( i . e . ,   w i t h i n   t h e   a r e a   g l a c i a t e d  
during  the  Weichsel ian) ,   the   lower  par t  of t h e  
sequence  usually  consists  of a diamicton,  mostly 
t i l l ,  

On the   su r f ace  of  both  the  involuted  sequence 
and the  diamicton,  a l a y e r  of wind-polished  and 
faceted  pebbles  and  stones is found,   which, is  
o v e r l a i n  by an  undis turbed  deposi t  of type 2 ,  v i z . ,  
Older  Cover  Sand. The upper   par t  of both  sequences 
c o n s i s t s  of  type 1 depos i t ,   ? .e . ,  Younger Cover 
Sand,  except  for s i t e s  where peat  has  accumulated 
l a t e r .  

The s t ra t igraphic   sequence  i n  southern   Ju t land  
is i d e n t i c a l   t o   t h e  Dutch,  western  Belgian,  and 
nor thern  German sequences  (e.g., Diicker & Maarle- 
ye ld  1957, van  der Hammen 1971, Zagwijn & Paepe 

sequence of changes in   the   envi ronmenta l  
condi t ions  a r e  similar. Chronostrat igraphic  
c o r r e l a t i o n s  have  been made between the  cover-sand 
sequences i n  western  Belgium, The Netherlands, and 
nor thern  Germany (Diicker & Maarleveld 1957, 
Zagwijn & Paepe  1968). 

I n   t h e   n o r t h e r n   p a r t  o f  t he   i nves t iga t ed   a r ea  
i n  Denmark, o n l y   t h a t   p a r t  of t h e  column overlying 
the  diamicton is comparable t o   o t h e r s ,   i . e . ,  
undisturbed  Older  Cover  Sand  overlain by Younger 
Cover  Sand. 

- 1968) and it can  therefore  be  suggested  that   the  

Chronostrat igraphy 

I n v e s t i g a t i o n s  of  peat  found upon the  Younger 
Cover  Sand i n  Denmark show that   the   accumulat ion 
of organic  material s t a r t ed   i n   ea r ly   Ho locene  time, 
i . e . ,  around o r  s h o r t l y   a f t e r  10,000 y.B.P. (e .g . ,  
Milthers  1925; compare a l so   Ive r sen  1973). 

A comparison of the  pol len  composi t ion of t h e  
organic   l ayer  from wi th in   the  Younger Cover  Sand 
wi th   pa lynologica l   da ta  from o t h e r   l o c a l i t i e s  
suggests  an  Allermd  age  (i.e.,  11,000 t o  11,800 y. 
B.P.) , as is a l s o  the   case   in   the   ne ighbour ing  
countr ies   (e .g . ,   van  des  Hammen 1951). 

the  Older  and t h e  Younger Cover  Sands i n  some 
L o c a l i t i e s .  A similar l a y e r  is found i n   t h e  same 
s t r a t i g r a p h i c   p o s i t i o n   i n   w e s t e r n  Belgium,  northern 
Germany, and The Netherlands,  where it  is c a l l e d  
t h e  Lower Loamy Bed and dated t o  the  Bmlling  time 
(12,000 t o  ca. 12,400 y.B.P.). It is poss ib l e   t ha t  
t h i a   f i ne -g ra ined   l aye r   i n  Denmark may a l s o  be of 
B a l l i n g  age. 

It is a l s o  poss ib le  t o  subdivide  the Younger 
Cover Sand i n t o  two u n i t s   i n  Denmark, a Younger 
Cover  Sand I1 which w a 6  predominantly  deposited 
during  Late  Dryas  t ime  ( i-e. ,   predominantly  between 
11,000 and 10,000 y.B.P.), and a Younger Cover  Sand 
I ,  which w a 6  deposi ted  before   the  Allerod  per iod 
and poss ib ly   a f t e r   t he   Ba l l ing .  

The pollen  composition o f  the   o rganic   l ayers  i n  
the  upper,  undisturbed  Older  Cover  Sand u n i t  ( t h r e e  
lower  spectra   of   f ig .  4) corresponds  with  deposi ts  
of  Upper P len ig l ac i a l   age   ( i . e . ,  between ca.  27,000 
and ca. 13,000 y.B.P.) i n  The Netherlands  (van  der 
Hammen e t  al. 1967, Kolstrup 1980), and there-  
fore ,   the   Danish   depos i t  is a l so  thought t o  be of 
Upper P l e n i g l a c i a l  age. 

I n  southern  Jut land  the  involut ions,   which  are  
l o c a l l y  more than 1.5 meters  deep,  and  the  frost- 

A l a y e r  of bleached  fine  sand  and loam s e p a r a t e s  

wedge casts   connected t o  them, i n d i c a t e  a per iod 
of  cold  climate.  Complete  Dutch  sequences  reveal 
t ha t   t he   depos i t i on  of Older Cover Sand w a s  tempo- 
r a r i l y   i n t e r r u p t e d  by a period  with  permafrost ,  
f l u v i a l  a c t i v i t y ,  and d e f l a t i o n ,  some time  between 
ca.  22,000 y.B.P. and ca. 14,000 y.B.P. (The Beu- 
ningen Complex: van  der Hammen e t  al. 1967, Kol- 
s t rup   1980) .   S ince   t he   s t r a t ig raph ic   s equences   i n  
neighbouring  countries and Denmark a r e   i d e n t i c d l ,  
and s ince  a cold  phase is r e f l e c t e d   i n  a l l  
count r ies  at t h e  same s t r a t i g r a p h i c   l e v e l ,  i t  seems 
reasonable t o  accept   tha t   the   involu t ions  and 
frost-wedge  casts were formed  during  the same cold 
spell. Following  the  Dutch  nomenclature (van d e r  
Hammen e t  al. 19671, the  Danish  Older  Cover  Sand 
is consequently  divided  into  an  upper,   undisturbed, 
Older  Cover  Sand TI, depos i t ed   a f t e r   t he   co ld  
per iod,  and a lower,   involuted  (cryoturbated)   Older  
Cover  Sand I ,  depos i ted   before   the   per iod  of 
maximum cold.  

here  f o r  the  Danish  deposi ts  and phenomena which 
are  probably  equivalent t o  t h e  Beuningen Complex. 
The l a y e r  of wind-polished  and  faceted  pebbles  and 
s tones   forming   the   top   l ayer  of the  Frmslev Complex 
is accordingly  termed  the  Frmslev  gravel  bed. 

Within  the  area  glaciated  during  the  Weichsel ian 
the  Older  Cover  Sand I1 r e s t s  upon a diamicton  with 
wind-polished  and  faceted  stones on top.  

A comparison  between  the  stratigraphies of the  
two types of areas i n  Denmark ( f i g .  5 )  suggests  a 
p a r a l l e l  development from the  t ime of wind-polis- 
hing and  onward,  whereas before   tha t   t ime,   the  
nor thern   par t  w a s  g l ac i a t ed   wh i l e   pe r ig l ac i a l  
processes  were ac t ive   i n   t he   sou the rn ,   ung lac i a t ed  
area.  

The loca l  namc of Frmslev Complex is introduced 

O R I G I N  OF COVLX SAND 

A s  long a6 cover  sands  have  been known in   no r th -  
western  Europe  the  environmental   conditions f o r  
t he i r   fo rma t ion ,   e spec ia l ly   t hose  of the  Older  
Cover  Sand,  have  been a puzzle  which h a s  not  been 
solved  yet .  

S ign i f i can t   s tud ie s   desc r ib ing   eo l i an   depos i t s  
of a similar appearance i n   n o r t h e r n   l a t i t u d e s  where 
accumulation is taking  place  today  have  been made 
by   e .g . ,   P i ssar t   e t  al. (1977) and Tra iner  (1361). 

Source  Area  and  Appearance 

It has  been  suggested  that   the   exposed  sea 
f l o o r s  of the  North  Sea  and  the  Channel were the 
source are= fo r   t he   s ands  and silts ( l o e s s e s )   i n  
Europe (e .g . ,  Vink  1949) . This   suggest ion has been 
queried  by, among o thers ,  Crommelin (1964) who 
advocated  the  idea of a more l l loca l l f   o r ig in   based  
upon three  Dutch heavy mineral   provincies   being 
closely  Yelated  to   the  mineralogy  of   the  underlying 
sediments. 

It might  be  suggested t h a t   t h e   a l t e r n a t i n g   g r a i n  
s i z e s   i n   t h e   O l d e r  Cover  Sand  represent  winds 
blowing  f rom  different   direct ions,   thuE  represen-  
t i ng   d i f f e ren t   sou rce   a r eas ,   bu t   t he   i nves t iga t ions  
by P i s s a r t   e t  a l .  (1977) and  Tra iner   ( l961) ,  and 
a l s o ,  i n d i r e c t l y ,   t h a t  of Crommelin (1961c) show 
t h a t   t h i s  is not  a necessary  requirement.  

The a l t e r n a t i o n  of g r a i n   s i z e s   i n   t h e   O l d e r  
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Cover  Sand  has  been  explained as be ing   the   resu l t  
of  t r a n s p o r t a t i o n  and depos i t ion  by snow, poss ib ly  
r e f l e c t i n g   d i f f e r e n c e s   i n  mode of depos i t ion  
dur ing  summers and  winters  (van  der Hammen 1951). 
Others ,  e.g., Krumbein (1937) a t t r i b u t e   t h e   f o r -  
mation  of  interbedded  eolian  sand  and silt t o   t h e  
t r a n s p o r t a t i o n  of  sand by t r a c t i o n  and d u s t   i n  
suspension. On the   o the r   hand ,   i nves t iga t ions  by 
de  Ploey (1977) r e v e a l  t h a t  both silt and f i n e  
sand may be t ranspor ted  a~ a basa l   f low  a long   the  
ground sur face ,   and  he sugges ted   tha t   the  two 
f r a c t i o n s  may be deposi ted by  simultaneous dumping. 

Fol lowing  Trainer 's   (1961)   invest igat ions  and 
cons idera t ions ,  it may be suggested that the   f i ne -  
g ra ined   l aye r s  were  deposited  during  slackened 
deposition  and/or  were  transported  over a longer  
d i s t ance   t han   t he   coa r se r   f r ac t ion .   T ra ine r  
b e l i e v e s  tha t  t h e   c h a r a c t e r i s t i c s  of   the   eo l ian  
sediment i n  Alaska  can  be  re la ted  to   changes  in  
t he   cha rac t e r  of the   source   a rea   o f   the   eo l ian  
m a t e r i a l  and puts   forward   an   e legant   so lu t ion .  He 
sugges ts  tha t  the  changes may be r e l a t e d   t o  forma- 
t i o n  and d e s t r u c t i o n  of s t ab i l i zed   f l ood-p la in  
s u r f a c e s  and "it is apparent t h a t  any  considerable 
change in  stream  regimen must be  dependant  upon 
changes i n   t h e   g l a c i e r ,   i n  s ea  l e v e l ,   o r   i n   b o t h ,  
and  hence  ult imately upon changes in   c l imate1t  
(Tra iner  1961, p. 30) .  

depos i ted   in   nor thwes tern   Europe   ( i . e . ,  some time 
before  and some t ime  a f te r ,   bu t   no t   dur ing ,   the  
maximum ice   ex tens ion)  were per iods  of changing 
c l ima te ,   w i th   f l uc tua t ions  of ice   caps  and  gla- 
ciers and  accompanying  changes of  s e a   l e v e l .   S e a  
level   changes may therefore   have  a l tered the  
stream  regimen of northwest  European  watercourses, 
t h u s   g i v i n g   r i s e  t o  i n c i s i o n s  and  flooding8  which 
i n   t u r n  might  have r e su l t ed   i n   t he   exposure  of 
unvegetated  deposi ts  of sand  and silt. The changes 
i n   s t r e a m  regimen may a l so ,   t oge the r  w i t h  changes 
i n  temperature   and  precipi ta t ion,  have a l t e r e d   t h e  
moisture  balance of higher  ground.  Although  the 
drying  out of the  surface  sediment  is not a 
necessary  requirement for  t h e  start of d e f l a t i o n  
(de  Ploey 19771, changes i n   s e a   l e v e l  may thus  
i n d i r e c t l y  have   cont r ibu ted   to  t h e  e ros iona l   e f f ec t  
of t h e  wind, s o  that  sand   cou ld   r e l a t ive ly   ea s i ly  
be  picked  up in   spa rce ly   vege ta t ed   r eg ions  and 
become deposi ted in neighbouring  areas.  

Vegetation 

The periods  during  which  the  cover  sands  were 

Both. P i s s a r t  c t  al. (1977)  and  Trainer  (1961) 
consider   vegetat ion  cover   an  important   factor   for  
ca tch ing   and   re ta in ing   the  wind-blown sands which 
come from ne ighbour ing   bar ren ,   sandy  a reas ,   par t i -  
c u l a r l y   f l o o d   p l a i n s .  

The pol len  content  of t h e   o r g a n i c   l a y e r s   i n   t h e  
cover  sands i n  The Netherlands  (KoLstrup 1980) 
and Denmark show t h a t  p a r t s  of the  landscape  were,  
at l ea s t   pe r iod ica l ly ,   cove red  by vegetat ion  during 
the   depos i t i on  of t h e  sands. It may therefore   be 
p roposed   t ha t   vege ta t ion ,   i n   pa r t s  of the   nor th-  
west  European  cover-sand areas, ac ted  as a t r a p  
f o r   t h e  wind-blown sands and silts as wel l  as a 
pro tec t ion   aga ins t   e ros ion .  It is d i f f i c u l t   t o  
envisage  the  extension of vege ta t ion   du r ing   t he  
cover-sand  accumulation. It w a ~  probably much more 
ex tens ive   t han   t he   s ca t t e r ed   f i nd ings  i n  north-  

western  Europe  suggest,  but  since  the  accumulation 
and  preservation of organic   mater ia l  is dependant 
on a non-aerated,  non-oxidized  environment,  organic 
remains  have  only become preserved   in  a few places  
with  favourable   condi t ions.  

Furthermore,   the  presence  of  pollen  from  peren- 
n i a l   p l a n t s   w i t h i n   s i n g l e ,   t h i n ,   o r g a n i c   l a y e r s  of 
the  Older  Cover  Sand may sugges t   t ha t   depos i t i on  
of  sand  and silt only  took  place  occasional ly ,   thus  
y i e l d i n g  a relat ively  s low  accumulat ion rate of t h e  
sand  sheets .  

A i r  Temperature 

The a i r  temperature  conditions  during  the depo- 
s i t i o n  of the  cover  sands  in  northwestern  Europe 
may be  deduced  from  palynological  records. 

p h n i f o l i a  found i n   t h e   O l d e r  Cover Sand I and I1 
i n  The Netherlands  (Kolstrup 1980), i n   t h e   O l d e r  
Cover  Sand I1 i n  Denmark, and i n   L a t e G l a c i a l  
depos i t s   (e .g . ,   Iversen  1954, 1973) p o i n t   t o  a 
mean January  temperature, at l e a s t   p e r i o d i c a l l y ,  
of -8Oc or  warmer (Iversen 1954). The mean July 
temperature may have  been  different  during  the 
depos i t ion   o f   the   var ious   un i t s ,   bu t   genera l18  
speaking, i t  may have  been on the   o rde r  o f  +8 C t o  
+13'C (KoLstrup 1980) du r ing   t he   depos i t i on  of 
some of  t h e  l aygr s  i n   t h e   O l d e r  Cover  Sand, and  
between  ca. +12 C and +15'C (Ivcrzen  1954, 1973, 
Kolstrup  1982)   during  the  deposi t ion of the  
Younger Cover  Sand. 

The presence o f  pollen  of  Armeria maritima var .  

Rel ie f  

Wi th in   the   a rea   g lac ia ted   dur ing   the   Weichse l ian  
i n   J u t l a n d ,  i t  can  sometimes  be  seen  that  the 
l a y e r i n g  of  the  cover  sand conforms w i t h  underlying 
undulations  of  the  diamicton, and i n  some s i t e s   t h e  
horizontal .   layers  of t h e  Younger Cover  Sand  can  be 
f o l l o w e d   l a t e r a l l y   i n t o  more than  2-meters-thick 
e o l i a n   d e p o s i t s   w i t h   s t e e p   f o r e s e t s .   T h i s  change 
is thought t o   r e f l e c t  a change i n   t h e   d e p o s i t i o n a l  
environment  caused by a change  from a f l a t ,  or 
gent ly   undulat ing  area,  t o  a more accentuated 
r e l i e f .  It is, however, unknown whe the r   t he   r e l i e f  
alone  could  account for t h e  change o r  whether i t  
w a s  caused  by a combinat ion  of   s teeper   re l ief ,  
associated  hydrological  change, and an accompanying 
change i n   v e g e t a t i o n .  

CONCLUSIONS 

The present   inves t iga t ion   demonst ra tes  tha t  
p a r t s  of Denmark belong t o  the  northwest  European 
cover-sand a r e a  and t ha t  the  sequence  of  changes 
i n  environmental  conditions  have  been similar 
within  the  region.  Observations  within  and  outside 
the   a rea   g lac ia ted   dur ing   the   Weichse l ian  make i t  
p o s s i b l e   t o   e s t a b l i s h  a probable   l ink  between  the 
g l a c i a l  and t h e   p e r i g l a c i a l   s t r a t i g r a p h i e s .  

The environmental   condi t ions  for   the  formation 
o f  the  cover sands are still i n s u f f i c i e n t l y  known, 
b u t   f u r t h e r   i n v e s t i g a t i o n s   i n   n o r t h e r n  areas where 
similar deposits  accumulate  today w i l l  undoubtedly 
add information. 
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The Fish  Creek Test Well 1 s i te  on the  Arct ic   Coastal   Plain  (70°18 '36"N,  
15lo52'40"W)  has  been  abandoned  since i ts  c o n s t r u c t i o n   i n  1949. The p l a n t  
communities  that  developed on t h e   d i s t u r b e d  s i te  a r e  a l l  success iona l .  The 
degree of community r ecove ry   has   d i f f e red   w i th   t he   hab i t a t /vege ta t ion   t ype  
and   cor responds   to   the   degree  of recovery of t h e   h a b i t a t .  The average 
depth of thaw was g rea t e r   i n   r ecove r ing   t han  i n  Undis turbed   habi ta t s ,  
p a r t i c u l a r l y   i n  mesic uplanda.  Marshes  have  recovered much f a s t e r   t h a n  
mesic uplands.  Mesic  uplands are more r e s i s t a n t   t o   s u r f a c e   d i s t u r b a n c e ,  
are less r e s i l i e n t ,   a n d  show less f l u c t u a t i o n  and narrower  ecological  range 
on some environmental   gradients ,   such as depth of thaw. The time of 
recovery of mesic  upland  ecosystems at  t h e   F i s h   C r e e k   s i t e  is est imated to 
be 600-800 years   and  that  of marshes, 100-200 years.  I n  most gene ra l  
f e a t u r e s  the resul t ing  communit ies  w i l l  probably resemble the  surrounding 
undisturbed  complex  communities. 

L i k e   o t h e r   t e s t  oil well sites i n   a r c t i c  Alaska 
from  the 1944-1953 o i l  and  gas   explorat ion  per iod,  
the  Fish  Creek Test Well 1 s i t e  is an   exce l l en t  sub- 
ject f o r   s t u d i e s  of a rc t ic   tundra   recovery   because  
i t  has been   r e l a t ive ly   und i s tu rbed   s ince  i ts  cun- 
s t r u c t i o n  in 1949. The s i t e  was i n i t i a l l y   s t u d i e d  
i n  1977 a f t e r  28 years  of recovery (Lawson et al. 
1978). This  paper  examines the h y p o t h e s i s   t h a t   i n  
pe rmaf ros t   a r eas   i n   a r c t i c  Alaska the degree of 
p l an t  community recovery after su r face   d i s tu rbances  
is c l o s e l y   r e l a t e d   t o   t h e   d e g r e e  of recovery of t h e  
d i s tu rbed   phys i ca l   env i ronmen t ,   pa r t i cu la r ly  i t s  
thermal  regime. 

and  15lo52'40"W on t h e   A r c t i c   C o a s t a l   P l a i n   i n   t h e  
region of continuous  permafrost .  The landforms, 
s o i l s   ( E v e r e t t   1 9 7 9 ) ,  and vege ta t ion   a r e   cha rac t e r -  
i m t i c  of the   l andscape  of o r i e n t e d  lake bas ins  and 
s t r eams   ac t ive   i n   conso l ida t ed   dunes   (Car t e r  1981). 
The o r i g i n a l   v e g e t a t i o n   h a b i t a t s   a t   t h e  site in-  
cluded w e t  polygon  troughs,  ponds  and  marshes , 
e leva ted   d ry   r i dges ,  snow patches,  mesic uplands,  
and  marshy  lowlands;  today  the s i te  i s  surrounded by 
v e g e t a t i o n   t h a t  is probably  very similar t o   t h a t  
which was o r i g i n a l l y   d i s t u r b e d  (Lawson et a l .  1978). 

Dur ing   the   cons t ruc t ion  and opera t ion  of the 
test well i n  1949,  Vegetation  and much of the   sur -  
f a c e   o r g a n i c   s o i l   l a y e r  on t h e  si te were removed. 
I n  1979, s o l i d  waste was removed from t h e   s i t e  by 
t h e  U. S. Geological  Survey  under  contract   with Husky 
O i l  NPR Operations, Inc.  (Husky O i l  1981). The 
recovery of t he   vege ta t ion   cove r  at  Fish  Creek i s  
almost  complete,   but  ground  subsidence,  thermo- 
kars t ing,   thermal   erosion,   and  drainage  modif icat ion 
caused by the   d i s tu rbance  may st i l l  be cont inuing 
(Lawson 1982). The new v e g e t a t i o n  is composed  of 
30-40 successional   plant   communit ies   that   developed 
during  primary  and  secondary  succession. The diver-  
s i t y  of the  successional   communit ies  i s  high,   but  
t h e  taxa d i v e r s i t y  is  lower on the   d i s tu rbed  s i te  

Fish Creek Test Well 1 is l o c a t e d   a t  70°18'36"N 

than   i n   und i s tu rbed   t undra ;   a lmos t   a l l   co lon iz ing  
taxa  occur in the   undis turbed   a rea   sur rounding   the  
s i t e  (Lawson et  al .   1978) .  

METHODS 

Vegetat ion  recovery is def ined   he re   a s  a 
gradual   p rocess  o f  c o l o n i z a t i o n  and composition 
changes   l ead ing   to  the reestabl ishment  of a vegeta- 
tion cover and, at a later s t a g e ,   t o  a mature  plant 
community,  which may b e   s i m i l a r   o r   d i s s i m i l a r   t o   t h e  
o r i g i n a l  community. 

according  to  the  Braun-Blanquet  method of v e g e t a t i o n  
analysis  (Westhoff  and van der  Maarel  1978). The 
e n v i r o n m e n t a l   c h a r a c t e r i s t i c s  of each  plot ,  
i nc lud ing   d i s tu rbance ,  were est imated on s u b j e c t i v e  
g r a d i e n t   s c a l e s ,  and s o i l s  were c o l l e c t e d  and 
analyzed.  Several  depth-of-thaw  measurements were 
taken at  each  plot  and  averaged. The thaw d a t a  
(Table 1) were   co l l ec t ed   i n   t he  summers of 1978, 
1979, and 1980, in June and e a r l y   J u l y   a t   t h e  
beginning of the  growing  season,  and in August a t  
t h e  end of the  growing  season. 

The s a m p l e s   s e l e c t e d   f o r   t h i s   a n a l y s i s  were 
c o l l e c t e d  on t o p o g r a p h i c a l l y   e q u i v a l e n t   s i t e s   w i t h i n  
each   hab i t a t lvege ta t ion   ca t egory ;   fo r   example ,   bo th  
the  recovering  and  undis turbed snow patches were 
well-drained  depressions  with  la te-melt ing 
snowcover. One t o   t h ree   r ep resen ta t ive   s amples  were 
se lec ted   for   bo th   undis turbed   and   recover ing   vege ta-  
t i o n   a t   t h e  main d i s tu rbed  s i te  i n  each of t he  
fol lowing common h a b i t a t / v e g e t a t i o n   c a t e g o r i e s :  
upland, snow patch,  lowland, marsh, and  ridge. Two 
p a i r s  of ridge  samples were i n c l u d e d   t o  test the  
v a l i d i t y  of t h e   c a t e g o r i e s   f o r   f l o r i s t i c a l l y   d i f f e r -  
ent  communities.   Vascular  plant  data  averaged  for 
each category  were  analyzed by numerical  methods, 
i n c l u d i n g   o r d i n a t i o n  and numer i ca l   c l a s s i f i ca t ion .  

For   the   overa l l   s tudy ,  339 p l o t s  were  sampled 
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TABLE 1 Means and s t a n d a r d   e r r o r s  of thaw f o r   t h e   i n v e s t i g a t e d   h a b i t a t h e g e t a t i o n   c a t e g o r i e s ,   i n  cm. 

Beginning of growing  season End of growing  season 
Undisturbed Recovering Undlsturbed RecoverinR 

Mean S tanda rd   e r ro r  Mean S tanda rd   e r ro r  Mean S tanda rd   e r ro r  Mean S tanda rd   e r ro r  

Upland 4.6 0.39 14.9 0.90 25.7 2.19 40.\1 2.43 

Snow patch 11.7 2.72 23.0 4.78 48.0 0 55.8 8.42 
Lowland 16.0 2.97 15.5 2.45 44.8 5.57 46.0 5.38 
Marsh 14.0 1.89 17.9 1.88 47 .Q 5.41 61.6 6.47 

Ridge 36.4 3.12 34.4 3.53 84.4 6.07 69.4 3.83  

Average 16.4  21.1  50.0  54.6 

Recovery  habi ta ts  show deeper  thaw In  a l l   c a t e g o r i e s   e x c e p t   € o r   r i d g e s ,  where f u r t h e r   d i f f e r e n t i a t i o n  and 
recovery w i l l  r e s u l t   i n   d e e p e r  thaw depths.   Shallower thaw depths  w i l l  r e s u l t   d u r i n g   f u r t h e r   d i f f e r e n t i a -  
t i o n  and  recovery  in a l l  o t h e r   h a b i t a t   c a t e g o r i e s .  

% Similarity 

Lowland 
Undisturbed 

I Lowland 
Recovering 
Upland 

Rldga I 
Undisturbed 

Racovaring 
Snowpoich 
Racovaring 
Ridqe 2 
Undlsturbed 

Snowpatch 
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Undisturbed 
Ridge 2 
Recovering 
Upland 
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Racovaring 

Recovering 

Ridge I 

1 

FIGURE I. P o l y t h e t i c ,   h i e r a r c h i c a l  dendrogram of 
composite  plant community samples   represent ing 
t h e   s e l e c t e d   h a b i t a t / v e g e t a t i o n   c a t e g o r i e s .  
Rased on percent-cover tam da ta  and cons t ruc t ed  
by the   average   l inkage  method using  Pearson 's  
product-moment c o r r e l a t i o n   c o e f f i c i e n t  as t h e  
c l u s t e r i n g   c r i t e r i o n .  Each ca t egory   i nc ludes  
both  undis turbed and recovering  communities.  The 
level o f  s i m i l a r i t y  at  which  the  undisturbed  and 
recovering  communities  were  paired  decreases i n  
the  following  order:   marsh  (82%),  lowland (52%), 
snow patch ( 2 6 % ) ,  r idge  1 ( 1 6 x 1 ,  r i d g e  2 ( 1 4 X ) ,  
and  upland (14%). 

RESULTS 

The degree of recovery of t h e   o r i g i n a l   p l a n t  
communities a t  the   F i sh   Creek   s i t e  was determined by 
c o m p u t i n g   t h e   f l o r i s t i c  similarities between  undis- 
turbed  and  recovering  communities. The average 
s i m i l a r i t y  of recovering  communities (22%) was 
s l igh t ly   l ower   t han   t he   ave rage   s imi l a r i t y  of undis- 
turbed  communities  (25%),  but  they  are not c l e a r l y  
s e p a r a t e d   i n   t h e  dendrogram  (Figure 1 ) .  Undisturbed 
and recovering  communities i n  marshes  and  lowlands 

vector 2 

I 
Vector I 

FIGURE 2 Detrended  correspondence  analysis   ordi-  
na t ion  of q u a n t i t a t i v e   v a s c u l a r  taxa da ta  f o r  t h e  
same plant  communities as i n   F i g u r e  1. Undis- 
turbed  and  recovering  plant  communities were 
pa i r ed  i n  t h e   o u t l i n e d   h a b i t a t j v e g e t a t i o n  cate- 
g o r i e s   ( s o l i d   l i n e ) .  A group of undis turbed 
communities was formed i n   t h e   c e n t e r  of t he   o rd i -  
na t ion   space   (dashed   Line) ,   ind ica t ing   tha t   d i s -  
turbance is  one of t h e   p r i n c i p a l   f a c t o r s   o r d e r i n g  
the  communities on the   o rd ina t ion   p l anes .  Moist- 
ure ,   du ra t ion  of snow cover,   and  depth o f  thaw 
were o ther   impor tan t   envi ronmenta l   fac tors   o rder -  
ing  the  communities.  

were  highly similar, but   the  pairs o f  upland  and 
r i d g e   c o r n u n i t l e e   c l u s t e r e d   a t   v e r y  low l e v e l s  of 
s i m i l a r i t y .   T h e s e   r e s u l t s   a r e   c o n s i s t e n t   w i t h   f i e l d  
obse rva t ions  and I n d i c a t e   t h a t   t h e   r a t e  of community 
recovery a t  F i s h  C r e e k   d i f f e r s   w i t h   t h e   h a b i t a t /  
v e g e t a t i o n   t y p e   ( c f .   B i l l i n g s  1973, Hernandez 1973) .  

In the   o rd ina t ion   space   (F igure  2), communities 
were ordered   accord ing   to   bo th  human dis turbance  and 
t h e  most impor tan t   na tura l   envi ronmenta l   fac tors  
c o n t r o l l i n g  community composi t ion,   including moist- 
ure ,   dura t ion  o f  snow cover,   and  possibly  depth of 
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thaw. The r e l a t i o n s h i p  of these fac to r s   w i th   t he  
o rd ina t ion   axes  was not   l inear .   Undisturbed  and 
recovering  communities  that   belonged  to the same 
hab i t a t lvege ta t ion   ca t egory   u sua l ly   appea red   c lose  
t o  each  other.  A group of undisturbed  communities 
formed i n   t h e   c e n t e r  and  appeared on a l l  t h e   f i r s t  
t h r e e   o r d i n a t i o n   p l a n e s   ( o n l y   t h e   f i r s t   p l a n e  is 
shown); marshes were the   on ly   ca tegory   no t   inc luded  
i n   t h i s  group. The d i s t a n c e  between the   undis turbed  
and  recovering  communit ies   in   the  ordinat ion  space 
represents   the   envi ronmenta l   d i f fe rences   be tween 
t h e i r   h a b i t a t s .   T h i s   d i s t a n c e  is well c o r r e l a t e d  
wi th   t he   p reced ing   r e su l t s   a s  i t  is longest  between 
undis turbed  and  recovering  r idges and  uplands and 
s h o r t e s t  between  marshes. 

The degree of recovery of t h e   o r i g i n a l   p l a n t  
communities  and  the  degree of recovery of t h e i r  
hab i t a t s   t hus   appea r   t o   co r re spond ,   j u s t   a s   t he  
degree of uniformity of communities  undisturbed by 
humans and the   degree  of uniformity of t h e i r  
habi ta t s   cor respond (Komarkova 1980). Given t h e  
o r ig ina l   vege ta t ion   t ype ,  i t  should be p o s s i b l e   t o  
p red ic t   t he   deg ree  of vegetat ion  recovery  f rom  the 
degree of physical   environment  recovery,  and v i c e  
versa .  The d i s t a n c e  between the   undis turbed  and 
recover ing   communi t ies   in   the   o rd ina t ion   space  w i l l  
dec rease  as recovery  progresses.  

d i s t u r b a n c e s ,   e s p e c i a l l y   t h o s e   t h a t   r e s u l t   i n  
removal of t h e   s u r f a c e   o r g a n i c   l a y e r ,   s i g n i f i c a n t l y  
a f fec t   the   thermal   reg ime  in   permafros t   t e r ra in .  
Lawson et al. (1978) and Lawson (1982)  r e l a t e d   t h e  
recovery of a d i s t u r b e d   s i t e  on permafros t   to   the  
recovery of the  thermal  regime. The average  depth 
of thaw a t  the F i s h   C r e e k   s i t e  was g r e a t e r  a t  
recovering sites than a t  undis turbed  ones,   par t icu-  
l a r l y  toward t h e  end of the  growing  season  (Table 
1). The g r e a t e s t   d i f f e r e n c e  was i n   t h e   u p l a n d s ,  
which  a lso  had  the least seasonal  thaw  increases.  
The average  depth of thaw was 33 cm f o r  a l l  the  
undis turbed   habi ta t s   and  37 cm for a l l   t h e   r e c o v e r -  
i n g   h a b i t a t s ,   i n d i c a t i n g   t h a t  most of t h e   d i s t u r b e d  
s i t e   a t   F i s h   C r e e k  is s t i l l  t h e r m a l l y   d i s s i m i l a r ,  
b u t   t h a t  thermal recovery is t a k i n g   p l a c e   i n  some 
habi ta t s .   Whi le   the   overa l l  mean thaw  depth was 
grea te r   fo r   r ecove r ing   hab i t a t s ,   t he   ex t r emes   were  
g r e a t e s t   i n  some of t he   und i s tu rbed   hab i t a t s .   Th i s  
i n d i c a t e s   t h a t  the development of spec ia l ized   thaw 
depth  condi t ions  on  the  Fish  Creek s i te  t akes  more 
than 34 yea r s   ( s ince  1949). Except   for   marshes,   the  
d i f f e r e n c e s   i n  thaw  between  undisturbed  and  recover- 
i n g   h a b i t a t s   c o r r e l a t e d   p o s i t i v e l y  with the   degree  
of f lo r i s t i c   d i f f e rence   be tween   und i s tu rbed  and 
recovering  communities. 

Brown e t  al .  (1969)  reported that  human s u r f a c e  

DISCUSSION 

I n t e n s i t y ,   t y p e  and  frequency of d i s tu rbance ,  
and   ecosys t em  r e s i s t ance   ( ab i l i t y   t o   r ema in  un- 
a f f e c t e d  by d i s tu rbances )  and r e s i l i e n c e   ( a b i l i t y   t o  
r ecove r   t o  a more or less p e r s i s t e n t  s tate) de te r -  
mine the   speed ,   degree ,   and   d i rec t ion  of recovery 
f r o m   p a r t i a l  or t o t a l   d i s t u r b a n c e  (Boesch  and 
Rosenberg 1981). 

be more responsive  and  res i l ient   and less r e s i s t a n t  
t o   pa r t i a l   su r f ace   d i s tu rbance   t han   mes ic   up lands .  
Although  the same v e h i c l e  w i l l  cause more seve re  

In   the   Alaskan   a rc t ic   tundra ,   marshes   appear   to  

damage i n  a marsh,  where  the  surface  organic matter 
is cons ide rab ly  more compressed,  than  in a 
well-drained  environment  where the r e s i s t a n c e   t o  
compressfon is  h ighe r  (Bliss and Wein 1972, Walker 
et  al .   1980),   recovery is faster i n  a marsh where, 
under   saturated  condi t ions,   compressed  f ibrous 
o r g a n i c   m a t e r i a l   r e g a i n s  i t s  o r i g i n a l   s t r u c t u r e  
f a s t e r   (Abe le  et a l . ,  1983). 

sur face   d i s turbance .  A major  man-inflicted  surface 
d i s tu rbance  overcomes t h e   r e s i s t a n c e   t h r e s h o l d  
beyond  which the  ecosystem  does  not resist d i sp lace -  
ment  from i t s  i n i t i a l   s t a t e .  A t  Fish Creek,  the 
i n i t i a l   d i s t u r b a n c e   r e s u l t e d   i n  a new, r e l a t i v e l y  
homogeneous , b laded   su r f ace   t ha t  was l a t e r   d i f f e r e n -  
t i a t e d  by newly t r iggered   d i s turbance   p rocesses   such  
a s   t h e   c o n t i n u i n g  thaw o f  ground ice, thermokarst-  
i ng ,  and e ros ion ;  some l ive   p l an t   p ropagu les  may 
have  been  preserved  a t  the s i t e .   Co lon iz ing   p l an t s  
and successional  communities  slowed  the new d i s t u r -  
b a n c e   p r o c e s s e s ,   c o n t r i b u t i n g   t o   t h e   d i f f e r e n t i a t i o n  
of t h e  newly  forming  landforms  and  habitats. A few 
s l o p i n g ,   e r o d i n g   s i t e s  may never  recover.  I n  30 
years  marshes  that   resemble  undisturbed  marshes  have 
developed in   thermokars t   depress ions ,   bu t   the  up- 
lands on e l eva ted  sites between  the  depression8  do 
not  resemble  undisturbed  uplands.   Nevertheless,   the 
r e s i l i e n c e   t h r e s h o l d s   ( a t  which the ecosystem 
r e t u r n s   t o  a d i f f e r e n t   p e r s i s t e n t   s t a t e ,   c h a r a c -  
t e r i z e d  by altered taxa  composition) of t he   d i s -  
turbed  uplands  have  probably  not  been  exceeded;  they 
may only be r ecove r ing   a t  a very   s low  ra te .  

The r e s i l i e n c e  of the   marshes   a t   F ish   Creek  
a f t e r   t h e   t o t a l   s u r f a c e   d i s t u r b a n c e  i s  grea te r   due  
t o   b o t h   a b i o t i c  and b io t ic   c i rcumstances .  On 
d i s tu rbed  sites, r a p i d   d i f f e r e n t i a t i o n  of marshes is  
a ided  when o rgan ic  matter and sediments  from  thawing 
ice wedges a re   depos i t ed  on thermokars t ing   sur faces  
(Lawson 1982). Marshes   a r e   s t rong ly   con t ro l l ed  by 
l o c a l   n a t u r a l   d i s t u r b a n c e   f a c t o r s ,  water, and t h e  
f reeze- thaw  cyc le ;   in   par t icu lar ,  water makes the  
pre-  and  post-disturbance  environments  similar,  
which may speed up c o l o n i z a t i o n  by the  dominants of 
undisturbed  marshes. It a l so   speeds  up c o l o n i z a t i o n  
o f  o r g a n i c   m a t t e r   l e f t   a f t e r   t h e   d i s t u r b a n c e ,  which 
under  dry  conditions  does  not  conduct enough moist-  
u re   €or   p lan t   es tab l i shment  (Deneke et al. 1975). 

The dominants of undisturbed  marshes,  Carex 
a q u a t i l i s  Wg. ssp.   stans  (Drejer)   Hultgn  and 
E r i o  horum angust!folium Honck, ssp .  subarct icum 

V Vassil ) Hul ten ,   co lonize  and dominate  newly 
a v a i l a b l e  marsh h a b i t a t s  a t  F i s h  Creek. As observed 
i n  small patches  bared by t h e  1979 cleanup,  both 
taxa spread   rap id ly  by rhizomes  and, a t  a slower 
r a t e ,  by seed l ings .  The recovering  marsh communi- 
ties a r e  similar t o  the undis turbed  ones,   but   they 
l a c k  a number of f l o r i s t i c a l l y   i m p o r t a n t   t a x a   t h a t  
would  be p re sen t  were t h e  community f u l l y  re- 
covered. On na tu ra l ly   d i s tu rbed   su r f aces ,   such  as 
w e t  s t a b i l i z i n g   d u n e s  and na tura l   thermokars t ,  
developing marsh communities with s i m i l a r  composi- 
t i o n  are common. 

Alaskan a r c t i c   u p l a n d s   r e c o v e r i n g   a f t e r   s u r f a c e  
d i s tu rbance   con ta in  no ice; d u e  to   compress ion ,   so i l  
pore   space   and   mois ture   conten t   a re   genera l ly  
reduced, and t h e   s o i l   b u l k   d e n s i t y  is inc reased  
(Lawson 1982). Changes i n   s o i l   c h a r a c t e r i s t i c s ,  
pa r t i cu la r ly   dec reased   mo i s tu re ,  may hinder  germina- 
t i o n  and establ ishment  of Eriophorum  vaginatum L. 

Marshes are a l s o  more r e s i l i e n t   a f t e r   t o t a l  

+. 
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ssp.  spissum  (Fern.)  Hultin,  which  dominates the 
undis turbed mesic upland  habi ta ts   but  has f a i l e d  t o  
c o l o n i z e   t h e  small upland  patches  bared by t h e  1979 
cleanup,  nor  does i t  dominate the success iona l  
upland  communities  that  developed at  Fish  Creek. 

A s  on many  human and na tu ra l   d i s tu rbances  
throughout   the  Arct ic ,   the   successional   upland 
communities a t  Fish  Creek are formed p r imar i ly  by 
g r a s s e s   ( A r c t a g r o s t i s  and 2 spp . )   tha t   d i sperse ,  
grow,  and reproduce  rapidly.   These  grasses   repre-  
s e n t  a very low percentage of undisturbed  upland 
vegetat ion,   but   they  occur   even on very small 
d is turbed   pa tches  (a few m2) and pers i s t   wherever  
t h e y   a r e   p e r i o d i c a l l y   d i s t u r b e d .  Along  with 
wi l lows ,   these   t axa  may be  enrichment  opportunists,  
and their dominance may be  promoted by the g r e a t e r  
a v a i l a b i l i t y  of n u t r i e n t s  i n  d i s t u r b e d   h a b i t a t s  
(Chapin  and  Shaver  1981).   Nutrients  are  released 
when permafrost   containing  organic  matter thaws in 
b o t h   m r s h  and  upland h a b i t a t s  (Brown et a l .  19691, 
which is what  happened at F i s h  Creek. On sites 
where the   top   o rganic   l ayer  is under l a in  by mine ra l  
ma t t e r ,  the removal of t h e   s u r f a c e   d e p l e t e s   t h e  
n u t r i e n t   c a p i t a l  (Van Cleve  1977). 

grasses  over  Eriophorum  vaRinatum  during  the  coloni- 
z a t i o n   s t a g e   a t   F i s h   C r e e k  may be t h e i r   r a p i d  
advance   in to   newly   ava i lab le   bare   sur faces  by 
rhizomes;  Eriophorum  vaginatum  reproduces  only by 
seeds,  and the   s eed l ings   have   a   h igh   mor t a l i t y   r a t e  
(Gartner  1982).  Eriophorum  vaginatum  appears  to be 
l e s s  w e l l  adap ted   fo r   bo th   co lon iza t ion  and domin- 
ance  than  the  dominants of both  recovering  and 
undis turbed marshes: Carex a q u a t l l i s  ssp .  s tans   and  
Eriophorum  annustifolium  ssp.  subarcticum,  which 
sp read   r ap id ly  by rhizomes. Carex a q u a t i l i s   a l s o  
has l a r g e r  below-ground s t o r a g e   r e s e r v e s  and  slower 
root  turnover  than  Eriophorum  vaginatum  (Chapin  and 
S lack  1979). 

Eriophorum  tussocks  accumulate  organic matter, 
which  insulates   the  ground,   holds   moisture ,  and 
raises the   pe rmaf ros t   t ab l e   t o   sha l lower   dep ths  t ha t  
change  very l i t t l e   t h roughou t   t he   g rowing   8eason .  
In marshes ,   f l uc tua t ions   i n  the depth o f  thaw are 
cons ide rab ly   g rea t e r ,  which may c o n t r i b u t e   t o   t h e  
b e t t e r   c o l o n i z i n g   a b i l i t i e s  o f  t h e  marsh  dominants. 
I n  f luctuat ing  environments  in general ,   taxa  adapted 
for rap id   d i spersa l ,   g rowth ,  and reproduction  pre- 
dominate  and make t h e  community h i g h l y   r e s i l i e n t ,  
wh i l e   i n   nonf luc tua t ing   env i ronmen t s ,  taxa adapted 
f o r   h i g h   c o m p e t i t i v e   a b i l i t y  are dominant  and make 
t h e  community l e s s   r e s i l i e n t  (Grime  1979). 

elsewhere,   such  as In wet, 5- to  10-year-old  dis- 
turbed sites a long   t he   fo re s t ed   pa r t s  of the Yukon 
River-Prudhoe Bay road.  Chapin  and  Chapin  (1980) 
observed   tha t   wi th in  5 years  of a d i s tu rbance ,  
Eriophorum  vaginatum  revegetated an organic   d i s -  
turbed s i te  i n   i n t e r i o r   A l a s k a   t h a t  had  been  suc- 
CeSSfUlly  seeded  with  commercially  available non- 
na t ive   g ra s ses .   Th i s   t axon   a l so   co lon izes   f ros t  
b o i l s  at  Cape Thompson and on t h e  Seward Peninsula  
(Hopkins  and  Sigafoos  1951,  Johnson et al .  1966), 
and  Gartner  (1982)  observed I t s  good co lon iz ing  
a b i l i t y  and e a r l y  dominance i n   t h e   T o o l i k  Lake 
area.  These sites a r e   a l l   s o u t h  o f  Fish  Creek, how- 
ever;  Eriophorum  vaginatum may be less e f f i c i e n t   a t  
t h e   n o r t h e r n  limits of i t s  occurrence  and  dominance. 

A t  Fish  Creek,  the  change from success iona l  
g r a s s e s  and  sedges  to  Eriophorum  vaginatum will be 

Ano the r   f ac to r   con t r ibu t ing   t o   t he   success  o f  

Eriophorum  vaginatum i s  a s u c c e s s f u l   c o l o n i z e r  

ve ry  slow.  Permanent.   plots  established in succes- 
sional  communities  in  1980 showed  no n o t i c e a b l e  
composition  changes by 1982,  al though  there IS some 
ind ica t ion   t ha t   t he   r ep lacemen t  is  beginning: 
Eriophorum  tussocks  appear, i n  s e v e r a l   p l a c e s  on t h e  
d i s t u r b e d  si te,  inc lud ing  a few  ripped  trenches. 
The development of tussock  communities a t  Fish  Creek 
i s  appa ren t ly   i nh ib i t ed  by the Axc tag ros t i s ,  I&, 
and  Carex  communities  that  precede them i n   t h e  
successional   sequence;   introduced  grasses   delay 
invas ion  by r e l a t i v e l y  slow-growing n a t i v e  taxa 
(Johnson and Van Cleve  1976). No such   i nh ib i t i on  
e x i s t s   i n  marshes: once  the  dominant  achieves  high 
cover ,   the   subord ina te   t axa   es tab l i sh   themselves  
mote eas i ly ,   even  i n  d i f fe ren t   tussock   communi t ies  
(Hopkins  and  Sigafoos 1951, Chapin and Chapin  1980). 

On the Arc t i c   Coas t a l   P l a in ,  complex  Eriophorum 
vaginatum  communlties grow on r iver   meanders   tha t  
a r e  600-800 yea r s   o ld   (Eve re t t  1979,  1980; Komarkova 
and Webber 1980). The development o f  complex 
Eriophorum  vaginatum  communities a t  t h e  Fish Creek 
s i t e  may t a k e   a t  least that long. Propagule   ava i l -  
a b i l i t y ,   o r g a n i c - r i c h   s u b s t r a t e ,  and moisture  condi- 
t i o n s  are more f avorab le  i n  the   sma l l   d i s tu rbed  
patch at Fish  Creek,  but  thv  development of t h e  
tu s sock  community is hindered by the euccess iona l  
upland  community of g ra s ses  and  sedges. 

400-600-year-old  meanders  and i n   r e l a t i v e l y  young 
d r a i n e d   l a k e s ;   i n  .loo-200 years   they  may develop on 
therrnokarsting sites where man has d i s t u r b e d   t h e  
surface.   During  the  several   thousand  years   between 
la rge   l andscape   d i s turbances ,  the complexity of both 
marsh  and  tussock  upland  communities  gradually 
inc reases ,   pa r t i cu la r ly   t h rough   t he   deve lopmen t   o f  
complex  microtopography; t h i s   c a n  be seen on a 
s e r i e s  of o l d   r i v e r  meanders at  Atkasook,  Alaska. 

recovery of t h e   F i s h   C r e e k   s i t e  w i l l  probably 
resemble  the  current ,   undis turbed  complex communi- 
ties i n  most g e n e r a l   f e a t u r e s .  It is l i k e l y   t h a t  
the  Eriophorum  vaginatum  tussock  communities are In 
e q u i l i b r i u n   w i t h   t h e   p r e s e n t   c l i m a t e  and w i l l  re- 
cover   once   d i s turbed ,   cont ra ry  t o  Webber and Ives  
(1978)  and Lawson et aZ. (1978).  Tussock communi- 
ties can  be  seen  developing on r e l a t i v e l y  young sur- 
f a c e s  in the Fish  Creek area and a f t e r   r e c e n t  d i s -  
t u r b a n c e s   i n   s o u t h e r n   l o c a t i o n s   i n  arctic Alaska. 
However, very  recent   c l imate   change  could  have low- 
e red   t he   r ecove ry   po ten t i a l  of Eriophorum  vaginatum 
communities at  their  n o r t h e r n   d i s t r i b u t i o n  limit. 

Human sur face   d i s turbances ,   such  as t h e   F i s h  
Creek Test Well 1 s i t e ,   r e p r e s e n t  a r e l a t i v e l y  small 
patch,   and  landscape  changes  tr iggered by t h e   o r i g i -  
n a l   d i s t u r b a n c e   a r e   v e r y   l o c a l i z e d  compared t o  the 
natural   landscape  changes  caused by t h e  thaw l a k e  
cycle,   meandering  streams,  and wind. Because  these 
na tura l   d i s turbances   overwork   mos t   sur faces  on t h e  
Arc t i c   Coas t a l   P l a in  i n  c y c l e s  of several   thousand 
yea r s ,  i t  can be expec ted   tha t   the  small sites dis -  
turbed by humans w i l l  e v e n t u a l l y   e n t e r   t h i s  
disturbance-and-recovery  cycle  and  disappear.  

Marsh  communities  appear on  somewhat younger, 

Most of the  communit ies   resul t ing from t h e  

CONCEPTUAL MODEL 

Figure 3 shows a conceptual  model of t h e  
recovery of upland  and  marsh  communities a t  F i s h  
Creek. Mesic uplands.  have a narrower  ecological  
range, show less f luc tua t ion   i n   env i ronmen ta l  
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FIGURE 3 Conceptual  model of recovery  rates of Fish  Creek  communities 
related  to  community  resistance  and t o  the  intensity of human  surface 
disturbance.  Community  resistance  is  independent of disturbance.  More 
resilient  communities  have  higher  overall  recovery  rates,  which  de- 
crease  slower  than  in  less  resilient  communities. In highly  resilient 
communities,  such  as  marshes,  the  rate o f  recovery  decreases  with  the 
increasing  intensity of disturbance  until it reaches  the  threshold of  
community  resistance,  and  then  increases  when  the  accumulated  organic 
matter  is  removed. In less  resilient  communlties,  such  as  upland 
tundra,  the  rate o f  recovery  drops  considerably  once  the  community 
resistance  threshold  is  passed,  and  the  space is occupied  by  a  succes- 
sional  community  composed o f  successful  colonizers,  which  are  slowly 
replaced  by  the  dominants o f  undisturbed  communities. The communities 
are  presumed  to  be  at  their  ecological  optimum, i.e.  at  the most favor- 
able  conditions  under  which  they  occur. 

factors  such  as  depth o f  thaw,  and  recover  more 
slowly.  This  is  consistent  with  the  hypotheses  that 
(1) complex,  mature,  local-climate-controlled 
systems  are  stable  (resistant  and  resilient)  only 
within  a  comparatively  narrow  range of conditions, 
whereas simple, pioneer systems controlled  by 
factors  other  than  local  climate  are  stable In a 
wider  range of environmental  conditions  (May 1973, 
Goodman 1975); and ( 2 )  frequently  disturbed 
communities  or  fluctuating  environments  are  more 
resilient  after  catastrophic  disturbance  than 
similar  communities  in  less  fluctuating  environ- 
ments.  According  to  Haber (1979), the  persistent, 
resistant,  diverse  ecosystems  occur  in  relatively 
constant  environments  and  can  develop  a  rich  and 
constant  assemblage o f  taxa;  the  dynamic,  resilient, 
simple  ecosystems  occur  in  fluctuating  environments 
and  can  only  develop a poor  and  fluctuating 
assemblage of  taxa  (van  der  Maarel 1980). 

is strongly  controlled  by  low  temperature  and  ground 
moisture  and  by  periodic  disturbances of the  thaw- 
lake  cycle,  rivers,  and  wind. It represents  an 
"azonal"  ecosystem  that is taxa-poorer  and  has  a 
higher  degree of dominance  than  less-stressed 
ecosystems.  Because  these  ecosystems  have  evolved 
under  drastic  periodic  landscape  changes,  they  are 

The  tundra on the  Alaskan  Arctic  Coastal Plain 

probably  well  equipped  to  cope  with  small-scale 
human  surface  disturbances  such  as  occurred  at  Fish 
Creek,  and  they  may  be  more  resilient  to  disturbance 
than  less-stressed  ecosystems.  Because of the  slow 
dynamics of the  system,  however,  the  recovery  times 
of complex  communities  may  be  very  slow. 
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GEOCRYOLOGICAL  MONITORING OF PIPELINES 
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Long-term geocryological-geological investigations  along  the  route of an  arctic  pipe- 
line  revealed  environmental  disturbances  during  both  construction  and  operation  and 
also  corresponding  changes  in  the  permafrost  condition.  The  impact  of  cryogenic 
processes on pipeline  operation  was  studied;  causes of breakdowns  were  revealed;  and 
possible  ways  of  improving  operation  were  pinpointed.  The  conclusion  was  reached 
that  geocryological  monitoring  must  be  included in the  design  construction  and  opera- 
tion  of  pipelines  in  permafrost  zones,  as  well  as  permafrost  surveys  and  forecasts. 
The  term  monitoring  implies  systematic  field  observations  of  the  dynamics of permafrost 
conditions  along  the  route  of  the  pipeline  as  the  natural  environment  evolves  under  the 
technogenic  influences  imposed on it.  The  scientific and procedural  aspects  of  geo- 
cryological  monitoring  are  described.  Its  aims  and  practical  applications  at  the 
various  stages o f  exploration,  construction  and  operation  are  defined. It is  noted 
that  the  monitoring  data  are  necessary  for  revealing  trends  in  the  formation  and 
development  of  permafrost  conditions  along  the  pipeline,  and  for  developing,  checking 
and  streamlining  forecasts  of  changes  and  means of modifying  permafrost  conditions  to 
ensure  optimum  conditions for pipeline  operation  consistent  with  environmental 
protection. 

In  modern  literature  devoted  to  the  problems  of 
environmental  protection  the  term  "monitoring"  is 
more  and  more  often  used.  It  means,  according  to 
the  Merriam-Webster  Dictionary (19741, "watching  or 
observing  for  a  special  purpose."  However,  in  some 
scientific  literature  this  term  includes  a  broader 
sense,  though  different  authors  use  it  in  various 
meanings.  Thus,  in  the  booklet  "Global  environ- 
mental  monitoring",  published  in  1971  by  a  special 
committee  of  the  Scientific  Commission on Problems 
of  the  Environmental of the  International  Council 
of Scientific  Unions  the  comment  is  made  that  a 
system of monitoring  includes  systematic  observa- 
tions on the  state  of  the  environment,  determina- 
tion  of  possible  changes  (especially  due  to  human 
influence),  control  of  such  changes,  and  measures 
to  regulate  (control)  the  environment  (Ananichev 
1974). In  a  similar  definition  Gerasimov  (1975) 
describes  it  as  "monitoring  is a system  of  obser- 
vations,  control  and  environment  conduction, which 
are  carried  out on different  scales  and  on  a  global 
one as  well."  Israel (1974) says,  "it i s  more 
correct  to  call  the  system  of  observations  which 
helps  to  distinguish  changes of the  biosphere  state 
under  the  influence  of  the  human  activity- 
monitoring."  Mann (1973) considers  monitoring  an 
estimation  of  repeated  observations o f  one  or  some 
more  elements  of  environment; in  space and  time, 
with  the  definite  aims  and  program  prepared  before- 
hand.  Thus  the  environment  observations  should  be 
considered  as  the  main  thing  in  monitoring,  though 
some  authors  also  include  in  it  the  environment 
estimation  and  control. 

Many  countries  have set about  creating  a  global 
environment  monitoring  system on the  initiarive of 
the  United  Nations. In the USSR this  is  carried 
out  by  the  State  Service  of  Observation  and  Control 
over  the  pollution  level of the environment, 

Recently  the  question  arose  about  the  necessity  of 
environmental  monitoring  as  a  consistent  of a 
global  one. In particular,  Konoplyantsev  and  other 
authors (1982) suggest  organizing  an  observation 
system  that  would  watch  all  processes  arising with 
respect  to  underground  water  under  the  influence of 
the  anthropogenic  changes,  to  accumulate  necessary 
series of comparable  information,  to  evaluate  the 
present  situation,  and  to  carry  out  the  prediction 
of  the  regime,  resources of the  underground  water 
and  their  quality  for  far  and  near  perspective 
(underground  water  monitoring).  There  are  also 
suggestions  about  organizing  hydrogeological  moni- 
toring  during  exploitation of mineral  resources 
(Korobeynikov  et  al. 1982). Grave (1980) has 
reported  on  the  monitoring of the  cryolithozone 
and  the  control  of  development  in  the  geocryo- 
logical  environment  as  related  to  natural  factors 
and  technogenic  operations. 

Frozen  rocks  (Kudryavtsev 1978) are closely 
interrelated  with  the  complex of the  geological- 
geographical  factors of the  natural  environmenr. 
Their  changes  cause  natural  changes  of  the  perma- 
frost  conditions in the  course  of  natural  evolution 
and  especially  under  technogenic  operations.  They 
are  expressed in terms  or  the  changes o f  tempera- 
ture  of  the  rock  regime,  rate  and  depth of their 
seasonal  freezing  or  melting,  the  development  of 
the  cryogenic  processes  and  phenomena.  In  this 
connection  essential  change  of  the  engineering 
geological  conditions of the  territory  are  possible 
and  may  have  an  unfavorable  influence on the 
stability of structures.  For  example,  pipelines, 
being  linear  structures with  variable  heat  regimes, 
can  exert  considerable  influence  (mechanical  and 
thermal)  upon  the  environment.  Consequently,  the 
permafrost  situation  can  be  changed  considerably 
along  the  pipeline. The latter,  in  turn,  acting 
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on the  pipeline  may  cause  additional  stresses  and 
deformations,  which  may  result  in  its  destruction. 

Thus,  because of the  specific  characteristics of  
the  permafrost  situation which is  constantly  devel- 
oped  and  if  taking  into  account  its  functional 
interconnection  with  the  complex  of  natural  factors 
changing  both  in  natural  conditions  and  during  the 
pipeline  construction  and  operation,  along with the 
permafrost  survey  and  forecast  geocryological 
monitoring  prototype  systematic  observations  of 
changes  of  permafrost  conditions  along  the  pipeline 
in  the  course  of  natural  evolution  and  under  the 
technogenic  influence  should  be  fulfilled.  It  is 
necessary  to  do  monitoring  constantly  from  the 
moment  of  prospecting,  during  construction  and  after 
operation of the  pipeline,  because  of  the  continu- 
ous  changes  of  permafrost  conditions  along  the 
pipeline. 

During  prospecting,  prototype  observations  are 
carried out, together  with  the  permafrost  survey, 
and  should  be  aimed  at  solving  the  main  task  of 
exposing  general  and  specific  regularities  of  form- 
ing  and  developing  seasonal  rocks  and  permafrost, 
cryogenic  processes  and  phenomena  connecting  with 
them.  Geocryological  monitoring i s  organized  in 
the  early  stages  of  the  technological  and  economic 
calculations o f  the  pipeline  construction.  For 
this  purpose  observation  areas  are  designated  in 
all types  of  terrain,  for  studying  the  temperature 
regime of Soils,  their  seasonal  freezing  and  melt- 
ing,  development  of  cryogenic  processes  and  phen- 
omena  depending  upon  the  main  geological-geographi- 
cal  factors  and  their  natural  dynamics. In the 
subsequent  site  selection,  monitoring  should  be 
continued on the  chosen  variant  of  the  pipeline. 
Essential  increase  of  the  number o f  the  observation 
areas  and  the  regime  observation  program  becomes 
more  complicated.  In  addition  to  more  detailed 
observations  of  natural  permafrost  situations  at 
control  areas,  observations at experimental  areas, 
with  different  types of technogenic  operations, i.e. 
at  "technogenic"  areas  are  organized.  These  are, 
for  example,  areas  with  the  vegetative  cover  taken 
off,  areas  kept  free  of snow, drained  ponds,  etc. 
The  monitoring  data  during  engineering  prospecting 
along  the  pipeline  are  used  for  the  engineering- 
geological  estimation  and  making  recommendations 
concerning  the  control  of  the  permafrost  situation 
to  ensure  optimum  conditions  for  the  pipeline  con- 
struction,  operation  and  environment  protection, 

In  connection  with  the  possibility of unfavor- 
able  development  of  cryogenic  processes  along  the 
pipeline  during  construction,  ir  is  advisable  to 
create  special  geocryological  services  (geocryo- 
logical  monitoring  service,  geocryological  station, 
etc.)  atrached  to  the  management o f  the  pipeline 
under  construction  (or  to  some  research  institu- 
tion).  Such  groups  would  carry  out: (1) constant 
permafrost  control  during  the  pipeline  construction 
and (2) operation of the  fulfilment  of  measures 
ensuring  its  stability  and  geocryological  environ- 
ment  protection; ( 3 )  regime  observations  of  changes 
of  permafrost  Conditions  in  the  course o f  natural 
evolution  and  in  connection  with  the  disturbance of 
the  complex  of  natural  conditions  during  the  pipe- 
line  construction  and  its  heat  influence  during  the 
pipeline  operation;  and ( 4 )  systematic  study of the 
influence  of  the  cryogenic  processes on the  pipe- 
line  operation  and  working  out  effective  measures, 

ensuring  better  geocryological  conditions  for  its 
operation  and  environmental  protection. 

of all  measures  concerning  the  control  of  the 
permafrost  situation  suggested  in  the  project  are 
controlled, with the  purpose  of  ensuring  stability 
of  construction  and  environment  protection.  Special 
attention  should  be  paid  to  the  quality  of  the 
earthwork,  surface  planning,  maximum  preservation 
of  the  turf-mantle  of  soil  and  to  the  fulfillment 
of  measures  concerning  earth  recultivation  and 
decreasing  the  development  of  undesirable  cryo- 
genic  processes.  During  this  period  geocryological 
monitoring  continues  at  the  areas  equipped  during 
prospecting  (they  characterize,  mainly,  natural 
conditions of  work) and  at  additional  areas  which 
are  made  along  the  pipeline  during  its  construc- 
tion.  Observation  areas  should  characterize  every 
type  of  locality,  at  the  most  complicated  parts  of 
the  pipeline,  for  example,  in  areas  crossing  the 
valleys  of  large  rivers.  Observations  are  also 
made at  locations  where  the  pipeline  laying,  struc- 
tural  peculiarities  (diamerer,  thermal  insulation, 
etc.)  and  the  operational  regimes  differ.  Regime 
observations of  the  temperature  dynamics,  seasonal 
freezing  and  melting  of  soil,  development of the 
cryogenic  processes  are  conducted in  natural 
conditions  (undisturbed),  along  the  construction 
area  (in  disturbed  conditions)  and  near  the  pipe 
directly.  All  disturbances  of  the  complex  of 
natural  factors  occurring as the  result of con- 
struction  operations  are  fixed  to  maximum  details. 
Systematic  observations  of  the  relaxation of these 
disturbances  and  regeneration  of  the  vegetative 
cover  are  carried  out;  simultaneously,  conditions 
o f  snow accumulation  and  surface  structure of the 
radiation-thermal  balance  and,  hence,  the  perma- 
frost  situation  along  the  pipeline  will  change. 

During  pipeline  operation  observations  are 
carried out at  the  areas  equipped  during  construc- 
tion  and  at  those  left  after  prospecting.  They 
are: ( I )  near  the  pipe-observations of the  temp- 
erature  field  change,  the  aureole  formation  of 
seasonal  soil  melting  and  freezing,  the  vertical 
displacement  and  stressed  state  of  the  structure, 
the  thermoerosion  development,  winter-killing, 
cracking,  and  other  cryogenic  processes; (2) within 
the  construction zone, and (3)  in  natural  condi- 
tions-of  the  temperature  field  changes,  soil 
dynamics of seasonal  freezing  and  melting, new 
formation o f  permafrost  and  freezing or, on the 
contrary,  of  the  formation  of  non-confluent  perma- 
frost  areas,  development of cryogenic  processes 
and  phenomena.  Special  attention  should  be  paid 
to the  study  of  influence  of  the  cryogenic  proces- 
ses  on  the  pipeline  operation,  efficiency  of  the 
project  measures  for  the  construction  stability  and 
environment  protection.  All  cases of pipeline 
ruptures  should be thoroughly  analyzed  from  the 
point  of  view  of  the  influence  of  the  cryogenic 
processes.  Based  upon  the  regime  observations  it 
is  necessary  to  test  and  to  improve  the  accuracy 
of  geocryological  forecasting. In accordance with 
this  to  make new recommendations for improvement of 
the  geocryological  conditions  of  the  pipeline 
operation.  During  this  period  it  is  necessary t o  
carry  out  systematic  and  strict  control  over  fulfil- 
ment of the  measures  ensuring  the  pipeline  stability 
and  environment  protection,  particularly  over 

During  the  pipeline  construction  the  fulfilment 
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limitations o f  the  movement of crawler  tractors 
near  the  pipeline  and  in  the  adjacent  area. 

Scientific  and  procedural  aspects  of  the  geo- 
cryologic  pipeline  monitoring  described  above  may 
be  illustrated  by  the  long-term  data  of  the  geo- 
cryological-geological  investigations  conducted  by 
the  Geocryological  Department  of  Moscow  University 
at one of  the  northern  gas  pipelines  (Poltev  et  al. 
1979, Kondratyev  et  al. 1979). Experimental 
investigations were  made  at the  most  complicated 
and  important  section  of  the  pipeline;  the  part  of 
the  pipeline  crossing  a  large  river  valley. 

terized  by  a  low  average  annual  air  temperature 
(-10.6"C), a  large  amplitude  of  annual  fluctuation 
( 4 4 . 3 ' C ) ,  and 4 4 . 3  cm of precipitation  annually. 
Due to  snow-storm  winds  thickness o f  snow  cover 
often  is  irregular  in  valleys,  at  the  foot  of  the 
slopes  and  in  areas  covered  with  thick  shrubs  it 
reaches 1.5-3 m  and  more,  while in elevated  areas, 
especially  from  the  bare  ones,  snow  is  blown off  
and  its  thickness  is 0 to 0.5 m. In this  connec- 
tion  the  river  valley  and  the  adjacent  areas  of  the 
alluvial  plain  are  characterized  by  the  very 
complicated  permafrost  situation.  The  areas  of 
continuous  (low  flood  plain,  first  terrace  above 
the  flood  plain,  watershed  surface),  discontinuous 
permafrost  (high  flood  plain),  and  also  the  areas 
without  permafrost  (river-bed,  bottom  of  large 
lakes)  are  observed.  Thickness  of  the  permafrost 
mass  varies  from 3-10 m  at  the  bottoms of the 
drained  lake  potholes  to  one  hundred  metres  at  the 
water  divide  surface.  The  upper 10-15 m  layer  of 
the  permafrost  consists  of  rocks  of  the  Middle  and 
Upper  Pleistocene  and  also  Holocene,  mainly,  of 
loamy  and  sandy  composition.  The  development of 
the  epigenetic  as  well as syngenetic  and  poly- 
genetic  permafrost  is  marked. In accordance with 
the  genesis of the  permafrost  masses,  and  their 
composition,  the  character o f  the  cryogenic  texture 
and  their  ice-content  is  changed.  Stratified  and 
reticulate  structures  prevail. At some  areas  the 
ice-content  in  the  soil  is 50% and  more.  Average 
annual  temperature of soils  at  the  depth of annual 
zero  amplitudes  varies  from 3 to 4°C under  large 
lakes  to -4 to -6°C on the  watershed  surface. 
Typical  temperatures of the  soils  in  the  river 
valley  range  from -0.2 to 2'C. The temperature 
regime  in  rocks  is  influenced  considerably  by  the 
snow cover,  increasing  the  average  annual  tempera- 
ture of soils  by 2-12'C. Ponds (by 0.1-6"C), bog 
formation (by  0.1-1°C)  and  summer  precipitation 
infiltration (0.1-0.5) give  heat  effect  as  well. 
Vegetation  cools  soils by 0.1 to  1.5"C,  however, 
retaining  the  snow  (especially in shrubs)  increases 
the  temperature  of  rocks.  Temperature  shift  in 
annual  thawed  layer  reduces  temperature  by 0.2- 
1.1"C. Thermal  influences  by  other  factors  is  not 
significant. In the  territory  under  study  seasonal 
melting  as  well  as  seasonal  freezing  of  soils  is 
observed,  the  former  process  spreading  much  wider 
than  the  latter  one.  Thickness of annual  thawed 
layer  ranges,  depending on the  complex  of  natural 
factors,  from 0.6 to 0.75 m  to 1.8-2 .5  m  and  that 
of  an  active  layer  from 0.4-0.5 to 1.3-1.5  m. 

In natural  conditions  practically  all  main 
geocryological-geological processes  and  phenomena 
take  place  here,  however,  the  degree  of  their 
development  is  very  different.  Solifluction, 

With  respect  to  climate  this  region  is  charac- 

heaving, t d. :hermakarst  are  widesprea Such  proces- 
ses  as  frost  cracking  and  ice  wedge  formation  are 
not  common.  Spreading  the  geocryological  processes 
and  phenomena  along  the  area  is not constant.  High 
flood  plain  (heaving,  thermokarst)  and  right-bank 
valley  side  (solifluction,  ice  formation)  are  sub- 
jected  to  their  influence  to  a  great  extent. On 
the  right  bank  within  the  lake-alluvial  plain 
different  age  forms  of  the  thermokarst  and  heaving 
hillocks  are  also  met.  Trench-laying  of  tunnels 
was  made  because  of  the  danger of the  pipeline 
destruction  by  the  spring  ice  drift  in  the  river 
floodplain.  During  the  pipeline  construction 
natural  conditions  were  considerably  disturbed. 
So, under  each  tunnel  in  the  floodplain  a  strip 
from 30 to 50 m  wide  was  cleared  away  by  bulldozers 
and  then  the  trench  from  1 to 5 m  deep  and  from 1.5 
to 10 m wide,  was dug  by  excavating  machines  (with 
the  preliminary  ripping  of  Soil  by  blasting). It 
was  accompanied  by  partial  change  of  microrelief, 
shrub  destruction,  Considerable  moss-herbage  dis- 
turbance  and  also  by  changes  of  the  runoff  con- 
ditions  of  the  surface,  intrapermafrost  and  sub- 
permafrost  water,  partial  or  complete  drainage  of 
some  swamps  or  lakes.  Later on (2-3 years) 
recovery o f  herbage  took  place  within  the  construc- 
tion  strip  and  in 5-6 years,  cuttings were covered 
with  meadow  herbage 0.2 to 0.8 m  in  height of 
different  density. In some  areas  even  small  thin 
willow  shrubs  (to 0 . 2 - 0 . 4  m) appeared.  However,  in 
the  areas  of  the  intensive  thermoerosion  develop- 
ment, e.g. on the  slope  of  the  terrace  above  the 
floodplain,  herbage  did  not  recover.  Shrub  felling 
changed  considerably  the  conditions  of  the  snow 
cover  formation.  Thus, in the  high  flood-lain  area 
the  depth  of  snow  decreased  from 2 t o  2.5 m  (den- 
sity, 0.25 to 0.35 g/cm3) to 0.12 to 0.90 m 
(density,  0.3 t o  0.4 g/cm3). 

Everything  mentioned  above,  together with the 
variable  pipeline  thermal  regime,  caused  great 
changes  in  permafrost  conditions  along  the  pipeline, 
in  comparison  with  natural  situation.  Experi- 
mental  studies of the  dynamics  of  the  permafrost 
situation,  in  connection  with  the  pipeline  construc- 
tion  and  operation,  was  made on 18 specially 
equipped  observation  areas  which  made it  possible 
to  carry on investigations,  in  practically  all 
micro-districts  of  the  territory  having  different 
operation  regimes  of  the  pipeline  (Kondratyev  et 
al. 1976). Observations  of  the  soil  temperature 
dynamics,  using  response  thermometers  and  ther- 
mistors,  in  holes of 7 to 11 m  in  depth,  proved 
thar  the  considerable  changes  within  the  construc- 
tion  strip  occurred  in  areas  where  shrubs  were 
destroyed and the  depth of the snow cover  essen- 
tially  decreased.  Thus,  average  annual  temperature 
of  soils  at  the  base  of  the  annual  thawed  layer 
decreased by 2-5'C in high  floodplain  areas  and,  at 
the  depth  of  the  annual  zero  amplitudes,  by 0.3 to 
2 . 5 " C .  In areas  where  the  disturbance  of  the 
complex  of  natural  conditions  was  not  critical  or 
it  recovered  rapidly  (low  floodplain),  the  soil 
temperature  within  the  construction  strip  did not 
change  significantly. As the  average  annual 
temperature of gas  at  the  starting  point  of  the 
underground  area  is  almost  the  same  as  the  air 
temperature  and  the  temperature o f  rocks  changes 
from 0' to -& 'Cy the  pipe  during  the  average  annual 
cycle  causes  a  cooling  effect on the  pipeline 



section  to  the  riverbed  equal  to 9'C at  the  pipe 
entrance  into  the  soil; 3.5'C at  the 0.5 km 
distance,  and  only 2.5"C at  the 1.5 km distance. 
Thermal  effect  on  the  pipe  occurs  beyond  the  river, 
the  riverbed  being 2 .5  km wide  there.  The  pipeline 
thermal  influence  zone  decreases  rapidly  downwards 
and  laterally  from  the  pipe.  When  the  pipeline 
operates  all  year  round,  and  is  buried  at a  depth 
of 1.0 to 1.5 m, the  thermal  influence  of  the  pipe 
downwards  is  not  more  than 8 to 10 m, and  to  the 
side  only 3 to 4 m, 

thermophysical  properties  caused  the  depth  changes 
of their  annual  thawing.  The  greatest  increase  in 
the  depth of the  annual  thawed  layer (by 25-50%) 
occurs  within  the  construction  zone  in  areas  such 
as  the  high  floodplain  and  on  the  terrace  cusp, 
where  the  shrub  and  the  moss  cover  were  destroyed. 
In the  areas  where  there were no essential  vege- 
tative  changes,  such  as  low  floodplains  and  the 
bottom  of  the  lake  basin,  the  depth of annual 
thawing  of  Soils  did  not,  for  practical  purposes, 
change. Due to the  high  moisture  content o f  soils 
in  the  river  floodplain  and  the  decreased  average 
annual  temperature  within  the  construction zone, 
because  of  the  reduced  snow  cover,  there  was a 
comparatively  small  increase  in  the  depth of annual 
thawing  within  the  construction zone,  in  comparison 
with  natural  conditions  away  from  the  pipeline. 
A sharp  increase  in  the  depth  of  freezing  was 
observed in the  areas  of  non-confluent  permafrost, 
where  linking  of  the new permafrost  layer with the 
permafrost  table  at  greater  depths  took  place 
during  the  first 1-3 years. 

2.5 m thaw  in  the  trench,  Such  deep  thawing  takes 
place  both  because  of  the  day-surface  and  the  pipe 
in  which  gas  transporting  in  summer  has a positive 
temperature.  Thawing  of  Soil5  under  the  pipe  in 
the  river  valley  varies  from 0.6 m at  the  lake 
basin  bottom  to 1.6 m on the  terrace  slope,  the 
increase  being  connected  in  the  latter  case  mostly 
with the  greatest  thermal  effect  of  the  pipeline, 
since  this  area  is  the  nearest  one to the  point of 
the  pipe  entrance  into  the  soil  and  also to the 
suprazone  water  run-off  along  the  trench.  The 
least  waste  of  heat  on  the  phase  water  transition 
is  observed  there,  as  ice  content  of  sandy loam in 
the  trench  is  not  essential. The least  thawing 
layer  is  formed  in  those  areas with  shallow  burial 
o f  the  pipe  at  the  lake basin bottom,  where  the 
Soils  are  characterized  by  large  ice  content  and 
low  average  annual  temperature  at  the  base of the 
annual  thawed  layer. 

Destruction  of  the  vegetative  cover,  and  the 
sod-mantle of soil,  changes  in  the  temperature 
soil  regime,  depth  and  rate  of  their  annual  thawing 
and  freezing  caused  considerable  active  geocryo- 
logical-geological  processes.  Thus,  it  stimulates 
soil  solifluction on rhe  slopes. On many  slopes 
and  ravines,  thermoerosive  rain  rills  and  gullies 
(Figure 1) are  intensively  developed  because  of  the 
sod  cover  destruction  and  the  formarion  of  the 
concentrated  run  off  along  the  technogenic  micro- 
recesses,  as a  rule,  along  the  crawler  tractor 
tracks.  Their  formation  rate is rather  great with 
gullies 3 to 4 m deep  and 5 to 20 m  wide, forming 
1-2 years  after  construction.  Especially  intensive 
growth of gullies  occurred  during  rainfalls.  The 

Changes  in  temperature  regime of soils  and  their 
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increase  in  depth of the  annual  thawed  layer,  as 
well  as  the  change  of  its  moisture  regime  causes an 
increase  in  seasonal  heaving  and  settlement  of  soils 
within  the  construction  zone 1.1  to 2 .0  times  as 
great (up to 4 - 1 2  cm), in the  trench 2 to 5 times 
as  great  (up  to 8-30 cm). 

The  variety  of  permafrost  conditions  of  the 
region  under  study  causes  rather  dissimilar  effect 
of  the  permafrost on the  pipeline.  This  effect 
becomes  sharply  complicated  by  the  changes  of  the 
permafrost  conditions  because  of  the  destruction  of 
the  natural  situation  in  rhe  course  of  the  pipeline 
construction  and  its  subsequent  thermal  effect 
during  operation.  Everything  said  above  together 
with  variable  thermal  regime  of  the  pipeline  causes 
the  development of pipe  tensions  of  different 
values  that  often  result in the  breaking of the 
pipe  (Kondratyev  et  al. 1979). It is  character- 
istic  that  the  overwhelming  number  of  breaks  occur- 
red  in  the  river  valley,  during  the  period  from 
November  until  February  in  contact  zones  of  perma- 
frost  and  thawed  rocks  (Figure 2) and  in  places of 
large  curves  as well (Poltev  et  al. 1979). 

in  places  of  the  pipeline  breaks  and  of  the 
dynamics of freezing of aureoles  of  seasonal  thaw- 
ing  of  soils  around  the  pipe  in  the  areas  of  the 
permafrost  development  and of new  formation  of 
permafrost masses, temperature  observations of the 
pipeline  sides  helped to explain  the  pipe  break- 
downs.  Soil  in  the  aureoles  of  seasonal  thawing 
around  the  pipe  in  November-December  and  sometimes 
later  because of the  cold  gas  transportation 
freezing  over,  causes  the  pipe in the  permafrost to 
be  squeezed. In the  areas  of  thawed  rocks  (under 
fluvial,  under  lakebed  taliks,  and in regions  of 
non-confluent  permafrost)  during  the  whole  winter, 
new  formation  of  permafrost  takes  place  under  the 
pipeline  with  the  intensive  ice  formation  and  soil 
heaving.  Thus,  the  pipe  section  squeezed  at  the 
ends  in  permafrost  masses,  undergoes  the  ever- 
growing  pressure  on  the  freezing  soils.  Curved 
pipeline  sections,  with a small  radius o f  bend  and 
large  temperature  amplitudes  at  the  pipe wall, 
causes  severe  stresses in the  pipe.  Everything 
mentioned  above  results  in  breaking  the  pipe  at  the 
weakest  points,  as a  rule,  along  welded  joints. 
That  is  why  the  following  precautions  should  be 
taken  into  consideration: (1) avoid,  if  possible, 
laying  the  pipe i n  taliks; (2)  decreasing  the  size 
and  unevenness of soil  heaving in  a  trench; (3)  
preventing  the  pipe  squeezing  and  permitting  its 
movement  under  the  influence of heaving,  tempera- 
ture,  and  other  tensions; ( 4 )  utilize  insulation 
of  the  pipe  at  certain  areas, with the  purpose  of 
decreasing  the  amplitude of temperature  fluctua- 
tions,  and ( 5 )  laying  the  pipe,  if  possible, 
without  curves. 

On the  right-bank  area o f  the  river  crossing 
pipeline  breakdowns  were  not  encountered.  However, 
the  development  of  solifluction  and  thermoerosive 
processes  is of great  danger €or  the  pipeline 
stability  (Figure 1). 

essential  changes  of  permafrost  conditions  along 
the  pipelines  take  place.  These  changes  may  be 
quite  different  in  various  sections  of  the  pipelines 
depending on the  complex  of  the  geological- 
geographical  factors.  Together  with  variable 

The  analysis  of  the  permafrost  situation of soils 

Thus,  the  research  carried  out  shows  that  rather 
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thermal  regimes o I f  t :he  pipeline t :hey  cause  the 
pipe  tensions,  often  resulting  in  its  breakage. 
In this  connection  geocryological  monitoring 
should  be  constantly  carried  out with the  purpose 
o f  studying  the  dynamics  of  permafrost  situation, 
in  natural  conditions,  and  under  the  influence of 
the  pipeline  construction  and  operation.  Thus,  it 
i s  possible  to  work  out  effective  measures  concern- 
ing  the  control of the  permafrost  situation  along 
the  pipeline  construction with the  purpose o f  
ensuring  its  stability  and  environmental 
protection, 
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FIGUP3 2 Places  of  pipeline  breaks  in  the  river 
floodplain  marked  in  contact zones of permafrost 
and  thawed  rocks. 1) earth  surface, 2) pipe, 
3)  boundary  of  permafrost  rocks, 4 )  place  and  date 
of the  break. 
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An analysis of existing  hypotheses  as  to  the  interaction  between  water  and  minerals 
in  connection with their  crystal  and  chemical  properties  allows  one  to  present  a 
theoretical  model  for  the  existence of minerals  in  the  zone of cryogenic  weathering. 
According  to  this  model,  the  destruction  threshold  depends  on  the  peculiarities  of 
the  surface  energy o f  the  minerals,  which i s  a  function  of  the  crystallo-chemical 
properties  of  the  surface,  the  characteristics  of  the  ground  solution,  and  the  degree 
of  dispersion.  The  threshold  of  cryogenic  destruction  was  established  experimentally 
for  different  groups  of  minerals  and  for  different  temperature  regimes. It was 
established  that  the  degree of mineral  disintegration  was two to  three  times  higher 
in  the  case  of  temperature  oscillations  across  the O'C threshold  than  in  the  case  of 
oscillations  entirely  beneath  that  threshold. 

One  of  the  main  processes  of  the  transformation 
o f  mineral  matter in the  zone  of  cryolithogenesis 
is  that  of  destruction  of  primary  minerals  and 
rocks  in  the  course of water-ice  phase  transitions. 
By  its  mineralogical  essence,  this  process  is  the 
simplest  out  of  the known forms  of  hypergenesis. 
The  mechanism  of  cryogenic  disintegration,  however, 
is  of  a  rather  complicated  nature  and  refers  to 
the  physical-chemical  type.  The  latter  statement 
is  based on the  assumption  that in fine-grained 
cryogenic  crushing  of  minerals,  their  specific 
surface  energy  (SSE)  has a determining  role.  The 
concrete  form  of  the  SSE  effect on the  process  of 
cryogenic  disintegration  is  realized  through  the 
protective  function of the  film  of  unfrozen  water. 
Thus  the  different  categories  of  bound  water  of 
dispersed  systems  play  a  dialectically  contradic- 
tory  part  in  the  process o f  their  freezing-thawing 
with  respect  to  the  resistance  of  mineral 
particles.  The  metastable  thermoactive  film  of 
bound  water  inserts  a  destructive  effect,  in  the 
main,  and  the  stable  film of unfrozen water, on 
the  contrary,  raises  particle  resistance,  since 
the  whole  range of the  outer  effects on them 
occurs  mediately,  through  the  film  of  water 
unfrozen  at  the  given  concrete  temperatures.  Thus, 
the  resistance o f  mineral  grains  is  not  only 
determined  by  their  strength,  but  also  depends on 
the  thickness  and  properties of the  adsorbed 
unfrozen  water. 

a  basis  of  a  theoretical  model  of  Cryogenic 
resistance-,of  different,  mainly  rock-forming 
minerals,  or  rather o f  their  relative  correlations, 
and, in the  end,  of  an  ideal  scheme  of  the  minera- 
logical  composition of cryogenic  eluvium 
(Konishchev, 1977; Konishchev & Rogov, 1978). 

disintegration  has  resulted  in  the  conclusion on 
the  reverse  distribution,  over  the  granulometric 
spectrum,  of  the  maxima  of  contents of individual 
rock-forming  minerals  in  the  deposits  of  the  zone 
of  cryolithogenesis,  as  compared with dispersed 

The  above-given  considerations  were  assumed as 

A theoretical  study  of  the  process  of  cryogenic 

deposits  formed  under  the  conditions  of  the  warm 
and  temperate  climatic  zones.  One of the  parricu- 
lar  corollaries  of  this  general  proposition  has 
been  an  inference  of  the  fact  that  quartz  grains 
in  the  zone of cryolithogenesis  are  less  resistant 
than  feldspar  grains  unchanged  previously  by  some 
other  processes. 

in  the  "particle -t- unfrozen  water  film"  system is a 
fundamentally  important  aspect  in  substantiating 
the  theoretical  model of cryogenic  resistance of 
particles of different  mineralogical  composition. 
Thus it  follows  that  in  order to verify  the 
validity  of  the  proposed  theoretical  scheme  of 
cryogenic  eluvium,  possibilities  should  be  sought 
that  would  allow  determining  not  only  the  total 
volume  of  unfrozen  water  in  a  dispersed  system, 
but  also  its  real  structural  correlations with the 
mineral  skeleton.  Unfortunately,  the  widely 
accepted  methods of estimating  the  amount of 
unfrozen  water  do  not  give  a  direct  answer  to  the 
question  of  its  protective  functions  for  different 
components  of  the  skeleton  of  frozen  ground. 

One  of  the  promising  approaches  to  the  solution 
of this  complicated  problem  is  related to the 
microscopic  investigation  into  the  structure o f  
frozen  dispersed  systems. 

Studies  of  the  microstructure  of  mineral  sus- 
pensions  frozen  and  cooled  to  low  temperatures with 
the  use of electronic  microscopy  have shown that 
basal  cement-ice  that  originates  with  the  freezing 
of  suspensions  subdivides  clearly  into  two  types. 
One  of  these,  named  volumetric,  forms  from  free 
and  loosely  bound  water,  and  the  other,  the  near- 
contact  type, forms from firmly  bound  water.  In 
frozen  suspensions  consisting  of  particles  of - 

different  mineralogical  composition  with  the  sizes 
of > O . l  mu, it  was  recorded  that  the  volume of the 
near-contact  ice  around  feldspar  grains  exceeded 
that  of  quartz  particles  by  many  times.  The  value 
of the  volume o f  the  near-contact  cement-ice can 
serve as a  measure of SSE of  particles  of  different 
mineral  composition,  and  it  reflects  the  thickness 
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of  unfrozen  water  films on particles  at  higher 
negative  temperatures  real  for  the  natural 
environmental  conditions.  Therefore,  the  corre- 
lation  between  the  volumes  of  the  near-contact 
cement-ice  on  quartz  and  feldspar  grains  demon- 
strates  quite  objectively  and  obviously  the  higher 
resistance  of  feldspar  grains  than  those  of  quartz 
with respect  to  the  factors  of  the  outer  cryogenic 
effect  on  the  ground  system. 

The  laboratory  modelling  of  cryogenic  destruc- 
tion  of  different  minerals with dimensions of  the 
granulometric  fractions  widely  used  in  the USSR, 
viz., 1 to 0.5 m, 0.5 to 0.25 mm, 0 .25  to 0.1 mm, 
0.1 to 0.05 mm, and 0.05 to 0.01 mm, has  made  it 
possible  to  determine  the  cryogenic  resistance  of 
each  of  the  monomineral  fractions.  The  cryogenic 
resistance was estimated  by  a  simple  index  of: 

Hcr = - a-b 
a x n  ' 

where  a = the  amount  of  granulometric  monomineral 
fraction  in  the  specimen  prior  to  the 
effect  of  the  cryogenic  factor on it; 

b = the  amount  of  the  same  fraction  after 
this  effect;  and 

n = the  number  of  cycles  of  freezing  and 
thawing. 

The  lower  the  value  of Hcr, the  higher  is  the 
resistance  of  fraction.  The  index  suggested  is 
very  convenient  to  generalizing  the  data on 
laboratory  modelling  of  cryogenic  crushing  and 
allows  proceeding  from  the  theoretical  scheme  to 
an experimental  model of cryogenic  disintegration. 
An analysis of the  experimental  data  has  shown  that 
cryogenic  resistance  is  a  function of the  minera- 
logical  composition,  degree  of  dispersion,  humidity, 
and  temperature  conditions. 

A series of cryogenic  resistance  of  minerals 
was  obtained  for  different  conditions,  which  turned 
out  to  be  most  original.  Thus,  for  example,  the 
following  sequence was observed for 1 ro 0.5 mm- 
fraction  with  complete  moisture  saturation  and  the 
temperature  conditions  of  freezing-thawing  at to = 
-10; +20°C: apatite < chlorite < quartz < lime- 
stone < limonite < magnetite < garnet < microcline 
< muscovite  (the  resistance  grows  from  left to 
right). 

A  system  of  such  a  series  has  made  it  possible 
to  assert  that  quartz  grains  in  all  the  fractions 
proved  to  be  less  resistant  than  feldspar  grains. 
We also  succeeded  in  establishing  experimentally 
the  limits  of  cryogenic  disintegration  of  the  most 
widespread  minerals.  This  limit  for  quartz, 
amphiboles  and  pyroxenes  corresponds to grain 
sizes  of 0.05 to 0.01 mm, and  for  fresh  feldspars, 
0.1 to 0.05 mm. 

minerals on the  degree  of  their  erosion  and  fresh- 
ness of grains  is  also  clearly  traced.  Resistance 
of  quartz  grains  may  vary by several  times 
depending on their  prehistory,  eg.,  grains  from 
a  pegmatite  vein  are  four  times  more  resistant 
than  quartz  grains  from  alluvial  sand  that  under- 
went  several  cycles  of  lithogenesis. 

degree  of  pelitization,  reveal  a  fundamentally 
different  trend  in  their  behaviour  as  compared 
with  fresh  grains,  viz.,  they  are  characterized 

The  dependence  of  cryogenic  stability o f  

As for  feldspars,  their  grains,  even  with  a  low 

by a  high  degree  of  disintegration  in  fine  frac- 
tions. 

The  effect  of  humidity on cryogenic  destruction 
of  different  minerals  is  not  simple-valued.  Grains 
of  minerals with low  surface  energy  (quartz, 
feldspars,  amphiboles,  pyroxenes,  magnetite  and 
apatite)  disintegrate  more  intensively  in  a  humid 
medium  than  in  an  air-dry  state. 

The  degree  of  dispersion  of  minerals  with  high 
surface  energy  (muscovite,  biotite  and  limonite) 
change  fundamentally  in  a  different  way  depending 
on the  degree of humidity.  Fine  grains (0.1 to 
0.05 mm) of  biotite  and  muscovite  are  considerably 
less  resistant  in  an  air-dry  state  than  with  full 
saturation  with  water.  These  facts  illustrate 
convincingly  the  protective  role  of  adsorbed  water 
films  with  respect  to  the  factors o f  cryogenic 
influence,  although  the  degree  of  the  protective 
effect  and  the  grain  sizes with  which this  effect 
starts  playing  the  leading  role  are  different  for 
different  minerals. 

The  character  of  changes in the  cryogenic 
destruction  depending on dispersion  is  also  most 
specific  for  individual  minerals. For quartz, 
increasing  resistance  of  grains  is  rather  clearly 
traced  as  their  sizes  diminish  right  to  the 
ultimate 0.05 to 0.01 mm. 

The  same  character  of  dependence  is  also 
inherent  in  other  groups  of  minerals,  such  as 
feldspars,  amphiboles  and  pyroxenes. As for  the 
grains of magnetite,  apatite  and  carbonate,  their 
resistance as  a  whole  lowers,  though  with  some 
divergences,  as  grain  sizes  diminish.  The  depend- 
ence  of  resistance on dispersion  for  minerals  with 
high  surface  energy  is  more  complicated, as there 
is  usually  a  definite  size of grains with maximum 
resistance,  while  particles  coarser  and  finer  than 
this  size  disintegrate. Thus,  for  example, 
maximum  resistance  for  limonite  is  observed  with 
its  particles of 0.5 to 0.25 mm and 0.25 to 0.1 mm 
which  aggregate  under  moderate  temperature  con- 
ditions  of  the  experiment  (to =-IO*; +2OoC) coarser 
and  finer  particles o f  limonite  disintegrate 
markedly. For biotite,  maximum  resistance  is  found 
with 0.25 to 0.1 mm grains;  and  for  muscovite,  two 
maxima of resistance  are  revealed,  viz., 0.1 to 
0.05 mm and 1 to 0.5 mm. 

genic  disintegration  proceeds  at  different 
temperature  parameters o f  freezing  and  thawing  of 
the  ground  systems  and  temperature  variation 
amplitudes. Two series  of  experiments  were  carried 
out  to  study  the  influence  of  temperature  condi- 
tions on the  cryogenic  transformation of dispersed 
systems  of  different  mineral  compositions. 

fractions  of  standard  sizes  and  of  different 
minerals were subjected  to  cyclic  freezing  and 
thawing  under  four  regimes (to = -5', +5'C; to = - l o o ,  
+2OoC; to = -2O', +20°C; to = -40*,  +20°C) .  A factor 
common  for  these  regimes  was  that of transition  of 
temperature  through 0°C. 

Minerals  are  rather  clearly  divided  into  two 
groups with respect  to  these  freezing-thawing 
regimes.  The  first  group  is  composed  of  minerals 
with  high  surface  energy  (biotite  and  limonite). 
The  cryogenic  resistance of these  minerals  is 
minimal  under  the  most  rigorous  regime  (to = -40', 

Under  natural  environmental  conditions,  cryo- 

In the  first  series,  granulometric  monomineral 

+20"C). 
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The  second  group  is  comprised of minerals with 
relatively  low  surface  energy  (quartz,  magnetite 
and  apatite).  The  maximum  destruction  of  grains 
of  this  group  occurs  under  the  conditions  of 
complete  moisture  saturation  and  under  the  optimum 
regime  of  freezing  and  thawing (to = -10"  to -20° ,  
+2OoC). The  resistance  of  grains  of  these  minerals 
grows  under  milder  and  more  rigorous  regimes.  The 
groups of minerals  that  differ  in  cryogenic  resist- 
ance with respect  to  the  regimes of freezing- 
thawing  correspond  fully  to  the  mineral  groups 
singled  out  above  depending on the  influence  of 
the  degree of humidity on changes  in  their  dis- 
persion. 

In the  second  series of the  experiments,  a 
spectrum  of  granulometric  fractions of different 
minerals  in  the  moistened  state  was  frozen  and  then 
subjected  to  the  cyclic  effects  of  temperature 
variations (to =-lo, -20°C) ,  The  results  of  this 
series  were  to  answer  the  question  whether  cryo- 
genic  transformation  did  take  place  and  to  what 
degree  with  the  phase  transitions  of  unfrozen 
water  and with temperature  variations  within  the 
negative  spectrum  of  temperatures.  Such  methods 
helped  to  achieve  reduction,  to  a  possible  minimum, 
of  the  effect of the  disjoining  action  of  ice on 
the  particle  destruction.  This  series  of  experi- 
ments  simulates  the  conditions  of  cryogenic  trans- 
formation  of  matter  in  the  cold  period  of  the year, 
after  the  layer  of  seasonal  thawing  freezes,  and 
the  upper  layer of soil-eluvium can also  change 
its  temperature  rather  sharply  due  to  temperature 
variations  at  the  surface  during  the  winter  period. 

The  most  important  and  general  result o f  this 
series  of  experiments  is  the  inference  that  the 
cryogenic  disintegration  of  all  the  minerals, 
with the  exception  of  hornblende  and  magnetite, 
is  considerably  lower with temperature  variations 
within  the  spectrum  of  negative  temperatures  than 
with temperature  variations  involving  the  transi- 
tion  through O°C. 

fractions (I  rmn to 0.25 mm) , viz.,  cryogenic 
resistance  for  these  differs  by 2 to 3 orders. In 
finer  fractions (0.1 m to 0.05 mm), the  values of 
cryogenic  disintegration  of  different  minerals 
have  considerably  lower  variations. At the  same 
time, it  is  necessary to emphasize  that  the  dis- 
integration  of  minerals with variations of 
temperatures  within  the  spectrum  of  their  negative 
values  does  nevertheless  take  place,  though with 
lower  intensity  than  under  the  regime  involving 
the  transition  through O°C. And  individual 
minerals  disintegrate  within  the  spectrum  of 
negative  temperature  values  even  more  intensively 
than with the  transition  through O'C. A theor- 
etically  important  result  of  this  experiment  is 
that  of  ascertaining  the  dependence  of  the  degree 
of  destruction on the  degree  of  dispersion.  Under 
the  temperature  regime  of to = - l o ,  -2OoC,  the 
cryogenic  disintegration  of  minerals  tends  rather 
clearly  to  grow  with  the  diminishing of the  sizes 
of their  grains.  This  dependence  is  contrary  to 
the  pattern  that  was  revealed  under  the  freezing- 
thawing  regimes  with  the  transition  through 0°C. 
A comparison with the  first  group  of  experiments 
shows  that  the  destructive  effect  of  the  cleaving 
action  of  ice  is  the  highest for coarse  fractions, 
while  the  cryohydratational  weathering  is  the  most 

The  difference is particularly  great  for  coarse 

effective  for  finer  fractions, with the  former 
factor  being  absolutely  far  more  intensive. 

(as  under  other  regimes),  different  minerals  are 
characterized  by  individual  features  according  to 
the  nature o f  disintegration.  The  general  reduc- 
tion  of  the  resistance of mineral  grains as their 
sizes  diminish  can  be  asserted  to  be  anly  a 
tendency.  The  concrete  curves o f  resistance  of 
separate  minerals  depending on the  degree  of  dis- 
persion  under  the  given  regime of temperature 
variations  have  a  more  complicated  character. At 
the  same  time,  the  fundamental  difference  between 
the  most  widespread  rock-forming  minerals  of  quartz 
and  feldspars with respect  to  the  limits of  cryo- 
genic  destruction  rakes  place  also  under  the  regime 
of to = - l o ,  - 2 O ' C .  And  it  can  be  seen  here  that in 
the  fine-dispersed  portion  of  the  granulometric 
spectrum,  quartz  grains of 0.05 m to 0.01 mm 
sizes  are  distinguished  by  maximum  resistance.  This 
maximum fo r  feldspars  is  found to be  shifted to the 
area of coarser  particles. 

The  results  of  the  experiments  carried out allow 
understanding  rather  comprehensively  the  role  of 
different  factors  and  mechanisms  of  the  cryogenic 
transformations  of  mineral  matter.  The  different 
behaviour  of  the  basic  groups  of  minerals  under 
different  regimes  of  humidity  and  freezing-thawing 
is  based on the  fundamental  differences  in  their 
structure  and  crystallochemical  properties  which 
are  expressed in different  values of the  surface 
energy. 

occurs  most  actively  under  temperature  variations 
involving  the  transition  of  temperature  through 
O'C, when the  major  part  of  waterc"ice  phase 
transitions  takes  place. In this  case,  the  dis- 
joining  effect  of  ice  and  the  cryohydratational 
destruction  act  simultaneously.  Under  temperature 
variations  within  the  negative  spectrum  of  its 
values,  the  degree  of  destruction  of  minerals  due 
to  the  reducing  of  the  cleaving  action  of  ice 
decreases,  as  a  whole,  by  more  than  one  order, 
though  it  is  not  extinguished.  Hence  it  follows 
that  under  such  conditions,  it  is  the  disjoining 
action  of  water  that  is  displayed  most  fully. 
This  process  manifests  itself  most  vividly in 
fine-dispersed  particles  for  which  a  tendency  to 
intensification of the  cryohydratational  destruc- 
tion  begins to show. 

Under  the  temperature  regimes  of to = - lo ,  -2O'C 

The  process  of  cryogenic  destruction  of  minerals 
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FIGURE 1 Cryogenic  resistance o f  light  minerals. 
1 - Quartz  from  a  pegmatite  vein; 2 - Quartz  (the 
lower  reaches of the Kolyma); 3 - Albite; 4 - 
Labradorite; 5 - Quartz (lyuberetsky); 6 - Quartz; 
7 - Feldspars. 
1 to 5: 3 temperature  regime; 
6 and 7: +200c temperature  regime. - loo 

to3 

io4 

I!? 

-6 
IO 

1-0.5 0.5-0.25 0.25-0.1 0.1-95 0.05-0.01 
MM 

FIGURE 2 Cryogenic  resistance of heavy  minerals, 
1 - Hornblende; 2 - Nuscovite; 3 - Magnetite; 
4 - Apatite; 5 - Diopside; 6 - Garnet; 7 - Cassit- 
erite; 8 - Magnetite; 9 - Apatite; 10 - Garnet. 

1 to 7: _20" -1 temperature  regime; 

8 to 10: +200c temperature  regime. -10" 
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Recent s tud ies  have shown that   the   segregat ion  potent ia l ,  which is t h e   r a t i o  of 
water   intake  veloci ty   to   temperature   gradient   near   the  f rost   f ront ,   provides  a 
basis  for  coupling mass flow with  heat  f low  in a f reezing  soi l .   Since  the 
segregat ion  potent ia l  depends upon the  composition of t h e   s o i l  system  and t h e  
externally  applied  load, it appears   to  be an  effect ive  parameter   for   c lass i fying 
f ros t   suscep t ib l e   so i l s .  Moreover, i t  can be obtained  readily  for  various  applied 
pressures  from a one-dimensional freezing test and can be used d i r e c t l y   t o  estimate 
f r o s t  heave i n   t h e   f i e l d   v e r s u s  time, provided   tha t   the   so lu t ion   to   the  
corresponding  thermal  problem  can be obtained. Data is presented and p rac t i ca l  
cases   are   descr ibed that i l l u s t r a t e   t h e   u s e  of the   segrega t ion   po ten t ia l   for  
determining  f rost   suscept ibi l i ty   with  respect   to   var ious  project   requirements .  

FROST  ACTION I N  SOILS 

The problem of  f r o s t   a c t i o n  damage is 
widespread; i t  occurs in a l l  temperate  zones 
wherever  there is seasonal   so i l   f reez ing   as  well as 
i n   t h e   a c t i v e   l a y e r  of more northerly  permafrost 
regions. Moreover, recent  resource  development i n  
a r c t i c  environrnents  have  brought up novel  freezing 
s i tua t ions  such as long-term  freezing  induced by 
chilled  buried  gas  pipelines.  For  unheated 
buildings,   cold-storage  facil i t ies,  and other 
structures,  deformation of t he   s t ruc tu re  by heaving 
rather  than by thaw softening is the   p r inc ipa l   f ros t  
problem. Usually most of these   s t ruc tures  do not 
heave  uniformly,  nor do they   s e t t l e   t o   t he   o r ig ina l  
e l e v a t i o n   a f t e r   t h e  thawing  period. Thus u p l i f t  due 
to   cyc l ic   f reez ing  and thawing  tends  to be 
cumulative. When a ch i l l ed   p ipe l ine  i s  bur i ed   i n  
discont inuous  permafrost ,   d i f ferent ia l   f rost  heave 
will occur  that   could  lead  to  unacceptable  strains 
in   the  pipe.  Dams constructed  in  a northern 
environment may be subjec ted   to   severe   f ros t   ac t ion ,  
and ice   l ens ing  may develop i n   t h e  upper  part of t he  
impervious  core. Upon thawing, preferential   seepage 
paths may lead   to   eer ious   in te rna l   e ros ion  problems 
i n   t h e   c r e s t  of the  dam. 

This  paper  presents the concept of segregation 
poten t ia l ,  which provides a new bas is   for   eva lua t ing  
the  degree of f r o s t   s u s c e p t i b i l i t y .  The concept is 
t e s t ed  on va r ious   ca se   h i s to r i e s ,   i l l u s t r a t ing   t he  
different   types of problems associated  with  f rost  
a c t i o n   i n   s o i l s .  

PHYSICAL PROCESSES ASSOCIATED 
WITH FREEZING OF SOILS 

When wet s o i l  is subjec ted   to   f reez ing ,   f ros t  
heave  occurs  as a r e s u l t  of  two sinultaneous 
processes:  pore  water i n  t h e   s o i l   f r e e z e s   i n   s i t u  
and water  supplied  from  the  unfrozen  soil ,   or 
possibly  an  external  source, is sucked t o   t h e  
f reezing  f ront  where i t  freezes,   thereby  leading  to 
the development of ice   lenses .  The amount of heave 

by ice   l ens ing  depends on t h e   f r o s t   s u s c e p t i b i l i t y  
cha rac t e r i s t i c s  of t he   so i l .  

wa te r f i l l ed   po res ,   bu t  some water remains  unfrozen 
as adsorbed  films on the  surface of  s o i l   p a r t i c l e s .  
Water  from the  unfrozen  soi l   migrates   through  the 
unfrozen  water films into   the   f rozen  zone under the  
ac t ion  of a temperature-induced  suction  gradient. 
Since  the  thickness of the  unfrozen  water  films 
decreases as the  temperature of t he   f rozen   so i l  
decreases,  the  migratory  water w i l l  be e s s e n t i a l l y  
stopped i n  a zone of extremely law permeability 
wi th in   the   f rozen   so i l  where it freezes.  When 
suff ic ient   water   accumulates ,   an  ice   lens  forms (see 
Figure 1). 

t o   t h e  warmest isotherm  a t  which i c e   e x i s t s   i n   t h e  
s o i l   p o r e s  and the   segrega t ion   f ront  where t h e   i c e  
lens  is growing  has been re fer red  t o  as the  frozen 
fr inge  (Mil ler  1972). Direct experimental  evidence 
for   the   ex is tence  of the  frozen  fringe  has been 
given by Konrad and  Morgenstern  (1982b). 

warmest i c e   l e n s  is strongly  reduced owing t o  very 
low frozen  soi l   permeabi l i t ies  and the  presence of 
continuous  ice. The con t r ibu t ion   t o   t he   f i na l  heave 
from this  region  has been found t o  be negl ig ib le  
under  both  laboratory  (Hoekstra 1969) and f i e l d  
conditions,  at  l e a s t  over  several  years  (Slusarchuk 
e t  al. 1978). 

From a phenomenological  point of view, t h e  
mechanics of f r o s t  heave  can be regarded a s  a 
problem of impeded drainage  to  an  ice-water 
in te r face   a t   the   segrega t ion   f ront .   Subs tan t ia l  
suct ions  are   generated  a t  this interface,   but   the  
reduced  permeability of the  f rozen  f r inge impedes 
the  flow o f  water   to   the  segregat ion  f ront ,  
pa r t i cu la r ly   fo r   fu l ly   s a tu ra t ed   so i l s .  Thus, it 
appears   tha t   the   f ros t  heave cha rac t e r i s t i c s   o r   t he  
f r o s t   s u s c e p t i b i l i t y  of f r eez ing   so i l s   a r e   r e l a t ed  
t o   t h e   c h a r a c t e r i s t i c s  of the   f rozen   f r inge   tha t ,   in  
turn,  depend on the  unfrozen water content. It is 
well known tha t   t he   r e l a t ionsh ip  between  unfrozen 
water  content (and hence f r o s t   s u s c e p t i b i l i t y )  and 

As the   f rost   f ront   progresses ,  ice nucleates i n  

The zone between the  f rost   f ront   corresponding 

Moisture  transfer  in the frozen  soi l   behind the 
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temperature  for  soils  of  different  textures  depends 
mainly on (1) specific  surface of the  soil,  (2) 
gradation,  grain  size,  amount  of  fines,  type  of 
minerals, (3 )  quantity  and  type of exchangeable 
cations, (4) pressure in ice  and  water  phase, (5) 
solute  concentration,  and (6) density  of  the 
unfrozen  soil. 

LIMITATIONS OF EXCSTIIE FROST 
SUSCEPTIBILITY CRITERIA 

Once  the  physical  processes  associated  with  the 
freezing  of  wet  soils  are  understood,  the  relevance 
of  the  criteria  commonly  utilized  in  existing  frost 
susceptibility  classifications  can  be  evaluated. 

The  survey  by  Chamberlain  et  al.  (1982) 
identified  in  general 3 levels o f  sophistication  in 
estimating  the  frost  susceptibility  of  soils  used in 
roads  and  airfield  construction.  The  first  level, 
type I, is  primarily  based on the  percent  of  soil 
finer  than  a  specified  particle  size,  commonly 
0.074 arm or 0.02 mm. In some cases,  a  uniformity 
designation is an  added  requirement.  Since  its 
criterion  is  based on a  single  particle  size,  it 
cannot  directly  assess  frost  susceptibility  because 
the  controlling  factors  of  the  unfrozen  water 
content  are  not  addressed  solely by the  particle 
size. In addition,  it  is  too  conservative  because 
non-frost  susceptible  soils  are  frequently 
classified  as  frost  susceptible. 

on soil  type  or  classification  of  particle  size 
curves,  and  supplementary  tests  for  Atterberg 
limits,  capillarity,  pore  size  distribution,  or 
permeability  of  unfrozen  soil.  Type I1 methods, 
although  more  time  consuming  and  costly,  have 
limitations  as  well,  since  the  parameters,  which 
solely  characterize  the  unfrozen  soil,  do  not 
address  the  main  factors  affecting  the  frozen 
fringe. 

The  third  level,  type 111, requires  a 
laboratory  freezing  rest  and  observations  of  frost 
heave  and/or  thaw  weakening.  However,  the  time 
required  for  most  specified  freezing  tests,  about 10 
days,  imposes  serious  restraints on their  use. 
Freezing  test  procedures  tend  to  differ from agency 
to  agency;  as  a  result,  it  is  not  always  possible  to 
compare  their  results  directly.  Moreover,  existing 
classification  work  using  a  type  111  approach  has 
been  hampered by a  lack  of  clear  transfer  to  field 
conditions. In general, two Ereezing  modes  are  used 
either  with  a  constant  cold  plate  temperature or a 
constant  rate  of  frost  penetration  and  often  only 
one  freeze-thaw  cycle.  Cold  plate  temperatures  vary 
significantly,  ranging  between -3 and -20 'C and 
even -25 'C. This  results  in  substantial 
temperature  gradient  variations  in  the  various  tests 
and  thus  affects  significantly  the  water  migration 
rate  as  shown by Konrad  and  Morgenstern (1980, 
1981). Hence,  freezing  a  given  soil  sample  with 
different  thermal  boundary  conditions  may  result  in 
different  degrees of frost  susceptibility,  which  in 
turn  may  create  an  inadequate  basis  for  decision 
making  for  a  variety of field  conditions. 

The  second  level,  type 11, is  generally  based 

SEGREGATION POTENTIAL OF FREEPNG SOILS 

If  one  considers  that  water  migration  occurs 
through  a  layered  medium  composed  of  saturated 
unfrozen  soil  and  the  frozen  fringe,  the  freezing 
soil  would  be  best  characterized  by  suction  at  the 
segregation-freezing  front  and  permeability  of  the 
frozen  fringe  (Figure 1 ) .  Both  parameters  are 
temperature  and  pressure  dependent.  Although  these 
parameters  provide  a  better  insight  into  the 
physical  processes  involved  during  freezing,  from  a 
practical  point  of  view  they  are  difficult  to 
measure. 

1981,  1982a, b)  the  characteristics  of  a  freezing 
soil  can  also  be  represented by the  segregation 
potential, SP, defined  as  the  ratio  of  the  rate  of 
water  migration,  v,  and  the  overall  temperature 
gradient  in  the  frozen  fringe,  grad T The  use o f  
SP is  advantageous  because  it  can be. dgiemlned 
directly  from  a  freezing  test  in  which  water  intake 
rate  and  temperature  profile  with  time  are  measured. 
Since  the  physical  size  of  the  frozen  Eringe  is 
relatively  small,  its  temperature  gradient  is 
approximated by the  measured  overall  temperature 
gradient in the  frozen  soil  near  the 0 'C isotherm, 
grad  Tf. 

Both  theoretical  analyses  and  experimental 
results  reported  by  Konrad  and  Morgenstern  (op.cit.) 
indicate  that SP is  dependent on the  suction  at  the 
frost  front,  Pu,  the  pressure  applied on the  warmest 
ice  lens,  Pe,.and  the  rate o f  cooling  of  the  frozen 
fringe,  TE. Tf includes  both  geometrical  and 
thermal  boundary  conditions  and  is  defined  as  the 
change in average  temperature of the  frozen  fringe 
per  unit  time. Its  value  can  be  approximated  by  the 
change  of  temperature  at  the 0 'C isotherm  per  unit 
time  from: 

Tf I. grad Tf - X ( 1 )  

where X i s  the  rate  of  frost  advance. 

A s  discussed  by  Konrad  and  Morgenstern (1980, 

The  rate  of  segregation  frost  heave, h,, in  a 
Ereezing  soil  can  therefore be expressed  as: 

ha = 1.09~ * SP(Pu, Pe, Tf)*grad Tf (2) 

To  successfully  predict  frost  heave  in  the 
field  using  equation (2),  SP must be  determined  from 
laboratfry  tests  using  representative  values  of Pu, 
Pe  and  Tf. 

For  field  conditions,  frost  penetration  rates 
are  usually  small  (for  example,  in  Figure 3 they  are 
only  about 0.07 cm/h),  and  the  average  temperature 
gradients  in  the  frozen  zone  are  also  small,  say 
approximately 0.07 "C/cm.  Becfuse  equation (1) 

results  in  an  extremely  small Tf (field),  about 
0.005 W h ,  it  is  argued  that SP (field)  may  be 
approximated  by SP obtained  at  the  formation  of  the 
final  ice  lens  using  freezing  tests  with  constant 
temperature  toundary  conditions.  For  these 
conditions, Tf as  the  final  ice  lens i s  initiated  is 
of  the  order  of 0.01 "C/h. 

In many  field  conditions, It may  be  safely 
assumed  that  Pu  will be small  enough  to  ignore owing 
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mainly  to  high m s s  permeability of the  unfrozen 
soil  and  small  migration  rates.  Consequently, 
equation (2) reduces  simply  to: 

h s  (field) * 1.09 SP (P,) grad Tf (3) 

The  relationship  between  the  segregation  potential 
and  applied  pressure  is  best  expressed  as  (Konrad 
and  Morgenstern,  1982b): 

SP = SPo e 
-ape 

where SPo corresponds  to  the  formation  of  the  final 
ice  lens  for  zero  applied  load  and  for  Pu  close  to 
atmospheric  pressure,  and '*a** is  a  constant 
determined  from  tests  for  various  Pe. 

with  depth  due  to  moisture  migration  is  evaluated 
from: 

Finally  the  change  in  water  content,  (AWC), 

4WC(%) - 100 p yw 
X yd 

where yw and  yd  are  the  unit  weight of water  and 
soil,  respectively. 

The  results  of  a  literature  survey on well- 
documented  cases  of  frost  heave  data  are  shown  in 
Figure 2. The  segregation  potential  for  various 
applied  pressures  can be expressed  by  using  equation 
(4) for  many  soils  ranging  from  sandy  silts  to 
clays,  thereby  giving  strong  support  for  the  general 
validity  of  this  relationship  to  characterize  any 
freezing  soil. 

Figure 2 also  reveals  the  importance  of 
including  the  overburden  pressure  in  any  frost 
susceptibility  classification. In general,  the 
segregation  potential  of  soils  with  low  unfrozen 
water  contents  (silty  sands)  will  be very sensitive 
to  small  changes  in  overburden  pressures;  this is 
not  the  case  for  soils  with  higher  unfrozen  water 
contents  such as clays. 

number  of  well-controlled  freezing  tests  may  be 
required  to  characterize  adequately  the  segregation 
potential  of  any  soil  for  field  freezing  conditions 
over  a  wide.  range  of  overburden  pressures. In 
practice,  these  freezing  tests  are  performed  with 
constant  temperature  boundary  conditions  (the  warm 
end  at +1 "C) and different  applied  surcharges 
covering  the  expected  stress  range  in  the  field. 
Using a cold  end  temperature  of  about -5'C  to  -8'C 
and 10 cm  high  samples  shortens  the  time  required  to 
reach  the  maximum  frost  penetration,  and  hence  the 
growth of the  final  ice  lens,  to  less  than 1 day. 

In conclusion,  it  appears  that  only  a  limited 

A NEW APPROAM FOR FROST SUSCEPTIBILITY 
EVALUATION 

The  existing  frost  susceptibility  criteria, 
either  index  teats or empirical  relationships 
relating  laboratory  investigations  to  field 
performance,  are  usually  effective  for  regional 
seasonal  freezing  problems  only.  Extension  of  these 

freezing beneath a chilled  gas  pipeline is  therefore 
criteria to  new types  of  problems  such as sustained 

very  limited.  Furthermore,  these  criteria  lead  only 
to  the  acceptance or rejection o f  soils  without 
specifying  the  degree  of  damage  resulting  from  the 
freeze-thaw  cycles. 

The  authors  are  suggesting a new approach for 
determining  the  relative  frost  susceptibility  of 
soils. This method  considers  that  the  freezing 
conditions,  the  soil  properties,  the  project 
requirements,  and  the  acceptable  risks  should  be 
taken  into  account  in  assessing  the  degree  of  frost 
susceptibility.  Frost  heave  and  water  content 
changes  in  the  field  during  seasonal  or  long-term 
freezing  can  be  estimated  by  using  the  segregation 
potential  measured  in  the  laboratory  as  specified in 
the  previous  section.  Frost  susceptibility  is  then 
evaluated by comparing  these  parameters with 
allowable  parameters  that  ensure  adequate  safety  of 
the  project. 

It is  proposed  to  distinguish  between  problems 
where  the  thaw  weakening  effect  is  of  prime 
importance  (class I), problem where  frost  heave 
and/or  differential  frost  heave  can  lead  to  damage 
(class II), and problem where  the  combined  effects 
of  frost  action  (i.e.,  lensing  and  thaw  weakening) 
is a  concern  (class 111). 

Class I Problems 

These  problems  are  generally  associated  with 
the  performance  of  roads  and  airstrips.  Surface 
heave  due  to  ice  lensing  does  not  usually  affect 
trafficability  during  the  freezing  period.  However, 
the loss of  strength  by  thaw  weakening is of 
paramount  importance,  particularly  for  cases  where 
dynamic  loading  is  involved. 

Class  I  problems, (e.g., evaluating  the 
adequacy  of a particular  soil  for  construction 
purposes)  can  be  dealt  with as follows.  According 
to  climatologic  factors at a  given  locality,  the 
depth  of  frost  is  determined  either  from  a 
geothermal  analysis  with  appropriate  boundary 
conditions  or  from  existing  solutions  for  relevant 
problems.  The  amount of  heaving  and  change  in  water 
content  with  depth  are  then  calculated  under  the 
most  adverse  conditions  by  using  equations (3 )  to 
(5 ) .  The  relationships  between  the  change  in  water 
content  and  the  loss  of  strength  upon  thawing  should 
be  obtained  from  laboratory  and/or  field  tests. 
These  tests  are  not  standard  practice  to  date,  but 
efforts  are  being  made  in  this  direction 
(Chamberlain 1982). From such  relationships,  a  thaw 
weakening  factor  could  be  obtained for a  given  soil 
subjected  to  given  freezing  conditions,  and  an 
allowable  increase  in  water  content  could  be 
determined  for  adequate  safety. 

The  follawing  situation  illustrates  frost 
susceptibility  evaluation  for a class I problem. 
The  till  at  the La Grande  hydro  electric  project  in 
northern  Quebec  (James  Bay) is a  well-graded, 
gravelly,  silty  sand (60-80X passing #4 sieve, 
20-404 passing #ZOO sieve)  (Par6  et  al. 1978). Both 
the  Casagrande  and  Beskow  frost  susceptibility 
criteria  classify  the  till as being  frost 
susceptible.  Townsend  and  Csathy (19631, using  the 
concept of limiting  pore-size  ratio,  also  classified 
similar  tills as frost  susceptible.  Cyclic  freeze- 
thaw  tests  were  performed  for  various  surcharges  on 
the  matrix  material  from  the  till by the U.S.  Army 
Cold  Regions  Research  and  Engineering  Laboratory 
(USA CRREL) and  reported  by  Pare  et  al. (1978). The 
results  of  these  tests  have  been  reanalysed  in  terms 
of  segregation  potential  and  are  presented  in 
Figure 2. Frost  penetration,  segregational  frost 
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heave  and  increase i n  water content  have been p ipe l ine  is about 6 m. The combine d inf luence  of 
c a l c u l a t e d   f o r   t h i s  till a t  two d i f f e ren t   l oca t ions  
charac te r ized  by freezing  indexes of 1000 'C days 
and 2800 'C days  using  the  suggested  segregation 
poten t ia l   re la t ionship .   These  climatic condi t ions 
are representa t ive  of the Montreal-Ottawa  and James 
Bay areas, respect ively.  The r e s u l t s  of the 
ana lys i s  are presented  in   Figure 3 and compare 
r e l a t i v e l y  well wi th   f ie ld   observa t ions   repor ted  by 
Pard et a l .  (1978) f o r  the James Bay area and by 
Penner (1976) f o r   t h e  Ottawa area. Penner  indicated 
tha t   f ro s t   heav ing   i n  Leda c lay  (70% c l a y   s i z e  and 
30% silt s i z e )  is approximately 9 t o  12 cm during 
most w i n t e r s   i n  snow-cleared areas. It should  be 
noted tha t  Leda clay  has   higher  SP values  than James 
Bay till (Figure 2). 

increase  in   water   content  due to  moisture  migration 
w i l l  occur i n   t h e  Montreal-Ottawa  region a t  shallow 
depths.   Furthermore,   because  the  frost   front 
remains almost s ta t ionary   €or   about  one month, a 
d i s c r e t e  ice lens may grow approximately 0.6 m below 
ground  surface,   resul t ing  in   ser ious  road damage 
when i t  thaws. A t  James Bay, f ros t   pene t r a t e s  much 
deeper  and  the  increase  in water content   per   uni t  
depth is smaller than   for   the  warmer Montreal-Ottawa 
area. Moreover, the  overburden  pressure  reduces 
s ignif icant ly   the  moisture   migrat ion at l a r g e r  
depths,  hence  reducing  the  occurrence of ice lenses  
as t h e   f r o s t   f r o n t  becomes s ta t ionary .  

Th i s   ana lys i s   c l ea r ly  shows t h a t  the degree of 
f r o s t   s u s c e p t i b i l i t y  of the till a t  James Bay is 
s i g n i f i c a n t l y  smaller t h a n   f o r   t h e  same till i n  
Montreal  or O t t a w a .  For spec i f i c   p ro j ec t s ,   t he  
design  requirements will de te rmine   t he   su i t ab i l i t y  
of  the till  with r e spec t   t o  performance  associated 
with varying  degrees of f ros t   ac t ion .  

The ana lys i s   revea ls  that a s i g n i f i c a n t  

Class I1 Problems 

These problems are assoc ia ted   wi th   p ro jec ts  
such as bui lding a p ipe l ine ,  that invo lve   so i l s  
sub jec t ed   t o  long-term  freezing (more than  one 
season). Two important new design  considerat ions 
arise. F i r s t ,  how much f r o s t  heave  ( res t ra ined  or  
unres t ra ined)  will occur  over the lifetime of t h e  
p r o j e c t ?   I n   a d d i t i o n ,  where the p ipe l ine   c rosses  
from  permafrost  to  unfrozen  ground  and  back  to 
permafrost, how  much d i f f e r e n t i a l  heave w i l l  occur 
and will i t  l ead   t o   unaccep tab le   s t r a ins   i n  the 
pipe? Konrad  and Morgenstern (1983) descr ibe a 
procedure   for   ca lcu la t ing  the amount of heave  under 
a chi l led  gas   pipel ine  based on a f i n i t e   d i f f e r e n c e  
formulation o f  t h e  heat and mass t r a n s f e r   i n  
s a t u r a t e d   s o i l s  and on the segrega t ion   po ten t i a l  
concept. Good agreement is found  between the 
predic t ions  of heave  obtained with this   procedure 
and t h a t  of longterm,   ful l -scale   experiments  a t  a 
test site in  Calgary,  Canada. Figure 4 shows the 
predic t ions  of f ros t   heave  and f r o s t   p e n e t r a t i o n  
over 20 yea r s   fo r  a hypothetical   pipeline  with a 
temperature of -8 O C ,  buried in s o i l   w i t h   a n   i n i t i a l  
ground  temperature of +2 O C  at a nominal  depth of  
about 2 m below ground  surface. The f r o s t  heave 
c h a r a c t e r i s t i c s ,  i.e., the  SP versus Pe 
re la t ionship ,  were assumed t o  be  those of the 
Calgary silt shown i n   F i g u r e  2. The maximum pipe 
heave a f t e r  20 years  is  near ly  0.8 m, and the  f ro6 t 
penet ra t ion  below t h e   o r i g i n a l   p o s i t i o n  of the 

sill temperature  gradient  and  significant 
overburden  pressure at  dep ths   g rea t e r   t han  4 m 
explains  why the  heave rate is only 0.012 m/yr a f t e r  
10 years   o f -opera t ion .  The maximum d i f f e r e n t i a l  
heave that might  occur a f t e r  20 years  is a funct ion 
of the   depth  of the  shallow  permafrost.  Deciding 
whe the r   t h i s   so i l  i s  considered  acceptable  with 
r e s p e c t   t o   f r o s t   s u s c e p t i b i l i t y  will mainly  depend 
on t h e   a l l o w a b l e   s t r a i n s   f o r   t h e   p i p e l i n e .   I f  no 
remedial  measures are considered  during  operation of 
the p ipe l ine ,  two approaches  can  be  used. A maximum 
different ia l   heave  could  be  specif ied  €or   adequate  
s a f e t y  or, a l t e r n a t i v e l y ,  a more sophis t ica ted  
a n a l y s i s  of f ros t   heave   p ipe l ine   i n t e rac t ion  may be 
performed  such as that presented by Nixon e t  al. 
(1983). A p i p e l i n e   s i t u a t e d   i n   t h e  warmer 
discontinuous  permafrost  could  present a problem  of 
d i f f e r e n t i a l   h e a v e   i f   v a r i a b l e   s o i l   c o n d i t i o n s  are 
encountered. In   t hese   cond i t ions ,   fo r  a ground 
temperature of about +5 'C, the maximum d i f f e r e n t i d  
heave would be approximately 1.0 m, which would 
occur   for  a layer  of nonheaving s o i l   t h i c k e r   t h a n  
4 m. The previous   example   i l lus t ra tes   c lear ly  that 
the   degree  of f r o s t   s u s c e p t i b i l i t y  of a g i v e n   s o i l  
depends e s s e n t i a l l y  on the  project   requirements   that  
can be expressed   in  terms of maximum t o t a l   a n d / o r  
d i f f e r e n t i a l  heave  and related  a l lowable  pipe 
s t r a i n s .  

Class 111 Problems 

Problems assoc ia ted   wi th  dam construct ion i n  
co lder  areas (such as James Bay) f a l l  i n t o   t h i s  
category. When f ros t   pene t r a t e s   i n to   t he  till core 
of an  embankment, ice lens ing  may occur i n  its upper 
par t .  The thawing of the  ice lenses  may cause 
p re fe ren t i a l   s eepage   pa ths   t o  form p a r a l l e l   t o  the 
water flow,  which, i n   t u r n ,  may induce   in te rna l  
e ros ion   and   l ead   t o   t he   des t ruc t ion  of t he   t op   pa r t  
of the dam. 

depth may be ca l cu la t ed   fo r  a two-layered medium 
composed o f  a top   p ro t ec t ion   l aye r  of sand  and 
gravel  (non-frost   susceptible) and the  till core. A 
simulat ion of f r o s t   a c t i o n   i n  a t y p i c a l  crest of 
James Bay embankments is shown i n  Figure 5. It i s  
assumed t h a t  there is no f ros t   heave   i n   t he   uppe r  
sand and grave l   p ro tec t ion  and that t h e  water table 
is 3 m below the  crest sur face .   Segrega t iona l   f ros t  
heave i n   t h e  till core is s igni f icant ly   reduced  
owing to t h e   e f f e c t  of overburden  pressure;  hence 
the  change i n  water content  with  depth i s  a l s o  
negl ig ib le ,  as shown i n  Figure 5. These r e s u l t s  
have  been  confirmed by a test p i t   i n  a till 
embankment a t  t h e  LG 3 Projec t ,  which  revealed no 
v i s i b l e  ice lenses  belcw a depth of 1.5 m (Pars ,  
1982). One can  conclude  that   for James Bay f reez ing  
condi t ions,  minor  heaving  without  any real ice l e n s  
formation w i l l  occur i n  till cores  placed  under a 
sand and gravel  cover of about 1.5 t o  1.8 m. Since 
t h e   i n c r e a s e   i n  water content  af ter  f reez ing  is 
negl ig ib le ,  damage of till core  with time due t o  
freeze-thaw  cycles is t h e r e f o r e   n o t   l i k e l y   t o  be 
expected i n   t h e  dams and  dykes a t  the  La Erande 
complex  although  the  accepted  standards  classify the 
till as f ros t   suscep t ib l e .  

Frost  heave  and water content   increases   with 
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Konrad, J.-M., and  Morgenstern, N.R., 1982b, Effec t s  

Existing  procedures are not   very   e f fec t ive   in  
d is t inguish ing  between d i f fe r ing   degrees  of f r o s t  
s u s c e p t i b i l i t y   i n   s o i l s .  The segrega t ion   po ten t ia l  
SP, defined as t h e   r a t i o  of the   ve loc i ty  of 
migration  water and overal l   temperature   gradient   in  
t h e   f r o z e n   s o i l   a d j a c e n t   t o   t h e   f r o s t   f r o n t ,  
provides  a new b a s i s   f o r  a quant i ta t ive   eva lua t ion  
of f r o s t   s u s c e p t i b i l i t y .  A standard  f reezing test 
can be devised  to  determine SP for di f fe ren t   appl ied  
surcharges. SP is therefore  a  parameter  that  
includes the inf luence of mineralogy,  pore  water 
so lu tes ,  and other   composi t ional   factors  known t o  
in f luence   f ros t  heave susceptibil i ty.   Furthermore,  
i t  has   been  es tabl ished  that  the laboratory-based SP 
associated  with  a   "quasi"   s ta t ionary  f rost   f ront  
corresponds  reasonably well with  values of SP 
deduced  from f i e l d   f r o s t  heave  observations. 

r e spec t   t o  its f r o s t  heave potent ia l   should be 
determined by comparing calculated  heave and ice 
content   dis t r ibut ion  using  the SP concept  with  an 
allowable water content   increase  per   uni t   depth for 
problems where thaw weakening is of paramount 
importance.  Comparisons  with  an  allowable  heave 
and /o r   d i f f e ren t i a l  heave  should be made where 
v e r t i c a l  movements cou ld   l ead   t o   s t ruc tu ra l  damage. 
Final ly ,  where freeze-thaw  effects are of concern, 
t he   f ros t   suscep t ib i l i t y   shou ld  be determined  with 
respect  to  both  allowable  parameters.   Specific 
project  requirements and accep tab le   r i sks  w i l l  
predicate  the maximum values of f r o s t  heave  and 
water content   increase   per   un i t   depth   in   o rder   to  
ensure  adequate  safety. The SP-based approach 
app l i e s   t o  any climatic or  design  condition and thus 
f a c i l i t a t e s  an  extension of the experience  gained on 
r eg iona l   p rob lem  to  new problems. 

Rejection  or  acceptance of  a  given s o i l  with 

ACKNOWLEDGEMENT 

J.M. Konrad g ra t e fu l ly  acknowledges the  
assistance  provided by the Division of Building 
Research,  National  Research  Council Canada. 

REFERENCES 

Chamberlain, E.J., Gaskin, P . N . ,  Bsch, D., and Berg, 
R.L., 1982, I d e n t i f i c a t i o n  and c l a s s i f i c a t i o n  of 
f r o s t   s u s c e p t i b l e   s o i l s ,  A X E  Spring  Convention, 
La8 Vegas, Nevada, Apr i l  26-30. 

pressures,  Proceedings,  Soil  Science  Society of 
America, v. 33, pp. 512-518. 

Konrad, J.-M., and  Morgenstern, N.R., 1980, A 
mechanistic  theory of ice Lens formation i n  
fine-grained  soils,  Canadian  Geotechnical 
Journal ,  v. 17, pp. 473-486, 

segrega t ion   po ten t ia l  of a   f reez ing   so i l ,  
Canadian  Geotechnical  Journal, v. 18, pp. 482- 
491. 

Predict ion of f r o s t  heave in   t he   l abo ra to ry  
during  transient  freezing,  Canadian  Geotechnical 
Journal, v. 19, pp. 250-259. 

Hoekstra, P., 1969. Water movement and f reez ing  

Konrad, J.-M., and  Morgenstern, N.R., 1981, The 

Konrad, J.-M., and  Morgenstern, N.R., 1982a, 

of applied  pressure on f r e e z i n g   s o i l s ,  Canadian 
Geotechnical  Journal,  V. 19, pp. 494-505. 

Konrad, J.-M., and Morgenstern, N.R., 1983, Fros t  
heave of chi l led   p ipe l ines   bur ied   in   unf rozen  
s o i l s ,  Canadian  Geotechnical  Journal (in 
press) .  

Miller, R.D., 1972, Freezing and heaving of 
sa tura ted  and unsaturated soils, Highway 
Research  Record, NO. 393, pp. 1-11. 

Nixon,  J.F., Morgenstern, N.R., and Reesor, S.N. ,  
1983, Frost  heave - pipe- l ine   in te rac t ion   us ing  
continuum  mechanics,  Canadian  Geotechnical 
Jou rna l   ( i n   p re s s ) .  

ParE, J.J., 1982, Personal  communication. 
Par&, J.J., Lavall€e, J.G. ,  and  Rosenberg, P., 1978, 

F ros t   pene t r a t ion   s tud ie s   i n   g l ac i a l  till on the  
James Bay Hydroelectr ic  Complex, Canadian 
Geotechnical  Journal,  v. 15, pp. 473-493. 

Penner, E., 1976, Insulated  road  study, 
Transportation  Research  Record 612, pp. 80-83. 

Slusarchuk, W.,  Clark, J., Nixon, J.F., Morgenstern, 
N.R., and Gaskin, P., 1978, Field test r e s u l t s  
of  a chi l led  pipel ine  buried  in   unfrozen  ground,  
Proceedings,  3rd  International  Conference on 
Permafrost, Edmonton, Alta., pp. 878-890. 

Townsend, D.L., and  Csathy, I.I., 1963, Soil   type in 
r e l a t i o n   t o   f r o s t   a c t i o n ,  Dept. of C iv i l  
Engineering,  Queen's  University,  Kingston,  Ont., 
On ta r io   Jo in t  Highway Research  Project  Report 
No. 15. 



665 

1000 , , ( I , ( , J , I I L  

0 FAIRBANKS SILT IAITKEN. 19741 - 
0 4 DEVON SILT IKONRAO & MORGENSERN. l W 1  

CALGARY S ILT  INK. 19751 
Y( - - 

N 
0 

f 
E 

c 
4 

Y 
p. 

LA GRANDE TILL tPARE ET At .  1978) 
0 LEDA CLAY  (PENMR & UEDA. 19781 

0.1 0.2 0.3 0.4 
A P P L I E D  P R E S S U R E   A T   F R E E Z I N G   F R O N T ,  M P I  

.ems 

PERCENT  DRY  WEIGHT 

0 5 10  15 20 25 30 

r DEPTH 

OF ICE LENS  GROWTH) 
IN OTTAWA IPOSSIBILITY 

2 .5  

INCREASE IN WARR CONTENT AT 
THE  END of FlKEZlNG 

7ERO OR 

1 
E 

E 

.5 IMUM DIFRRENTIAL 
HEAVE FOR H . 4 m 

D 

UNFROZEN 

FIGURE 4 Typical example of class 11 problems 
CASES LEADING TO DIFFEENTIAL FROST WVE 

- 9  m 

i PERCENT  DRY WEIGHT 

INCRCASE I N  WATER CONENT AFTER FREEZING 

FIGURE 5 Typical example of class I11 problems 



HYDROTHERMAL  PROPERTIES OF PERMAFROST SOLONCHAKS IN 
THE  CENTRAL MONGOLIAN ARID-STEPPE ZONE 

A. Kowalkowski 

Soil  and  Fertilization  Division,  Forest  Research  Institute, 
Raszyn,  Poland 

A three-layer,  unstable  system  exists  within  the  permanently  frozen  solonchak 
profiles  of  the  dry-steppe zone  in the  southern  parr  of  the  Central  Gobi  Peneplain. 
It  is  subject  to  deformation  due to hydrostatic  pressure  and  low  temperature.  The 
action  of  the  latter  factors  results  in  rhe  formation  of  characteristic  continental 
mud  boils on the  lower  parts of the  slopes.  These  are  perennial  features  and  lack 
frost  segregation. 

INTRODUCTION 

The well known  theory  of  the  cryostatic  genesis 
of  tundra  "mottled  soils,"  "mottled  tundra,"  or 
"tundra  craters"  in  the  periglacial zone is  open  to 
criticism.  These  phenomena  are now interpreted  as 
resulting  from  gravitational  processes  in  liquefied 
and  thixotropic  soil  materials  over a  frozen or low 
permeability  substrate.  The  studies  by  MacKay  and 
MacKay (1976)  and  French  (19771,  as  well  as  earlier 
studies  by  Jahn  (1948)  indicate  the  possibility  of 
horizontal  and  vertical  subsurface  shifts of semi- 
fluid  materials  under  periodically  increased  hydro- 
static  pressure  within  the s o i l  profiles. These 
processes  are  initiated  after  the  saturated  layers 
immediately  above  the  permafrost  table  have  thawed. 
The  processes  in  question  result  in  diaviric  up- 
lifts  and  open  muddy  craters. 

AIMS AND METHODS 

During  the  period  of 5-7 July  1978, in the 
vicinity of Augutuin  (Nuur)  Lake,  the  author  ob- 
served a cluster  of  mud  boils  (frost  scars,  non- 
sorted  circles)  in  permafrost  turf  solonchaks 
composed of rhyolite-granite  debris  with a basalt 
admixture.  Similar  boil  clusters  were  observed  in 
the  semi-desert  permafrost  solonchaks  composed of 
basalt  debris  with a volcanic-ash  admixture  in  the 
vicinity o f  Shagshuraga  (Nuur)  Lake  (Figure 1). 
These  two  saline  lakes  are i n  the  northern  part  of 
the  Central  Gobi  Peneplain  (Korzhnev  1982)  in  the 
southern  reaches  of  the  insular  Central  Asian 
permafrost  region  (Gavrilova 1981). 

Gurvan  Turuu  Station (lat.  47'03'N,  long. 07'38'E, 
elevation = 1371 m) indicate  that  the  winter  period, 
with  temperatures  lower  than O'C, lases for 187 
days,  while  summer,  with  temperatures  higher  than 
15"C,  lasts  for  only 22 days.  January  is  the 
coldest  month  with  temperatures  averaging - 2 4 " C ,  
while  July  is  the  warmest with average  temperatures 
of +16'C; the  mean  annual  temperature  is -2.7"C. 
Xean  precipitation  totals 250 mm, of  which 43% 
falls in July  (Hess  et  al. 1980). Groundwater flow 
and  precipitation  usually  result  in  the  formation 
of intermittent  lakes in summer in thermokarst- 

Data recorded  at  the  nearby  physico-geographical 

ablation  alluvia  filled  basins.  Soils of these 
depressions  are  takyr  solonchaks  (sorovyi  solonchak) 
according  to  Nogina  et  al.  (1977)  with  permafrost. 

As a result o f  the  arid  climate,  the  subsurface 
waters  are  highly  mineralized,  with  dissolved 
solids  ranging  from 0.1 to  0.7 g/L. Chemically 
these  waters  are  included  in  the  calcium  bicarbon- 
ate  and  potassium  bicarbonate  category  (Chelmicki 
and  Tserev 1980). 

depths  greater  than 3 .5  m and  in  the  formation  of 
discontinuous,  insular  permafrost.  In  permafrost 
solonchaks,  an  active  layer 0.4 to 4.5 m thick  is 
usually  underlain  by  permafrost  in  which  tempera- 
tures  range  from  -0.1"C  to - 0 . 4 O C  (Kowalkowski  et  al. 
1981). 

Soil  samples  taken  from  mud  boils  and  from  soil 
profiles  excavated  at  distances o f  0.5-1.0 m from 
the  boils  were  analyzed  granulometrically  using a 
combination  of  sieve  methods.  Bulk  density (BD) 
was  determined  by  the  pycnometric  method in  vacuo, 
volumetric  density (VD) , actual  humidity 
maximal  capillary  water  capacity  (MCWC),  and  field 
water  capacity  (FWC)  were  determined  for 100 cm3 
samples with the  natural  structure  preserved. 

Low snowfall  results  in  the  freezing of soil  to 

FIGURE 1 Location  and  topography of the  solonchaks 
under  study  and o f  the  Physico-Geographical Gurwan 
Turuu  Station. 1-ephemeral (intermittent)  saline 
lakes  and  streams; 2-ephemeral saline  lakes with 
takyr  solonchaks  and  fields of  mud  boils  under 
study; 3 - southern  boundary  of  discontinous  perma- 
frost; 4 - southern  boundary of sporadic  and 
insular  permafrost. 
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Wilting  moisture (WI) was  determined  by  multiplying 
the  maximum  hygroscopicity  by  the  coefficient of 
1 .34  determined  €or  Mongolian  dry-steppe  soils by 
Umarov  and  Yakushkina (1978). Total  porosity (TP) 
was  calculated  from  both  the  specific  and  the 
volumetric  density.  Soil  temperature  was  measured 
under  field  conditions with an accuracy  of 0.1"C. 

RESULTS 

In the basins  of two permafrost  solonchaks  locat- 
ed 9.5 km apart,  there  were  accumulated  slightly 
segregated  alluvia of different  origin  and  grain 
size  (Figure 2). These  alluvia  determined  the  forms 
of the  mud  boils  (Figures 3 and 4 ) .  The  frost  boils 
form  irregular  clusters  along  the  eastern,  south- 
eastern,  and  southern  banks  of  the  intermittent 
lakes  that  occur on the  lower  parts of slopes 
inclined 0.5" to 2.5' and  underlain  by  permafrost 
at  depths  of 0.6-1 - 4  m (Figure 5). 

Within  the  areas  of  mud  boils  the  soil  surface 
is  characterized  by  a  great  variety o f  morpho- 
genetic  forms. On turf  solonchaks,  among  the  turf 
tussocks,  the soil surface  has  patches of salt 
crusts 0.2-0 .4  cm thick in the  form o f  polygons 

(Figure 3 ) .  The  surface of semidesert  solonchaks 
which  have  a  vegetation  cover o f  2 to 4 % ,  is mosa 
of  deflation-pavement on a  thin  desert  crust  with 
salt  efflorescence  (Figure 6 ) ,  cracked  silt  alluv 
(Figure 3 ) ,  and forms of  eolian  accumulation  and 
surface  and  furrow  flushing.  The  upper  parts  of 
the  slopes,  which  are  underlain  by  permafrost  at 
depths of 0.4-0.6 m  are  dominated  by  fields  of 
recent  cryogenic peat thufurs,  which  are  saturated, 
particularly  during  the  rainy  season. 

Materials  that  comprise  the  profiles  of  the 
soils  under  study  form  an  unstable  layered  system 
where  hydrostatic  pressure is the  main  factor  that 
stimulates  disturbances,  without,  however,  the 
frost  segregation  processes  that  are  typical  of 
the  periglacial  environment.  The  stratigraphy 
consists  of  three  units  of  different  density 
(Figure 7) and  satisfies  the  conditions  defined 
by CegZa  and  Dzhulynski (1970) for  a  geologically 
unstable  layered  system.  The  respective  layers 
have  the  following  characteristics: 

(1) Compact  soil  layer VD 1.73-1.28 g/cm3, 
TP 37-54%. 

(2) Thixotropic  layer,  periodically  liquified, 
VD approximately 0.35 g/cm3, TP  approximately 85%. 

( 3 )  Permafrost  layer, with lamellar  ice, VD 

........... 1 
2 
3 

..... - ........... 
""-1- 

-6  -2 0 2 & 6 8 phi 

FIGURE  2  Grain  size  curves  of  permafrost  semidesert  solonchak 
(profile 107) and of permafrost  turf  solonchak  (profile 109). 
Profile 107: 1 - deflation  cover; 2 - compact  soil  layer; 
3 - thixotopic  layer; 4 - dried-out  crust on top  of  mud  boil; 
5 - sand  lenses i n  compact  soil  layer.  Profile 109: 6 - 
compact  soil  layer. 
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FIGURE 3 La~ld~cape of pe~afrost semidesert 
solonchaks  with  mud-bail  craters 60-350 cm in 
diameter and heights up t o  60 cm at the  south  of 
the Sh~~shurag~ Nuur Lake. At  the  center  arc  the 
mud  boils  under s tudy ,  at profile 107. 

FIGURE S Surface o f  the permafrost  turf  solonchaks 
covered with salt crust, and mud boils with crater 
diameters up t o  60 cm and 20 cm high  with a fresh 
outflow of liquefied  material,  to  the  southeast  of 
Augutuin Nuur Lake, at profile 109, To the  left of 
the  boils are s o i l  clods  pressed ou t  onto the 
surfac-e,  while  to the right i s  dried-up  mud 
rel.ated  to  several.  outflow  phases. 

50 $0 zoom 

FIGURE 5 Schematic  vertical  cross-section  through  the  soil  profile in thufur  and  mud-boil 
fields on the  southern  bank of the  Shagshuraga  Nuur  Lake.  1 - compact  soil  layer; 2 - thixo- 
tropic  layer; 3 - permafrost  layer. 

FIGURE 6 ~e~lation surface  of the  permafrost  semi- 
desert  solonchaks w i t h  a  gravel  cover and desert 
c r u s t  showing a w h i t e  salt cfflorescence a t  profile 
107. Location  is  within the 8-10 m section of 
Figure 9. 

approximately 0.65 g/cm3, TP approximately 15%. 

ing  from  72%  to 100% (by  volume) in the  compact 
soil  layer  and 98% to 100% in the  thixotropic 
layer, in the  mud-boil  craters,  and in the under- 
lying  permafrost  (Figure 8 ) .  

The  formation of  peat  thufurs  and  mud  boils 
depends  upon  increased  hydrostatic  pressure  in  the 
20-40-crn-thick  cryogenic  thixotropic  layer  that 
extends  along  the  slopes  above  the  permafrost, 
This  pressure  increases  during  spring  thaw on 
adjacent  plateaus  and  mountain  ridges  and  in  the 
rainy  season.  The  pressure  magnitude  depends on 
four  factors:  the  distance  between  the  point  of 
water  inflow  and  the  support of the  thixotropic 
layer by compact  materials of takyr  solonchaks,  the 
thickness of compact  soil  above  the  thixotropic 
layer,  the  slope  length and inclination  (Figure 5), 
and  the  geological  origin  of the soil  material 
(Figures 3 and 4 ) .  

If most of the  permafrost  water  exists in the 
form of horizontal, 1-4-mm-thick ice  lamellae,  then 
in the  thixotropic  layer  or in the  mud-boil  craters 
it  will  form  highly  durable  coagulation  structures 

The  above  layers  have  high  water  contents  rang- 
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107 SHAGSHURAGA - NUUR 

FIGURE 7 Stratigraphy  and  physical  properties of 
the permafrost  semidesert  solonchaks  measured i n  
profile 107. BSAG - saline  gleyed  compact  soil 
layer;  Sag - saline  thixotropic  layer;  CsaG  tjale - 
saline  permafrost  parent rock; 1-wilting moisture, 
2 -  field  water  capacity, 3-maximal capillary  water 
capacity, 4 - a i r  capacity, 5->1.0 mm fraction, 
6-1.0-0.1 nun fraction,  7-0.1-0.02 m fraction, 
8-0.02-0.002 mm fraction, 9- f r ac t ion  less  than 
0.002 mm. 

FIGURE 8 Cracked   su r f ace   o f   c rus t ed  s i l t  a l l u v i a  
on the permafros t   semideser t  s o l ~ I l c h ~ ~ s ~   a t   p r o f i l e  
107. Locat ion i s  w i t h i n   t h e  22-24 rn s e c t i o n  of 
F igu re  9. 

SE 

LENGTH 

F I G m  9 Hydrothermal  conditions  in  continental  mud  boils on the  Shagshuraga  Nuur  Lake  bank 
(profile 107), as recorded on 5 July 1978 at 0100 h. (See Figure 5 €or legend) 
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that  are  resistant to the  action of mechanical 
factors.  Within  this  structure,  two  directions 
o f  capillary  morion  predominate--toward  the  cold 
front  of  the  permafrost  at  the  bottom,  and  toward 
the  warm  soil  surface,  especially in rhe open 
mud-boil  craters  (Figure 9). 

Transition of water  into  ice  lamellae  and  the 
resulting  increase  in  permafrost volume is  usually 
accompanied  by  liquefaction of the  thixotropic  mass 
immediately  above  the  permafrost  table.  By  con- 
trast,  within  the  mud-boil  craters,  a  dense  suspen- 
sion,  high-molecular  gel  forms,  containing  perman- 
ently  suspended  rock  and  mineral  fragments  up to 
4 cm  in  diameter.  Water  is lost by  evaporation 
into  the  atmosphere  through  a  cracked  dry  crust 
less  than 5 cm  thick  (Figure 9). A,s a  result  of 
this  process a coagulation  structure  is  formed  that 
remains  static  under  uniformly  changing  pressure 
and  undergoes  syneresis.  At  the  same  time  the 
freezing  point  of  the  soil  structure  is  depressed 
and, consequently,  ice  can  aggrade  but  not  veins 
or  lamellae. 

The  ascending  capillary  motion of water  above 
the  permafrost  table  and  the  loss  of  heat  through 
evaporation  result in a  temperature  drop  within  the 

O C  

1 
-2 . ..  . 

3 """ 

FIGURE 10 Geothermal  profiles  of  permafrost  semi- 
desert  solonchaks  and  mud  boils,  as  recorded on 5 
July  1978,  at 0100 h. 1-compact soil  layer, 2 -  
thixotropic  layer, 3-permafrost layer. 

crater.  One  consequence  of  this  process  is  the 
growth  of a permafrosr  cone  over  100  cm  high  in  the 
crater, In  some  cases,  the  cone  apex  is  10-15  cm 
lower  than  the  slope  surface. In general,  however, 
it  occurs  at  a  depth of 40-80 cm  beneath  the  top of 
the  mud  boil.  There  is  also  an  increase  in  crater 
diameter of up  to 2.5 m  as  a  result  of  liquefaction 
of soil  material under the  influence  of  the  aggrad- 
ing permafrost  cone. 

deformation  and  transformation  of  the  unstable 
layered  system  are  the  dynamics of temperature 
change with time  and  local  temperature  variation 
in  the  vertical  and  horizontal  soil  planes  (Figure 
9 ) .  From  the  temperature  depth  profiles  shown  in 
Figure  10,  it  can be concluded  that  the  greatest 
vertical  temperature  range  within  the  thixotropic 
layer  occurs  above  the  apexes  of  permafrost cones, 
Here,  temperature  differences  of  15-20°C  occur  in 
the  50-75  cm  thick  layer.  Between  the  permafrost 
cones,  the  thixotropic  layer  is 20-30 cm  thick  and 
the  vertical  temperature  range  is  7°C.  The  degree 
of exposure  influences  both  the  temperature dis- 
tribution in the  boils  as  well  as  the  form  of  the 
permafrost  cones  (Figure 9). 

decrease  in  the  temperature  jump with the  depth  of 
the  contact  between  the  thixotropic  layer and the 
permafrost  layer. 

The  most  important  factors  responsible fo r  

Figure 10 illustrates  the  characteristic 

SUMMARY 

The  feature  that  distinguishes  the  islands  of 
permafrost  solonchaks  in the northern  dry-steppe 
area of the  Central  Gobi  Peneplain is a  system of 
layers with variable  density.  The  basic  deforma- 
tion  conditions  determined  by  Cegka  and  Dzhulynski 
(1970)  include  the  difference  in  volumetric  mass 
between  the  upper  and  lower  layer,  the  degree o f  
soil  water  saturation,  and  the  soil  liquefaction 
characteristics.  In  addition,  the  hydrostatic 
pressure  and  low  temperature  conditions  are  major 
factors  stimulating  disturbance  of  the  unstable 
system,  These  two  factors,  modified  by  slope 
length  and  inclination,  extent  of  the  thixotropic 
layer,  and  thickness of the  coppact  soil  layer, 
determine  the  formation on the  lower  parts  of 
slopes  of  the  characteristic  clusters of mud  boils. 
Variation in height  and  diameter of these forms, 
between  the  respective  solonchaks, is a function of 
the  geological  origin  of  the  soil  parent  material. 
The occurrence  of  similar  forms  in  Iceland  has  been 
described  by  Sting1  and  Herrmann (1976). 

The  mud  boils  in  question  come  into  being as a 
consequence  of  local  liquefaction of the  compact 
soil-cover  in  vertical  channels  and  the  pressing 
through of these  channels  onto  the  surface  of  the 
thixotropic  layer  remaining  constantly  under  hydro- 
static  pressure.  Mud  boils  in  this  area  constitute 
perennially  active  forms,  in  contrast  to  the 
periodically  repeated  outflows  of  mud  in  the  poly- 
gon systems  of  periglacial  tundra, which also  occur 
under  the  influence  of  hydrostatic  pressure  (Jahn 
1948,  Mackay  and  Mackay  1978,  French  1979,  Wojcik 
1981). This  major  contrast  reflects  the  continen- 
tal Central-Asiatic  peculiarity of hydrothermal 
conditions o f  the  permafrost  solonchaks  that. 
contain  fields  of  cryogenic  mud  boils. 
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ERODIBILITY OF UNCONSOLIDATED  MATERIALS IN PERMAFROST 

E. 2. Kuchukov  and  D. V. Malinovsky 

Geology  Department, 
Moscow  Stare  University,  Moscow, USSR 

Mechanisms  and  laws  governing  the  erosion  of  unconsolidated  rocks  in  permafrost  are 
examined.  Four  types  of  erosion,  distinguished on the  basis  of  the  interaction  of 
water  flow  with  the  rock,  are identified.  The  most  typical  for  the  erosion  of  frozen 
rocks  are  the  thermoerosional  and  extreme-thermoerosional  types.  It  was  established 
that  the  intensity  of  erosion  increases with increasing  stream  discharge  (in  the  case 
of the  erosional  and  thermoerosional  types)  and with increasing  water  temperature  (in 
the  case  of  the  extreme-thermoerosional type).  It was shown that  the  composition, 
cryogenic  structure,  ice  content,  and  density of the  rocks  are  basic  factors in 
dictating  their  erodibility. 

thermal,  and  physical  aspects of erosion  as  well  a5  methods  of  determining  them  are 
proposed. A scheme  is  developed  for  subdividing  permafrost  materials on the  basis  of 
erodibility,  which  might  be  used  for  aseessing  and  mapping  permafrost  and  seasonally- 
frozen  materials  within  the  Yamal  Peninsula.  Much  of  the  peninsula  is  composed of 
deposits  susceptible  to  catastrophic  and  rapid  erosion with the  percentage  area of 
such  deposits  increasing  from  south to north. 

Indices  of  erodibility  of  permafrost  materials,  which  reflect  the  mechanical, 

Stream  activity in permafrost  conditions  emerges 
as  one of the  most  important  factors  of  cryolitho- 
genesis  and  is  essential  for  the  development  of 
surface  denudation,  transportation  and  accumulation 
of  weathering  products.  The  specific  nature  of 
this  process,  a150  called  thermoerosion,  is  the 
simultaneous  thermal  and  mechanical  effects  of 
streams on permafrost.  The  present work, carried 
out  under  the  guidance  of  Professor E. Yershov  at 
the  University's  Permafrost  Studies  Department, 
limits  itself  to  discussing  the  scouring  of  perma- 
frost  dispersed  rocks  by  intermittent  streams, as 
the  most  hazardous  effects  of  man's  economic 
activity,  and  of  scourability  of  permafrost  reflect- 
ing  its  sensitivity  to  concurrent  thermal  and 
mechanical  impact  of  flowing  water. A5 a  result, 
the  degree  of  scouring  is  dependent on the  thermal- 
physical  and  stability  properties  of  permafrost 
(Yershov,  Kuchukov e t  al,, 1980). The  former 
determine  the  speed of rock  thawing,  and  the 
latter  determines  the  destruction  intensity  and 
the  follow-up  material  removal, i.e.,  the  scouring 
intensity (I), which  may  be  defined  as  a  rock 
amount  carried  off with  flow  from  a  unit  area  in 
a  unit  time, or, for  the  flat  flow,  as  a  rock  layer 
scoured in  a unit  time. 

Laboratory  and  field  studies  have  shown  that 
permafrost  is  scoured  while  removing  individual 
particles  (for  sandy  rocks)  and  microaggregates 
and  aggregates ( for  clay). Basically,  the 
character  and  size  of  jointings  teared  off  are 
specified  by  the  cryogenic  texture. 

Three  essentially  differing  patterns  of  this 
process  may  be  ascertained  with  regard  to  the 
correlation  of  the  thermal  and  mechanical  factors, 
and  accordingly,  the  scouring  types  identified  by 
the  stream-rock  relationship. 

capacity  of  a  stream  surpasses  the  scouring  resist- 
1) Scouring of permafrost  proper,  when  erosion 

ance of permafrost  is  the  permafrost-erosional  type 
(Pig. 1, curve 1). The  pivotal  point  here  is  the 
high  strength  of  permafrost  rocks,  and  their  scour- 
ing  forestalls  their  thawing.  Under  natural 
conditions  this  type  of  scouring  is  improbable 
since  actual  streams  in  permafrost  areas do not 
possess  adequate  mechanical  energy to destroy 
frozen  rocks.  Therefore,  many  specialists  have 
difficulty  depicting  the  whole  permafrost  area 
(except  for  its  most  southern  part) on many  gully- 
erosion  maps as gullyless  and  not  prone  to  erosion. 

2)  Thawing  of  permafrost  and  instantaneous 
removal o f  thawed  material  while  the  stream  is  in 
contact with  a  permafrost  basement  is  the  maximum- 
thermoerosional  type  (Fig. I, curve 2). It  is 
characterized  by  an  equal  intensity  of  thawing  and 
scouring;  while  the  flow  rate  reaches  its  critical 
point  (NKrl),  the  erosion  front  inevitably  catches 
up with  the  thawing  line.  The  scouring  intensity 
then  becomes  a  function o f  the  thawing  speed,  and 
more  important,  of  a  water  temperature,  dispersity 
and  thermal-physical  properties  of  thawing  rocks. 
The  linear  relationship  was  traced  between  the 
critical  scouring  intensity (NKr-1 for  permafrost 
rocks  at  a  given  temperature,  and  the  stream 
temperature  (Fig. 2). The  scouring  of  clear  ice 
goes on slower  than  that of sand  but  much  quicker 
than  of  clay.  And  loamy  sand i s  more  easily  scoured 
than  loam.  What  is  important  here  is  that  the  ice 
content  of  permafrost  determines  the  heat  level  at 
phase  transitions  and  the  cryogenic  texture  deter- 
mines  movement  of  the  scouring  front. The scouring 
of  clay  having  a  laminated  or  reticulate  texture 
develops in two  ways.  If  the  size of mineral 
aggregates is smaller  than  the  geometrical  para- 
meters  (depth  and  width)  of  jet-type  water  flow, 
then  the  scouring  acquires  a  discrete  nature  because 
mineral  aggregates, due to  their  scouring  resistance, 
are  removed  only  after  they  thaw.  If  the  size of 
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mineral  aggregates i s  comparable  to  the  water 
flow  parameters (e.g., at scouring  of  mineral 
aggregates  over 3 cm  in size), then  scouring 
proceeds  through  selective  erosion  along  ice 
schlierens. In this case the  removal of frozen 
aggregates is possible.  The  critical  scouring 
intensity  may be calculated as follows: 

where  tw = water  temperature, " C :  
Ktp = temperature  index  of  scouring, m/s. 

degree,  describing  an  increment  of  the 
critical  scouring  intensity  per  one 
degree  Centigrade. It i s  determined 
by  resolving  the  problem  of  a  thawing 
line  movement for the  case of a  com- 
plete  "instant"  removal  of  any 
thawed  rock: 

where 6 and A = the  sizes  of  mineral  and  ice 
layers,  respectively, m; 

0 = the  ice-thawing  heat, J; 
LVo1 = the  ice  volume in mineral 

interbeds; 

exchange  between  water  and 
permafrost  rock,  water  and ice, 
J/sq.m*degree; 

mineral  interbed,  J/m.s*degree. 

a0 and a = coefficients of a  turbulent 

X = the  thermal  conductivity  of  a 

This  solution  is  valid  only  for  the  condition 
when  the  temperature o f  a  permafrost  rock  series 
i s  close  to  zero.  Observations o f  the  rock 
temperature in  a  one-meter  layer  and  under  a 
stream  bed,  carried  out  at  permanent  stations 
in  the  north  of  Western  Siberia  show  that  it  does 
not  drop  below -3'C in  the  spring-summer  period. 
But  taking  into  account  the  heat  amount  used  for 
heating  permafrost  rocks  under  the  stream  bed,  the 
proposed  relationship ( 2 )  may  be  employed with 
adequate  reliability. 

3) Forestalled  rock  thawing  and  a  stream 
contact with thawing  or  thawed  deposits: Two types 
of scouring  are  found  here: a) thermoerosional 
(Fig. 1, curve  3)"erosion of thawing  rocks  having 
a  post-cryogenic  structure  and a low  mechanical 
strength  due  to  the  increased  humidity  and  struc- 
tural  linkages  not  fully  restored  during  thawing; 
b) erosional  (Fig. 1, curve  4)"scouring of thawed 
deposits,  not  differing  from  the  traditional 
erosion  of  non-frozen  rocks. In both cases,  when 
scouring  is  done  by  a  jet-type  flow,  the  relation- 
ship  between  the  scouring  intensity  and  the  water 
flow  power  may  be  described  as  follows: 

I = Ksc N m / s  , 

where  Ksc = the  scouring  resistance  factor, 
cu.m/J,  being  equal  to  the  scouring 
intensity  at  a  unit  water  flow  power, 
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calculated  by  the  formula: 

N = 0 . 5 ~  * v 9  w/sq m , 
where p = water  density,  kg1cu.m; 

The  value  of  the  resistance  factor and, corres- 
pondingly,  the  scouring  intensity,  is  determined 
by  the  stability  of  thawing  rocks. We have  estab- 
lished  a  close  correlation (a correlation  factor 
being 0.95) between  the  scouring  resistance  factor 
and  the  maximum  rock  displacement  stress  measured 
by  micropenetrometer MB-3 (Yershov,  Malinovsky  et 
al.  1982)  for  multiple  dispersed  thawing rocks of 
various  composition,  found in the  north o f  Western 
and  Eastern  Siberia.  The  relationship  obtained  may 
be  presented  as  follows: 

v = flow  velocity, m/s. 

Ksc - - 10-15  cu.m/J ( 5 )  

where  r = the  maximum  displacement  stress,  Pa. 
Research  has  indicated  that  there  is  actually no 
relationship  between  the  maximum  displacement 
stress  and  the  angle of internal  friction. On the 
other  hand,  a  close  relationship  was  traced  between 
the R value  and  cohesion,  taking  up a linear  form 
f o r  non-frozen  rocks  and  a  parabolic  form  for  thaw- 
ing  rocks.  Using  equation 3 ,  it  may  be  easily 
stated  that  the  admissible  non-scouring  velocity 
(ANV) for  sands  does  not  exceed 0.1 m / s ,  while  for 
clays  with  a  laminated  or  reticulate  texture it 
ranges  from 0.1 to 1.0 m / s  and  exceeds 1.0 m/s  for 
rocks with  a  cryogenic  texture.  The  established 
relationship  between  the  scourability  of  permafrost 
rocks  and  the  stability  of  thawing  rocks  is  quite 
reliable  and in accord with the  data  of Ts. Ye. 
Mirtskhulava (19701, ascertained  the  dependence of 
ANV on cohesion  of  water-saturated  rocks. 

Thus, we may define  the  likely  type  and  intensity 
of  permafrost  scouring  relying  upon  the  scouring  in- 
dices, when external  conditions (N and tw) are  known. 
If the  potential  scouring  intensity  exceeds  the  crit- 
ical  value,  then  the  maximum-thermoerosional  type of 
scouring  is  to  be  anticipated,  and  if  below  critical, 
then  thermoerosional  or  erosional.  Usually  deposits 
having  the  maximum  displacement  stress  less  than 0.03 
MPa  are  subject  to  thermoerosional  scouring. 

The  likely  intensity  of  scouring  of  a  thermo- 
erosional  type  is  of  utmost  importance  for  erosion 
forecasts  in  permafrost.  This  is so because  the 
resistance  factor  may  change  by  two  orders  depend- 
ing on the  rock  structure  and  texture,  while 
temperatures,  although  different  in  different  rocks 
studied,  are  still  rather  close t o  each  other. 
Besides,  since  many  varieties of dispersed  perma- 
frost  show  high  stability  to  the  effects  of  natural 
stream  erosion (e.g., heavy  clays),  the  maximum- 
thermoerosional  type  of  scouring  cannot be obtained. 
Then  the  subdivision of permafrost rocks by  scour- 
ing  is  done  using  the  resistance  factor  with  regard 
to  their  composition,  ice  content,  cryogenic 
composition  and  stability  (Table 1). The  first 
three  categories  differ  by  the  ice  content  and  the 
cryogenic  rock  texture.  The  fourth  and  fifth 
categories  comprise  ice-rich  rocks,  having  differing 
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cryogenic  texture  and  low  stability  at  thawing. 
The  increased  dispersion  generally  results in the 
diminished  scouring  in  view  of  the  growingcohesion. 
Should  the  structure of permafrost  rocks  be  dis- 
turbed,  their  susceptibility  to  scouring  grows; 
readily  thawing  rocks  are  easy to scour.  But  this 
is  not  always  valid  because  of  differences in 
thawing  and  scouring  patterns.  Hence  the  data  on 
the  speed  and  character of thawing  may  be  taken 
(conventionally)  to  describe  the  scouring  inren- 
sity.  The  presence  of  plant  roots in permafrost 
rocks  is  very  essential  for  diminishing  the  rock 
scouring. 

The  scouring  assessment  of major geological- 
genetical  types  of  rocks  on  the  Yamal  Peninsula 
was  carried  out  making  use  of  the  described 
classification  of  permafrost  rocks  by  scouring. 
It  is  based on the  analysis  of  permafrost- 
engineering  geological  peculiarities  of  upper 
horizons (to a  depth of 5 m) within  the  Peninsula. 
The  results  obtained  have  indicated  that  the  rocks 
of  the  fourth  category  (highly  susceptible  to 
scouring)  are  most  widely  spread  over  the  Penin- 
sula;  and  the  scouring  here  is  of the maximum- 
thermoerosional  type  because  in  most  typical 
conditions  their  otential  scouring  intensity 
goes  beyond l - l O * '  m/s.  These  are  syn-  and 
epigenetic  ice-rich  sands  of  a  marine,  lagoon- 
marine  and  alluvial  geneses  possessing  low 
structural  stability  in  a  water-saturated  state. 
The  scouring  resistance  factor  ranges  within 
(0.3-10) cu.m/J,  Widely  met also are  rocks 
of  the  fifrh  category,  including  syngenetic  al- 
luvial  ice-rich  clay with an  ataxitic  cryogenic 
texture of disastrous  scouring,  behaving in this 
respect  as  clear  ice.  They  are  scoured  by  the 
maximum-thermoerosional  type.  Their  srability 
after  thawing  is  nearing  zero.  Their  scouring 
resistance  factor  is  always  above cu.m/.T. 
Many  researchers  (Kosov  and  Konstantinova 1969) 
claim  that  it i s  the  presence  of  deposits of the 
fourth  and  fifrh  categories  that  are  conducive  to 
a  disastrously  rapid  scouring.  Less  developed on 
the Yam1 Peninsula  are  deposits  of  the  third  and 
second  categories,  in  which  scouring  intensity  is 
equal  to (0.1 to 1.0) m / s  following  the 
thermoerosional  type.  These  rocks  are  disting- 
uished  by  the  lack  of  cohesion  between  aggregates 
and,  usually,  the  post-cryogenic  structure  at 
scouring.  The  third  category  includes  syngenetic 
clay of the  marine,  lagoon-marine  and  alluvial 
geneses.  They  are  given  to  thixotropy  and  have 
low  stability  (not  more  than 9.01 MPa)  after 
thawing. In typical  conditions  the  scouring  may 
sometimes  be  of  the  maximum-thermoerosional  type. 
The  scouring  resistance  factor  makes  up (0.1 to 
0 . 3 )  low6 cu.m/J which refer  them to easily- 
scoured  rocks.  The  second  category  encompasses 
medium-scoured  syngenetic  clay  of  the  marine, 
lagoon-marine  and  glacial-marine  origin.  What 
set  them  apart  is  the  fact  that  the  tearing of 
particles  is  attributable  not  only t o  textural 
but  structural  peculiarities  which  emanate  from 
lithological,  physical,  chemical,  biological 
and  other  factors.  Their  stability  when  thawing 
varies  from 0.01 to 0.03 MPa  and,  in  typical 
conditions,  the  scouring  is  of  the  thermoerosional, 
and  more  seldom,  erosional  type.  The  resistance 
factor  is  estimated  to  be (0.03 to 0.10) 

cu.m/J.  The  first  category o f  slightly  scourable 
rocks  includes  epigenetic  clay  deposits in  which 
scouring  (erosional  type)  intensity i s  less  than 
0.1*10-4 m/s. These  rocks  are  characterized  by 
specific  scouring  along  schlierens,  but,  in  general, 
erosion  tends t o  decrease.  Stability of mineral 
aggregates  does  not  exceed 0.03 MPa  and  the  scour- 
ing  resistance  factor  is  not  more  than 0.03*10-6 
cu.m/J. 

Slope-type  deposits  (alluvial,  deluvial, 
solifluctious,  proluvial)  may  enter  any  of  the 
above  categories with regard  to  their  composition 
and  structure  (Yershov,  Malinovsky  et  al. 1982). 

Studies  of  permafrost  dispersed  rock  scouring 
have  indicated  that  syngenetic  permafrost  series 
which  area  increases  northward,  are  characterized 
by less resistance to  scouring.  This  explains, 
in our  view,  the  tendency to  intensified  gully 
development  to  the  north  of  the  so-called  gullyless 
belt in the USSR, which  is  dwelt on in  many  publi- 
cations  (Kosov  and  Konstantinova 1969). This  belt 
is confined  to  the  southern  part of the  permafrost 
zone  typical fo r  which  are  a  maximum  depth of 
seasonal  freezing  and  thawing  and a lack  of  syn- 
genetic  permafrost. It is  the  latter  that,  in 
view  of  their  high  ice  content and,  mainly,  due to 
the  development  of  small-meshed  and  thinly- 
laminated  cryogenic  textures,  show  the  lowest 
erosion  resistance, 

rocks  tend to decrease  in  the  following  order: 
syngenetic alluvial-marine- lagoon-marine- 
epigenetic lacustrine-marine- lacustrine-glacial- 
water-glacial.  Therefore,  the  genesis  of  perma- 
frost  series  (the  freezing  type  being  inclusive) 
gives  an  idea  about  the  deposits'  scouring. 

The  results  obtained  laid  the  basis  for  zoning 
the  scour  potential  of  Yamal  Peninsula  at a scale 
1:5,000,000 (Yershov,  Malinovsky et al. 1982). 
Identified on the  map  were  regions,  microregions, 
etc. of deposits  having  similar  factors  contribut- 
ing  to  permafrost  scouring.  Permafrost  surveys, 
providing  ample  material  for  ascertaining  these 
factors,  were used.  For  the  purposes of zoning, 
taxonomic  units  distinguished  for  the  West- 
Siberian  map  by V. T. Trofimov i n  1977 were 
employed.  Reflecting  the  changeability  of 
engineering-geological  rock  properties in  space, 
they  are  also  helpful  in  tracing  the  scouring 
variability  in  particular.  Indeed,  while  dividing 
a  region  into  provinces on the  basis  of  rock 
classes  (with o r  without  cementation),  there  are 
distinguished,  first  of  all,  areas  composed  of 
practically  unscoured  and  scoured  (dispersed) 
rocks.  The  thermal  effect of streams on rock 
scouring  (thermoerosion  or  traditional  erosion) 
becomes  clear when subdividing  the  provinces  into 
zones  and  subzones  by  the  present  state  of  rocks. 

Most  important for scientific  and  practical 
purposes  is  zoning  of  territories ( for  assessing 
rock  scouring)  composed,  firstly, of deposits 
without  cementation  and,  secondly,  rocks  in  a 
permafrost  state.  This  somehow  narrows  the  problem 
and  allows  application  of  the  zoning  pattern, 
described  for  the  Yamal  Peninsula,  to  predominantly 
permafrost  areas. 

The  zoning  of  the  Yamal  Peninsula  wa5  carried 
out  using  the  system  of  taxonomic  units  inherent 
in  the  engineering-geological  zoning.  The  largest 

Generally  the  scouring  properties of permafrost 
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taxonomic  units-districts-are  identified  by  the 
morphological  specifics of a  territory  and  the 
genesis  of  the  upper  horizons in permafrost  series: 
(1) district of predominantly  Late  Quaternary  and 
modern  lagoon-marine,  marine,  lacustrine  and 
alluvial  terraces,  with  a  surface  layer  of  syngene- 
tic  permafrost; (2) district  of  predominant  Middle 
and  Late  Quaternary  marine,  glacio-marine,  glacio- 
lacustrine  and  glacial  plains  in  which  the  surface 
is  epigenetic  permafrost.  The  next  taxonomic  unit, 
in  a  decreasing  order, is a  region or a part of a 
district  distinguished by bedrock in the  upper  part 
of a  profile.  Subregions  are  differing  by  the 
cryogenic  structure  of  deposits. A definite  rock 
category  for  scouring  corresponds to each  sub- 
region.  Disregarding  composition  and  structure, 
deposits  with  well-developed  ice  wedges  are 
referred  to  the  fifth  category.  The  assessment 
undertaken on Yamal  Peninsula  has  indicated  that 
much of the  territory is composed  of  disastrously 
and  rapidly  scoured  deposits,  and  their  area 
increases  northward. 

FIGURE: 1 Relationship  between  the  scouring 
intensity of permafrost  rocks  and  water  flow 
power  at  a  constant  temperature. 
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DILATOMETER  TESTING  IN  THICK  CYLINDERS OF FROZEN SAND 
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The borehole  dilatometer  method  for in situ  determination  of  creep  properties  of  frozen 
soils,  introduced  initially  by  Ladanyi  and  Johnston (1973), has  since that  time  been 
used  with  reasonable  success in several  field  investigations  in  frozen soils and  ice, 
the  results  of  which  have  been  reported  in  several  previous  papers.  However,  since,  the 
method  has  not  yet  been  tested  under  controlled  laboratory  conditions,  it was decided t o  
carry  out  a  series  of  dilatometer  creep  tests in confined  thick  cylinders  of  frozen  sand, 
using  the  conventional  field  equipment.  This  paper  presents  and  discusses  the  results 
of  a  series  of  stage-loaded  medium-  and  long-term  creep  tests  carried  out  in  these  cy- 
linders  with  the  Menard  pressuremeter  and  gives  the  whole  theoretical  interpretation of 
such  tests,  which  appear  to  be an interesting  alternative  method  for  the  determination 
of  creep  parameters of frozen soils under  plane  strain  conditions. 

INTRODUCTION 

After  the  first  experience  with  field  testing 
of creep  properties  of  frozen  soils,  the  results 
of  which  were  published  by  Ladanyi  and  Johnston 
(1973), several  additional  field  studies  have  been 
carried  out in the  North,  both  in  frozen  soils  and 
in sea  ice.  Most  of  these  studies were designed 
to  improve  the  understanding  of  the  borehole  ex- 
pansion  resting  method, in which  two  kinds  of  bo- 
rehole  dilatometers were used  for  performing  short- 
and  long-term  borehole  creep  and  relaxation  tests 
(Ladanyi 1982). 

This  paper  presents  some  results  from  a  recent 
study  of  borehole  expansion  testing  in  frozen  sand, 
in which  the  tests  were  performed with the  conven- 
tional  field  equipment  but  under  cold room condi- 
tions  (Eckardt  1981).  Such  a  study,  carried out 
in thick  cylinders  of  frozen  sand  under  controlled 
temperature  and  lateral  stress  conditions,  was  con- 
sidered  necessary  to  be  able to better  evaluate 
and  understand  the  effects  of  stress  level  and  ti- 
me on the  creep  behavior  of  frozen  soil.  Although 
the  main  purpose  of  this  investigation  was  to  simu- 
late  the  field  testing,  the  thick  cylinder  expan- 
sion  method  has  proved  to  be  an  interesting  alter- 
native  to  other  types  of  laboratory  tests  with  fro- 
zen  soils,  especially  when  large  scale  plane  strain 
information is required. 

interpretation of such  thick-cylinder  tests,  the 
shape of stress-strain  curves  deduced  from  short- 
term  tests,  the  different  creep  behavior  of  the 
soil  at  low  and  high  stress  levels,  the  extrapola- 
tion of creep  curves  to  longer  times,  and  the  ef- 
fect  of  stress  redistribution on the  observed  creep 
behavior in stage-loaded  borehole  creeD  tests. 

Special  problems  discussed in this  paper  are  the 

TEST  EQUIPMENT 

Although  Eckardt  (1981)  used  both  the  Menard 
pressuremeter  and  the  CSM  cell  for  performing  bore- 
hole  creep  and  relaxation  tests,  because  of  the 
space limitation  only  the  results  obtained  with  the 

pressuremeter  will  be  described  in  this  paper.  The 
pressuremeter  used  in  the  tests was  a  Menard  type 
GC with  a  volume  capacity of about 800 cm3  and  a 
pressure  range o f  up  to 10 MPa.  The  probe  had  a 
minimum  diameter  of 7.1 cm,  and  its  total  length 
was 45.5 cm. 

A sketch of the  test  chamber,  specially  con- 
structed  for  sample  preparation  and  test  performan- 
ce,  is  shown  in  Figure 1. The  chamber,  a  steel 
tank  with an outer  diameter  of 90 cm  and  a  height 
of 50 cm,  was  designed  to  contain  cylindrical  hol- 
low  samples  of  frozen  soil  that  were  about 5n cm  in 
diameter  and  up  to  45.5  cm  long.  A  rigid  construc- 
tion of the  bottom  and  the  top  of  the  tank  furni- 
shed  essentially  plane  strain  conditions  for  the 
sample.  The  bottom  of  the  tank was perforated  with 
1 6  holes  connected  by  plastic  tubes  to  a  water  con- 
tainer  for  saturating  the  samples. The lateral con- 
finement of the  sample was supplied  by  two  superim- 
posed  air-filled  rubber  cushions  (actually  inner 
tubes  of  large  truck  tires)  placed  between  the  sam- 
ple  and  the  steel  tank  wall;  making  it  possible  to 
apply  a  confining  pressure of up  to 0 . 3  @a. 

The test  chamber was located  in a cold  room  in 
which  the  temperature  was  controlled with  an accu- 
racy  of UOC. In general,  the  temperature  measured 
wirhin  the  chamber  and  on  the  sample  did  not show 
much  Variation,  remaining  around  -2.5OC i n  all  the 
tests. 

TEST  MATERIAL 

A natural  medium-grain-size  sand  was  used in 
all  the tests*  Its  grain  size  distribution  obtai- 
ned  by  a  periodic  ckeck  of  different  batches, was 
about 90% between  0.1  and 1.0 mm,  with  less  than 
2% below 0.1 mm and  less  than  1%  above 2 mm; giving 
a  coefficient  of  uniformity of about  3.0.  The  ma- 
ximum  and  minimum  dry  densities  of  the  sand,  deter- 
mined  by  the  ASTM  standard  method,  were  1,810  and 
1,510  kg/m3,  respectively.  Constant-cell-pressure 
rriaxial  tests  on  the  dry  sand  gave  peak  strength 
angles  of  internal  friction of 45O at  the  maximum 
density,  and 390 at  a  medium  density  of 1,680 kg/m3. 
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d e n s i t i e s .  

f r i c t i o n   a n g l e  w a s  about  350 a t   b o t h  

t+"Ocm+h) 

FIGURE' 1 Thick-cyl inder   t es t   se tup   €or   p ressumere-  
meter tests i n   f r o z e n   s a n d ,   ( a )   s t e e l   t a n k ,   ( b )  
sample ,   (c )   cen t ra l   tube   dur ing   sample   p repara t ion ,  
( d )   s t e e l   s t r i p s   f o r   s a m p l e   p r e p a r a t i o n ,   ( e )   r u b b e r  
cush ions   fo r  lateral c o n f i n i n g   p r e s s u r e ,  ( f )  s a tu -  
r a t i o n   w a t e r   s u p p l y   l i n e ,  (g) r e i n f o r c e d   l i d ,   ( h )  
lateral pressure   gages ,  (i) a u x i l i a r y   f r a m e .  

PREPARATION  OF  SAMPLES 

Before  each  sample  preparat ion,   rhe  bot tom  of  
t h e   s t e e l   t a n k  was g reased   w i th  a c o l d - r e s i s t a n t  
l ub r i can t   and   t hen   cove red   w i th  a p l a s t i c   s h e e t ,  
p e r f o r a t e d   t o   p e r m i t   s a m p l e   s a t u r a t i o n .   N e x t ,   t h e  
r u b b e r   c u s h i o n s   € o r   l a t e r a l   p r e s s u r e   a p p l i c a t i o n  
were i n s e r t e d   a n d   s l i g h t l y   i n f l a t e d .  Then 16  steel 
s t r i p s ,   e a c h   1 3  cm wide  and 45.5 cm long,  were in-  
s t a l l e d   v e r t i c a l l y   a g a i n s t   t h e   i n n e r   s i d e  o f  t h e  
cushions,   to   form  the  outer   sample  envelope.   The 
h o l e   f o r   t h e  test was p r o v i d e d   b y   i n s t a l l i n g   i n  ad- 
vance a c e n t r a l  steel t u b e   w i t h  a 7.4 cm diameter .  
The tube,   which was greased  and  covered  with a p l a s -  
t i c   s h e e t ,  was e x t r a c t e d   a f t e r   t h e   s a m p l e  was f ro -  
z e n .   L a t e r a l   s t e e l   s h e e t s   a n d   t h e   c e n t r a l   t u b e  
w e r e   f i x e d   i n   t h e  empty c o n t a i n e r  by a n   a u x i l i a r y  
mobile   f rame,  as shown i n   F i g u r e  1. Dur ing   the  
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f ill i n g  of i :he drv  sand i n t o   t h e   t a n k ,  t h  , is frame 
was pu l l ed   con t inuous ly  upward.  The  sand  was com- 
pac ted  by a v i b r a t o r  t o  a medium dens i ty   by  moving 
t h e   v i b r a t o r   a r o u n d   t h e   s a m p l e   a n d   i n s e r t i n g  i t  i n  
f o u r   d i f f e r e n t   c y c l e s .   A f t e r   t h e   w h o l e   s a m p l e  was 
p r e p a r e d ,   t h e  chamber was c l o s e d   w i t h  a r e i n f o r c e d  
l i d .  Then the   rubbe r   cush ions   were   i n f l a t ed  up t o  
100  kPa l a t e r a l   p r e s s u r e ,   a n d   t h e   s a n d  was s a t u r a -  
ted  f rom  the  bot tom up w i t h   d i s t i l l e d   a n d   d e a e r a t e d  
water .  

The  sample  was  frozen a t  a co ld  room temperatu- 
re of -1OOC.  D u r i n g   f r e e z i n g ,   t h e   s t e e l   t a n k  w a s  
i n s u l a t e d   o n   t h e   t o p   a n d   t h e   s i d e s   t o   f o r c e   t h e  
f r e e z i n g   f r o n t   t o  move upward,  which  minimized f r e e  
z i n g   s t r a i n s   a n d   s t r e s s e s .   A f t e r  3 days ,   t he  sam- 
p l e  was f rozen ,   and   the  room tempera tu re  was in -  
c r e a s e d   t o   t h e   d e s i r e d  test l e v e l  of -2 .5OC. The 
sample  was  allowed ro a t t a i n  a homogeneous  tempera- 
t u r e   d i s t r i b u t i o n   f o r   t h r e e  more  days  without  insu- 
l a t i o n .   T h u s ,   a l t o g e t h e r ,   t h e   p r e p a r a r i o n   o f   e a c h  
sample  took  between 6 and 8 days.  

The d e n s i t i e s   a n d  water con ten t s   o f   t he  test 
samples were de termined   by   t ak ing   s ix   spec imens   a f -  
ter e a c h   t e s t s ,  two f rom  the   t op ,  two f rom  the   bo t -  
tom, and two f rom  the   cen te r .  

THEORY OF DILATOMETER  TESTS I N  
THICK-WALLED  CYLINDERS 

Shor t  Term T e s t s  
"" 

I n  the   bo reho le   d i l a tome te r   and   p re s su reme te r  
pract ice   (e .g . ,   Ladanyi   and  Johnston  1973,   19781,  
t h e   r e s u l t s   o f  a shor t - t e rm  bo reho le   expans ion   t e s t  
a r e   u s u a l l y   f i r s t   p l o t t e d  as a c o r r e c t e d   p r e s s u r e -  
expansion  curve.   The  " t rue  pressure-expansion  cur-  
v e "   u s e d   € o r   i n t e r p r e t a t i o n  is ob ta ined  by s h i f t i n g  
t h e   p r e s s u r e   o r i g i n   o f   t h a t   f i r s t   c u r v e   t o   p o ,   w h i c h  
d e n o t e s   t h e   a v e r a g e   o r i g i n a l   g r o u n d   p r e s s u r e   a c t i n g  
n o r m a l l y   t o   t h e   b o r e h o l e   a x i s .  The " t r u e   p r e s s u r e -  
expans ion   curve"   represents   then  a r e l a t i o n s h i p   o f  
the   form AV = f ( p ) ,   w h e r e  p = PC - po i s  t h e   n e t  
p r e s s u r e   a c t i n g  on t he   bo reho le   wa l l ,   and  AV is t h e  
corresponding  volume  increase  of   the  measuring  sec-  
t i o n  of t h e   b o r e h o l e ,  whose  underformed volume was 
VO * 

re c o n v e n i e n t   t o   p l o t ,   i n s t e a d   o f  AV, the  dimension- 
less q u a n t i t y  AV/V, w h i c h   r e p r e s e n t s   i n   f a c t   t h e  
s h e a r   d i s t o r t i o n   s r r a i n  y a t  t h e   c a v i t y  wall. Here 
V = Vo + AV d e n o t e 6   t h e   c u r r e n t   b o r e h o l e  volume a t  
a n e t   p r e s s u r e  p. 

ry o f   a n   e x p a n d i n g   e l a s t i c   t h i c k   c y l i n d e r   i n   p l a n e  
s t r a i n ,   e n a b l e s   t o   d e t e r m i n e   f r o m   t h e   i n i t i a l  s lo -  
pe of t he   t rue   p re s su re -expans ion   cu rve   t he   va lue  
o f  t he   shea r   modu lus   o f   t he   so i l .  

Fo r   eva lua t ion  of test r e s u l t s ,  i t  is st i l l  mo- 

A s  shown by  Ladanyi  (1982) , t h e   c l a s s i c a l   t h e o -  

G = 2 ( 1 S u )  =A6 E 

where E and v d e n o t e   t h e  Young's modulus  and  the 
P o i s s o n ' s   r a t i o   o f   t h e   s o i l ,   r e s p e c t i v e l y ,  
y = AV/V, and, 

1. + (1 - 2v) a2 h =  " 
1 - a' 



67 9 

where = r i / re  is the   r a t io   be tween   t he   i nne r   and  
t h e   o u t e r   r a d i u s  of t h e   c y l i n d e r .  

a method enabl ing  one  to   deduce  the  whole stress- 
s t r a i n   c u r v e  from a pressure-borehole   expansion 
cu rve ,   deve loped   o r ig ina l ly  by  Ladanyi  (1972),  can 
e a s i l y   b e   m o d i f i e d   t o   i n c l u d e   r h e   t e s t s   p e r f o r m e d  
i n   t h i c k   c y l i n d e r s .  It can  be shown t h a t   i n   s u c h  
a case ,  from  any two consecut ive   po in ts  i,i+l on 
thepressure-expansion  curve,   the   value of the  cor-  
r e spond ing   p r inc ipa l  stress d i f f e r e n c e   q i , i + 1 =  
(ol - 03), can   be   ca lcu la ted   f rom 

A s  f a r  as t h e   s h o r t - t e r m   s t r e n g t h  is concerned, 

I 2 ( P i  - P i + 1  1 
I 

%,i + 1 2 
~ 

, (3)  
W i / Y i + - J  - (cy /Y,)(Yi - Y i + l  

where = qf/2G i s  t h e   s h e a r   s t r a i n  a t  f a i l u r e  of 
t h e   s o i l  and  qf is i t s  unconfined  compression 
s t rength,  a l l  v a l i d   f o r  a p l a n e   s t r a i n   c a s e .  

s h e a r   s t r a i n  is 
For   the  same i n t e r v a l ,   t h e   a v e r a g e   v a l u e  of 

A l l  t hese   fo rmulas   r ema in   va l id   on ly   un t i l   r ad i -  
a l c r a c k i n g  of t h e   c y l i n d e r   o c c u r s ,  I t  fol lows  f rom 
W ' s  t h e o r y   t h a t   i n  a l i n e a r - e l a s t i c   m a t e r i a l ,   r a -  
d i a l   f i s s u r e s  start  t o   a p p e a r   a s   s o o n   a s   t h e   i n t e r -  
n a l p r e s s u r e   p c   i n   t h e   b o r e h o l e   a t t a i n s   t h e   v a l u e  

2 
2Po + (T$l - cy 1 

1 f a 2  
- 

PC - 7 ( 5 )  

where  po i s  t h e   e x t e r n a l   p r e s s u r e   a p p l i e d   t o   t h e  
c y l i n d e r   a t  1: fi re and I T s  I i s  t h e   a b s o l u t e   v a l u e  
of t h e   t e n s i l e   s t r e n g t h  of t h e  material. 

Creep Tests 

For a n   i c e - r i c h   f r o z e n   s o i l   o r   i c e ,   t h e   t o r a l  
s t r a i n   a t t a i n e d   a f t e r  a given t i m e  under a cons- 
t a n t   s t r e s s  i s  given by 

where is t h e   i n s t a n t a n e o u s   ( e l a s t i c  and p l a s -  
t i c )   p o r t i o n  of t h e   t o r a l   s t r a i n  and ELC) i s  t h e  
c reep   s t r a in ,   wh ich  may be  expressed by a power 
law equa t ion  

Here t h e   s u b s c r i p t  e deno tes   t he  von Mises equiva- 
l e n t  stress and s t r a i n ,  0, is t h e   r e f e r e n c e  stress 
a t   t h e   r e f e r e n c e   s t r a i n   r a t e  k c ,  t i s  the   t ime ,  
and B and n a re   c reep   exponents .  

Following  Ladanyi  and  Johnston  (1973,  1978)  and 
Ladanyi  (1982) , it w i l l  b e   s e e n   t h a t   t h e   c r e e p  por- 
t i o n  of   the  borehole   expansion i n  a t h i c k   c y l i n d e r  
a t  a c o n s t a n t   s t r e s s  p - pc - po > 0, a p p l i e d  du- 
r i n g   s t a g e  i, i s  given by t h e   e q u a t i o n  

where V i s  t h e   c u r r e n t  volume  of t h e   c a v i t y ,  Vc = 
V - V i - 1  is its c reep   i nc remen t   w i th   r e spec t   t o   t he  
volume V i - 1  a t t a i n e d   i n   t h e   p r e c e e d i n g   s t a g e ,   a n d  
Dn is defined by 

Dn = (J3/2)(ic/B)RtJs/n q n  I (9 1 
w i t h  

- 2/n (10) u c -  m u c ,  and m = 1-cr . - 
As shown i n   t h e  above-mentioned  references,  

the   va lues   o f   c reep   parameters  B ,  n, and 3~ can  be 
obtained  f rom a series of borehole   c reep  tests o r  
f rom  one  mult is tage  creep test, by p l o t t i n g   t h e   r e -  
s u l t s   i n  a d o u b l e - l o g   p l o t ,   f i r s t   r h e   c r e e p   s t r a i n  
yc versus   t ime  and  then (2Dnpn) v e r s u s   t h e   a p p l i e d  
p r e s s u r e  p.  The va lue  of  creep  parameters  deduced 
from  such tests i s ,  however,   subject t o  a c e r t a i n  
e r ror   which  i s  due to   t he   appa ren t   p r imary   c r eep ,  
r e su l t i ng   f rom  the  stress r e d i s t r i b u t i o n   a r o u n d   t h e  
h o l e ,   a s  shown l a t e r .  

TEST  RESULTS 

As  mentioned  before,   only some t y p i c a l   r e s u l t s  
of tests c a r r i e d   o u t   w i t h   t h e  Menard pressuremeter  
w i l l  be   p re sen ted   he re .  A more  complete  report  on 
t h e s e   t e s t s   a n d  on t h e  CSM c e l l  tests performed i n  
th i s   i nves t iga t ion   can   be   found   i n   Ecka rd t   (1981)  
and i n  a companion paper  by Eckardt  and  Ladanyi 
(1983). 

Al toge ther   15   p ressuremeter  tests were   car r ied  
out   for   determining  the  short-   and  long-term  para-  
meters of f rozen  sand i n  t h i s   s t u d y .   E i g h t  of  the- 
s e  tests were  conducted as s tage- loaded tests wi th  
e i g h t   t o   t e n  30-min-long s t a g e s  a t  cons tan t   load .  
The r e s u l t s   o f   t h e s e  tests were used   no t   on ly   fo r  
determining  the  deformation  modulus G and   the   shor t -  
term s t r e n g t h   p a r a m e t e r s   o f   t h e   s o i l   b u t   a l s o   f o r  
c a l c u l a t i n g  i t s  medium-rerm creep  parameters .  The 
remain ing   seven   tes t s ,   des igned   to   s tudy   long- te rm 
behavior  o f  f rozen  sand,   were  conducted  with two t o  
th ree   c r eep   s t ages ,   one  of which was a t  a low s t r e s s  
l e v e l .  The longest   creep  t ime  reached  in   one  of  
t h e  tests was about  8 days.  The t e s t s   w e r e   p e r f o r -  
med at  d i f f e r e n t   c o n f i n i n g   p r e s s u r e s  (PO - 0 ,  0 .1 ,  
0.2,  and 0 .3  "a) and a t  an average   so i l   t empera tu-  
r e  of - 2 . 4 0  (-2.20 to -2.6%). 

Short-Term  Parameters 

The short- term  parameters   of   the   f rozen  sand 
were   de te rmined   f rom  the   resu l t s  of pressuremeter  
tests by t h e   u s u a l  method, descr lbed   before   (e .g . ,  
Ladanyi  1972),   but by us ing   equa t ions  (1) - (5) ,  va- 
l i d   f o r   t h e   t e s t s   i n   t h i c k - w a l l e d   c y l i n d e r s .  The 
p r o c e d u r e   c o n s i s t e d   i n   c a l c u l a t i n g   t h e   c o r r e c t e d  
pressuremeter   curve AV/V = f ( p )  f o r   t h e  end-of- 
s t a g e  (30 min)  readings of  each test ,  and i n  de t e r -  
min ing   t he   co r re spond ing   s t r e s s - s t r a in   cu rves .  
F ive  of s u c h   s t r e s s - s t r a i n   c u r v e s ,   r e l a t i n g   t h e  
p r i n c i p a l  stress d i f f e r e n c e  q - Ol-D3 t o  t h e   s h e a r  
s t r a i n  y = ~ 1 - u ~  a r e  shown i n  F igu re  2. As they 
r e n r e s e n t  a p l a n e   s t r a i n   i n f o r m a t i o n ,   t h e   c o r r e s -  
ponding axial  symmetry curves  can be ob ta ined  
through  the  von Mises r e l a t i o n s h i p s :  
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qa, = (J3/2)qps  and = (/3/3)yps. The  slope 
through  the origin of tffese curves  gives  the  value 
of  the  shear  modulus G - $ AqfAy. 

v. Der cent 

2 4 6 8 10 12 

FIGURE 2 Stress-strain  curves  from  30-min-per-sta- 
ge  creep  tests. 

In addition,  a  set  of  Mohr  circles  was  also 
plotted for each  test  (Eckardt  19811,  from  which 
the  minimum  value  of  the  tensile  strength T, of the 
soil  was  determined.  Although  the  tests  were  con- 
ducted  at  external  confining  pressures  varying 
from 0 to 0.3 MPa, no systematic  effect  of  that 
pressure on test  results  could  be  detected, In ge- 
neral,  in  spite of  the  great  care in preparing  the 
tests,  the  results were rather  variable,  which  may 
be  due  to  the  great  sensitivity of the  sand  beha- 
vior  to  small  variations  of  its  density  and  ice  sa- 
turation. 

Table 1 shows  the  main  data  of  the  six  most 
consistent  short-term  tests  3-8. 

The  rather  variable  shape o f  the  stress-strain 
curves in  Figure 2,  some  with  two  peaks  and  others 
showing  strain  hardening,  may  be  explained  by  the 
fact  that, on one  hand,  radial  tensile  cracks 
started  propagating  from  the  central  hole  rather 
early in the  tests,  which  might  have  caused  the 
first  peak,  while, on the  other  hand,  the  ever-ia- 
creasing  strain  rate,  which is typical in  such  sta- 
ge-loaded  tests,  combined  with  the  mobilization  of 
friction,  resulted  in an apparent  strain  hardening. 

Theoretically,  according  to  equation  (51,  with 
ITS/ 1 MFa  and a2 * 0.02, the  radial  tensile 
cracks  should  have  started  propagating  at pc 2lMPa 

with po = 0, and  at  pc Z 1.6  with po = 0.3  MPa. In 
fact,  they were observed  only  at  nearly 4 times 
higher pc values,  which  may be explained  by  the  non- 
linearity of stress-strain  behavior  of  frozen  sand 
due to creep  (Ladanyi  and  Gill  1981). In other 
words, although  the  tests  invariably  finished  with 
a  complete  failure  of  the  cylinders,  during  the  ma- 
jor portion of the  tests  the  radial  cracks  were  in- 
sificant  and  did not affect  seriously  the  creep  be- 
havior. 

TABLE 1 Results of Short-Term  (30  minfstage)  Tests. 
- 

Test Pd T Po IT,/ qps Yf 
Ikg/m3)(%1 (%I ( O C )  (MPa)(MFa)(MPa) (X) (ea) 

3 - - - -2.5 0.1 1.5 3.7 2.5 90 
4 1,560  17.5  66.8  -2.1 0.2 0.9  2.8 4.0 70 
5 1,540 18.1 66.5 -2.5 0 . 3  0.8 3 . 7  3 . 0  70 
6 1,590  17.9  70.6  -2.3 0 1,0 2.8 3.0 70 
7 1,640 15.1 65.0 -2.5 0.3 1.0 2.4 3 . 0  50 
8 1,590  17.6 70.1 -2.3 0 0.8 3.6 3.2 60 

Avera- 1,584 17.3  67.8  -2.37 - 1.0 3,17 3.1 68.3 ge 

Note: Pd - dry  density; w - water  content; S - de- 
gree  of  saturation; qps - plane  strain  compression 
strength; Yf = shear  strain at failure. 

Creep  Behavior:  Medium Term 

As described  by  Ladanyi  and  Johnston (1973), 
the  medium  term  creep  parameters can be  determined 
from a stage-loaded  pressuremeter  test  by  plotting 
the  successive  creep  curves  in  a  log-log  plot  of 
creep  srrain  y = ln(V/Vi,l) * AV/V  versus  time  t, 
such  as  shown in Figure 3 for test 4 .  However, as 
noted  by  Ladanyi  and  Johnston  (19781,  a  disadvanta- 
ge of such a plot  is  to  include  not  only  the  creep 
strains,  but  also  the  instantaneous  plastic  srrains, 
which makes ita  use  for  parameter  determination 
difficult  and  inaccurate,  especially  at low pressu- 
res. At higher  pressures, i.e.,  at p > 2 m a ,  it 
was  nevertheless  possible  to  determine from rhe 
tests 3-8 average  values  of  creep  parameters B, n, 
and OC in equation (7). These  values  and  their 
ranges  were B - 0.80 (0.72 - 0.84), n - 1.40 (1.80 
- 3.60),  and Uc = 1.23 MFa  (0.82 - 2.00) at 
tc * 10-51min. In particular,  for  test 4 (Figure 
31,  the  values  were  B f 0.81 (0.5 - l.l), 
n = 2.26,  and UC = 0.94  MPa. 

A better  way o f  interpreting  the  same  creep 
data  is t o  subtract  from  the  measured  strains  the 
pseudo-instantaneous  ones  read  from  the  first  plot 
at a given  short  time  interval,  say, 1 min,  and 
replot  the  remaining  strains,  as  suggested by 
Ladanyi  and  Johnston (1978). 

manipulation  of  data  for  test 4, where  the  inter- 
cepts  at 1 min  in  Fig.  3 were subtracted  from  the 
total  strains  and  the  rest  was  replotted  at  the 
times  reduced  by 1 min. It will  be seen that  a 
much  more  regular  plot i s  obtained in  such  a man- 
ner. In additioqtwo distinct  regions of creep  be- 
havior  can  clearly  be  discerned: one at  low  stres- 
ses,  in  which  B  strongly  increases  with  stress,  and 

The  plot in Figure 4 is  the  result of such  a 
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another  at  high  stress,  where B remains  practically 

were B - 0 . 3 4  - 0.77 (average  0.52)  for p between 
0.8 and 2.8 MPa,  and B = 0.8 - 1.0 (average 0.90) 
for p > 2.8  H a .  Using  the  average B values,  the 

regions  were n I 1, uc a 11.63 MPa for p 5 2 . 8  MPa, 
and  n - 3 . 2 ,  uc - 0.878 MPa  for p > 2 . 8  MPa  (all  at 
Ec = 10-5/min). In  addition, by treating  the  cumu- 
lative  l min pseudo-instantaneous  strains i n  a man- 
ner  similar  to  the  creep  strains,  it  was  possible 
to determine  also  the  first  term in equation (6)  

The  final  result of such  interpretation  were 
the  following  two  complete  stress-strain-time  equa- 
tions,  describing  the  behavior  of  frozen safid du- 
ring  a  medium-term  creep  at  -2.1OC: (1) €or 
p s 2.8 MPa, 

0.1 +. 1 I I I l l 1 1  constant. In test 4 ,  for t > 15 min,  these  values 

a $ 1  corresponding n and  Uc  values  obtained  for  the  two 
& -  
r -  
'2 
ti- 
E 
0 for  both  regions. 

0.01 
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- 
- .  
- 
- - 
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- E = ~ ~ ( 0 . 0 0 1 1 7  -t 0.00030 t 0.52) 

/ 
e 

- and (2) for p > 2.8 m a ,  

- I E e  = 0.000874 CT;.~ + 5.277 x 10 cre t , -5 3.2 0-90 

/ 
where  the  stresses  are  in  MPa  and  the  time  in  minu- 
tes. 
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1 3 5  10 30 50 Creep  Behavior:  Long  Term 
time, t ,  rnin 

A s  creep  time  intervals of more  than 24 hours 

FIGURE 3 Test 4 :  Total  strain  versus  time  curves. 
have  been  difficult to realize  in  the  field,  one 
of  the  main  tasks  of  this  study  was  to see  whether 
the  creep  rate  remains  unchanged  after  longer  peri- 
ods  of  time.  Several  rests were  made  for that  pur- 
pose  with  two to three  loading  stages,  the  first 
one being  up  to 10 days long. The  results of two 
of  such  tests are  shown  in  Figure 5. The figure 
shows  the  creep  curves  from  which  the 1 min  portion 
o f  strains  has  already  been  subtracted. 

In Figwe 5, for  test 10, it  appears  that B re- 
mained  constant  during  the  first 4 hours  but  in- 
creased  with  the  stress  level from 0.38  at 0.9 MPa 
to 0.64  at 3 . 0  1Pa.  There  was  some  decrease  in 
slope  after 4 hours,  which  could  have  been  caused 
by  small  variations  in  the soil temperature  and  in 
the  confining  pressure  during  this  test. 

was  observed in test 12 (Figure  5),as well  as  in 
several  other  similar  tests  not  shown  here.  In 
test 12, the  first  stage  at p - 0 . 9 2  MPa  was  held 
for 8 days  and  showed a fairly  constant  average  slo- 
pe  of B - 0 . 3 2 .  The second  stage  at  3.96  MPa  mani- 
fested  a  much  faster  creep  rate  with B - 0.82, en- 
ding  with  the  cylinder  failure  after 3.5  hours. 

sure is considered  to  be  quite  an  important  phenome- 
non,  which  should  be  taken  into account,when using 
the  pressuremeter-determined  creep  data  for  the  de- 
sign  of  structures  in  permafrost.  Based on the  re- 
sults  of  pressuremeter  tests  performed  in  this  stu- 
dy,  it was found  thar  for  the  frozen  sand  at  about 
-2.5OC,  the  variation  of B could  be  described on 
the  average  by  B - 0.45~0.5, with  an  upper  bound  of 
B - 0.52~0.4 and  a  lower bound of B = 0.38~0.6, va- 
lid  for 0.8 < p < 5.0 MPa. 

A similar  trend  of B increasing  with  pressure 

The variation  of  the  time  exponent  B  with pres- 

time t,min,or p, MPa 
It i s  noted that  the values of creep exponents 

di f f er  much from those found here (Sayles 1968). 
Zen sands, 1.28 <n<2.63 and 0.45 <B<0.63 do not 

FIGURE 4 Test 4 :  Creep  strain  versus  time,  and n and B, reported i n  the literature  for  various  fro- 
(2Dnp")  versus  pressure  curves. 



FIGURE 5 Test 10: 2 4  h  creep  curves. 
Test  12:  a  two-stage  creep  test,  the  first  stage 
being 8 days  long. 

Stress  Redistribution  Time 

In a  stage-loaded  dilatometer  test, a certain 
time  is  necessary  after  load  application for the 
stresses to redistribute  from  the  initial  linear- 
elastic  state ro that  corresponding  to  the  nonli- 
near  stationary  creep.  As  during  this  time  the 
measured  creep  parameters  may be in  error,  it  is 
interesting  to  see  how  long  this  time  would  be  un- 
der  the  conditions  prevailing in this  study.  while 
the  problem of stress  redistribution  in  such  a  case 
can be solved only numerically,  an  approximate  ans- 
wer  may  be  found  by  using  the  method  proposed  by 
Calladine (1969). Using  that  annroach,  the  authors 
have  developed  the  following  equation,  valid  for  a 
thick-walled  cylinder in plane  strain  under  a  stage 
load p .  

(m oCIn I ~ R  
T R = f  = B n - 1  (11) 

Gn&(J3/n)" (?c/B) p 

Here, denotes  the  "time"  to  achieve  redist- 
ribution  of  stress  to  within  a  fraction 1 f R  of 
the  stationary  state,  or  for  the  creep  strain to 
hecome  equal  to (l/n)ln R times  the  elastic  strain. 

I Substituting  in  equation (11) the  average  va- 
lues of creep  parameters  found i n  tests  3-8,  i.e., 
B = 0.80, n - 2.40,  G = 70 MPa, uc = : , 23  MPa  at 
tc = lO-5/min, and m - 0.80, it is  found  that  the 
redistribution  time  is  given  by  tR - 476.41111. 75, 
with tR  in  minutes  and p in MPa. This equation 
gives  for ta about 17 hours  at 0.5 MPa, 8 hours  at 
1 m a ,  over 1 hours  at 2 "a, and  about 117. hour  at 
5 "a. Although  these  times  vary  with  the  values 
of  creep  parameters, i t  i s  interesting  to  note that 
stress  redistribution  times  are  much  longer  at  low 
stresses  than  at  high  stresses. 

An independent Finite Element Method study, 
designed for checking  these  predictions, i s  pre- 
sently under way, 

R 

CONCLUSIONS 

This cold-room  study of the  pressuremerer test 
as  a  means  for  determining  certain  basic  stress- 
strain  and  creep  parameters of  frozen  soil  has  re- 
vealed  the  potential o€ such  a  test,  not  only  as  a 
field  test,  but  also  a6 an alternative  method  for 
large-scale  testing  of  frozen  soils  under  plane 
strain  Conditions. In particular,  this  study,  car- 
ried  out in large  thick  cylinders  of  frozen  sand, 
has  made  it  possible  to  attain  creep  times  much lon- 
ger  than  under  field  conditions. The  results  show 
that  the  assumed  power  law  formulation  for  the 
creep  behavior of  frozen  sand  can  be  retained  and 
used for long-term  extrapolation,  provided  one  ta- 
kes  into  account  the  fact  that  the  creep  parameters 
n and B both  tend  to  decrease with decreasing  devi- 
atoric  stress. 
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THE EXTENSION OF PERMAFROST  IN  WESTERN  EUROPE  IN THE PERIOD 
BETWEEN 18,000 AND 10,000 YEARS B.P. (TARDIGLACIAL) : 

INFORMATION  FROM SOIL  STUDIES 

R. LANGOHR 

Department of General  Pedology,  State  University of Ghent 
Krijgslaan 281, 9000 Ghent, Belgium 

Soils  developed  since  the  beginning,  or  during  the  Tardiglacial (518,000 to 10,000 
years B.P.) , are  compared  with  "Holocene"  soils.  The  area  covers  the  loess  and 
coversand  belts of NW  France,  Middle  Belgium,  and  The  Netherlands.  Eight  major 
kinds  of  Tardiglacial  soils  are  recognized.  All  of  these  except  one  have a con- 
solidated  horizon  which is present  regardless  of  the  texture  and  drainage  class. 
This  horizon  has a particular  structure  and  porosity  fabric,  shows  relict  pseudo- 
gley  properties,  and  is  not  observed  in  the  Holocene  soils.  The  formation  of  the 
consolidated  horizon  either  by  freeze-thaw  cycles  or  by  permafrost  is  discussed. 
It  is  concluded  that  only  the  permafrost  hypothesis  can  explain  the  complete  set 
of properties.  Consequently,  permafrost  would  have  been  at  least  once  continuous 
during  the  Tardiglacial  in  the  studied  area. 

INTRODUCTION 

There  is  no  agreement  whether  permafrost  con- 
ditions  occurred  in  NW  France,  Belgium,  and  The 
Netherlands  during  the  Weichsel  Tardiglacial  age 
(+18,000 to 10,000 years B.P.). Many  authors 
mention  traces of periglacial  processes  like  cryo- 
turbations  and  small  frost  wedges  but  do  not  spec- 
ify  whether  permafrost  was  present or not (e-q., 
Zagewijn  and  Paepe 1968, Paepe 1969, Paepe  and 
Sam4 1970).  Others  mention  permafrost ( e . g . ,  
Haesaerts  and  Bastin 1977, Haesaerts  and  Van  Vliet 
1981).  Our  purpose i s  to investigate  this  contro- 
versy on the  basis of the  surface  soil  characteris- 
tics  (upper 2-3 m of the  regolith). 

SELECTION OF THE AREAS AND FIELD  SURVEY 

In  studying  the  traces  left  in  the  surface 
soils  by  the  Tardiglacial  environment  the  areas 
of interest  are  severely  reduced  because o f  the 
following  requirements. 

1. The  soils  must  be  formed  in  sediments  depos- 
ited  just  before or during  the  Tardiqlacial.  For 
this  reason  the  investigation  is  limited to (1) 
the  upper  meters  of  the  Weichsel  Pleniglacial B 
loess  and  coversands,  deposited  after 23,000 years 
B.P.  and  probably  before 18,000 years B.P. 
(Haesaerts  et  al.  1981)  and (2 )  the  recent  cover- 
sands  deposited  during  some  of  the  colder  periods 
of  the  Tardiglacial.  The  loess  deposits  are  dom- 
inant in NW  France  and  Middle  Belgium,  the  cover- 
sands  occur  mainly  in N Belgium  and  in  The  Nether- 
Lands. 

2. The  influence  of  man  on  the  soil  character- 
istics  must  be  avoided as  much  as possible.  Con- 
sequently,  the  field  survey is limited  to  only 
those  forested  areas  which as verified  by  histori- 
cal  data  have  not  been  cleared  and  plowed  since at 
least  the  eleventh  or  twelfth  century. 

3 .  For  the  study of complete  toposequences,  in- 
cluding  the  water  divide,  the slope, and  the  val- 

ley  bottom  positions,  only  the  large  forests  are 
suitable. 

soils  are  developed  in  thick  (more  than 1 m) se- 
diments  of  the  same litho-chronostratigraphic unit. 

The  above mentioned requirements  reduced  the 
area of interest  for  this  investigation  to less 
than 3% of  the  loess  belt  and  less  than 15%  of  the 
coversand  belt. 

4. Only  those  toposequences  are  selected  where 

The  soil  descriptions  were  made  using  a  metho- 
dology  developed  by  the author, combining  proce- 
dures  from  the  soil  survey as well as the  archeo- 
logy  and  the  field  survey  made for  lithostrati- 
graphy.  Special  attention  was  paid to the  combina- 
tion of both  vertical  and  horizontal  sections  of 
the  soil  profile  and to  the  relative  position  of 
each  soil  feature.  When useful,  samples  were  col- 
lected  for  physicochemical  analysis  or for  the  pre- 
paration  of  thin  sections. 

In  total,  some 60 profiles  have  been  described 
in  loess  and  coversands.  These  data  have  been  com- 
pared  with  those  from soils developed in Holocene 
sediments,  particularly  sand dunes, marine  and  al- 
luvial  deposits,  and  colluvial  sediments  in  areas 
under  cultivation. 

RESULTS 

For reasons  of  simplicity  the  soils  developed 
since +10,000-18,000 years  will  be  called  "Tardi- 
glacia: soils"  and  the  younger  soils  will  be  called 
"Holocene soils". Figure 1 represents  the  main 
soil  kinds  (SK)  observed.  SK1-SK6  are  Tardiglacial 
soils  developed  in  the  upper  meters of Pleniglacial 
B loess  and  coversands. SK7 and SK8 are  the  most 
common  Tardiglacial soils in  the  recent  coversands. 
SK9-SK11  represent  the  most  common  types  of  Holo- 
cene soils. 

A striking  feature of Tardiglacial  soils  (SK2  up 
to SK8) is the  presence o f  a particular  consolida- 
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FIGURE 1 Main soil kinds (SK) developed  in  sediments  deposited  within  the  last 23,000 years. SK1 indi- 
cates soil kind  1. 1 : abundance of roots, n, no; vf, v e ~ y  few; f, few; c, common; a; abundant; va, very 
abundant. 2 : soil  horizon  symbols,  mainly  after  Soil  Survey  Staff (1975). except c (consolidated  horizon). 
In B'2t'g'c', the  accents  stand  for  all  the  processes that are  thought  not to be  active  any  more. 3 : T = 
texture  classes,  after  soil  Survey  Staff (19751, S i L ,  silt loam; L,  loam; SaL, sandy loam;  LSa, loamy 
sand; Sa, sand. 4 : D = drainage class, after Soil Survey  Staff (1951), E ,  excessively; W, well; MW, mo- 
derately  well; I, imperfectly; SP, somewhat  poorly; P ,  poorly; VP, very poorly. 5 : with  these  drainage 
classes,  the symbol g (active  gleying)  should  be  added  to  the horizon symbols. 6 : biologically  most  ac- 
tive  part of the  profile. 7 : total  thickness of the  consolidated  horizon. 



ted  horizon  or  pan  indicated  in  Figure 1 by  the  ho- 
rizon symbol c and  by  the  thick  black  line on the 
lefthand  side  of  the  profiles.  This  layer  was  nei- 
ther  observed  in  the  Holocene  soils  nor  in  SK1  of 
the  Tardiglacial  soils. In latter  soils a  calcar- 
eous C horizon  is  observed  relatively  close  to  the 
soil  surface  (mostly  at  1.5-2.2 m depth).  These 
soils  are  formed  in  particular  landscape  positions 
of the  loess  belt,  namely  (1)  relatively  steep 
slopes  (gradient  mostly  of  more  than 30%) and  (2) 
in  some  poorly  drained  smooth  upland  depressions, 

The  main  characteristics of the  consolidated ho- 
rizon  are  the  following. 

1. The  upper  limit of the  compact  horizon  al- 
ways  represents  an  abrupt  increase  in  bulk  density 
(see  Table 1). The  density  remains  more OF less 
constant  throughout  the  pan  and  drops  slightly  in 
the  underlying  B3. 

TABLE 1 Average  Bulk  Density  in  Soils  Developed 
in  Pleniglacial €3 Loess  (Ring  Samples  Collected at 
Field  Capacity) 

Horizon  Depth of Average  Bulk  Number of 
samples  density  horizons 
(cm)  analyzed 

Root-active  10-25  1.25 11 
( B )  

Consolidated  25-35  1.59 7 
A'2g'c' 

Consolidated  40-110 1.60 19 
B'2t'g'c' 

Root-active 130-180 1.53 10 
B3t 

2 .  All the  consolidated  horizons,  regardless  of 
the  texture  and  drainage  class,  have a particular- 
ly  high  penetration  resistance.  Field  measurements 
made  at  field  capacity  always  indicate a  penetra- 
tion  resistance  of  more  than 50 Newton/cm2  (upper 
limit of many  field  instruments).  These  high  val- 
ues  are  obtained  in  all  parts of the  horizon,  in- 
cluding  the  bleached  vertical  streaks  and  the  po- 
rous  central  part of the  prisms.  In  the  underlying 
nonconsolidated  B3  horizon  the  resistance  drops to 
values  ranging  mostly  between 10 and 20 Newton/cm2. 

3 .  No evidences of recent  or  present-day  activi- 
ty  of  burrowing  animals  such as earthworms or lar- 
vae of beetles i s  seen. 

they do, they  are  always  oriented  downwards  and 
situated  along  the  faces of a  coarse  prismatic 
structure  (see  point 10 below).  The  only  bioloq- 
ical  activity  inside  these  prisms  is  limited  to 
hyphae of funqae  along  some  pores  and  secondary  ped 
faces. 

5. The  upper  boundary  is  at 20-50 cm  depth  and 
is  abrupt  and  roughly  parallel  to  the  soil  surface. 
Its  topography is in  places smooth, but  commonly 
the  overlying  much  more  porous  earth  tongues  down 
to  several  decimpters  depth.  The  lower  limit  is 
mostly at  a  depth of 80-150 cm,  yet  depths  up  to 
180-230 cm  have  been  observed  (mainly  in  the  sandy 

4. Few if any  roots  pass  through  the  pan.  Where 
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so i l s ) ,  this  boundary  is  gradual  and  smooth  to 
wavy. 

6 .  The  soil  material is not  cemented,  and  air 
dried  fragments  slake  in  water. 

7 .  The  consolidated  layer  overlaps  different 
soil  genetic  horizons  such as bleached  clay-eluvial 
horizons  (A'2g'c' of SK3 and SK4), brown  clay- 
illuvial  horizons  (B'2t'g'c' of SK2-SK6),  color 
and/or  structure B horizons  (B'g'c' of SK7b  and 
SK8b) and even C horizons  (Cc' of SK7a  and  SKSa). 
In  the  B'2t'g'c'  horizons  most of the  pores  and 
ped  faces  are  devoid of clay  coatings.  However, 
thin  sections  show  numerous  disrupted  fragments of 
clay-illuvial  bodies  in  the  interior of the  peds. 
In  contrast,  below  the  compact  horizon  (B3t)  the 
clay  coatings  are  covering  pore  walls  and  ped 
faces. 

8. The  present-day  drainage  class of these  soils 
ranges  from  excessively  drained  up  to  poorly 
drained. In the  loamy  and  silt  loamy s o i l s  with a 
fluctuating  groundwater table, the  water  satura- 
tion  is  in  fact  limited to the  bleached  streaks  in 
between  the  prisms  (see  point 11 below);  because 
of the  low  hydraulic  conductivity of the  prism 
border,  the  Large  pores  inside  the  prisms  remain 
empty of water,  even  when  the  whole  horizon  is  be- 
low  the  groundwater  table  level. 

9. All s o i l s  show  at  Least  in  the  upper  part  of 
the  pan  morphological  evidences of a fluctuating 
groundwater  table.  Bleached  and  iron  oxide  en- 
riched  mottles  occur  along  the  pores  and  ped 
faces; the  manganese  oxide  enriched  areas  are 
found  mainly  inside  the  aggregates.  In  at  least 
the  excessively-,  the  well-  and  the  moderately 
well-drained soi ls  (the  latter  two  soils  represent 
more  than 50% of the  studied  area),  this  hydromor- 
phic  characteristic  is  relict.  In fact,  all  the 
observed  soils  with  compact  horizon  have  pseudogley 
characteristics,  as  the  most  intense  mottling  is 
situated  in  the  upper  part of the pan, whereas  it 
decreases  in  the  lower  part.  In  the soils without 
a groundwater  table  today,  the  mottling  disappears 
completely  in  the  underlying B3.  On the  other 
hand,  in  soils  with  a  fluctuating  groundwater  table 
the  mottling  increases  again  in  depth. 

In  some  profiles  the  lower  limit  of  the  pseudo- 
gley  is  abrupt  and  contains  a  few  centimeter  thick 
layer  with,  successively  from  top to  bottom,  an 
accumulation  of  iron  and  manganese  oxides.  These 
profiles  are  mainly  found  in  very  flat  plateau  po- 
sitions  or  in  depressions.  In  the  latter  profiles 
the  accumulation  horizon i s  situated  deeper  in  the 
profile (80-130 cm  versus 35-60 cm). 

10. Where  the  compact  horizon  starts  nearest  to 
the  soil  surface  (around 20 cm, SK3 and SK4 in  Fig- 
ure 1,and Figure  2)  the  following  structures  se- 
quence  is  observed. (1) The  structure  is  composed 
of very  thin  plates  (1-3 mm thick)  in  the  upper 
5-10 cm  of  the  pan.  The  packing  density of the 
plates  is  very high, and  no  roots  pass  in-between 
the  peds.  Yet  discontinuous  pores  and  fissures 
occur  in-between  the  plates. ( 2 )  A t  a  depth of 
30-40 cm  the  structure  becomes  gradually  coarser 
and  lenticular. ( 3 )  From  25-35  cm  depth  this 
structure  type  overlaps  with  the  upper  part of 
coarse  prisms.  These  prisms  vanish  toward  the 
lower  limit of the  consolidated  horizon.  The 
prisms  are  largest  (up  to 4-5 m)  in  the  excessively 
and  in  the  well-drained  sandy soils of SK7a  and 
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FIGURE 2 Detail  of  the  upper  part  of a consolidated  horlzon  in  an  imperfectly  drained  soil  that  was  under 
forest  and  developed j.n a +20,000  year  old  loess  (SK3  of  Flgure 1). A : Vertical  section-- 1 : biologi- 
cally  very  active (B) horizon,  with  downward  tongues;  2 : consolidated  bleached  A'2g'c'  horizon  with  platy 
to  lenticular  structure  and  tonguing  down  along  continuous  vertical  streaks, (2a,  very  compact  massive 
earth  nodules). 3 : consolidated  B'2t'g'c'  horizon  wlth  coarse  prismatic  structure, (3a, upper  part of the 
prisms,  wlth  a  coarse  lenticular  structure;  3b,  particularly  compact  rim oE the  prisms,  with  weak  vertical 
platy  structure;  3c,  coarse  Irregular  discontinuous  pores  inside  the  prisms). B : Horizontal  section  at 
37 m  depth-- 1 : vertical  tongues  with  material  of  the (B) horlzon, all roots  are  situated here; 2 : verti- 
cal  streaks  with  consolidated  material  similar  to  tho  one of the  A'2g'c'  horizon; 3, 3b, 3c : see A ;  CD : 
line  of  intersection  between A and €3. 

SKBa.  They  are  smallest (5-10  cm)  in  the  somewhat 
poorly  and  the  poorly  drained  silt  loamy  soils. 
Present-day  well-drained soils located  i,n  depres- 
sion  also  can  have  relatively  small  prisms.  The 
outer  rim  of  the  prisms,  wlth a width of 0.5-2 cm, 
has  only  pores  smaller  than 0.2 cm  and  has a weak 
vertical  platy  structure  oriented  parallel  to  the 
prism walls. The  structure  inside  the  prisms 
varies  from  profile to profile  and  can  even  vary 
within  the  same  proflle.  The  most  common  types 
are (1) struct.ureless  (the  stratification  of  the 
sediment  is  stlll  present  in SK7 and SK8). ( 2 )  
moderately  fine to coarse  angular blocky, and  (3) 
weak  very  irregularly  fine  up  to  coarse  prismatic. 
The  in-ped  porosity of t.he prisms  is  also  varlable; 
in  the  sandy  soils few or no pores  are  visible  with 
a  lens;  in  the medium  textured soils, 0.5 up  to 2 
pores of 0.5-3  mm  diameter  are  present  per  square 
centimeter.  These  relatively  large  pores  have  an 
irregular  shape  and  are  discontlnuous. 

11. A particular  feature  of  most  compact  hori- 
zons is the  presence of bleached  streaks  from a 
few millimeters  up  to 5-8 cm  wide  in-between  the 
prisms  (see  point 8 ) .  They  are  widest  in  the  upper 
part of the  horizon  and  gradually  become  thinner 
with depth; the  largest  ones  reach a depth of 150- 
230 cm.  The  material  in  these  streaks  is  the  same 
as that  in  the  overlying  A'2g'c',  whenever  Chis 
horizon  is  still  present.  This  was  confirmed  jn at 
least  two  soil kinds, (1) in soils where  only  the 
A'2g'c'  and  the  streaks  contained  small  charcoal 
fragments  and ( 2 )  in  sandy  loam  soils  with a graded 
texture  becoming  more  silty  downward  and  where  the 

streaks  contained  the  same  coarser  material as that 
in  the  upper  part of the  pan.  The  soil  material  in 
the  streaks  is  also  rather compact, particularly  in 
the  upper  part of the  horizon,  where  close  examina- 
tion  shows  only  very  few  pores  larger  than 0 . 5  mm 
and  very  locally a weak  vertical  platy  structure. 
The  lower  part  of  the  streaks  can  contaln  larger 
pores  which  are  irregularly  shaped  and  disconti.nu- 
ous.  When  roots  pass  through  the  consolidated  ho- 
rizon, they  do so at  the  contact  between  the 
streaks  and  prism  walls.  The  largest  roots  are 
flat  shaped. 

12 .  Locally  angular  fragments of the  brown 
B'Zt'g'c'  are  included  in  the  bleached  A'2g'c' 
(Figure 2 ) .  Inversely,  intrusions of the  A'2g'c' 
and of the  bleached  streaks  penetrate  along  fine 
fissures  into  the  brown  prisms  of  the  B'2t'g'c'. 

13. Chemical  analysis,  total  analysis, and clay 
mineralogy do not  show  any  significant  difference 
between  profiles  with a consolidated  horizon  as  in 
SK2  and  very  similar  soils  without  thls  horlzon 
(SK1) (Lozet and Herbillon 1971, Guldotti  Pena 
1976, Van Ranst 1981) . 

DISCUSSION 

Among  the  Tardiglacial soils, only  those of soil 
kind 1 (SK1 in  Figure 1) have no consolidated  horl- 
zon. In these SK1 soils  the  presence,  relatively 
close  to  the  soil  surface,  of a still  calcareous 
parent  material 1s  probably not a coincidence  and 
the  absence of a consolidated  horizon  can  be  ex- 
plained  by  the  followlng  mechanism.  When  the  upper 
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part of the  soil  became  compacted,  the  soil  at 
that  depth  was  still  calcareous; as during  further 
pedogenesis  the  calcium  carbonate  was  gradually 
leached,  the  compaction  disappeared,  and  biologi- 
cal  activity  and  roots  could  easily  penetrate; 
consequently  the  consolidated  horizon  was  not  con- 
served  (Langohr  and  Van  Vliet  1981). 

From  the  data  described  previously  it  can  be 
concluded  that  the  formation  of  the  consolidated 
horizon  was  mainly a physical  process,  creating a 
particular  aggregate  and  porosity  fabric  associ- 
ated  with or immediately  followed  by a perched 
groundwater  table.  The  proaess  had a gradient 
parallel  to  the  soil  surface  and  was  active  in  all 
soils, regardless  of  texture,  drainage,  and  pre- 
vious  profile  development  conditions.  However, 
parallel  to  these  three  soil  attributes,  differen- 
ces  in  morphology of the  compact  horizon  are ob- 
served.  The  process  was  not  active durmg the HO- 
locene  or  during  the  beginning of the  Tardiglacial. 
The  latter  statement  is  concluded  from  the  fact 
that  the  compact  horizon  formed  after  the  develop- 
ment of other  pedogenetic  soil  horizons. 

A l s o ,  the  high  packing  density o f  the  platy  and 
lenticular  aggregates  in  the  upper  part of the  ho- 
rizon  indicate a pedogenetic  process  that  has  been 
active  in a period  when  there  were  no  roots  and  no 
worm  activity  at  these  depths (2 20-50 cm).  Such 
an  environment  does  not  correspond  to  what  we know 
o f  the  Holocene  in  Western  Europe. 

The  question  arises  whether  this  consolidatiao 
developed  during  freeze-thaw  cycles  or  whether  it 
is  indicative  of  permafrost  conditions. 

In  soil  science  literature,  more  or  less  simi- 
lar  compact  horizons  have  often  been  called  "fragi- 
pan".  The  author  previously  used  this  term 
(Langohr  and  Van  Vliet  1981).  However,  in  view 
the  data  described  in  previous chapter, he  prefers 
not  to  use  this  term  any  more.  Indeed, as it  is 
defined  in USDA Soil  Taxonomy  (Soil  Survey  Staff 
1975),  fragipans  are  restricted to compact  hori- 
zons  situated  below  an  eluvial  horizon.  Several 
of the  compact  horizons  represented  in  Figure 1, 
or  part  of  some  of  these  horizons,  do  not  fit  in 
this  definition. 

Fragipan  horizons  have  been  described  in  many 
countries  (van  Vliet  and  Langohr  1981).  There  is 
no  general  agreement  concerning  the  genesis o f  this 
horizon,  and  it  is  impossible to summarize  here  all 
the  theories  that  have  been  proposed.  Literature 
reviews  have  been  made  by  Grossman  and  Carlisle 
(1969)  and  recently  by  Smalley  and  Davin (1982). 
The  latter  authors  recorded  five  approaches  to  fra- 
gipan  formation.  One of these  is  by  periglacial 
processes. In western  Europe,  unspecified  peri- 
glacial  processes  have  been  proposed as the  cause 
for  the  formation of this  compact  horizon  in  The 
Netherlands  by  Sevink  and  Vink(1969'1970),  and 
Vink  and  Sevink  (1971)  and  in  Belgium  by  Lozet  and 
Herbillon  (1971).  For  Scotland,  Fitzpatrick (1956) 
has  proposed a link  with  permafrost  conditions  and 
so have  Langohr  and  Van  Vliet  (1981)  for  Belgium 
and  northern  France. 

Ice  segregation  in  lenses,  creating  a  platy or 
lenticular  structure  has  fequently  been  observed 
in  active  layers  (e.g.,  Pissart 1975, Mackay  and 
MacKay  1976)  and  in  soils  with  annual  freeze-thaw 
cycles  (open  system)  (e.g.,  Allan  et  al.  1969 , 

f Fedorova  and  Yarilova 1972, Bunting an d Fedorof 
1974).  Prismatic  and  blocky  structures, on the 
other  hand,  are  more  often  described  at  the  level 
of  permafrost  layers (e-g., Kuznecova  1973,  Sven- 
son 1964, Mackay  1974).  The  smallest  prisms  and 
blocks  are  mainly  observed  where  permafrost  deve- 
loped  in  clayey  and  water  saturated  sediments. 

dation  of  the  aggregates as  a result  of  freezing 
(Mackay  and  MacKay  1976,  Mackay  1974,  Pissart 
1970).  This  consolidation,  which  remains  after 
thawing,  seems  to  be  associated  with  the  extreme 
dessiccation  and  consequent  collapsing of the  pores 
during  the  freezing  process. 

Several  authors  mention  the  particular  consoli- 

CONCLUSIONS 

The  observations  from  areas  with  active  perma- 
frost  today  permit to explain  the  very  particular 
set of characteristics  of  the  consolidated  hori- 
zons. 

1. The  thin  plates  in  the  upper  part of the  ho- 
rizon  can  correspond  to  the  lower  part  of  the  ac- 
tive  layer,  and  the  prismatic  and  blocky  aggregates 
below  would  then  coincide  with  the  upper  part  of 
the  permafrost. 

A ' 2 g ' c '  probably  are  those  cores of the  lower  part 
of  the  active  layer  that  freeze  last  in  autumn. 
From  such spots, water  can be extracted  toward  the 
downward  and  upward  freezing  fronts  starting  from 
the  soil  surface  and  from  the  permafrost  table  res- 
pectively.  This  water  extraction  can  promote  the 
consolidation of the  soil  (Mackay  and  MacKay  1976). 

3 .  The  locally  observed  thin  layer of iron  and 
manganese  oxide  accumulation  is  very  similar to the 
layer  described  by  Black  (1976) as  one of the  soil 
properties  indicative of the  limit  between  the ac- 
tive  layer  and  the  permafrost. 

ence,  starting  from a depth  of a  few  decimeters, 
of wedge  shaped  cracks  which  reach a depth of 
1-2 m and a final  width of several  centimeters  in 
the  upper  part.  Whether  these  cracks  were  filled 
with  ice  or  with  soil  material,  is  not  yet  known. 
The  local  presence o f  a weak  vertical  platy  strut- 
ture  is  an  argument for a soil  wedge;  the  presence 
of  coarse  pores  in  the  lower  part  of  the  streaks 
and  the  compaction o f  the  outer  rim of the  prisms 
points  more  to  ice  segregation.  Possibly both, 
sol1 material  and ice, were  present. 

least  the  upper  part  of  the  compact  horizon,  even 
in  landscape  positions  where  today  no  groundwater 
table occurs, can  be  explained  by  the  water  satu- 
rated  layer  perched on top  of  the  permafrost  table. 
When  the  permaforst  gradually  thawed,  this  water 
saturated  layer  gradually  moved  downward  until  the 
whole  frozen  layer  vanished.  This  mechanism  per- 
mits  to  understand  why  this  mottling  occurs  along 
the  pores  and  aggregate  faces  of  the  compact  hori- 
zon. 

2. The  compact  spherical  nodules  in  the  bleached 

4 .  Permafrost  conditions  can  explain  the  pres- 

5. The  hydromorphic  mottling,  coinciding  with  at 

Considering  that  the  consolidated  subsurface 
horizon  is  observed  in a l l  those  Tardiglacial  soils 
where no biological,  chemical  or  physical  turbation 
occurred  at  that  soil  depth  during  the  Holocene,  we 
can  conclude  that  in  the  Tardiglacial,  at  least 
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once,  permafrost  was  continuous  in  NW  France,  Mid- 
d l e  and N Belgium,  and  The  Netherlands. 
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NUIQSUT AIRPORT DREDGE PROJECT 

Craig C. LaVielle. Scott C. Gladden, Alvin R. Zeman 

Rittenhouse-Zeman & Associates, I n c .  
Anchorage, Alaska 

The  unique Nuiqsut Airport  Dredge  Project  is the first  dredged  fill  placed  over  permafrost 
on the Alaska North  Slope. The  specially  designed 45.7 cm diameter  suction  dredge  capable of 
being  air  or  truck  transported,  was  used t o  unify the steps of mining, transporting  and  placement 
of  the  runway  embankment  fill  material.  This  technique  has  the  advantage  of minimizing damage 
to  the  fragile  tundra  and ice-rich permafrost.  The  need  for  large on-shore borrow  pits  and  long 
haul  roads  was  eliminated.  Approximately 152.911 cubic  meters  of  sand  and  gravel was 
hydraulically  placed  along the 1554.0 meter  long  runway right-of-way. The  predicted  depth of 
thaw  beneath  the  fill  and  the  amount of thaw  consolidation  in the natural  soils  compared  well 
with  measured values. The  direct  placement of dredged  fill  material on permafrost  with  controlled 
and  limited  thawing of the submade  has  proved  to be a rapid,  ecologically  sound,  and cost- v Y 

effective  technique. 

Design and  construction of the Nuiqsut, Alaska 
runway  was  completed in the spring  and summer of 
1981. This  unique  project  used  the  direct  placement 
of pumped dredged  fill  to  construct a 1.8 m to 3.66 m 
(6- t o  12-foot) thick rurrway embankment on an  ice- 
rich  permafrost  subgrade.  Direct  dredged-fill 
placement on permafrost is a new technique  to  the 
North  Slope. The  process had previously  been 
considered too risky for  use  on  thaw-sensitive, ice- 
rich  permafrost  because  of the large volume of 
relatively warm river  water  that  is  required. However, 
preliminary  analysis  indicated  that,  depending on the 
thermal  regime of the specific  site,  dredge  placement 
procedures may not  only be feasible,  but  cost-effective 
in comparison  to  conventional  dragline mining and  pit 
excavations. 

Our involvement in the  project as geotechnical 
consultants  for the North Slope Borough, included 
conducting  exploration  for  submerged fill material 
source  areas  and  detailed  sampling of permafrost  soils 
along the proposed  runway  alignment. In addition, 
engineering  studies  were  undertaken  including a 
complete  thermal  analysis  concerning  the effects that  
a pumped hydraulic  fill would have on thaw-sensitive 
permafrost.  Periodic  construction  monitoring  was 
maintained  throughout the construction process. 

PROJECT DESCRIPTION 

The Inupiaq  Village of Nuiqsut, Alaska is  located 
on the North Slope of the Brooks  Range  near the 
head of the  Colville  River Delta. This  isolated  village 
is  approximately 402 km (250 miles) east of Barrow 
and 129 krn (80 miles)  west of Prudhoe Bay (Deadhorse) 
Alaska. Air access to Nuiqsut in the past has been 
limited  to a small 457 m (1500-foot) gravel  runway 
and  emporary  winter  landing  strip  on  the  ice  of 
Nechelik  Channel. During breakup,  the runway  in the 
channel  is  lost. In addition,  breakup in the channel 
often  results in the  short  gravel  runway  being  flooded 
by the  river which may rise 12 m (40 feet) or more 
above  normal  channel  levels. During the month of 
June,  and at times  into  July, access to  the village 
is  limited  to  helicopter  and  light  aircraft which are 
forced  to  land  on the main s t reets  of the village. 
Even  when the small strip  is  repaired,  it is far too 
short to accommodate  fully  loaded  large  cargo  aircraft 

such as the Hercules C-130 transport planes. For 
this  reason, a large  permanent  runway  located close 
t o  the village  was  deemed  necessary.  Such a runway 
would allow  transportation of needed  construction 
materials  and  fuel  to the village at any  time  during 
the  year. 

The Nuiqsut runway as planned would be 1554.5 m 
(5100 feet) long, 45.7 m (150 feet)  wide,  consisting 
of approximately  152,911 m3 (200,000 cubic  yards) of 
material. The  runway would also have a taxiway, 
parking  apron  and a shippingheceiving  terminal 
building.  The runway  core  embankment would have 
to  be  constructed  of  high-quality NFS (non-frost 
susceptible)  fill of sufficient  thickness to protect the 
i c e r i c h  subgrade.  The  surface  course of the  runway 
would also have t o  be designed  for  easy  maintenance 
and  not be subjected  to  extensive  frost-heave  and 
rutting. In addition,  construction of the  runway  should 
take place  within  the  short  Arctic  summer  when 
thawed  fill  soils  could be placed  and  properly 
compacted. 

Existing borrow sources  in the village  contained 
large  amounts of silt  and  could  not  be  considered as 
non-frost  susceptible. In order  to  construct the 
runway  from  locally  available  sand  and  gravel, a 
system  was  needed  for  excavation, washing, 
transportation  and  placement  of  clean  fill  material. 
Equipment to complete  this  project must be minimal, 
since  transportation of equipment to the village would 
be  costly,  having t o  be  done  during the winter  across 
a temporary  ice  road  from  Prudhoe Bay. For  this 
reason, the  decision  was  made to  utilize a suctiow 
dredge  system.  The  dredge  unifies all the steps for 
mining, transportation  and  placement of fill  along the 
runway  alignment,  along  with the help of two  locally 
available  bulldozers  and a grader.  Costly  haul-roads 
and  trucking  equipment would not  be  needed. In 
addition, a specially  designed  dredge  could be 
disassembled  into  easily  transported  units  and  then 
carried  to the site by truck or Hercules C-130 air  
transport. 

Our involvement in the Nuiqsut Runway  Project 
included  conducting an exploration  for  suitable 
submerged  sites of high-quality  sand  and  gravel which 
were  thawed.  This  material would have  to be within 
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the  Nechelik Channel of the  Colville  River  and  within 
a two-mile radius of the  runway  alignment  to  allow 
for pumping. In addition,  subsurface sampling must 
be conducted  along  the  runway  alignment in order to 
determine  the  nature of the underlying  permafrost. 
This  information in turn would be  utilized  for the 
thermal  analysis of the  site  to  determine  the thaw- 
sensitive  nature of the  permafrost.  Finally.  during 
construction  phases of the  runway, we would monitor 
fill  procedures to insure  quality  control. A t  this  time, 
temperature  probes would be  installed both in the 
center of the runway  and  along  its  perimeter  to 
monitor  thaw  depths  during  construction  and to 
determine  the long-term outcome of dredge-placed 
fills of this  size. 

SUBSURFACE EXPLORATION 

Material  Source: 
A subsurface  exploration for suitable  submerged 

high-quality  sand  and  gravel  for  the Nuiqsut Runway 
was  conducted  during the summer of 1980  and  winter 
of 1981. As previously  discussed, the dredge  system 
together  with  its  booster pump, had a practical 
discharge  limit of two miles. For  this  reason,  material 
had  to  be  located  within  these  limitations  and in 
sufficient  quantities  to  complete  the project. 

The  first  phase of exploration  was to conduct 
a summer surfacedeposit  reconnaissance  within the 
Nechelik Channel.  This  was  done in order  to  observe 
fluvial  deposition  characteristics of the  channel as 
well as locating  strand  and bar deposits of sand  and 
gravel.  Likely  areas of accumulation  were  denoted 
on a topographic map of the  area.  These  locations 
were  then  used  to  delineate  areas  for  subsurface 
sampling. The  subsurface  exploration  within  the 
Nechelik Channel took place  during  the  winter  of 
1981. The  frozen  condition of the channel  and upland 
tundra  allowed access to  si tes of expected  sand  and 
gravel  accumulation  delineated  during  the summer 
reconnaissance. 

In general,  the ice thickness at the  time of 
exploration  on  the  channel  ranged  from 1.8 rn to  2.4 m 
(6 to 8 feet)  underlain by approximately 3 m (10 feet)  
of water  followed by thawed  sediments in the  thalweg 
of the  channel. Where the  channel  water  was less 
than 1.8 m (6 feet)  deep, the water  and  sediment 
were  completely  frozen  except  for  remnant  talik  zones 
within  the  sediments at depth. In order  to  cut  through 
the  ice  for  bottom sampling, a 15.2 cm (6-inch) solid- 
stem auger  was  advanced as a pilot  hole,  utilizing a 
Nodwell-mounted Acker Mark IV drill rig. Once the 
pilot hole was  completed,  an 8-inch hollow-stem auger 
was  attached  and  advanced down through  the  pilot 
hole  and  underlying  water  to  the  thawed  sediments 
below. A t  this  stage, samples were  taken of the 
thawed  sediments  through  the hollow-stem auger a t  
selected  intervals.  These  samples  were  used to 
determine  quality  and  quantity of the  deposit as well 
as to detect  the permafrost  boundary if encountered. 
This  procedure  proved  useful  for  acquiring  relatively 
undisturbed  soil samples.  However, at temperatures 
below -4OOC (-40°F), freezing of water  within the 
hollow-stem auger  caused a slowdown in production. 
These  problems  were  not  encountered  when  ambient 
air  temperatures  were  above -32OC  (-25OF). 
Exploration of the  channel  was  successfully  completed 

upon delineating  approximately 49,699 cubic  meters 
(65,000 cubic  yards). pit-run grade  sand  and  gravel 
and  168,212  cubic  meters  (220,000  cubic  yards) of fine 
to medium sand, (see Figure 1 for range in grain  size 
distribution). 

Runway  Alignment: 

The  second  phase of exploration  involved  taking 
continuous  core samples at  61 m (200-foot) intervals 
down the proposed  runway  alignment.  This  was  done 
in order  to  determine  the  subsurface  soil  and  ice 
conditions  to  facilitate  thermal  analysis of the thaw- 
sensitive  permafrost.  Each test boring  location was 
cored  to a depth of at least 1.5 m (5 feet). These 
samples were  extruded  on-site,  classified, 
photographed,  and  returned  undisturbed to our 
Anchorage  laboratory  for  thaw  consolidation tests. 
Drilling fluids  were  not  used  for  this  coring  procedure. 

Typically,  the  subsurface  soils  along  the  runway 
alignment  consisted of a 15 cm (6-inch) tundra mat 
over  sandy, ice-rich organic  silts to a depth of .61 m 
to 1.5 m (2 t o  5 feet). Underlying the  silts  were 
generally  found  silty medium sands  having a high ice 
content.  Ice  formations  generally  occurred as pore 
ice,  veins,  lenses,  and  in  massive  formations. 

DREDGE,  HYDRAULIC FILLING PROCESS 
and 

RUNWAY CONSTRUCTION 

The  technique of direct  placement of pumped 
dredged  fill  was  used  to  construct the airport  runway 
embankment at Nuiqsut. Alaska. The  direct  placement 
technique  has  several  distinct  advantages  over more 
traditional  techniques of fill  embankment  construction. 
The  advantages  include  unifying the project  operations 
of mining, transporting,  placing,  washing  and 
compacting the fill  material. By unifying these 
operations,  significant  construction  cost  savings  are 
realized.  The  direct  placement  technique  also  proved 
to be more environmentally  acceptable  than the 
traditional open-pit  mining and  trucking  techniques. 

The Nuiqsut Airport  project  used  an 946 cm 
(18-inch) suction  dredge  to mine the  thawed  sands  and 
gravels  from  the  sources located in the  river  channel 
(see Figure 2). The  special  unitized  dredge.  designed 
by Dredging Consultant,  Michael Weston, is 
approximately 12.8 m (42-feet) long. A 9.1 m (30- 
foot) ladder with  the  suction  pipe  and a revolving 
cutter  head  allowed  material to be mined from as 
deep as 7.9 m (26 feet) below the water  surface. 
Two large pumps, one  onboard  the  dredge  and a second 
acting as a booster pump at the half-way point, pumped 
the sands  and  gravels  up a 6.1 m (20-foot)  rise  and 
out  onto  the  alignment.  Sand  and  gravel  was pumped 
3.2 km (2 miles) to  the  farthest  end of the runway 
alignment  utilizing a 46 cm (18-inch) diameter, 4.45 
cm (1.75 inch)  thick  polyethelene  pipe as a discharge 
line. Approximately 3823 cm (5000 cubic  yards)  per 
shift  was  delivered to the site. 

The  excavation  and  transportation of the  sand 
and  gravel  to the site required  only  two  dredging 
pumps, as opposed to the  traditional  fleet of loaders 
and  trucks.  For  this  reason,  no  haul-roads  were 
needed  from the borrow  source  area.  Therefore, all 
fill  material  could be used  on the project  itself.  The 



traditional  maintenance  headaches of pit  operations 
in the arctic such as frozen  stockpiles,  thawing  and 
draining  stockpiles,  pit  drainage,  and  blasting  were 
avoided. 

The  construction of the Nuiqsut Airfield  required 
some 152,920 cubic  meters (200,000 cubic  yards) of 
select fill  with  frost-susceptible  silt  and  clay  materials 
removed. Once  staking of the runway  limits  was 
finished, a small dike  approximately .91 m (3 feet) 
high and 3.65 m (12 feet) wide  was  constructed  around 
the  perimeter of the  proposed  runway (see Figure 3). 
These  dikes as well as the  parking  apron  and  taxiway 
were  constructed of silty  sand scraped and  truck- 
hauled  from small channel bar deposits.  The  dredge 
located approximately  two  miles  distant in the 
Nechelik Channel of the Colville  River, was 
maneuvered  over a known, submerged  sand  and  gravel 
deposit. 

As  the saturated  dredged  material  was  deposited 
at the  end of the outfall  line,  two small bulldozers 
(Caterpillar D5 and D7) graded  the  fill  across the 
runway alignment building up the dikes as needed see 
Pigure 4. The winch-equiped dozers  could move the 
flexible  discharge  line  laterally  across the runway. 
When enough  material had been  deposited a t  any  one 
spot,  sections of the  plastic  pipeline  were  quickly  cut 
and  removed,  shortening the line. If extension of the 
pipe was required, a small portable  fusion  weld 
machine  was used. As the  water  settled out of the 
fill  material,  consolidation of the  soil took place, 
leaving a well-compacted NFS material  averaging 90 
to 95 percent of the  laboratory maximum density 
(ASTM:D-1557). The millions of gallons of water  used 
to  carry  the  sand  and  gravel  was  allowed to drain 
from the fill to a settling pond a t  the middle of the 
runway  and  then pumped back to the  river. The rapid 
draining of the water acted to wash the  sands  and 
gravels  and  carry the silt  and  clay  fines down to the 
settling pond. In addition,  the  washed  fill  material 
was densified due to  active  water  settlement. For 
this  reason,  no  compaction  equipment  was  required 
for  the  embankment  core  to meet compaction 
specifications. 

The  above  described  filling  process  was 
continued  until  the  eastern  third  and  western  third 
of the runway  was completed. A t  this 
point, a large  stockpile of material  was  collected  on 
the  borders of the settling pond located  in t h e  middle 
of the runway.  The return pump was  dismantled  and 
frost-susceptible  silt  accumulation removed. The 
stockpiled  fill  was  then  placed  into the location of 
the excavated  silt pond completing the core 
embankment of the runway.  The entire  fill  project 
was  completed  within 75 days during  the  short  Arctic 
summer. The  following  summer,  stockpiles of 
substantial  quantities of gravel  for  other  village 
improvement  programs  and  for the gravel  topping 
course of the runway  was  collected  and  crushed. A t  
this  time, the 1555 m (5100-foot) runway  can  support 
a fully loaded C-130 Hercules  transport  aircraft.  The 
permanent  runway  surfacing  consisting of 
approximately 25 cm (10 inches)  of  compacted  crushed 
gravel will  allow all-season  operation  and  is  currently 
being  installed. 

By combining the mining transporting,  washing, 
placing  and  compacting  operations,  significant 
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construction cost savings  was  achieved.  The  savings 
came as a result of reductions in the required  fuel, 
labor and capital  costs. 

CONSTRUCTION  MONITORING 

Thawing  beneath the fill as a result of the 
hydraulic  filling  process  was  monitored at five  points 
in the runway  alignment.  Monitoring  points  were 
placed at center  line STNs 14+50. (feet) 23+50, 31+50, 
38+50 and 45+00. The temperature of the  soil was 
measured by means of thermistors  placed at depths 
ranging  from 0.3 to 2.1 m (1 t o  7 feet) below the top 
of the tundra.  Measurements  were made at random 
intervals  not  exceeding  two  weeks,  throughout the 
construction period. A plot of the  temperature 
beneath the fill  from  July 1981 through  October 1983 
are shown  in Figure 5. 

Maintaining the monitoring  stations  and 
thermistor  wires  proved to  be  difficult.  Construction 
equipment moving along the containment  dikes  while 
moving the  discharge  pipe  frequently  cut  the wires. 
In addition,  ground  squirrels  chewed  through  several 
of the  buried  wires. 

Thirty-three  compaction  tests,  using a nuclear 
densometer  were also taken  along  the  full-length of 
the runway  near the top of the  completed  fill  surface. 
The test results  ranged from 90-95 percent of the 
laboratory maximum using ASTM:D-1557 as the  
standard.  Observation  wells  were  installed in early 
September at five  locations  along the right-of-way; 
STNs 25+00, 30+00, 35+00, 40+00 and 45+00. The 
reading  obtained  during the early  September  period 
indicate  water  depths  averaging  just  over 1 m (3 feet) 
below  the  finished  runway  surface.  The  compaction 
test results  and  the  temperature  readings  over a o n e  
year  period show the  fill  is  performing  very  well  and 
that a total  freeze-back  was  achieved  and a second- 
season  thawing did not  penetrate  the  base of the fill. 

A significant  benefit of suction  dredging  versus 
open-pit mining was that  washing of the  sand  and 
gravel  fill  material  occurred  during  placement.  Grain 
size  analysis of the  source  materials  prior  to  dredging 
indicated a silt  and  clay  content  of  of up to 10 or 
12 percent  finer  than .07 mm. Samples  obtained of 
the completed runway  showed that 90 percent of the 
silt had  been removed. A technically  non-frost 
susceptible (NFS) material  with less than 1 percent 
finer  than .02 m m  was  produced  without  expensive 
screening. 

LABORATORY TESTING 

The  laboratory  phase  of  our  thermal  study 
included a series of tests designed to determine  the 
material  parameters  pertinent  to  this  project.  These 
material  parameters  included  grain  size  distribution, 
total  moisture  content  and  dry  unit  weight.  The 
thermal  properties of soil  thermal  conductivity  and 
heat  capacity which a r e  used in the thermal  analyses 
could be derived from these  parameters. 

The  results of our  laboratory  testing  program, 
have shown that  the  natural  soils  along  the  runway 
alignment  tend to display high ice  contents  and  low 
dry  unit  weights.  Moisture  contents of the  tundra 
ranged from 41% to 237% and  averaged 172%. 
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Moisture  values  for the silt unit  ranged from 46% to 
368% and averaged 127%. Moisture  values  for the 
sand  unit  ranged from 19% to 188% and averaged 
42.5% by weight. Dry unit weights  averaged 309 kg/m 
(19.3 pcf), 637.5 kg/m (39.8 pcf), and 1401.8 kg/m 
(87.6 pcf) for the tundra, silt and  sand units 
respectively. 

In addition, a series of thaw consolidation tests 
were  performed on the frozen, undisturbed core 
samples taken from the runway  alignment.  The  thaw 
consolidation tests consisted of cutting 5 cm (%-inch) 
long sections from the 6.4 cm (2-1/2 inch) diameter, 
undisturbed core samples,  and  loading the thawing 
sample  with 147 to 295 kg per square  meter (720 to 
1440 psf for 48 hours).  This surcharge  is  approximately 
equivalent  to the load  which  would  be expected to 
be imposed by the  completed  runway  fill.  The  samples 
were  kept saturated and  confined  within a bronze  ring 
6.4 cm (2-1/2 inch) in diameter during consolidation. 
Sample drainage was  allowed  through  both top and 
bottom of the sample, by means  of filter paper  and 
porous  stones.  The  mean percent consolidation  for 
tundra  unit and the silt unit was 36 and 23 
respectively. The  range of consolidation  values was 
15% to 55% for  the  tundra  and 17% to 32.5% for-the 
silt unit. 

Although  only three basic  soil  types  were 
involved  in our study, a wide range of soil  thermal 
conductivities were  found to apply.  Thermal 
conductivities were  determined from curves published 
by Kersten (1949). It was noted that soil  thermal 
conductivities can  change  significantly  with  changes 
in moisture content, soil dry unit  weight,  soil 
temperature and  changes  from the frozen to the 
thawed state. Of the  variables mentioned  above, all 
were expected to effect the soils in the runway 
alignment.  The greatest variations in thermal 
conductivity would be due to the wide variation in 
soil  moisture content. As previously  mentioned, the 
moisture contents in the  tundra unit varied from 41% 
to 237% by weight.  According to the charts published 
by Kersten for peat, this variation in moisture content 
represents a variation in soil  thermal  conductivity of 
,1038 to 1.038 W/(m-OC) (0.06 to 0.6 BTU hr f t  OF) 
in frozen  peat and .086 to -43 W/(m*"C) .05 to -25 
BTU/hr f t  OF) in frozen peat.  Conductivity  values 
for the silt unit and  sand unit averaged 1.21 W/(m.OC) 
(0.7 BTU/hr ft  O F  and 3.07 W/(m-OC) (1.78 BTW/hr f t  
OF) respectively. 

The variations in thermal  conductivity  caused 
by temperature and the changes from the frozen to 
the thawed state were dealt with by averaging the 
frozen  conductivitv  with  the thaw conductivitv 

In order to perform a meaningful thermal  analysis 
of  the entire runway alignment, it was necessary to 
assume  mean soil  properties. By taking  this  approach 
in our analyses, we realized we  would loose  some 
accuracy in  our depth-of-thaw estimates in localized 
areas. However, a large overall view  of the scale of 
potential thawing was  produced and, therefore, the 
project's feasibility could be presented. An accounting 
of the possible  consequences of deeper  thawing in 
areas where the deviation from  our  mean soil 
properties occurred was also made.  The deviation 

was then used along  with experience to temper  the 
estimates presented. 

THERMAL ANALYSES 

The thermal  analyses  consisted of determining 
by mathematical methods the estimated depth of thaw 
to be expected in the natural frozen ground as a 
result of the hydraulic  filling operation; the estimated 
time  required for freeze-back of the thawed natural 
soils and the fill itself. These estimates are based 
upon the assumed conditions and parameters of an 
undisturbed  tundra  mat, subsurface soils, the mean 
Nuiqsut area climatic conditions, and thermal 
conditions imposed by the hydraulic  filling  operation. 
The soil parameters were  determined  experimentally. 

The climatic condition  assumptions  were  obtained 
from data published by the Environmental  Atlas of 
Alaska, U of A, Fairbanks.  The  conditions  assumed 
for this study are listed below. 

Nuiqsut Townsite  Area Parameters 
Thawing  Index 500 degree-days 
Length  -of  Thaw  Season ~ 95 days 
Freezing Index 8500 degree-days 

The length of the thaw season has  been  defined 
as the number  of  days that have a mean  daily air 
temperature (M.A.T.) above D O C  (3Z°F). Typically, 
the months  of June, July, August.  compose the thaw 
season, a t  Nuiqsut, although a variation of one-half 
month  on either end  is  possible.  The initial part of 
our thermal  analysis  consisted of constructing as 
complete a picture as possible, of the events, time 
tables and temperatures anticipated for the filling 
operation. 

The  model of the hydraulic  filling operation 
consisted of  millions  of gallons of a sand  and gravel 
slurry being  quickly  placed  on the frozen soil.  The 
sand  and gravel slurry pumped  from the river would 
tend to initially act as a constant temperature heat 
source. The temperature of the slurry was estimated 
at  7OC to 10°C (45OP to 5O0F).  This constant 
temperature heat source would  allow heat to flow 
into the soil  causing  melting  and  thaw  consolidation. 
The temperature of the slurry fill presumably then 
would tend to cool near it's base as heat was lost to 
the frozen soil. The surface of the slurry/ fi l l  would 
either warm or  cool  in  response to changes in air 
temperature and solar radiation. The rate of 
temperature change in the slurry/fill would depend 
strongly on  how quickly the fill drained. The drained 
fill would tend to reach an  equilibrium  more  rapidly 
with the frozen subgrade and the air. 

The heat capacity of the river water is far 
greater than the soil particles. Therefore, the water 
in the fill was acting as the constant heat source. 
By draining the water away,  thawing  could  be  limited. 
If the water could  be drained away quickly, only the 
climatic influences of air temperature, wind speed, 
and solar radiation on the dark fill surface would 
promote  thawing.  The completed  thickness would tend 
to insulate the natural soils from the climatic 
influences and  limit  thawing  beneath  the fill. 

Our analysis assumed a maximum  of  two  days 
would  be required to place the full thickness  of fill 
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over  the new area. The surface of the fill was 
expected to drain  within  hours.  The  base of the fill, 
however, was anticipated to require three months or 
more to  drain.  Complete  drainage of the fill would 
not be required and  would not be advantageous. 
Additional  insulation against climatic influences would 
be available if  most  of the fill retained a moisture 
content equivalent  to 10 percent of the dry soil  weight 
and the  lower 15 cm (6 inches) of fill remained 
saturated. 

Our study of the subsurface thermal aspects of 
the placement of hydraulic fill indicated the project 
was feasible if proper  drainage could be maintained. 
Our conclusions  covering potential thawing  and  thaw 
consolidation are presented below  with a discussion 
of what actually occurred. 

The estimated average depth-of-thaw  beneath 
the existing  tundra surface was 1.1 to 1.2 m (34 feet 
to 4 feet). Variations in the depth of thaw  were of 
as much as 2 0.3 m (1 foot) could  be expected 
depending  on local conditions.  This estimate was 
based  again on a 95-day filling period.  In actuality, 
approximately 75 days  were  required to complete the 
runway fill. Measured depthsof-thaw averaged 0.76 
m (24 feet) with as little as 0.6 m (2 feet) of thaw 
occurring in  some areas and as much as 1.5 m (5 feet) 
of thaw occurring in a small localized area. The 
maximum depth of thaw that actually occurred (0.76 
m) was  within the range anticipated. The total filling 
period was approximately 25% shorter than  assumed 
and a proportionately  reduced  amounts of thawing 
were  found to have occurred. 

The total percent consolidation of the  thawed 
soils was estimated at 25% of the newly thawed 
thickness or approximately 0.3 m (1 foot) of the 
estimated 1 to 1.2 m (34 feet to 4 foot) thaw  depth. 
Considering the wide range of ice and soil  conditions, 
actual ground settlements were expected to range 
from 0.23 to 0.46 m (3/4 to If feet). The actual 
thaw consolidation that occurred averaged 
approximately 0.30 m (1 foot). The range of settlement 
that occurred at  the  points measured  was as much as 
0.46 m (If feet) and as little as 0.15 m (t foot). The 
correlation between the estimated and the actual 
consolidation are good. Actual  consolidation was 
slightly overestimated, possibly because  lesser  amounts 
of ice were  present  than assumed.  The estimated 
date of freezeback of the total thickness of fill and 
thawed natural soil was  mid-February. A frozen 
thickness sufficient to  allow  for  heavy aircraft  traffic 
was estimated to exist by mid-October. Actual total 
freeze-back of the fill and the natural ground  was 
complete by early  January. Our estimate proved to 
be conservative but  within  an acceptable range. 
Although sufficient data is not available for any 
theoretical analysis, we  do expect that the raised 
profile of the fill mass allowed greater exposure to 
the wind  and  more rapid  cooling  than  initially  were 
anticipated. 

SUMMARY 

Until quite recently, sand  and gravel for 
construction purposes  has  been  mined  from large 
upland  pits.  These  huge pits become a permanent 
feature in the Arctic landscape along  with their 
attendant haul  roads.  Even so, at many locations 

across the North  Slope  of  Alaska there is a lack of 
quality sand  and  gravel  which  could be considered as 
a suitable Arctic construction material. Where 
present, these sands  and  gravels contain high 
percentages of silt or clay which renders them 
marginally suitable a t  best for use  in roads,  pads and 
runways. Other methods  of  mining  and  improving the 
quality of the borrow material, such as by washing 
or screening,  have normally  not  been considered 
economically feasible in the short construction season. 

As an alternative to pit mining  and truck  hauling, 
the runway a t  Nuiqsut represents the first major use 
of a pumped dredge fill on  upland permafrost. A 
special 46 cm (18-inch)  suction  dredge,  capable of 
being  broken  down into truckable units, was  designed 
and constructed for this project as well as future 
projects planned by the North  Slope  Borough.  The 
use  of a dredge  for this major fill allowed  for the 
mining.  washing. transportation and placement  of the 
material by essentially a single  piece of equipment. 

The  use of a dredge  for mining  and  placing fill 
material has  been  hampered  in the past by concerns 
about  thawing  and  thermal  degradation of ice-rich 
permafrost. This project has  demonstrated that with 
proper  engineering and construction techniques, the 
use  of a dredge for material extraction and placement 
offers a viable  option  to  open-pit mining for sand  and 
gravel. In the future, we expect to see dredges such 
as this used for the extraction and placement  of 
materials for the many  proposed offshore oil drilling 
islands. 

Aside  from the advantages associated with 
extracting and  placing fill materials, the use  of a 
dredge can  have important advantages from  an 
environmental  standpoint. Rather than  being left with 
the scars of an  open-pit, the deepend  channel in this 
case  study is expected to provide  an  improved  over- 
wintering habitat for fish in the river. At the same 
time, there has been little or no  damage to the 
surrounding  tundra or beaded streams since an 
extensive system of  haul  roads was  not required. 
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FIGURE 1 Range of grain  size  distribution of 
fill  material  source  sampled from the Nechelik 
Channel. 
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GROUND I C E  IN PERENNIALLY FROZEN SEDIMENTS, NORTHERN ALASKA 

D. E. Lawson 

U . S .  Army Cold Regions Research and Engineering  Laboratory 
Hanover, New Hampshire 03755 USA 

The d i s t r i b u t i o n  and volume of ice i n  perennial ly   f rozen  sediments   beneath  three 
unglaciated sites in northern  Alaska  vary  with the g r a i n   s i z e  and depos i t iona l  
o r i g i n s  o f  the sediment,   thermal  history  (permafrost   aggradation  and  degrada- 
t i o n ) ,  and age of t h e   t e r r a i n  and depos i t s .   Subs tan t ia l  la teral  v a r i a t i o n   i n  
near-surface  ice  voluae  exists  between  and  within each s i te ,  but  reasonably con- 
s i s t e n t   t r e n d s   i n  ice content w i t h  depth were measured  beneath  individual  land- 
forms. Primary  deposits,   those  deposited  and  frozen  without  postdeposit ional 
thermal or  sedimentologic  modification,  contain  the  highest  volume of ice a t   each  
locali ty.   Sediments  that   have  undergone  thawing  or  resedimentation  typically 
contain much l e s s   excess   i ce .  Thaw lake,   s lope,  o r  f luvial   processes   modify  ice  
contents  and  produce  sedimentary  sequences with a s p a t i a l   d i s t r i b u t i o n  of ice 
determined by these  deposi t ional   processes  and the subsequent  thermal  history. 

The volume, d i s t r i b u t i o n ,  and conf igura t ion  o f  
ice in perennia l ly   f rozen  ground are extremely i m -  
por tan t   parameters   tha t   a f fec t  i t s  physical  response 
to   d i s tu rbance  as well as its geotechnical  proper- 
t ies ( e . g .  Muller  1947,  Terzaghi  1952,  Ferrians et  
a l ,  1969, Mackay 1970,  French  1915,  Johnston 1981, 
Lawson 1982).  Although  knowledge of the occurrence 
and types of ground i ce   has   subs t an t i a l ly   i nc reased  
(e.g. Mackay and  Black  1973, Mackay e t  a l ,  19781, 
few s t u d i e s  have  analyzed the volume and d i s t r i b u -  
t i o n  of ground ice i n  North America i n  r e l a t i o n   t o  
geologic  parameters.  There are few published 
measurements or estimates  of ice volume for   North 
American  regions o r  sites (e.g.  Livingstone et  al. 
1958; Carson and h ~ s s e y  1962; Black 1964; Hussey and 
Michelson  1966; Brown and Sellmaan  1973; Williams 
and Yeend 1979; Pol la rd  and French  1980). 

A R C T l  C 

Chukchi Seo 
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FIGURE 1 Location of Oumalik, East Oumalik, and 
Fish Creek in northern  Alaska. 

From 1978 t o  1981, I examined ground i c e   i n  
perennial ly   f rozen  sediments  a t  th ree   unglac ia ted  
l o c a l i t i e s  in northern  Alaska:  Oumalik, East 
Oumalik,  and  Fish  Creek  (Figure 1). Each s i te  i s  
the   l oca t ion  of an  exploratory well d r i l l ed   abou t  30 
years  ago by t h e  U . S .  Navy i n  Naval  Petroleum 
Reserve No. 4 (now designated  National  Petroleum 
Reserve,  Alaska)  (Reed  1958). This paper summarizes 
the   da ta  on ice volume and I t s  r e l a t ionsh ip   t o   each  
s i te ' s  p h y s i c a l   a t t r i b u t e s  and recent  sedimentary 
h i s t o r y ,  A paper   in   preparat ion w i l l  d i s cuss   t he  
r e s u l t s  of the  analyses  in detail. 

METHODS 

The geology and occurrence  of  ground  ice were 
def ined  by d r i l l i n g  and coring 375 holes  ranging i n  
depth from  about 2.5-40 m. An addi t iona l  450 holes  
were augered to   depths  of 1.5-11 m. Drill holes  
were genera l ly   loca ted   a long   t ransec ts   across   the  
primary  landforms a t  each site. 

frozen  samples were se lec ted ,   usua l ly  a t  an i n t e r v a l  
of 1 m or  less (max. 2-m spacing) ,  for l abora tory  
ana lyses   tha t   inc luded   gra in  size d i s t r i b u t i o n ,  
moisture   content  by weight, ice content by volume, 
organic   content  by loss-on-ignition,  and  bulkldry 
density  following  standard  techniques.  The 
undis turbed  f rozen  cores  were 7.5 cm in diameter, 
with  samples   cut   to  a 5-cm length.  Degree  of 
s a t u r a t i o n ,   p o r o s i t y ,   v o i d   r a t i o ,  and t e x t u r a l  
s t a t i s t i c s  were ca lcu la ted  from the   ana ly t i ca l   da t a .  

After  logging  the  geology o f  each d r i l l   h o l e ,  

GROUND ICE OCCURRENCE 

F i s h  Creek 

The Fish  Creek s i te  lies on t h e  Arctic Coastal  
P l a i n  i n  a region of gen t ly   ro l l i ng   t e r r a in   w i th  low 
r e l i e f  and numerous or ien ted  lakes and  drained  lake 
basins t h a t   a r e  commonly separated by r idges  o f  in- 
act ive  eol ian  dunes  (Sel lmann et  al. 1975, Williams 
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et al.  1977).  Sediments  beneath  Fish  Creek, as w e l l  
as at  Oumalik and East Oumalik, are par t  of t h e  
Gubik formation of the Quaternary Age (Black  1964). 
They range  from  about 10-20 m thick  over  bedrock a t  
t h i s  s i te .  The landforms  examined were d ra ined   l ake  
b a s i n s ,  an  intervening  upland  surface  between  those 
bas ins ,  and stream va l l ey   f l oodp la ins  and s lopes 
(F igure  2). 

The upland  surface is composed of 8-14 m o€ 
eo l i an   s and   t ha t   ove r l i e s  a second  sand  that is of 
f luv ia l ,   o r   poss ib ly   mar ine ,   o r ig in .  The eol ian  
d e p o s i t s  are s t r a t i f i e d  t o  massive,   well-sorted,  
fine-grained  sand, with some layers  of mediuw 
g r a i n e d   o r   s i l t y  sand. Some sec t ions   exh ib i t   h igh  
angle  cross-bedding.  Organics are genera l ly   sparse  
(1-3%), but s t r i n g e r s  of  peaty material a r e  
in te rspersed  randomly  throughout, The underlying 
sands are medium- to   f ine-grained and s t r a t i f i e d ,  
with  horizons  r ich i n  pol ished  pebbles ,   shel l  
fragments, and disseminated  organic materials mixed 
with silt. Radiocarbon  analysis of s i x   i n   s i t u  
p e a t s   i n  the upper 3 m yielded  ages  ranging  from 
2200-3500 yr  B . P . ,  while  an  organic-rich  horizon a t  
the approximate  contact of the two sand   un i t s  
yielded an age o f  22,750 f. 1700 yr B.P. These d a t e s  
suggest   deposi t ion of t h e   e o l i a n   s a n d s   i n  l a t e  
Wisconsinan time; they  are   correlat ive  with  sand sea 
depos i t s   descr ibed  by Carter (1981). 

Ground ice is mainly i n t e r s t i t i a l ,   f i l l i n g  
voids  between  sand  grains. Less f requent ly ,  
i r r e g u l a r   l e n s e s  (5-10 m across)  and th in   ve ins  
(0.1-3 mm t h i c k )  are present .  Ice volume was f a i r l y  
cons is ten t   to   depths  of 15-18 m, ranging  generally 
from 40-50%, with  volumes o f  up t o  68% measured i n  
strata containing s i l t  or   organic  material (Figure 
3a) .  Ice volume was most var iab le   near   the   contac t  
of the tm sand  units.  Most samples were 
unsaturated.  

su r f ace   i n   a s soc ia t ion   w i th   i r r egu la r ,   po lygona l  
Wedge ice was encountered  only  near  the  ground 

troughs  of 5-15 m spacing. Wedges range  from 
1.5-2.4 m i n   w i d t h  at the   top and extend 2.3-3.2 m 
below the   sur face .  They compose about 10-15% of   the 
upper 10 m of sediment. 

c o n s i s t  of i n t e r s t r a t i f i e d  s i l t ,  sandy si l t ,  and 
fine  sand,  with  peaty  horizons (40-60% organics  by 
weight),   organic-rich  zones,  and shel ly   zones 
common. A l t e r n a t i n g   l i g h t  s i l t  and dark  sandy silt 
l a y e r s  (2-3 m thick)  commonly form a varve- l ike 
s t r a t i f i c a t i o n .  These  deposits  average 3-4 m t h i c k  
i n  the l a r g e   b a s i n  east of the  upland  (5.5 m i n  a 
mound nea r   bas in   cen te r ) ,  and 1-1.5 m t h i c k  i n  the 
smaller bas in   t o   t he  west (Figure 2) .  Radiocarbon 
ana lyses  of pea t   hor izons   ind ica te   depos i t ion   in  the  
eastern bas in  began  about  10,700 I+ 230 yr  B.P. and 
ended  near 8900 ,* 180  yr B . P . ,  w h i l e   a c t i v i t y   i n  the 
western bas in   took   p lace   a f te r  3500 yr  B.P. 

The l a c u s t r i n e   d e p o s i t s  are under la in  by two 
s t r a t i f i e d   s a n d s  that appear   l a te ra l ly   cont inuous  
with upland  deposits.  The phys ica l   p rope r t i e s  of 
these  sands ate t h e  same as the  upland  sand,  except 
t ha t   t he   uppe r   un i t  i s  only 3-6 m t h i c k  and  both 
un i t s   con ta in  much less i c e  i n  veins  and lenses .  

ab le  50-90% in   the   l acus t r ine   depos i t s   bu t   d rops  
sha rp ly   t o  a cons is ten t  30-40% i n  the  lower  sands 
(Figure  3b). A comparable  downhole  trend i n  ice 
volume was measured by Hussey  and  Michelson  (1966) 
in  sediments  beneath  drained lake basins  near 
Barrow. I c e   i n   t h e   l a k e   d e p o s i t s   o c c u r s  as l e n s e s  
(2-30 mm th i ck ) ,   ve ins  (0.1-3 mm th ick ,  of v e r t i c a l  
t o   h o r i z o n t a l   o r i e n t a t i o n ) ,  and t h i n   l a y e r s  (10-15 
mm). I c e  wedges in the   eas te rn   bas in  are s i m i l a r   i n  
dimension t o  those of the  upland,  while  those i n  t h e  
western  basin  are  smaller (1.5-2.4 m deep, 1.1-1.7 m 
wide).  Larger  segregated ice bodies   (up   to  15 cm 
th ick)  form mounds located  near   the  center  of t h e  
basins   (Figure  3b) ,  Whereas l a k e   d e p o s i t s   a r e  
genera l ly   sa tura ted   o r   overea tura ted ,   under ly ing  
sands  are  unsaturated.   Further,   these  sands are 
less sa tura ted  w i t h  ice  than  those  of the upland  and 
have a higher  bulk  density  and  lower  void  ratio.  

plained as t h e   d i r e c t   r e s u l t  of t h e  thaw lake   cyc le  
(Bri t ton  1967) ,   wi th   the  lower  ice  volume of the 
sand a r e s u l t  of i t s  thaw during  lake  formation  and 
expansion, Thawing of sediments  beneath  lakes  that  
a r e  more than 2 m deep w i l l  melt t h e  ground i c e ,  
thereby  inducing thaw subsidence and consol idat ion.  
The higher   dens i ty  and  lower  void  ratios of the  sand 
i n  comparison to  upland  deposits  suggest that com- 
paction  has  taken  place.   Refreezing  after  lake 
drainage  then "resets" the   conten t  and d i s t r i b u t i o n  
o f  i c e   i n   t h e  sand. During  freezeback,  water may 
migra te   toward   the   f reez ing   f ront ,   par t icu lar ly   in to  
the   l acus t r ine   depos i t s ,   bu t  ice i n  the  underlying 
sand would be derived  mainly from i n t e r s t i t i a l   w a t e r  
p r e s e n t   i n  i t s  unfrozen state. 

Ind i r ec t   suppor t   fo r  t h i s  process i s  that 
upland  sands,  which thawed because o f  dis turbance  by 
a c t i v i t i e s  on t h e   o l d   d r i l l  s i t e ,  then  subsequently 
re f roze ,  show a s i m i l a r  change i n   p h y s i c a l  
p r o p e r t i e s ,  with ice volume dec reas ing   t o  a 
r e l a t i v e l y   c o n s i s t e n t  35-40% (Lawson 1982). In 
addi t ion ,  similar ice  Contents are found i n   t h e  
co l luv ia l   depos i t s   mant l ing   va l ley   s lopes  and t h e  
sand  underlying  the  alluvium i n  t h e  stream v a l l e y ,  
which a l s o  presumably thawed d u r i n g   f l u v i a l   a c t i v i t y  
(F igure  3 c ) .  

Lacus t r ine   depos i t s  i n  the   d ra ined   lake   bas ins  

Ice volume  of basin  nediments i s  a highly  var i -  

The t r e n d   i n  ice volume with depth  can be ex- 
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FIGURE 3 Represen ta t ive   cu rves  comparing Ice volume 
wi th   dep th  in :  (a)  upland  sand a t  Fish Creek, 
eo l ian   sand   about  7.5-9 m t h i c k ;  (b) d r a i n e d   l a k e  
b a s i n s  at F i s h  Creek, u p p e r   l a c u s t r i n e   d e p o s i t s  
3.5-5 m t h i c k ;  (c) f l o o d p l a i n   s e q u e n c e   a t   F i s h  
Creek,  upper 4 m a l l u v i a l   d e p o s i t s ;  (d )  upland 
e o l i a n  silt  at  East Cumalik, massive ice bodies  
i n d i c a t e d  by 100% ice volume; ( e )   v a l l e y   s l o p e s  a t  
East  Oumalik,  colluvium o f  upper   s lope  l i es  on 
upland s i l t  a t  12 m depth;  ( f )  Oumalik d r a i n e d   l a k e  
s e q u e n c e ,   l a c u s t r i n e   d e p o s i t s  3-5 m th ick ;   and  (9) 
upland s i l t  and k n o l l  a t  Oumal ik ,   wi th   l acus t r ine  
d e p o s i t 6  t o  3 m depth,   modif ied  upland s i l t  a t  4-10 
rn dep th ,  and f luv ia l   s and   be low 10 rn. 
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E a s t  Oumalik 

E a s t  Oumalik,  which l i e s   n e a r  the sou the rn  
boundary of t h e  Arctic Coas ta l   P la in ,  i s  l o c a t e d   i n  
a n   a r e a   o f - u p l a n d   s u r f a c e s   c u t  by meandering stream8 
and a c t i v e ,   o f t e n   d e e p l y   i n c i s e d ,  thaw l a k e s   ( F i g u r e  
4 ) .  The maximum r e l i e f  is about 20 m, 

The upland a t  East  Oumalik (F igu re  4 )  is 
composed  of r e l a t i v e l y  homogeneous s i l t  t h a t  
overl ies   sedimentary  bedrock a t  a depth o f  24-39 m. 
Approximately 80% or more o f  the   upland s i l t  ranges 
i n   s i z e  from 0.01-0.06 mm. It is  s t r u c t u r a l l y  
massive or f a i n t l y   t o   s t r o n g l y   l a m i n a t e d ,  with 
occas iona l  strata of f ine   s andy  silt. Some s t ra ta  
e x h i b i t  low angle  cross-bedding.  Organics are 
sparse ,   wi th   o rganic- r ich   hor izons  (10-30%) l imited 
t o   t h e   u p p e r  2-3 m, and only small fragments of wood 
(2-3 rnm) or f i b r o u s   m a t e r i a l  randomly  disseminated 
a t  depth.  

The upland silt   is  i n t e r p r e t e d  as e o l i a n   i n  
o r i g i n .  Its age is no t  well def ined.  Twelve 
radiocarbon  analyses  of o rgan ic s   w i th in  2-3 m of the 
surface  yielded  ages   ranging  f rom  10,550 f 150 t o  
5980 + 115 y r  B.P., whi le   f i b rous  material and wood 
a t  dep ths  of 6 and  12 m were o lder   than   37 ,000   yr  
B . P .  

sh i f t s  from 50-100%. c h a r a c t e r i z e s   a l l   h o l e s  i n  t h e  
upland   (F igure   3d) .  Ice occurs  as i r r e g u l a r   l e n s e s  
(0.1-20 cm th i ck ) ,   d i scon t inuous   l aye r s   (gene ra l ly  
5-10 un t h i c k ,  but e x c e p t i o n a l l y   t o  2 m), ve ins  i n  
n e a r - h o r i z o n t a l   o r   n e a r - v e r t i c a l   o r i e n t a t i o n  (0.1-5 
mm t h i c k ) ,  and a massive s i l l  ( tabular   body) .  

The i c e  s i l l  ranges  from 11-13 m thick and may 
compose up t o  50% of a v e r t i c a l   s e c t i o n   a b o v e  
bedrock. It is l a t e r a l l y   c o n t i n u o u s   o v e r   a t   l e a s t  

E x t r e m e   v a r i a b i l i t y   i n  ice volume, with r a p i d  

8 h2, occur r ing  i n  the   lower   par t  of each upland 
h o l e  and sepa ra t ed  from  bedrock by a 0.5-3.53-thick 
l a y e r  of s i l t  and  weathered  rock.  Debris may be 
suspended  randomly  within  the ice, o r  it may occur 
i n   v e i n s   t h a t   p a r a l l e l  o r  cross-cut  ice f o l i a t i o n .  
F r a c t u r e   f i l l i n g s   a r e   a l s o  common. A l t e r n a t i n g  
bubble-rich and  bubble-poor i c e   i n  bands of va ry ing  
t h i c k n e s s  (1-10 cm) conta in   mos t ly   sphero ida l  
bubbles.  Analyses  of the ice s i l l  d a t a  are 
c o n t i n u i n g ,   b u t   t h e   s i m i l a r i t y  o f  t h e  ice t o   t h e  
s e g r e g a t i o n  ice of Mackay (1971) and Gel1 (1976) 
s u g g e s t   t h a t  i t  is a l s o   o f  a segrega ted   or ig in .  

Downhole v a r i a b i l i t y  i n  i c e  volume  and  form 
does   no t   r e l a t e   t o   changes  in g r a i n   s i z e   d i s t r i b u -  
t i on   o r   o the r   s ed imen ta ry   f ea tu re s ,   sugges t ing   c ryo -  
genic   p rocesses  were more impor t an t   i n   de t e rmin ing  
ice occurrence.  The i n c r e a s e   i n   t h e  ice content  of 
sed imen t s   j u s t   above   t he   i ce  s i l l ,  and t h e   d e c r e a s e  
below i t ,  may relate t o   t h e s e   p r o c e s s e s ,  

Ice wedges i n  the upland are from 5-10 m wide 
at  t h e   t o p  and ex tend   t o  a depth of 7-15 m. Wedge 
i c e  may compose up to 60-70% of the upper 10 m of 
the upland, Two sets of ice wedges, one without  
s u r f i c i a l   e x p r e s s i o n  and a p p a r e n t l y   i n a c t i v e ,  are 
p resen t .  The top   su r f ace  of  the " i n a c t i v e "  wedges 
occur s  a t  a dep th  of  about 0.9-1.2 m, whereas  the 
o t h e r  wedges l i e  at  0.3-0.7 m. The p r e s e n t   a c t i v e  
l a y e r   t h i c k n e s s  of the  upland is 0.3-0.6 m. 

Col luv ia l   s ed imen t s   o f   t he   s t r eam  va l l ey  
s l o p e s ,   t h e   l o w e r   p a r t s  o f  which  have  been  reworked 
by s o l i f l u c t i o n ,  show less s p a t i a l   v a r i a b i l i t y  in 
ice  volume, g e n e r a l l y   i n   t h e   r a n g e  05 50-70% 
(Figure  3e) .   Thin  veins  (2.1-5 mm t h i c k )   o r   s m a l l ,  
i r r e g u l a r   l e n s e s  (1-10 m t h i c k )  are common, but  
l a r g e r   b o d i e s  of ice are   not .   These  deposi ts  form a 
wedge t h a t   m a n t l e s   v a l l e y   s l o p e s   t o  a t h i c k n e s s  of 
more than 1 

Oumalik 

Oumali 
Oumalik (Fi 
coalesced,  

5 m a t  some l o c a t i o n s .  

k, located  about  18 km west of East 
gu re  11, is an area p r i n c i p a l l y  of  
drained thaw l ake   bas ins .  manv of  which 

c o n t a i n   o r   a r e   s e p a r a t e d  by remnants  of  uplands l i ke  
those  a t  East  Oumalik (F igu re  5). The l ake   bas ins  
a r e   p o o r l y   d r a i n e d  and are   covered by polygonal  
ground. 

S i l t   b e n e a t h  the uplands a t  Oumalik (F igu re  5 )  
is p h y s i c a l l y  and mine ra log ica l ly  similar t o   t h a t  at  
East Oumalik. The rad ioca rbon   ages   o f   nea r su r face  
peat   horizons  (upper  5 m) are c o r r e l a t i v e .  The s i l t  
i s  therefore   bel ieved  to   be  contemporaneous wind- 
blown material de r ived  from t h e  same source ,  The 
d i s t r i b u t i o n   a n d  volume of ground ice are the  same 
as a t  East Oumalik (F igu re   3g ) ,   excep t   t ha t   an   i ce  
s i l l  was not   encountered.  

The upper   l acus t r ine   depos i t s   benea th   d ra ined  
l a k e   b a s i n s   c o n s i s t  of 4-6 m of s i l t  o r   s i l t y   c l a y ,  
w i th   occas iona l  strata of f ine   sand .  They possess  a 
w e l l - d e f i n e d   h o r i z o n t a l   s t r a t i f i c a t i o n  (0.5-2 cm 
thick)   including  varve- l ike  couplets ,   Sedimentary 
s t r u c t u r e s ,   i n c l u d i n g   f l a m e   s t r u c t u r e s ,   l o a d  casts, 
and  graded  bedding,  occur  within some strata. 
Organ ic   ma te r i a l  is disseminated   th roughout   the  
depos i t s ,   w i th   pea t  and woody horizons common in the 
upper 3 m. The l a k e   d e p o s i t s  l i e  d i r e c t l y   o n  
bedrock  or  on a t h i n   l a y e r  ((2 m) of f i n e   t o  medium 
sand  over  bedrock.  Radiocarbon  dating  of six pca t  
s a m p l e s   s u g g e s t s   l a k e   a c t i v i t y  was e s t a b l i s h e d  by 
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FIGURE 5 Aerial photograph of Oumalik (BAR 106-117, 
9/4/48). L i n e s   i n d i c a t e   g e n e r a l   p o s i t i o n  of 
d r i l l i n g   t r a n s e c t s .  Upland ( l ) ,  dra ined   l ake   bas ins  
( 2 1 ,  and k n o l l  (3 )  a r e   l o c a t e d   ( s c a l e  1:20,000). 
North t o   t o p ,  

7500 y r  B.P. and cont inued   for  a t  least ano the r  1500 
years .  

I ce   occu r s  as small l e n s e s ,   v e i n s ,  and ir- 
r e g u l a r   l a y e r s  (max. 20 unn t h i c k )   w i t h i n   t h e   l a k e  
d e p o s i t s ,  composing 60-90% of the   upper  4 m (F igu re  
3 f ) .   Wi th in   bas ina l   s lopes ,   l ake   depos i t s   ove r l i e  
s i l t ,  l i k e   t h a t   o f   t h e   u p l a n d s ,   b u t   w i t h   a n   i c e  
content  of from 50-601. Melting of e x c e s s   i c e  
i n   t h e  s i l t  dur ing   thawing   benea th   the   ac t ive   l ake  
accoun t s   fo r   t he   l ower   i ce   con ten t .   I ce   occu r s   a s  
sporadic ,   smal l  leases (1 mm) o r   t h i n   v e i n s  (1-3 mm 
t h i c k )   i n   t h i s   m o d i f i e d  si l t .  

bas in   (F igu re  5) is  an  upland  remnant  that  has  been 
modif ied by l a c u s t r i n e  and s u b a e r i a l   s l o p e  pro- 
ces ses .  The uppermost 3 m a r e   l a m i n a t e d   l a c u s t r i n e  
d e p o s i t s   t h a t   c o n t a i n   s u b s t a n t i a l  amounts of i c e  
(Figure  3g) .  They are comparable in age t o   l a k e  
d e p o s i t s  i n  the  adjacent   basin.   Beneath  these 
d e p o s i t s  is silt of a c o m p o s i t i o n   s i m i l a r   t o   t h a t  of 
t h e   u p l a n d s   b u t   c o n t a i n i n g   d i s t i n c t l y  less excess  
ice (F igu re  3g) .  S t r a t i f i e d ,  medium sands  with 
pebbly  horizons and  cross-bedding  indicative of 
f luv ia l .   depos i t ion  l i e  a t   t h e   b a s e  of the  sequence 
(lower 4 m). The i c e  volume of the  sand i s  
comparable t o   t h e  thawed and refrozen  sand a t  F i s h  
Creek  (Figure  3c).  The ice content  of  the  middle 
e o l i a n  s i l t  and  lower f l u v i a l   s a n d   r e f l e c t s  thaw  and 
r e f r e e z i n g   d u r i n g  thaw l a k e   a c t i v i t y  and drainage.  
C o l l u v i a l  s i l t  on t h e   k n o l l   s l o p e s   c o n t a i n s  50-65% 
ice, l a c k s   s t r u c t u r e ,  and forms a basinward 
th i cken ing  wedge on to   t he   ad jacen t   l ake   depos i t s .  

The small k n o l l   a d j a c e n t   t o   t h e   d r a i n e d   l a k e  

DISCUSSION 

The t o t a l  ice volume o f  p e r e n n i a l l y   f r o z e n  
sediments  at  e a c h   l o c a l i t y   r e s u l t s   f r o m   t h e  combined 
e f f e c t s  of geo log ica l  and cryogenic   depos i t iona l  and 
pos tdepos i t i ona l   p rocesses .   S t r a t ig raph ic   va r i -  
a b i l i t y   i n  ice o c c u r r e n c e   r e l a t e s  t o  the   o r ig in   and  
composition of the  sedimentary  sequence and thermal 
e v e n t s   t h a t  accompanied  Sedimentary a c t i v i t y .  
Trends i n  volume wi th   i nc reas ing   dep th  as well as 
lateral n e a r - s u r f a c e   v a r i a b i l i t y  at  e a c h   s i t e  
r e f l e c t   t h i s   s e d i m e n t a r y  and thermal   h i s tory .  
S h i f t s   i n  ice volume a r e   t h u s   i n d i r e c t l y   c o r r e l a t e d  
w i t h   t h e   r e l a t i v e   a g e  of d e p o s i t s  and  landforms a t  a 
given site. 

post-deposi t ional   processes ,   which are f ine-grained 
o r   o rgan ic - r i ch - -con ta in   s ign i f i can t ly  more i c e   t h a n  
coarse-grained  deposi ts  and posses s   t he   g rea t e s t  
d o w n h o l e   v a r i a b i l i t y   i n  ice volume. This 
r e l a t i o n s h i p  is n o t   n e c e s s a r i l y   v a l i d   i f   s e d i m e n t s  
subsequent ly  thaw; ice   conten t   then   depends  upon t h e  
processes   o f   resedimenta t ion   or   re f reez ing   events  
t h a t   f o l l o w .  

thaw  lake  processes .  Thawing and  reworking of 
sediments   during  lake  formation and expansion mixes 
and  concentrates   f ine-grained  sediments   and  organic  
m a t e r i a l   i n   d e p o s i t s  on the   l ake  bed.  Following 
d ra inage ,   f r eez ing  of t h e   l a c u s t r i n e   d e p o s i t s  re- 
s u l t s  i n  ice segrega t ion ,   wi th   mois ture   migra t ing  
f rom  the   under ly ing ,   s t i l l - thawed  sed iments .  h e i r  
ice content   equals   or   exceeds  surrounding  pr imary 
depos i t s .   Sediments   tha t  are thawed by l a k e  
ac t iv i ty   r e f r eeze   t o   an   i ce   con ten t   l ower   t han  
be fo re   l ake   fo rma t ion ,   w i th   s eg rega ted   i ce  less 
common. Ice wedge dimensions are smallest i n  b a s i n s  
d ra ined  most r e c e n t l y ,  

Add i t iona l   de t a i l ed   ana lyses  of ground i c e  
occurrence i n  r e l a t i o n  to geo log ic   pa rame te r s   a r e  
c l e a r l y  needed t o  examine f u r t h e r   t h e   r e l a t i o n s h i p s  
o f   s p a t i a l   v a r i a b i l i t y   f o u n d  i n  t h i s   s t u d y .  An 
a b i l i t y  t o  p r e d i c t   t h e   g e n e r a l   d i s t r i b u t i o n  and 
volume o f  ice based  upon  l imited  borehole   data ,  fo r  
example, would be p a r t i c u l a r l y   u s e f u l   i n   s e l e c t i n g  
s i tes  t h a t  are l e a s t   s u s c e p t i b l e  t o  d i s t u r b a n c e ,   o r  
i n   a s s e s s i n g   t h e   v a r i a b i l i t y   i n   g e o t e c h n i c a l  
p r o p e r t i e s  of   f rozen  ground  during  presi t ing 
s t u d i e s .  

Primary  deposits--those  not  reworked by 

Thls  concept is  i l l u s t r a t e d  by t h e   e f f e c t s   o f  
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Process  studies  carried out at runoff plots on  Banks  Island  emphasize the 
importance of solute  erosion by overland flow, rather than  suspended  sediment 
removal. Rates are low, despite the influence of permafrost in promoting  surface 
runo€f. Observations of feedback within  the  slopewash system suggest that these 
trends may  not be universal. In  tundra zones, vegetation is thought  to be more 
protective  than in the  transitional zone of Banks Island. In  semidesert and polar 
desert zones, where  vegetation cover in snowbed  locations is limited, removal of 
sediment  particles by overland flow may be more significant. 

INTRODUCTION 

Overland  flow (i .e. surface wash) is an azonal 
process not restricted  to  permafrost regions, The 
presence of permafrost, however, favours 
saturation of the active layer by preventing  deep 
percolation of water, while the rapidity of 
snowmelt in early summer further increases the 
probability of overland flow (Washburn 1980 
p. 244). The role played by overland flow in 
eroding and transporting  material in permafrost 
regions is speculative. French (1976 pp. 141-142) 
hypothesizes that erosion by overland flow is most 
effective in areas transitional between tundra and 
polar desert. On  Spitsbergen,  Jahn  (1961)  measured 
rat s of erosion  due  to  overland flav of  up to 16 
g/m  /yr. Apart from these, and more limited 
observations by Wilkinson and Bunting (1975), 
there is  an absence of data  available on the 
erosional  capability of surface wash. 

This paper summarizes  data  collected during 
3 years of direct field observations of overland 
flow in the  Western  Canadian Arctic. Measurements 
were made in the Thomsen River lowlands of north 
central  Banks Island (Figure 1; latitude 73*14'N, 
longitude 119'32'W) , an area  regarded  as 
transitional  between  the  tundra and semidesert and 
polar desert zones. Four  instrumented  runoff 
plots (67-525 m2)  were located on typical low 
angled slopes, and standard  hydrologic and 
geomorphic  monitoring  techniques  were employed to 
collect data (Lewkowicz 1981). Earlier papers 
provide  descriptions of the  frequency and 
magnitude of overland and subsurface flow,  and the 
relevance of hillslope  hydrologic theory to  this 
part of the  Arctic  (Lewkowicz and French 1982a, 
1982b). This paper deals with the  erosional 
capability of overland flow and consequently  with 
the  rapidity and nature of slope  evolution under 
periglacial  conditions  (see  French 1976 pp. 

1 

165-166). 

METHODS 

The  methodology of the study  involved 
independent  measurements of overland flow volume, 
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FIGURE 1 Location of study: A (inset)--Banks 
Island, N.W.T., Canada, showing Early Wisconsinan 
glacial limit (after Vincent 1982);  B--Air 
photograph of study area (part of A-17379-40). 

solute  concentration, and suspended  sediment 
concentration.  These  data  were  then used to 
calculate net rates of  erosion. Standard 
procedures  were used to monitor overland flow and 
other hydrologic  parameters at the runoff  plots 
(see  Figures 2 and 3). A full  description is 
presented in tewkowicz and French (1982b). 
Samples of overland  flow  were  taken  manually at 
the runoff collectors. Solute  concentrations  were 
estimated by field  titration for total, calcium 
and magnesium  hardness  (Schwarzenbach  method) 
and/or by a measurement of specific conductance. 
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TABLE 1 variability of Solute  Concentration in Overland  Flow and Best Fit Multiple  Regression  Equations 

Number 
Mean  solute 
concentration  Standard 

Plot of in samples deviation 
No. Years  samples (mg/l) (ms/l) Equationa 

Regression 
r 

1 1977 & 1919 46 217 
2 1977-1979 58 58 
3 1977-1979  121  93 
4 1978-1979  28 52 

95 
34 
86 
32 

C=122.1-14.0Q+12.3D to. 90 
C--3.8Q+4.4D 40.90 
C=64.4-37.4 lnQ+8.2D +Om87 
c-13.2-10.6 lnQ+9.0D +0.98 

a Symbols in regression equation: C i s  solute  concentration (mg/l); Q is overland flow (l/min); D is 
distance  between  the  snow edge and overland  flow  collector (m) . 
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FIGURE 4 Diurnal variation of Solute 
concentration in overland flow, plots 3 and 4, 
July 4-5, 1978. 

Multiple regression of solute concentration 
against wetland flow  discharge and distance 
travelled by the flow gives  correlation 
coefficients ( r )  between t0.87 and t0.98 for the 
four plots (Table 1 ) . Since  these values ate 
high, the multiple regression equations in Table 1 
can be used as predictive rating curves for their 
respective plots. The  total weight of dissolved 
solids can be calculated by multiplying 
concentrations derived for each 30-min period of 
the discharge record, by the discharge over that 
time. The only case  where it is  not possible to 
derive totals in this way,  is  plot 1 for 1977. 
The breakup of the snow cover into a number of 
irregular masses during that year prevented 
assessment of the distance to the snow edge. A 
sufficient number of conductivity  measurements 
exist, however, for direct use to be made of the 
solute concentration data. Since the regression 
equations provide imperfect explanation of the 

regarded as "best estimates". 
The mean solute  concentration at the 

interfluve site (plot 1) is considerably higher 
than those at the snowbank sites (plots 2, 3, and 
4) (Table 2 ) .  This may  be the result of contact 
between water and the ground surface within the 
snow-covered area due to a poorly developed basal 
ice layer  in the thin snowpack. Best estimates of 
solute erosion vary by 2 orders of magnitude, from 
a 3-year average of 1.3 g/m /yr  at plot 2 to 49.6 
g/m2/yr  at plot 3. The average for the interfluve 
is higher than that €or plot 2, primarily because 
the m e a n  solute concentration is 4 times greater. 
These rates represent erosion averaged over the 
complete plot, Because of the presence of basal 
ice, however, the true picture is one of zero 
erosion over that portion of the plot upslope of 
the final runoff-producing position of the 
snowbank, and enhanced erosion on the lower 
portion of the plot - the "affected area". m e  
latter constitutes between 30 and 54 % of the 
total plot area (calculated from snow @dge retreat 
records). If weight losses are distributed over 
the affected areas, rates increase 2-3 times, 
reaching a maximum of 165 g/m2/yr  at plot 3 
(Table 2 ) .  

converted into denudation rates using a bulk 
dens ty factor for the eroding surface of 0.67 
Mg/m (from Pearce 1976) (Table 2). Average rates 
for the plots range from 2 to 74  mm/l,OOO yr, and 
for the affected areas from 6 to 246 mm/l,OOO yr. 
Data available for comparison with these figures 
are extremely limited, since most measurements  of 
net solution loss have been made by examination of 
the stream solute load. One  of the few comparable 
measurement rates was obtained by Thorn (1974), 
working in the alpine environment of the  Colorado 
Front Range. A denudation value of 6.7 mm/1,000 
yr was attributed to  solution by overland flow 
downslope of a large snowbank. This value falls 
within the range measured at the Thomsen River 
runoff plots but  is an order of magnitude less 
than  the maximum recorded. 

2 

The values of weight loss by solution can be 

4 

TABLE 2 Best Estimate Rates of Solute Erosion by Overland FlUv 

Weight loss Area of plot Weight loss Denudation  Denudation 
Mean  solute over all affected by over affected over all over affected 

No. Year (mg/l) ( d m  /yr) ($1  (g/m2/yr) (mm/1,000 yr) (mm/1,000 yr) 
Plot concentration the lot overland  flowa area  the plotb are& 

1 1977  182 1.2 40 2.9  1.8  4.4 

2 1977  44 2.2 30 7.4 3 .3  11.1 

F 

1979  252 4.8 54 8.9  7.2 13.3 

1978  63 1.4 37 3.8  2.1 5.7 
1979  51 0.4  31 1.2  0.6 1.9 

3 1978 94 49.6 30  164.8 74.1 246.0 
4 1978 70 21.1 35 60.6 31.5 90.4 
" . . 

a Represents area of plot downslope of final position of snow edge. 
b Dry bulk density assumed to be 0.67 Mg/m3. 
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SUSPENDED  SEDIMENT 

Suspended sediment concentrations in overland 
flow were lower  and less variable than solute 
concentrations. A total of 78 samples were 
collected at the plots in 1979, and more than half 
of these possessed concentrations less than 4 
mg/l. Moreover, with one exception, no diurnal or 
seasonal  cycles in Concentrations were 
identified. Since the transport capacity of the 
overland flow varied on an hourly basis, these 
observations suggest that the concentrations  were 
limited by the availability of sediment 
("weathering limited"). 

concentration variation occurred at plot 1 on June 
30, 1979. More than half of the total season's 
overland flaw was generated in 14 hours,  and a 
maximum discharge of 10.7 l/min was recorded. The 
concentration of suspended sediment reached 70 
mg/l,  but peaked prior to the maximum flow (Figute 
5). Similar cycles of sediment concentrations in 
overland flow have been observed in nonpermafrost 
areas in response to natural or simulated rainfall 
(e.9. Emmett 1970). They indicate the removal of 
easily transported particles in a relatively short 
time. The absence of any discernible cycles at 
the other three plots, in spite of  unit discharges 
greater than  those at plot 1, is attributed to the 
stabilizing presence of vegetation downslop of 
the snowbanks. 

Despite problems with the measurement of 
suspended sediment, resulting from concentrations 
being close to the level of discrimination of the 
technique, it is still possible  to produce 
estimates of the rates of weight loss and 
denudation. In order to perform the calculations, 
a number  of assumptions are necessary. First, 
because of variability in the night of filter 
papers during drying, any concentration apparently 
less than 4 mg/l was assumed to be 2 mg/l. 
Second, values greater than 4 mg/l were used 
unchanged. Third, after calculation of total 
suspended sediment lost during the melt season by 
multiplying flow volumes by their appropriate 
concentrations, the residue of  sediment: trapped in 
the  allector and  weir was added. When divided by 

The single exception  to the lack of 
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SEDIMENT 
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C 

4 
- 1 0 0  = x 

0 SAMPLE v, - 80 F 
m 
z 
4 

2 -  

LOCAL TIME [h] 

FIGURE 5 Diurnal variation of suspended sediment 
concentration in  overland flow, plot 1, June 30, 
1979. 

the flow volume, this  total  gave the mean 
concentration. It was assumed that this 
concentration, obtained from 1979 data, was 
applicable to the 1977 and 1978 field seasons. 

The results of the suspended sediment 
calculations are given in Table 3. Best-estimate 
mean  concentrations are less than 4 mg/l  at the 
snowbank plots and 21 mg/l on the interfluve. 
Average sediment wei ht losses from the plots vary 
from <O .l to 1.7 g/m s /yr . These values can be 
compared with Jahn's (1961) measurements  on 
unvegetated slo es on Spitsbergen. His maximum 
value of  16 g/m !i /yr exceeds that at momsen River 

actor of 10, and his minimum value of 1 
$m'/:r is close to the maximum recorded in the 
study area. Tt  is probable that these differences 
result from the absence of a relationship between 
sustained moisture supply and vegetation growth on 
the marse regolith slopes in Spitsbergen. A 
further contrast between the results is the 
positive  correlation between snowbank size and 
erosion rate that exists on Spitsbergen but  not on 
Banks Island. This also indicates the protective 

TABLE 3 Best Estimate Rates of Suspended Sediment Erosion by Overland Flow 

Mean  suspended Weight 1093  Area of plot Weight  Denudation  Denudation 
sediment over all affected by loss over over all over affected 

Plot  concentrationa the p o t  overland flowb affect d area the plotc 
(%) NO. Year (mg/l) (g/m /yr) ( d m  /yr) ( n n n / l , O O O  yr) (mm/l,OOO yr) 1 areac 

977 21 0.1 40  
979 21 0.4 54 
977 3 0.1 30 
978 3 0.1  37 
979 3 CO. 1 31 
978 3 1.7 30 
978 4 1.2 35 

0.3 0.2 0.5 
0.8  0.6 1.1 
0.4  0.2  0.7 
0.2 0.1  0.2 
0.1 <O.l 0.1 

3 .5  1.8 5.2 
5.8 2.6  8.6 

a Inferred from 1979 results and sediment collected from weirs. 

C Dry  bulk density assumed to be 0.67 Mg/m . 
.. "~ ~~~ 

Represents area of  plot downslope of fin 1 pasition of snow edge. P 
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influence of vegetation, resulting in a lower 
average erosion rate at plot 2 than at the 
interfluve plot (Table 3) . 

Conversion of the weight losses to  denudation 
rates (Table 3) gives low values, with a maximum 
of 2.6 mm/l,OOO yr  for the whole of  plot 3,  and 
8.6 mm/l,OOO yr for the area affected by wash. 
These values can be compared with the global range 
of denudation rates by surface wash of 0.1 to 
>230,000 mm/l,OOO  yr (Young 1974 p. 69). The 
estimated losses from the runoff plots are among 
the lowest in the world and somewhat lower than 
those obtained by Thorn (1974) of 3.5-8.4 mm/ 
1,000  yr. 

DISCUSSION  AND  CONCLUSIONS 

Comparison of the denudation rates shown in 
Tables 2 and 3 reveals that solute removal by 
overland flow in central Banks Island is 8 to 30 
times greater than removal of sediment in 
suspension. This  dominance is most pronounced at 
the site of the largest snowbank and  least  at the 
interfluve site. 

to extrapolate from these results to other 
permafrost environments. These values may not be 
representative of overland flow erosion in all 
areas north of the tree line due to variations in 
( 1 )  snow mounts and distribution, (2) rates and 
distribution of snowmelt runoff, and (3) 
vegetation cover. Observations made at Thomsen 
River, however, do permit the formulation of a 
hypothesis concerning the spatial variability of 
overland flcw erosion in permafrost areas. The 
details of the hypothesized trends (Figure 6) are 
as follows: 

Problems arise, however, if attempts are made 

(1) A simple decrease in interfluve solution 
may occur between the tundra zones and the 
semidesert and  polar desert zones, resulting €rom 
decreases in overland flow runoff, flow 
temperature, and biogenic C02 production (Line A ) ,  

increase between the tundra zones and the 
semi-desert and polar desert zones because the 
positive erosional effects of vegetation decline 
outweigh the negative influences of laver runoff 
production (Line B). 

tundra zones and the semidesert and  polar desert 
zones as overland flow runoff, flow temperature, 
and biogenic C02 production all decline (Line C)  . 

(4) Snowbank suspended sediment removal may be 
more complex, with little change expected in 
erosion rates between the tundra and transitional 
zones, since vegetation is protective in  both. A 
substantial increase may occur between the 
transitional and semidesert and polar desert 
areas, however, as locations  downslope of 
snowbanks are subjected to high unit discharges 
without the presence of a completely protective 
vegetation cover (mainly due to a shortened 
growing season) (Line D). 

(2) Interfluve suspended sediment removal may 

(3) Snowbank solution may decrease between the 

In  mnclusion, therefore, the generalization 
that surface wash erosion increases northward 
from the tree line (French 1976 p. 142) is 
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FIGURE 6 Inferxed variation of overland flow 
erosion in areas of continuous permafrost. 

supported by the trends summarized in Figure 6. 
The maximum erosion rate, however, is thought to 
occur in the polar desert zones rather than in the 
tundra-polar desert transition zones. On the 
other hand, the measurements reported in this 
paper suggest that rapid landscape  modification by 
surface wash processes is unlikely, even in the 
polar desert regions of the High Arctic. 
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F i e l d   i n v e s t i g a t i o n ,   l a b o r a t o r y   e x p e r i m e n t s ,  and eng inee r ing   p rac t i ce   du r ing  the 
p a s t  30 y e a r s  has given  China a g r e a t   d e a l  of information on ra i l road   cons t ruc-  
t ion   in   permafros t   reg ions .  The thermal and mechanical   propert ies  o f  soils bo th  
in f rozen  and  thawed states were determined ,   severa l   formulas   for   p red ic t ing   the  
n a t u r a l  and a r t i f i c i a l  permafros t   t ab les  were d e v e l o p e d ,   f o u r   d i s t r i b u t i o n  maps 
of  permafrost  a t  d i f f e r e n t   s c a l e s  were compiled,  and a p r i n c i p l e   f o r   s e l e c t i n g  
r a i l r o a d   r o u t e s  was p resen ted .   In   t he   f i e ld  of founda t ion   des ign   fo r   r a i l roads ,  
b r idges ,  and c u l v e r t s ,  methods f o r   c o n s t r u c t i n g   f o u n d a t i o n s   i n   s e c t o r s  o f  thick-  
layer  ground ice have  been  s tudied,   a long  with  measures   to   prevent   f reezing of 
b l i n d   d r a i n   o u t l e t s  and avoid  thaw damage t o  embankment foundat ions .   Raf t  and 
wood-reinforced  culvert   foundations were successfu l ly   used   in   the   permafros t  
reg ions   o f  the Great Hinggan  Mountains ,   re inforced  concrete   pi le   foundat ions  were 
t e s t e d ,  and a method of r ap id   cons t ruc t ion  of f o u n d a t i o n   p i t s   f o r  small b r idges  
and c u l v e r t s  was developed. In  tunne l   des ign  and cons t ruc t ion ,  a s luiceway 
drainage  system was used. A set of des ign   p r inc ip l e s  and methods  has  been 
deve loped   fo r   bu i ld ings ,   p ipe l ines ,  and  pavements. I n   a d d i t i o n ,  two k inds  of 
low-temperature  construction materials have  been  developed  for  reinforced con- 
crete-poured  pi le   foundat ions  and  culver ts .  

I n   t h e  mid-19508, with  the  development  of  our 
soc ia l i s t   e conomic   cons t ruc t ion ,   r a i l road   su rvey  and 
des ign  crews entered  the  Great  Hinggan  Mountains  to 
e x p l o i t   f o r e s t   r e s o u r c e s .  The permafrost   regions 
there   p resented   unfami l ia r   geologica l ,   geographica l ,  
and climatic condi t ions.  As  n e i t h e r   t h e   n a t u r e  nor 
the d i s t r i b u t i o n  of  permafrost were known, conven- 
t i o n a l  methods of r a i l road   des ign  and cons t ruc t ion  
were used. A number of problems  inevi tably re- 
sul ted,   emphasizing  the need t o   s t u d y   r a i l r o a d  
survey ,   des ign ,   cons t ruc t ion ,  and  maintenance i n  
cold  regions.   This was the beginning of our  re- 
sea rch   i n to   pe rmaf ros t  and i t s  e f f e c t  on r a i l r o a d  
engineer ing.  

than 20 yea r s  of p r a c t i c a l   e x p e r i e n c e ,  we have 
mastered some a s p e c t s  of b u i l d i n g   r a i l r o a d s   i n  
permafrost   areas .  So f a r ,   t h e   r a i l r o a d   b u i l t  
through the Great  Hinggan  Mountains o f  n o r t h e a s t  
China is  more than 2000 km long, of which n e a r l y  450 
km runs  through  continuous  permafrost .  To meet t h e  
needs  of  China's  economic  development and t o   e s t a b -  
l i s h   t h e   p r e r e q u i s i t e s   f o r   b u i l d i n g   t h e   Q i n g h a i -  
Xizang   Rai l road   in   the   near   fu ture ,  some e s s e n t i a l  
experiments and s tudies   have  been  conducted  in   the 
permafrost  region of the Qinghai-Xizang  Plateau. 

The fol lowing i s  a b r i e f   i n t r o d u c t i o n   t o  
v a r i o u s   a s p e c t s  o f  our   research  and experience.  

Gradual ly ,   through  research,   tes t ing; ,   and more 

ENGINEERING GEOLOGY I N  PERMAFROST AREAS 

In co ld   r eg ions ,   t he   con t ro l l i ng   f ac to r  fo r  
c o n s t r u c t i o n   p r o j e c t s  i s  engineer lng   geology;   th i s  

i s  e s p e c i a l l y   t r u e   f o r   r a i l r o a d   c o n s t r u c t i o n   i n  
permafrost   areas .   For   this   reason,  much e f f o r t   h a s  
been  concentrated  on  this  problem, and t h e  Lanzhou 
I n s t i t u t e  of  Glaciology  and  Cryopedology  of the 
Academia S in i ca   has  made a major   contr ibut ion.  

The subjec ts   under   s tudy  are: (1) the 
e s sen t i a l   p rope r t i e s   o f   pe rmaf ros t ,  (2) t h e   c l a s s i -  
f i c a t i o n  of permafrost  for engineer ing  purposes ,  (3) 
p e r m a f r o s t   d i s t r i b u t i o n ,  (4) phys ica l  and geo log ica l  
phenomena in permafrost  areas, (5 )  s p e c i a l   f e a t u r e s  
o f  surveying and  mapping the  engineer ing  geology o f  
permafros t   a reas ,  and ( 6 )  p r i n c i p l e s   f o r   r o u t e  
se l ec t ion   i n   pe rmaf ros t   a r eas .  

f i e l d  and l a b o r a t o r y  work. The resu l t s   have   been  
incorporated  into  the  "Rai l road  Design  Standards"  
and  the  "Detailed  Rules  and  Regulations o f  Railroad 
Survey and Design." 

China 's   progress  i n  the  s tudy  of   cold regions 
includes  achievements i n  permafrost   mechanics,   the 
study  of  the  thermodynamics  of  frozen  ground. 
mapping of p e r m a f r o s t   d i s t r i b u t i o n ,  and s e l e c t i o n  of 
r a i lway   rou te s   i n   pe rmaf ros t   r eg ions .  

Permafrost  Mechanics 

S a t i s f a c t o r y   r e s u l t s   h a v e  been  achieved in bo th  

Our achievements in   permafros t   mechanics  in- 
clude  developing a method fo r   ca l cu la t ing   pe rmaf ros t  
bea r ing   capac i ty ,  a d i s t r i b u t i o n  l a w  of  frost-heave 
p res su res  on foundat ions  and  re ta ining walls, and 
indexes of s h e a r   s t r e n g t h  o f  f r o z e n   s o i l s .  

The Lanzhou I n s t i t u t e  of Glaciology  and 
Cryopedology  has  played a p r i n c i p a l   r o l e  in 
developing  the  mechanical  indexes of t y p i c a l   s o i l s  
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and c a l c u l a t i n g   b u i l d i n g   s t a b i l i t y .  The indexes are 
the   bas ic   bear ing   capac i ty  of permafrost   (Firs t  
Railroad  Survey and Des ign   In s t i t u t e  et al. 19721, 
tangent ia l   f rost-heaving  pressure on concrete  and 
wooden foundations  from  seasonally  thawing  or 
f reez ing  soil during  f reezing (Wu e t  al. 1979b),  and 
t h e   l o n r t e r m   a d f r e e z i n g   f o r c e  between  permafrost 
and  concrete  or wooden foundations (Wu et  a l ,  
1979a).  These  have a l l  been  included in "Railroad 
Design  Standards" and "Derailed  Rules  and 
Regulations  of  Railroad  Survey  and  Design." 

has   def ined a d i s t r i b u t i o n  l a w  f o r   t a n g e n t i a l  
f rost-heaving  pressures   in  the thawing-freezing 
l a y e r  on bui ld ing   foundat ions   in   the  Great Hinggan 
Mountains, and has  developed a technique  for   deter-  
mining  appropriate  values  for  foundation  design  (Cui 
and Zhou 1981). I n  addi t ion,   empir ical   formulas   to  
determine  the  thawing  and  compression  coefficients 
of f rozen   c layey   so i l   in   the  area were obtained  from 
regress ion   ana lys i s  of many o f  the  experimental  
d a t a  (Wu et  al .  1 9 7 9 ~ ) .  

of  Railway  Sciences  (the  Northwest  Institute,  for 
short) ,   through  analysis  of L-shaped, model re- 
t a i n i n g  walls a t  the M t .  Fenghuo test si te,  has  
def ined   no t   on ly   the   d i s t r ibu t ion  l a w  of  horizontal  
f rost-heaving  pressure  act ing on v e r t i c a l   r e t a i n i n g  
s t r u c t u r e s ,   b u t ,   t h e   r e l a t i o n  between h o r i z o n t a l  
frost-heaving  pressure and the deformation of a 
r e t a i n i n g   s t r u c t u r e ,  and the maximum hor izonta l  
frost-heaving  pressure  (Ding  1983).  Recently, the 
long-term r e s i s t a n t   f o r c e  o f  anchor  rods  in 
permafrost  has  been  studied  (Ding and Zhang 198'3). 

so t h a t   t h e   s t a b i l i t y  of the  s lope and ground  base 
of r a i l r o a d  embankments can  be  determined, the 
Northwest I n s t i t u t e   h a s  conducted a series of d i r e c t  
shear tests In  t he   l abo ra to ry  and  large-scale shear 
t e s t s  i n  the   f i e ld   t o   s tudy   t he   na tu re  of sandy and 
c layey   so i l s   in   the   permafros t   a reas  o f  t h e  
Qinghai-Xizang  Plateau. The r e s u l t s  show that t h e  
shea r   s t r eng th  a t  the  f reeze- thaw  interface is 
grea te r   t han   t ha t  of f u l l y  thawed s o i l  (Tong 1983). 
This  conclusion is v a l u a b l e   i n  computing s o i l  
s t a b i l i t y   i n  a l l  permafrost  areas. 

Thermodynamics of  Frozen Ground 

The Third  Railroad  Survey and Des ign   In s t i t u t e  

The Northwest I n s t i t u t e  of the Chinese Academy 

To obtain  indexes o f  t he   shea r   s t r eng th  o f  s o i l  

Based on laboratory  experiments made on pea t ,  
c l ayey   so i l ,  sandy so i l ,   g rave l - c l ayey   so i l ,  and 
sandy  gravel  along with a number of f i e l d  tests, t h e  
Lanzhou I n s t i t u t e   p r e s e n t s   t h e   r e l a t i o n s h i p s  between 
f ive   thermal   indexes   ( spec i f ic   hea t ,   vo lumetr ic   hea t  
capaci ty ,   thermal   conduct ivi ty ,   thermal   diffusivi ty ,  
and l a t e n t   h e a t  of fus ion  when thawing and f reez ing)  
and two physical  indexes  (dry  bulk  density  and water 
content)  of each o f  the above mater ia l s  as well as a 
l i s t  of thermal parameters (Xu e t  al. 1979b).  In 
a d d i t i o n ,   i n   t h e   f i e l d  of thermal   engineer ing,   the  
Lanzhou Ins t i tu te   has   deve loped  an empirical   formula 
to   determine the depth of the  permafrost   table  at 
d i f f e ren t   e l eva t ions  and l a t i t u d e s  (Xu e t  a l .  
1979a),   an  approximation  equation  to  evaluate  the 
c r i t i c a l   h e i g h t  of an embankment in a permafrost 
area (Qinghai-Xizang Highway Research Group 19811, 
and a method fo r   ca l cu la t ing   t he   r equ i r ed   t h i ckness  
of the   thermal   insu la t ion   layer   wi th in  a r a i l r o a d  

embankment using a one-dimensional model (Ding et 
al .  1979). 

dynamics of the  permafrost  areas o f  the Qinghai- 
Xizang  Plateau  to   determine  burial   depths   for  
building  foundations and the  design of i n s u l a t i n g  
layers .  They have also  developed a method f o r  
determining  the  depth of t he   na tu ra l  and a r t i f i c i a l  
pe rmaf ros t   t ab l e s   fo r   r a i l road ,   b r idge ,  and cu lver t  
foundations  based on: 

teristicx of s o i l   l a y e r s   i n  the permafrost   areas of 
the Qinghai-Xizang Pla teau ,  

- a method f o r  determining  the  permafrost 
t a b l e ,  and i t s  appl ica t ion   to   cu t   engineer ing ,  - an  empirical  formula  to  determine the neces- 
sa ry   th ickness  of t h e   h e a t   i n s u l a t i o n   l a y e r   i n   t h e  
a r e a ,  - the law of v a r i a t i o n  of the a r t i f i c i a l   t a b l e  
of an embankment i n   t h e  area, 

- an  empirical  formula for eva lua t ing  the 
a r t i f i c i a l   t a b l e  of a culvert   foundation and an 
equa t ion   t o   ca l cu la t e   t he  thaw depth of t h e  ground 
under  culvert   foundations in permafrost,  and 

- t h e   a r t i f i c i a l   t a b l e  of a bridge  foundation 
in  permafrost .  

Some of these achievements   represent   s ignif i -  
cant  progress,  e.g. eva lua t ing   t he   l a t en t   f r eez ing  
capaci ty  of t h e   s o i l   l a y e r   i n  view of t he   su rp lus  
f reezing  index;   using  the  per iod from  October t o  
September as the ca lcu la t ion   year ,  which is more 
prec ise  and logical   than  the  calendar   year   used  pre-  
viously;   present ing a quan t i t a t ive   e s t ima te  of t h e  
v a r i a t i o n  of the natural   permafrost  table in sandy 
and  clayey s o i l   l a y e r s  (1.7% when the   va r i a t ion  in 
average  temperature of the  calculat ion  year  is l 0 C ) ,  
and  then making a 100-year f o r e c a s t  (Huang 1981). 
The s t a t i s t i c a l   e q u a t i o n  t o  determine  the  natural  
permafrost   table  of the peat  and clay soils i n  the 
M t .  Fenghuo region is based on the  average  August 
temperature i n  t h e  Wudaoliang  region, and i s  
v e r i f i e d  by d a t a  from the preceding  seven  years  with 
a maximum ca lcu la t ion   e r ro r  of no more than  7%. The 
fo recas t   conc lus ion   fo r   t he   f i r s t  20 years,  based on 
t h e  100-year f o r e c a s t ,  proved t o  be iden t i ca l   w i th  
the data  obtained from the test observat ions In 
those 20 years  (Liu 1983). 

Permafros t   Dis t r ibu t ion  

The Northwest   Tnst i tute  has s tudied the thermo- 

- the   seasonal   f reezing and  thawing c h a r a r  

our   research on t h e   d i s t r i b u t i o n  of permafrost 
is eo extensive  that   only  those  achievements 
re levant   to   ra i l road   engineer ing   a re   in t roduced  in 
t h i s   r epor t .  

east China" (1  :2,000,000) was compiled by the  
Yakesh i   In s t i t u t e  of Forest Survey and Design, the 
Lanzhou I n s t i t u t e ,  and the  Third  Railroad  Survey  and 
Des ign   Ins t i tu te .  

t h e   r a i l r o a d   w i t h i n   t h e   j u r i s d i c t i o n  o f  t h e  
Qiqihar  Railway  Administration (1:200,000) was 
compiled by its regional  bureau from  information 
co l lec ted  by the  Third  Railroad  Survey and Design 
I n s t i t u t e  and the  Geological  Bureau of Heilongjiang 
province, as well as that co l lec ted  by the  bureau. 

in   the  Great  and  Minor Hinggan  Mountain  Regions" 

A map "The Dis t r ibu t ion  of Permafrost   in  North- 

A map of t h e   d i s t r i b u t i o n  of permafrost  along 

An abridged map "The Dis t r ibuf ion  o f  Permafrost 



709 

1:4,6 160,000) was compiled b* Y t  :he Th d r d  Ra i l r o a d  
Survey and Des ign   Ins t i tu te   f rom "The D i s t r i b u t i o n  
of  Permafrost  in Northeast  China." 

A map "The D i s t r i b u t i o n  of Permafrost   a long  the 
Qinghai-Xizang Highway" (1 :600,000) was drawn by t h e  
Lanzhou I n s t i t u t e .  

has   s tud ied  g r o u n d   t e m p e r a t u r e   c h a r a c t e r i s t i c s   i n  
the   nor thern   permafros t   a reas  of t h e  Great Hinggan 
Mountains  and  has  determined the ground  temperature 
curve ,   annual   var ia t ion   depths  of ground  tempera- 
t u re ,   f ac to r s   a f f ec t ing   pe renn ia l   g round  tempera- 
t u r e ,  and  laws  governing  ground  temperature  varia- 
t i o n s   i n   t h i s   a r e a   t o   c o m p l e t e   t h e  ground  tempera- 
t u re   da t a   base   fo r   t he   r eg ion  (Dai and Li 1981). 
These  data  w i l l  be   valuable  in f u t u r e   r e s e a r c h  and 
engineer ing.  

I n   a d d i t i o n ,   t h e   I n s t i t u t e   h a s   s t u d i e d   t h e  
c l o s e   r e l a t i o n s h i p  between various  plant  communities 
and   pe rmaf ros t   d i s t r ibu t ion  and i c e   c o n t e n t   i n   t h e  
area (Ein 1981). It o f f e r s  a f e a s i b l e  method f o r  
speed ing   i nves t iga t ion  and  mapping f o r   g e o l o g i c a l  
engineer ing.  

Railway  Route  Selection i n  Permafrost   Regions 

The Third  Rai l road  Survey  and  Design  Inst i tute  

This work was undertaken by t h e   F i r s t  and Third 
Railroad  Survey and  Design I n s t i t u t e s  and t h e  North- 
west I n s t i t u t e ,   b a s e d  on a n a l y s i s  o f  g e o l o g i c a l ,  
t opograph ica l ,  and physical-geological  phenomena as 
w e l l  as o t h e r   g e o l o g i c a l   e n g i n e e r i n g   c o n d i t i o n s   f o r  
each s e c t o r  of the  permafrost   region.  

SFVERAL PROBLEMS IN THE DESIGN OF 
RAILROAD FOUNDATIONS 

Methods fo r   des ign ing   r a i l road   founda t ions  in 
s e c t o r s  of t h i c k   l a y e r  ground ice have  been  s tudied,  
a long   w i th   measu res   t o   p reven t   f r eez ing  of b l ind  
d r a i n   o u t l e t s  and means t o   a v o i d   s e t t l e m e n t  of em- 
bankment foundations  due t o  thawing. The primary 
achievements   in   th i s  area are as fol lows.  

Designing Road Founda t ions   i n   Sec to r s  of Thick-Layer 
Ground Ice 

In t h e  area from  the  Kunlun  Shan t o  Tanggula 
Shan  on the  Qinghai-Xizang  Plateau,   th ick-layer  
ground i c e  is widely   d i s t r ibu ted  on mountain and 
h i l l   s l o p e s  as well as on the   h igh   p l a ins ,   w i th  
s ing le - l aye r   t h i cknesses   up   t o  4 m (Qinghai-Xizang 
Highway Research Group 1983). Road foundat ions i n  
these   s ec to r s   f r equen t ly   subs ide  and co l l apse  due t o  
thawing.  Through  in-situ tests (F igure  1) and 
laboratory  experiments ,   the   Northwest   Inst i tute   and 
the   F i r s t   Rai l road   Survey  and  Design  Inst i tute   have 
successfu l ly   addressed   the   fo l lowing   subjec ts   as  
t h e y   a f f e c t   t h e   d e s i g n  of r a i l r o a d   f o u n d a t i o n s   i n  
s e c t o r s  of  thick-layer  ground ice (Shu  and Huang 
1983): (1 )   t he   p r inc ip l e s   o f   des ign ,  ( 2 )  t h e  
s e c t i o n a l  form of cut and engineering  measures,  ( 3 )  
des ign  and prepara t ion   of  minimum c u t s  and f i l l s  and 
low  embankments, (4)   methods  for   calculat ing  the 
th i ckness  of t he   t he rma l   i n su la t ion   l aye r  and t h e  
a r t i f ic ia l  t a b l e  of an  embankment,  and ( 5 )  dra inage  
system  design. 
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Heat-Preserving  Water-Discharge  Outlets 

To control   the   formation of ice mounds in the  
permafrost areas of the Great Hinggan  Mountains, 
b l ind   d ra ins  are of ten   used   to   d i scharge  water. 
S ince   the   ou t le t s  were i n e v i t a b l y   s u b j e c t   t o  
f r e e z i n g ,   i n   t h e   p a s t  a small cabin  containing a 
burning  furnace was b u i l t  as a sh ie ld .  The Third 
Railroad  Survey and Design  Inst i tute   designed and 
built   seepage  blind  drains  with  cone-shaped,  heat-  
p re se rv ing   ou t l e t s   t ha t  do  not  freeze  (Figure 2 ) .  
Recent ly ,   the   or iginal   design  has   been  fur ther  
improved (He and L i  1983). This achievement  not 
only  reduces  project   costs ,   but  facilitates 
t r a n s p o r t a t i o n  and management. It has been  widely 
and successfu l ly  used i n  the  design of r a i l r o a d  
foundat ions,   tunnels ,  and water-supply and drainage 
o u t l e t s .  

Comprehensive  Treatment  of Embankment Subsidence 

Embankment subsidence is a major  hazard  for 
ra i l road   foundat ions  i n  permafrost   regions,   d i rect ly  
a f f e c t i n g  the q u a l i t y  and s a f e t y  of the  roadbed. 
The Qiqihar  Railway  Administration  buil t  a wide, 
shal low,   large-sect ion  drainage  di tch  near   an 
embankment on t h e  Ya-Lin Railroad  (Figure 31, and 
constructed a thermal-insulating,  single-slope 
revetment  road  covered with t a t a u   g r a s s  between the 
r a i l r o a d  and the   d ra inage   d i tch .  The permafrost 
table   under  the embankment and the  road  isolated the 
water and heat  sources of the  thawing  trough of t h e  
embankment foundation  from  ground water (Figures  4 
and 5 ) .  This  gradually  reduced  the  thickness of t h e  
weak l a y e r s  o f  the  foundation and  prevented  the 
embankment from sinking (Wang 1980). 

DESIGN AND CONSTRUCTION  OF 
BRIDGE AND CULVERT FOUNtlATIONS 

In  China,   smaller  bridges and c u l v e r t s   i n  
permafrost   regions  are   subject   to  damage, so t h e  
study of the i r   des ign  and construct ion is  s t r e s s e d .  
Our major achievements are descr ibed below. 

Raft  and  Wood-Reinforced Culvert  Foundations 

There are many smooth v a l l e y s   i n  the permafrost 
regions of the  Great Hinggan  Mountains t h a t  are 
covered by t a t a u   g r a s s  and brush;   they  s tore  water 
a l l  year  round. Not far  beneath  the  ground  surface 

t h e r e  is a l a y e r  of peat 0.4-1.0 m t h i c k ,  below 
which is a l a y e r  of c l ayey   so i l  mixed with grave l  up 
t o  5-6 m t h i ck .   Cu lve r t s   bu i l t  i n  such areas are 
frequent ly   subject   to   such  hazards  as crushing of 
t h e  end and s i d e  walls, s t agge r ing   o r   pu l l i ng  of 
p ipe   sec t ions ,  and subsiding and bowing. To over- 
come these  hazards,   the  Third  Railroad  Survey and 
Design I n s t i t u t e   h a s  used r a f t  o r  wood-reinforced 
continuous  foundations  (Third  Railroad  Survey and 
Design I n s t i t u t e  1971). The raf t   foundat ion  pre-  
serves   the  permafrost  and a d a p t s   t o   s l i g h t l y  uneven 
subsidence, and wood-reinforced  foundations  can 
adapt   to  uneven  subsidence if thawing  ground  has 
been  allowed for  i n  the design. The culver t s  con- 
s t ruc t ed   acco rd ing   t o   t hese   p r inc ip l e s  have  been 
success fu l ly   t e s t ed  for 7 o r  8 years. 

Reinforced  Concrete  Pile  Foundations 

A pile   foundat ion is the  optimal  type  of 
foundat ion   for   b r idges  and bui ld ings   in   permafros t  
regions,  because i t  not  only  causes  minimal damage 
to   t he   f rozen  s ta te  of the  underlying soil, over- 
coming f ros t   heaving  as w e l l  as deformation  caused 
by  thawing,  but it also  can  speed  construction, 
lower c o s t s ,  and improve  working  conditions.  Rein- 
forced   concre te   p i le   foundat ions   appear   to   su i t  
Chinese  condi t ions  bet ter   than any other   type,  s o  
t h e  Northwest I n s t i t u t e ,   t h e  F i r s t  Railroad  Survey 
and Des ign   Ins t i tu te ,  and the Low-Temperature 
C o n s t r u c t i o n   I n s t i t u t e  of Heilongjiang  Province  have 
s tudied  several   subjects  (Chen 1982): (1) the  
construct ion  condi t ions,   technology,  and equipment 
necessary  to   emplace  inser ted,   re inforced  concrete ,  
dr iven,  and poured p i l e s ,  ( 2 )  a cost-effect ive 
method of ca lcu la t ing  a beam's  capacity  for  use in 
f i e l d  tests, and (3 )  a method for  determining 
h o r i z o n t a l  and ver t ica l   loads   (bear ing   capac i ty  and 
t h r u s t )  on pi le   foundat ions  in   permafrost   (Figure 
6) * 

Rapid  Construction  of  Foundation  Pits f o r  
Small  Bridges  and  Culverts 

To maintain  the  underlying  soi l  i n  the  f rozen 
state, foundat ions   for  small br idges and c u l v e r t s  
must be excavated as quickly as possible .   After  
conducting a nurnber of tests on  various  types of ex- 
cavat ion  blasts ,   the   Rai l road  Construct ion  Inst i tute  
of CARS developed  techniques  for  designing founda- 
t ion  excavation  blasts  in  permafrost   (Qinghai-Xizang 
Railroad  Research Group  of Test ing  Project  1976). 
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FIGURE 7 Sluiceway  blocked by i c e .  

Live  demolit ion  blasts on the Qinghai-Xizang Pla teau  
showed tha t  the goal of rapid  construct ion was 
achieved. Upon evaluat ion,   the  method was approved 
f o r   u s e   i n  the excavation of foundat ion   p i t s  f o r  
small   bridges and cu lver t s  in permafrost  regions. 

DRAINING WATER AND MELTING ICE IN TUNNELS 

A major  problem of tunnel   des ign   in   permafros t  
a reas  i s  water  drainage. Ground water l e a k s   i n t o  
the   tunnel  and freezes,   causing the l i n e r   t o  crack, 
break, and p e e l   o f f ,  and ice accumulates on the  
foundat ion and hangs  from the   ce i l i ng .  This not 
only damages the  tunnel ,   but   a lso impedes and even 
endangers   t ra ins .  The Third  Railroad  Survey  and 
Design I n s t i t u t e   h a s  used  various  devices,   such as 
deeply  buried,   shallowly  buried,  and frost-heave- 
protected  di tches  and sluiceway  drainage systems t o  
el iminate   hazards   to   tunnels   in   permafrost  areas 
(Nie 1981). The sluiceway  drainage  system has 
proved t o  be the  most e f f i c i e n t .  It uses  a small 
ga l le ry   benea th   the   tunnel   a long   wi th   shaf t s ,  
water-discharging  borings,  and n a t u r a l   f i s s u r e s   t o  
c o l l e c t  and d r a i n  ground water from  around the 
tunnel .  The complete  drainage  system  includes  an 
inspec t ion  well and a  cone-shaped,  heat-preserving 
o u t l e t .  

ins ide  s luiceways  (Figure 7 ) .  For example, an 
emergency  occurred in February 1973 i n  a tunnel. in 
t h e  Great Hinggan  Mountains---freezing had blocked 
the  s luiceway,   causing  f reezing in the tunnel  and 
endangering  traffic.   Various methods were used t o  
t r y   t o  clear the  blockage--manually  shaving the ice 

In permafrost areas ground  water  often  freezes 

FIGURE 9 Buried  pi le   foundat ion test s t r u c t u r e .  

and melting it with  e lectr ic i ty ,   wi th   locomotive 
steam, and by burning  coal--but  they were 
unsuccessful  because of  the l a r g e  amount of hea t  
required.  I n  1977 tests, the  Qiqihar  Railway 
Administration  succeeded in melting ice by 
mechanical  ventilation. Expanded experiments were 
conducted in 1978;  over  three  separate  periods  of 
time, a   cumulat ive  vent i la t ion of 23 days and n ights  
successful ly   mel ted as much as 1400 m 3  of ice.  Thia 
has proved t o  be  an  economical and e f f e c t i v e  way t o  
treat f reez ing  i n  tunnels .  

BUILDING DESIGN AND CONSTRUCTION 

Subsidence  due t o  thawing and deformation  due 
to   f ros t   heav ing   f r equen t ly   a f f ec t   bu i ld ings  con- 
s t r u c t e d  i n  permafrost areas because  of  poor  choice 
of l o c a t i o n  or inappropr ia te   des ign  of the  bases  and 
foundation. Research has  been  conducted to   de t e r -  
mine t h e   s u i t a b i l i t y  of var ious  kinds of foundat ions 
(Figures  8, 9 ,  10, and 11) to   permafrost   regions and 
to  develop  a method for  determining  the  shape and 
dimension  of the thawing  plate  beneath  heated 
bui ldings (Ma and Wang 1983, Zhao and Wang 1983). 
On t he   bas i s  of engineer ing  pract ice  as wel l  as 
severa l   years  of t e s t i n g  and r e sea rch ,   t he   F i r s t  and 
Third  Railroad  Survey and Des ign   In s t i t u t e s ,  the 
Qiqihar  Railway  Administration, and the Northwest 
I n s t i t u t e   o f f e r  a set of des ign   p r inc ip l e s  and 
methods: ( 1) proper  choice and layout  of 
cons t ruc t ion  s i te ,  ( 2 )  proper  base  and  foundation 
design,  (3)  protecting  foundations from f r o s t  
heaving, ( 4 )  proper  design of s t r u c t u r e s  above 
ground, and ( 5 )  proper  design of aprons. 
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DESIGN AND CONSTRUCTION OF 
WATER-SUPPLY PIPELINES 

Since  the  founding of the  People's  Republic  of 
China, 25 r a i l r o a d  water s t a t i o n s  have  been  estab- 
l i shed  i n  the  northeastern  permafrost   region. More 
than  half   of these a re   l oca t ed  i n  discont inuous and 
continuous  permafrost areas. A t  f i r s t ,   v a r y i n g  
degrees of f reez ing  or pipeline  breakage  occurred a t  
almost  every  station. So as e a r l y  as the  mid- 
1960's,   the Third Railroad  Survey and Design 
I n s t i t u t e  began to   search  for a new method of con- 
s t ruct ing  water-supply  pipel ines  by using  pipes of 
var ious  materials, var ious  heat   preservat ion 
materials, and var ious methods o f  l ay ing   p ipe l ines  
(Figure 12) (He 1983).  After 20 years  of continuous 
eng inee r ing   p rac t i ce ,   t e s t ing ,  and research,   the  
problem of design and construct ion of water-supply 
p ipe l ines  in permafrost areas of the  Great Hinggan 
Mountains  has  been  solved. 

LOW-TEMPERATURE  CONSTRUCTION MATERIAL 

The success of trial production o f  low-tempera- 
ture,   early-strengthened  concrete makea it poss ib le  
t o  adapt  reinforced  poured-concrete  pile  foundations 
t o  permafrost  regions. 

negative-temperature  concrete  have  been  used i n  
China,  but  there is  l i t t l e  complete or sys temat ic  
information,   especial ly   about   f reeze-  and thaw- 
res i s tan t   indexes .  The Railroad  Construction 
I n s t i t u t e  of CARS has  succeeded  in  developing three 
types of low-temperature  early-strengthened con- 
crete, whose low-temperature  and  negatlve-tempera- 
Pure  strength,  compared with  those of ordinary con- 
crete, are 30-67% stronger   over   the same time using 
the same amount of cement; cement consumption can be 
reduced by 100 kg/m3 without  reducing the s t rength .  
The freeze- and thaw-resistant  indexes when the con- 
c r e t e  i s  soaked i n  f resh   water   o r  sa l t  water  solu- 
t i o n s  of 0.1%, 1.0%, and 5.0% are all over "200, 
which is 4 t o  11 times those   for   o rd inary   concre te  
wi thout   addi t iona l  chemicals. The predicted l i fe-  
time of low-temperature  concrete  structures is about 
50 years.  Another  advantage of this   concrete  i s  
that   the   temperature  of the  mixture can  be con- 
t r o l l e d   a s  low as O°C so that i t s  thawing  effect   on 
permafrost is great ly   reduced  (Rai l road  Construct ion 
I n s t i t u t e  1979, Shi 1978) .  This  concrete is s u i t e d  
f o r   u s e   i n   r e g i o n s  where  ground  temperatures  range 
from 0 t o  3 O C ,  so it may be used in   f r ig id   zones  as 
well as i n  permafrost  regions. It has  been 
recommended t h a t  the technica l   cons t ruc t ion   spec i f i -  
ca t ion  be incorporated  into  the  "Standards of 
Construction o f  Railroad  Engineering  Concrete  and 
Reinforced  Concrete." 

e r a t u r e  cement has  been  developed t o  cement j o i n t s ,  
so t ha t   cu lve r t s  can be  constructed  at   temperatures 
below -25OC (Li  and Wu 1981). 

One o f  t h e   s u b j e c t s  of   our   research   in to  rail- 
road   cons t ruc t ion   in   f r ig id  and permafrost areas is 
the   use of prefabr ica t ion   techniques  in bridge and 
culvert   construction  (Figures  13 and 14) .  Con- 
s t ruc t ing   p re fab r i ca t ed ,   r e in fo rced   conc re t e   s t ruc -  
tures   in   regions  with  temperatures  below -25°C re- 
q u i r e s  a cementing material ( f o r   j o i n t s )   t h a t   h a s  

Many methode for producing  low-temperature and 

An inexpensive and easy-to-use  negative-temp- 
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i :he a, dvantages o !ing f a s t  developing,  long f bc 
l a s t i n g ,   h a s   s t r e n g t h  a t  nega t ive   t empera tures ,  
shows l i t t l e  shr inkage,  and has no c o r r o s i v e   e f f e c t  
on r e in fo rc ing   ba r s .  The Rai l road   Cons t ruc t ion  
I n s t l t u t e  o f  CARS was commissioned t o   u n d e r t a k e   t h i s  
work  and h a s   f u l f i l l e d  i t s  charge. The material has 
a compressive  s t rength  that   approximates  300 kg/on2 

j e c t e d   t o  f r e e z e  (-18 t o  -25'C) s h o r t l y  a f t e r  i t  i s  
I n  t h r e e  days,  i t  cannot be damaged even when sub- 

poured,  and i t  has  a  freeze-  and  thaw-resistant 
s t r e n g t h  up t o  "150. Its o t h e r   f e a t u r e s  are: (1)  
low drying   shr inkage ,   about   one- four th   tha t   o f  con- 
crete containing  ordinary  dry-to-harden  cement,  (2 )  
no c o r r o s i v e   e f f e c t   o n   r e i n f o r c i n g   b a r s ,  ( 3 )  resis- 
tance  of   sulphate   corrosion,  (4) long-term s t a b i l i t y  
and  s t rength,   and (5) cemen t ing   s t r eng th ,   t ens i l e  
s t r e n g t h ,  and  modulus o f  e l a s t i c i t y   w i t h   r e i n f o r c i n g  
b a r s   t o  meet the   r a i l road   des ign   s t anda rds .  

The material was f i r s t  used i n  a test b r idge  in 
t h e   n o r t h w e s t e r n   f r i g i d   z o n e   i n  August  1976,  and 
t h e n   i n  two p r e f a b r i c a t e d   b r i d g e s   i n   t h e  same zone 
i n  December  1977. The c o n s t r u c t i o n   q u a l i t y  was 
e x c e l l e n t  and these  three bridges  have  been  used 
s a f e l y   f o r  4 and 5 years.   Since  1978, the m a t e r i a l  
has  been  used in p r e f a b r i c a t e d   w i n t e r   p r o j e c t s  
throughout  northern  China. The material has  passed 
i n s p e c t i o n  and i s  approved  for  use in f r igid-zone 
r a i l road   eng inee r ing  and similar p r o j e c t s .  
According t o  t h e   e v a l u a t i o n ,  i t  is sugges t ed   t ha t  
t he   t empora ry   de t a i l ed   cons t ruc t ion   spec i f i ca t ions  
f o r   u s i n g   t h e  material be i n c o r p o r a t e d   i n t o   t h e   n e x t  
r e v i s i o n  of the  "Standards of Cons t ruc t ion   of  Rail- 
road  Engineering  Concrete  and  Reinforced  Concrete." 

SUMMARY 

This  has been a b r i e f   d e s c r i p t i o n  of r e sea rch  
i n t o   r a i l r o a d   c o n s t r u c t i o n   i n   t h e   p e r m a f r o s t   r e g i o n s  
of China. Some of t h e  work has been   successfu l ly  
completed,  but  a number of technical  problems  remain 
t o  be s t u d i e d  and   so lved ,   inc luding   the   p revent ion  
and t reatment  of f r o s t   h e a v i n g  of  road  and  building 
founda t ions ,   t he   des ign  of l i g h t  and p l iab le   cu l -  
v e r t s ,   f u r t h e r  improvement o f  the des ign  of r e in -  
forced  concrete   pi le   foundat ions,   and  the  design o f  
sha l low  d i tches   wi th   f ros t -heave   pro tec t ion   for  
t unne l s  and bu i ld ings   cons t ruc t ed  on warm permafrost  
ground. 
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PERIGLACIAL.  SLOPEWASH  AND  SEDIMENTATION 
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The  older  morainic  landscape of the  Northwest  German  Lowland  has  a  very  subdued  relief. This 
was  caused  by  Weichsel  periglacial  processes,  partly of a  solifluidal  but  mostly of an ablual 
kind.  The  latter  encompasses all eroding  sheetwash  processes on slopes  and  accumulation of 
fine  sandy  material  in  basins.  Abluation  and  solifluction  were  processes  during  cold  periods 
in  the  foreland o f  central  European  glaciations;  erosion  and  sedimentation  occurred  mainly 
during  the  end of interstadial  phases.  The  most  impressive  incision  happened at the  very  end 
of the  last  interglacial. 

THE SUBDUED  RELIEF OF CENTRAL EUROPE'S 

OLDER  MORAINIC  LANDSCAPE 

In the  Northwest  German  Lowland  two  geomorpholo- 
gically  different  types o f  glacial  landscape  can  be 
distinguished:  young  morainic  and  older  morainic 
landscape. 

The  young  morainic  landscape is Characterized  by 
fresh  forms of relief  which  clearly  bear  the marks 
of the  about 20 000 years  old  Weichsel  glaciation 
and whose  topography  is so distinct  that  it  is  east 
of Kiel  called  "Holsteinian  Switzerland";  the  older 
morainic  landscape  shows,  deposited  during  the 
Saale  (Riss)  glaciation,  a  totally  subdued  relief, 
which  is  characterized  by  low  gradients of slope 
and  wide,  almost  flat  plains  underlain by Pleisto- 
cene  deposits  (Figure 1). Large  differences  in  al- 
titudes  like  those so conspicuous  in  the  young rno- 
rainic  landscape  are  absent,  and  the  endmoraines 
originally  existed  are so subdued  that  different 
investigators  disagree as to their  positions.  The 
boundaries  of  ice-marginal  channels  (Urstromtbler) 
against  neighbouring  terrain  axe  also  difficult to 
recognize.  Even  the  boundaries of outwash  plains 
have to be deduced  and  their  connection  with  ice- 
marginal  positions  is  in  most  cases  not  clear. On 
the  whole one can  speak of a  terrain  in  which  gla- 
cial  deposits  are  still  present,  but  glacial  relief 
is  almost  completely  extinguished  (Liedtke  1981b). 

Why  have  the  main  features of glacial  relief 
disappeared  in  the  older  morainic  landscape?  Why 
are  glacial  channels  and  tonguelike  basins  no  lon- 
ger recognizeable? Why i s  the  landscape so extra- 
ordinarily  flat?  The  answer i s  easy:  it  was  the  pe- 
riglacial  climate  with  permafrost  and  lack  of  vege- 
tation  which  created  these  conditions  and  caused  a 
flattening of relief  in  the  region  adjacent  to  the 
inlandice of the  last  glaciation. 

STRATIGRAPHIC  EVIDENCE FOR INCISION  AND ABLUAL 

ACCUMULATION 

In general,  solifluction  is  made  responsible for 
this  erosional  process. But,  as  known from  areas 
where  hard  rock is underlying  a  thin  glacial  cover, 

FIGURE 1 Northwestern Germany's  Uoung  and  older  morainic  landscapes 
and the major basins filled up bg ablual sediments durlng 
the  Weichsel  glaciation 

Young  morainic  landscape (Weichsel =Wurm) Outcrop of hard  rock 

Old maralnlc  landscape (Saale = RiB) 
Major basins Rlled up mainly by ablual 
sediments during  the  Welchselean 

" 
" 

- 
" Area of Rhine  terraces 

148 Darnrne Hills 
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t h e   e f f e c t i v e n e s s   o f   s o l i f l u c t i o n  i s  l i m i t e d  and 
the  main f e a t u r e s   o f   r e l i e f  have  been  altered con- 
p a r a t i v e l y   l i t t l e .   A p a r t  from t h a t   t h e r e   a r e   l a r g e  
areas under la in  by sandy-gravelly  sediments  which, 
due t o   t h e i r   l a c k  of f ine   ma te r i a l ,  were hardly 
l i a b l e   t o   s o l i f l u c t i o n .  The "sanding  up" of a r e a s  
with  Saale  ground  moraine shows tha t   he re   no t   on ly  
a s imple   t ranspor t  of m a t e r i a l   o c c u r r e d   b u t   a l s o  
sorting:  blocks  and  coarse  sand  remained,  whereas 
f iner   sand ,  s i l t ,  and c l a y  were c a r r i e d  away. The- 
refore ,   s lopewash  and  not   sol i f luct ion  played  the 
main r o l e   i n   f l a t t e n i n g   t h e   g l a c i a l   r e l i e f   i n   o l d e r  
morainic   landscapes.   Fine  mater ia ls   such  as   c lay,  
s i l t  and f ine   sands  were  washed of f  the  land  surfa-  
c e  and c a r r i e d  away during  the  mel t ing  per iod  every 
year  whereas  the  coarser  material  remained.  For 
t h i s   p r o c e s s  I propose  the  term  "abluation"  (from 
Lat in   "ab luere" ,   to  wash off), which is understood 
as a pe r ig l ac i a l   aqua t i c   p rocess  of wash on s lopes,  
w i th   depos i t i on   o f   t h i s   ma te r i a l  a t  the  bottom  of 
such  slopes where the   inc l ina t ion   decreases .   For  
northwestern Germany th i s   p rocess   exp la ins   t he  E i l -  
l i n g  up of wide g lac ia l   bas ins   th rough which s c a t -  
tered  small   islands  of  ground  moraine  protrude. The 
sediments were t r a n s p o r t e d   i n   p e r i g l a c i a l - f l u v i a l  
va l leys ,  which  can  be  subdivided  into  three  parts:  
the  upper  reaches  with  denudational  abluation,  the 
middle  reaches  where  material  w a s  t ranspor ted  
through,  and  the  lower  reaches  and  foreland  with 
depos i t iona l   ab lua t ion .  

Evidence  on  which  these  statements are based, 
were  found a t   t h e  Damme Hills in  Northwestern Ger- 
many southwest  of Bremen, which  belong t o   t h e   t y p i -  
cal   older  morainic  landscape.  These Damme B i l l s ,  
20 km long  and 10 km broad ,   cons is t  of probably 
pre-Saale  pushed  glacial   sands  and  gravels  (Stauch- 
morane)  which were formerly  covered  with a t h i n  
layer   of   Saale  till or.ground  moraine. Due t o   t h e  
g l a c i a l   p u s h ,   t h e   r e l i e f  w a s  v e r y   h i l l y  and  has 
s t i l l  today a r e l i e f   o f   abou t  100 m between t h e  
h ighes t   po in t  (146 m) and  the  lowest (38-SO m ) .  Du- 
r i n g   t h e   e n t i r e   W e i c h s e l   g l a c i a t i o n ,   t h i s   a r e a  was 
exposed to a p e r i g l a c i a l   c l i m a t e ,  which was t h e  
reason  that   the  covering  Saale  ground  moraine was 
mostly removed and  only  errat ic   boulders  were l e f t .  
In   the   push   a rea   se lec t ive   e ros ion   took   p lace ;   va l -  
l e y s  were c u t  i n  t he   s andy   pa r t s   wh i l s t   t he   g ra -  
v e l l y   s t r u c t u r e s  formed ridges,   because  they  ac- 
t e d   a s  a res i s tan t   l ayer .   Geomorphologica l  mapping 
shows that   eroded  mater ia l  was t r anspor t ed   pa r t ly  
along  former  glacial   channels  (Galbas,   Klecker & 

Liedtke 1980). 

These va l leys   wi th  a graded   longi tudina l   p rof i le  
have a f l a t - f loo red   c ros s -p ro f i l e  and show a very 
uniform  stratigraphy: 

0.5-0.8 m sandy-gravelly  blanket,   unsorted 
(Geschicbodecksand); 

2 . 0 - 3 . 0  m wel l -sor ted  f ine  sands i n  the  upper 
reaches,   sandy-gravel ly   sands  in   the 
middle  reaches; 

0.5-1.0 m basal  conglomerate; 

sharp  unconformity; 

Saa lc   l aye r s ;  

The basa l   conglomera te   conta ins   f la t   b locks   o f  

Bunter  Sandstone  up to a diameter of 0 . 5  m i n  a 
thalweg  that  i s  5-10 m wide.  This shows t h a t  a ra -  
pid  discharge  occurred  during  the time of   inc is ion  
even in   the   upper   reaches  of smal l   va l leys .  A l l  
coarse  clasts, b igger   than   the   t ranspor t   capac i ty  
allowed  sank down and were moved only   occas iona l ly .  
The basal  conglomerate became packed so densely 
t h a t  it can  be  exposed  only by a pickaxe. 

The erosion  phase i s  followed by a sedimentary 
accumulation  of  several   meters.  On t he   t op  w e  f i n d  
an  unsorted  sandy-stony  cover,  called  "Eeschiebe- 
decksand",  which i s  thought   to  have  been  formed un- 
de r   pe r ig l ac i a l   cond i t ions  (Kopp 1970, Lembke 1965). 

The mater ia l   tha t   reached   the   va l leys  was p a r t l y  
sedimented in   va l l ey   f l oo r s   and   mos t ly  i n  bas ins  of 
the  lowlands,  where o f t e n  more than 5-10 m were  ac- 
cumulated. I t  is t y p i c a l  and  remarkable  that   nearly 
a lways  f ine o r  medium sands were depos i ted ,   as   an  
example i n  a l a r g e   s a n d   p i t   a t   H o l d o r f   s t a t i o n  
shows,  Within  the  uppermost S m of h o r i z o n t a l l y  
s t r a t i f i e d   s a n d y   l a y e r s  I found  only  three  beds 
wi th   s ca t t e r ed  small g r a v e l s   u p   t o  3 c m  in  diameter,  
though  the  edge of t h e   n a m e  H i l l s  is nearby  ( lkm). 
Organic   l ayers   a re . to ta l ly   l ack ing   (Lied tke   1981a) .  
Severa l   syngenet ic   f ros t   c racks   a re   p roving   an   ac-  
cumulat ion  under   cold  per iglacial   condi t ions  (Karte  
1979) , 

Such  very common accumula t ion   p la ins ,   cons is t ing  
mostly  of medium to  f ine  sands  without   gravels ,   de-  
monstrate  an  activity  of water, b u t  are not   the   ty -  
p i c a l   d e p o s i t  of a r i v e r .  The s l i g h t   g r a d i e n t   o f  
2-3 allowed only the   t r anspor t  of f ine  sand on 
the  top  of   the  permafrost   dur ing  the  seasonal  m e l -  
t ing   o f   win ter  snow  when t h e  water r a n  down i n  a 
kind  of  sheet  discharge.   Coarse material was l e f t  
behind,  sands  were  deposited  in  the  basins,  and 
only s i l t  and  clay  could  reach  the  North  Sea.   ac- 
co rd ing   t o   t hese   p rocesses ,  a l l  the   bas ins  were 
f i l l e d  up and  sediment  spread more and  more, drow- 
n ing   t he   ad jacen t   f l a t   g l ac i a l   l andscapes .  Geolo- 
g i s t s ,   no t   r ecogn iz ing   t hese   p rocesses ,  mapped 
these  sandy  areas  as "Talsand"  (val ley  sands) .  The 
bo rde r s   t o   t he   ad j acen t   h ighe r   a r eas   a r e   o f t en   ve ry  
unce r t a in ,   e spec ia l ly  where during  the  end o f  t h e  
Weichsel  cold  period  eolian  coversands  or  dunes 
were  sedimented  or  where  Holocene low fens  ox rai- 
sed  bogs  developed. 

THE AGE OF THE MOST ACTIVE PROCESSES  SUBDUING THE 

TYPICAL  GEOMORPHOLOGICAL  FEATURES OF THE SAALE 

GLACIATION 

As the   or iginal   construct ional   topography  of  
t h i s   a r e a  was formed during  the  Saale  ( R i s s  o r   I l l &  
nOian) g l a c i a t i o n ,  we now have t o  solve  the  quest& 
on whether   reduct ion  of   the  re l ief   and  aggradat ion 
i n   t h e   b a s i n s   a l r e a d y  began during  the  end of t h e  
Saa le   g l ac i a t ion .  We cannot  expect  considerable  de- 
nudation a t  tha t   t ime ,   because   i n   t he  young morai- 
nic  landscape we f i n d  a merely  changed  rugged  gla- 
c i a l  relief with a lot of  typ ica l ly   c losed   depres-  
s ions  s t i l l  v is ib le   today .  On the  other  hand, we 
have d i r ec t   ev idence   t ha t   t he   agg rada t ion   i n   dep res -  
s ions   d id   no t  s ta r t  earlier than  the  beginning  of 
the  Weichsel   g laciat ion,  as Menke (1976) showed i n  
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Schleswig-Holstein  and  Lembke  et  al. (1970) in 
Brandenburg  (Figure 2). 
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For  in  the  older  morainic  landscape  nearly  all 
glacial  lakes  have  disappeared  and  most  areas  have 
become  drained  by  valleys,  it is surprising  that 
thousands  of  former  kettle  holes  have  survived. 
There  are  more  than 1000 of  them on the  Flaming 
(south of Berlin,  Liedtke l96O), and a special  map- 
ping  showed  that  in  Lower  Saxony  more  than 10 OOO 
closed  depressions  are  still  existing;  partly  they 
were  explained  as  pingos  (Garleff 1968). Most of 
them  are  glacial  depressions  that  were  not  totally 
filled  up  by  post-Saale  or  Weichsel  periglacial 
processes.  They  are  recognizable  in  the  landscape 
as depressions  with a depth  of 1-2 m  and a diameter 
of up  to 250 m. Sometimes  they  are  filled  with  wa- 
ter.  On  topographical  large-scale  maps  they  are 
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identified  by  a  special  sign  (arrow). 

Why  are  we  very  sure  that  these  depressions  were 
filled  up  not  earlier  than  during  the  Weichsel  cold 
period?  There  are 3 indications: 

1. Many o f  these  depressions  contain  an  interglaci- 
al  Eem  (Sangamon)  layer at their  bottom  (Figure 2). 

2. The  Eem  layer covers the  typical  late  Saalean 
"Gesch?ebedecksand", a kind of sediment  which  we 
can  find  on  all  youngmorainic  deposits as well. 

3 .  The  upper  parts of the  aggradated  sands  in  some 
of  the  depressions  contain  Weichsel  interstadial 
layers.  They  allow  to f i x  the  time  of  aggradation 
closely,  and  they  demonstrate  that  about 80 % of 
the  filling  up  happened  during  the  early  Weichsel 
(Figure 3 ) .  

So we can  fix  two  processes  very  accurately:  The 
dominant  aggradation  happened  during  the  cold  sta- 
ges of early  Weichsel  by  ablual  sheetwash  and  was 
preceded  by  strong  erosive  incision.  Without  any 
doubt, it was  the  geographical  milieu  that  offered 
the  best  conditions for these  two  processes:  it  was 
the  transitional  phase  from  the  last  interglacial 
to  the  last  glackal.  At  that  time  everywhere  in 
central  Europe  an  erosion  phase took place  and  was 
connected  or  immediately  followed  by  aggradation  in 
basins  and  lowlands. It is  now  proved  by  recent  re- 
search  in  periglacially  formed  areas  of  central Eu- 
rope  (Menke 1976) that  this  erosive  phase  introdu- 
ced  the  beginning  of  the  Weichsel  cold  period.  This 
idea  can  also  be  applied  to  former  cold  periods of 
the  Quaternary,  although  no  stratigraphic  evidence 
has  been  found  that  would  demonstrate  this. 

We  now  know  that  the  filling  up of depressions 

v v v v w 9 U.Y subarctic  with  pine L birch 

14' Odderade ca. 58 4 4 4 ?  uvf t 4 T t  pine-birch forest  with oak, hazel 

8' v v v .I Y v V T  v v subarctic  with pine & birch 

16' BrBrup ca. 65 40444v 4 4 9 0 t  spruce-pine-birch forest, alder 

15O AmersEoort ca.  68 4 4 4 0 4 4 P 4 4 4 4  pine forest with oak, a lder  & sprucc: 
1 oo v v v 'I 4 v v V T  v w subarctic  w i t h  pine a birch 

1 l o  v w 4  ~4 w &vp Y subarctic  parklandscape,  pine I birch 
and heather 

16O 'f b+o ++9+ 40 7 pine-birch forest with  spruce 
4 4 444944QN pine-spruce forest 

1 8O Q@?QVPQQQ?9 spruce forest with elm, hazel  &'hornbeam 
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began  with  the  first  cold  forest  climate. That 
means  that  the  main  erosive  phase  took  place  during 
the  very  end of the  Eem  interglacial,  and  we  can 
conclude: 

The  very  end of an interglacial  or  a  warm  in- 
terstadial  started  strong  erosion  in  hilly  areas 
and  accumulation  in  basins. 

During  a  stadial,  accumulation  filled  up  the 
valley  bottoms  according  to  solifluction  and 
(or)  slope  wash. 

During  every  end  of  the  early  Weichsel  intersta- 
dials,  after  the  vegetation  had  returned  and  the 
area  was  reforested,  a  phase  of  steady  erosion  oc- 
curred. To cause  this  erosion  a  special  fluvial 
process  is  needed:  a  seasonal  sudden  heavy  dischar- 
ge  produced  by  melting of winter  snow  and  favored 
by  winter  frost  in  the  surface  layers.  There  was  no 
continoujs  permafrost  needed,  but it  was  in  forma- 
tion  and  expansion;  and  there  was  still  a  thick 
mollisol  that  together  with  a  large  amount  of  run- 
ning  water  allowed  erosive  incision,  which  was  in- 
creased  by  the  eroded  material as an  attacking 
weapon.  Big  blocks  remained  more  or  less  stationary 
at the  bottom;  they  were  only  projected  downwards 
to  form  the  basal  conglomerate. 

During  the  cold  tundra  periods  accumulation  took 
place  in  valleys  and  basins.  The  material  came  from 
the  slopes;  on  sandy-gravelly  slopes  abluation  pre- 
vailed, on sandy-silty  slopes  solifluction  was 
usual.  Both  of  the  processes  supplied  the  valleys 
with  fine  or  coarse  material.  The  wetter  the  condi- 
tions  were  the  more  material  reached  the  valleys. 
During  the  extremelydry  High  (Main)  Weichsel  the 
loess  cover  could  develop. 

Unfortunately,  sand  pits  with  interglacial  or 
interstadial  layers  are  very  rare.  Here  was  shown 
the  ablual  filling  up  of  a  glacial  depression  du- 
ring  the  begin o f  the  early  Weichsel.  But  also  du- 
ring  the  middle  Weichsel  abluation  proceded,  and 
sandy  material  was  ablually  deposited  in  the  basins. 
A  temporary  sand  pit  at  Lemfdrde, 8 km southeast 
of  the Dame Hills, showed  more  than 8 m of hori- 
zontally  stratified  sandy  layers  with  four  cryotur- 
bated  beds.  Two of these  beds  were  recently  C14- 
dated  (Nr. 11770,  11771 by  Niedersachsisches  Lan- 
desamt  fur  Bodenforschung,  Hannover,  April 6, 1983);  
their  age  of 35 0 6 0  t 870 B .  P. and 36 030 ?: 650 
B. P. lies  between  the  Hengelo  and  Denekamp  inter- 
stadials  and  indicates  that  also  during  the  middle 
Weichsel  ablual  processes  were  active  under  perigla- 
cial  conditions  with  permafrost. 

So, ablual  processes  happened  under  full  perigla- 
cial  permafrost  conditions as well  as  under  condi- 
tions  when  the  formation  of  permafrost  began  and  a 
long  duration of seasonal  frost  existed. 

We  must  keep  in  mind  that  during  the  very  end of 
the  Eem  interglacial,  erosion  took  place,  which  was 
accompanied  and  followed by a  mighty  accumulation 
during  the  first  tundra  periods of the  early  Weich- 
sel. There  were  only  about 10 OOO years  of  tundra 
climate  in  which  this  accumulation  occurred  during 
early  Weichsel  (Liedtke 1981b) and  filled  up  nearly 
most  closed  depressions,  left  from  the  Saale  glaci- 

ation; at that  time  also  began a mighty  sedimenta- 
tion  in  the  lower  parts of Saale-aged  glacial  ba- 
sins. 
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A  COLLOCATION  ANALYSIS FOR SOLVING  PERIODIC  THAWING  AND  FREEZING 
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The  periodic  variation  of  the  ground  surface  temperature  causes  alternative  thawing 
and  freezing  processes  in  the  active  layer of the  permafrost. The ground  surface 
is  an  important  location of the  present  problem,  which  is  selected  as  the  colloca- 
tion  point of the  analysis,  Analytical  results  are  compared  with  those  obtained 
from  the  zeroth-order  and  the  first-order  quasi-steady  approximations,  and  the 
first-orderperturhationmethod. The accuracy  of  the  collocation  analysis  is  not 
less  than  that  obtained  from  the  first-order  perturbation  appcoximation. 

INTRODUCTION 

Due  to  the  seasonal  variation of temperature, 
alternating  thawing  and  freezing  processes  take 
place in the  active  layer  of  permafrost.  When  the 
ambient  temperature  increases  above  the  melting 
point  of  the  permafrost,  melting  starts at the 
ground  surface  and  propagates  downward  into  the 
permafrost.  There  co-exist  two  phase  regions: 
liquid  and  solid.  When  the  ambient  temperature 
decreases  to  below  the  melting  point of the  perma- 
frost,  the  liquid  phase  solidifies  starting  also 
from  the  ground  surface  and  propagates  downward. 
There  co-exist  three  phase  regions: solid,  liquid, 
and  solid.  When  the  solidification  process  reaches 
the  end  of  the  liquid  phase,  the  liquid  region  dis- 
appears,  and  it  becomes  one  solid  phase  region 
again, 

solidification  processes  is  the  existence o f  moving 
boundaries  between  the  solid  and  liquid  phases, 
whose  locations  are  unknown  and  which  are  to  be  de- 
termined as  a  part of the  solution. The moving 
boundary  problem  is  nonlinear  and  solutions  involve 
considerable  mathematical  difficulties.  Exact sol- 
utions  to  such  problems  are  presently  restricted  to 
only  a  few  idealized  situations [l]. With  regard 
to  the  nonlinear  problem,  solutions  have  been  ob- 
tained  by  analytical  approximations  and  numerical 
methods  (see,  for  example, [2] and [ 3 ] ) .  

cesses,  we  consider  that  the  ground  surface  is  sub- 
ject  to  a  temperature  variation  with  a  harmonic 
function  varying  around  the  melting  temperature of 
the  permafrost.  The  surface  temperature  variation 
causes  steady  periodic  thawing  and  freezing  pro- 
cesses in  the  active  layer  of  the  permafrost.  For 
solving  such  a  nonlinear  problem,  the  first-order 
perturbation  approximation  and a numerical  analysis 
were  conducted  by  Lock  et  al. [4] ,  the  zeroth- 
order  quasi-steady  approximation  was  used  by  Seban 
[ 51, and  the  first-order  quasi-steady  approximation 
was  used  by  Lunardini [l]. In  the  present  paper,  an 
approximate  analysis  utilizing  the  method  of collo- 
cation is developed  for  solving  the  steady  thawing 
and  freezing  processes  in  the  active  layer o f  the 
permafrost. The  result  is  compared  with  results 
obtained  by Lock et  al., Seban, and  Lunardini. 

The  prime  characteristic of the  melting  and 

For the  periodic  thawing  and  freezing  pro- 

MATHEMATICAL  FORMULATION  AND 
ANALYTICAL  APPROXIMATION 

Consider  a  permafrost  region  having its melt- 
ing  point T,. Initially  the  active  layer  is at the 
melting  temperature  and  in  solid  state.  After  a 
definite  time  the  surface  at x = 0 is  subject  to 
a  periodic  temperature  variation, Tx,O = A 0  sin Ut 
f Tm, where A, is  the  amplitude  and W is  the  fre- 
quency.  We  wish to find  the  response  of  the  active 
layer  to  this  periodic  temperature  disturbance  for 
large  values  of  time,  that is, the  steady  periodic 
solution  of  the  problem,  €or  which  the  initial  con- 
dition  may  be  ignored.  During  the  time  period 

2nr - <  t c  ( 2n + 1 ) ~  (n = 1, 2, 3 ,  .... ) 
W w 

because  the  surface  temperature  is  higher  than  the 
melting  temperature of the  permafrost,  a  melting 
process  propagates  from  the  surface  downward  into 
the  active  layer o f  the  permafrost. In  this  case, 
there  co-exist  two  phase  regions:  liquid  and  solid. 
During  the  time  period 

(2n + 1 ) ~  (2n + 2 ) ~  t: w w 

because  the  surface  temperature  is  lower  than  the 
melting  temperature  of  the  permafrost, a soldifica- 
tion  process  propagates  from  the  surface  downward 
into  the  liquid  phase of the  active  layer  of  the 
permafrost.  There  To-exist  therefore  three  phase 
regions:  solid,  liquid, and'solid.  when  the soli- 
dification  process  reaches  the  end  of  the  liquid 
phase, the  active  layer  becomes  solid. At  that 
time  the  three  phase  regions  disappear  and  return 
to  one  phase  region. 

For mathematical  formulation  of  the  problem, 
we  designate  the  initial  complete  solid  phase  as 
region 0, the  liquid  phase  formed  during  the  melt- 
ing  process as  region 1, and  the  solid  phase  formed 
during  the  freezing  process as region 2. A s  des- 
cribed  above,  after  the  liquid  phase  disappears, 
region  2  becomes  region 0 as  shown in  Figure 1, 
where sl,  s 2  represent  the  locations  of  the  phase 
boundaries  between  regions 0 and 1, and  between 
regions 1 and 2 , respectively. To simplify  the 

7 19 
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problem, it is  assumed  that  material  properties  in 
each  phase  are  constant,  but  they  may  be  different 
in  different  phases  and  that  density  change  across 
the  phase  boundary  may  be  neglected.  Furthermore, 
it is assumed  that  the  latent  heat of fusion of the 
permafrost i s  much  larger  than  its  sensible  heat. 
Under  this  assumption,  the  following  approximations 
may be made: 

1. After  the  time,  t = t*, when  the  Liquid 
phase  disappears,  or  when $4 = s1 = s*,  L t  
i s  assumed that  the  temperature at the 
position x = s* is maintained at the 

2. The heat flux in  the  solid  phase  during 
melting  point. . 

the  melting  pxocess,  and  the  heat  flux 
in  the  liquid  phase  during  the  solidifi- 
cation  process,  may  be  ignored. 

The  following  is  the  system of equations  des- 
cribing  the  one-dimensional  periodic  melting  and 
freezing  processes  with  the  melting  temperature o f  
the  permafrost  as  a  reference  temperature,  that  is, 

Tm * 0 :  

aTi  a2Ti 

at ax2  
-= a, - (1) 

T. (o,t) = A sin ut 
0 

(2) 

T. ( s .  t) = 0 
1 1' ( 3 )  

are  constant,  and B. is  a  function of time, By 
kking use o f  the  bounhary  conditions,  Equations 
(2) and ( 3 ) ,  Ai, Xi, and B. can  be  determined as 
follows : 

A .  = A 
1 0  

x. = - 1K 

The temperature  profile  can  then  be  written  as 

The  derivation  of  the  temperature T .  at the posi- 
tion x = si, can  be  expressed  by 1' 

Substitution of Equation (10) into  Equation (4) 
where  i = 1  refers to the  melting  process  for  the  yields 
time  period 

2n'r < (2n + l ) ~  dT - (-1) [ ( Zi+ 1) sin(T.- S . 1  dsi st. sxp.(-si) i+l 2 " - 
w w 

for  n = 0 ,  1, 2 ,  ..., and  i = 2  refers to the  free- 
zing  process  for  the  time  period 

For  solving  the  problem,  the  method of collo- 
cation  will  be  used [6], in  which  the  heat  conduc- 
tion  differential  equations  are  satisfied  only at 
preselected  points(col1ocation  points). For the 
present  problem,  the  periodic  melting  and  solidifi- 
cation  processes  are  caused  by  the  periodic  varia- 
tion o f  the  surface  temperature.  Therefore  the 
most  important  location of the  present  problem  is 
at the  surface x = 0.  Hence,  we  select  the  point 
x = 0 as the  collocation  point. 

The  temperature  profile  is  assumed  as 

which  satisfies  the  differential  equation,  Equation 
(l), at the  collocation  point x = 0 ,  where A i  and 

where s i =F 2ai s .  1 

A C. 
0 1  st, = - 1 L  

For a seasonal  temperature  variation,  the  value of 
W and,  in  turn,  the  value  of S i  are  very  small. 
For  a  small  value  of si, Equation (11) may  be 
approximated,  after  _the  expansion  of  the  functions 
exp ( + s a ) ,  ,sin ('r - s . )  , and-cos (-t - si) ! by 
neglecdng the  terms  having si of  order  higher  than 
two,  as  follows: 

dsi St, sinr 
- =  

d= 2 si 



Integration of Equation (15) yields 

i = JTi sin 2 

RESULTS  AND  DISCUSSION 

In order to compare  the  location  of  the 
moving  phase  boundary  obtained  from  Equations (11) 
and ( Y6) with  those  obtained by Lock et al. [ 4 1  I 

Seban [5] , and  Lunardini [ 2 ]  , the  coordinates of 
the  moving  boundary  must  have  the  same  scale for 
all  cases.  With  the  following  transformation, 

Equations (11) and ( 16) become 

cos ( .-& Ei)] 
and 

T 
2 E .  = 2 sin - 

The  results  obtained  in [4]  , [5] , and [ 2 ]  are, 
respectively,  as  follows: 

T Sti Si = 2 sin - - - sin - sin T T 
2 3 2 (20) 

5. = 2 sin 2 

and r.L 

5 .  = 2 sin - - - 1- + 2 cos - - - c0s32] 7 i 2  T 8  
2 2 3  2 3  2 

It  is  seen  that  the  simplified  Equation (19) is 
identical  with  Equation  (21)  obtained  from  the 
zeroth-order  quasi-steady  approximation.  By  using 
the  fourth-order  Runge-Kutta  method,  Equation (18) 
can  be  integrated.  Figures 2-4 show  the  compari- 
son  of  the  results  calculated  from  the  collocation 
method  (Equation (18)) , the first-order perturbation 
approximation(  Equation  (20)),  the  zeroth-order 
quasi-steady  method  (Equation (21)), and  the  first- 
order  quasi-steady  approximation  (Equation ( 2 2 ) )  
with Sti as a  paprameter.  For  a  small  Stefan  num- 
ber,  Sti = 0.01, there is practically  no  difference 
among  these  results as shown  in  Figure 2. However, 
deviations  among  these  results  increase  with  an  in- 
crease of the  Stefan  number as shown in Figures 3 
and 4. From  the  comparison,  it  can  be  concluded 
that  the  accuracy of the  collocation  analysis  is 
between  those  obtained  by  the  first-order  perturba- 
tion  approximation  and  the  first-order  quasi-steady 

1 method. 
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NOTATION 

thermal  diffusivity 

amplitude 

specific  heat 

thermal  conductivity 
specific  latent  heat of fusion 

phase  boundary  and  dimensionless  phase 
@)oundary  between  regions 0 and 1, res- 
pectively 
phase  boundary  and  dimensionless  phase 
boundary  between  regions 1 and 2 ,  res- 
pectively 

location o f  the  maximum  depth  of  phase 
boundary 

Stefan  number  defined  in  Equation (14) 
time  and  dimensionless  time,  respec- 
tively 

time  at  which s ,  = s 2  = s* 

temperature 
melting  temperature 
space  coardinate 

dimensionless  phase  boundary 

density 
frequency 

subscripts 

0 ;%lis$ g p s e ,  region 0 ,  in  which  without ange. 
1 liquid  phase,  region 1, created  by 

2 solid  phase,  region 2 ,  created  by  soli- 

melting  process 

dification  process 

i  i=l,  melting  process;  i=2,  solidifica- 
tion  process 
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Schematic  diaqram of steadv  neriodic 
melting  and  solidification  processes  (a)  after 
disappearance  of  the  liquid  phase  and  before  the 
start of the  melting  process, (b) during  the  melt- 
ing  process,  (c)  during  the  solidification  process, 
and (dl end  of  the  solidification  process. 
( 0 )  Solid phase, (1)  liquid  phase,  and (2) solid 
phase. 
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order  quasi-steady  approximation [ 51 i crosses , 
first-order  quasi-steady  approximation [ 2 1  ; tri- 
angles,  first-order  perturbation  approximation [ d l ;  
and  solid  line,  present  analysis. 

T 

FIGURE 3 Comparison of different  analytical  re- 
sults  with St. = 0.1. Circles  represent  zeroth- 
order  quasi  steady  approximation [ S I ;  crosses, 
first-order  quasi-steady  approximation [ Z ]  ; tri- 
angles,  first-order  perturbation  anuroximation [4]; 
and  solid  line,  present  analysis. 

" 

3.5 

T 
FIGURE 4 Comparison  of  different  analytical  re- 
sults  with St. = 0.5. Circles  represent  zeroth- 
order  quasi-steady  approximation [ 51 ; crosses, 
first-order  quasi-steady  approximation [ 2 ] ;  tri- 
angles,  first-order  perturbation  approximation [4 1; 
and  solid  line,  present  analysis. 

t 

FIGURE 2 Comparison  of  different  analytical  re- 
sults  with  Sti = 0.01. Circles  represent  zeroth- 



EFFECT OF SURFACE-APPLIED PRUDHOE BAY CRUDE OIL ON VEGETATION AND 
SOIL PROCESSES I N  TUSSOCK TUNDRA 
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Prudhoe Bay c r u d e   o i l  was appl ied as a 20 l i t e r  m su r f ace   sp ray  on  Eriophorumus 
vaginatum  tussock  tundra a t  Eagle Summit, Alaska, i n  August 1979. O i l  caused a 
s igni f icant   reduct ion   in   mycorrh iza l   roo t  numbers and r o o t   r e s p i r a t i o n   r a t e s   i n   B e t u l a  
E,  b u t   n o t   i n  Eriophorum  vaginatum  root t i p s  which  had grown through  the 5- t o  15-cm- 
deep  oi l -contaminated  soi l .   Signif icant   changes  did  occur   in   leaf   senescen  pat terns   of  3. 
nana  and  the  t i l ler ing  index  of  E. vaginatum.  Soi l   cel lulase and  phosphatase enzyme 
a c t i v i t i e s   b o t h   d e c l i n e d   i n  the o i l ed   so i l   ho r i zons   bu t  were unaf fec ted   in   hor izons  
immediately  below  visibly  contaminated  organic matter. 

-2 

INTRODUCTION 

The i m p a c t   o f   o i l  on s o i l s  and v e g e t a t i o n   i n  
a r c t i c  and suba rc t i c   r eg ions  has been   s tud ied   in  
associat ion  with  the  development  o f  o i l  
e x p l o i t a t i o n  and t r a n s p o r t a t i o n   i n   t h e s e  areas. 
The e f f e c t  o f  o i l  on s o i l s  and  vegetation  has 
recently  been  reviewed by Linkins e t  a l .  (1  983). 
This review  points   out  that  the t o x i c   e f f e c t s   o f  
d i r ec t   o i l -vege ta t ion   con tac t  are r e l a t i v e l y  
s t ra ight forward   ( leaf   dea th   occur r ing  from d i r e c t  
o i l   con tac t ,   w i th   r eg rowth  from protected  buds 
(Walker e t  a l .  1978, Wein and Bliss 1973) and 
vigorous  regrowth  occurring  where  the  soil  is 
water s a t u r a t e d  and o i l  does no t   pene t r a t e   t he  
soil..) However, where o i l   p e n e t r a t e s  the s o i l  
into  the  plant   root ing  zone,   the   plant   responses  
a r e  more complex,  ranging  from  rapid  death, o r  
g radua l   l o s ses   i n   g rowth  and  reproduction 
capabi l i ty ,   to   comple te  or l imi ted   revegeta t ion  
(Peneke e t  a l .  1975, Johnson 1981 , Johnson e t  al .  
1980,  Linkins e t  al. 1978, Linkins  and  Antibus 
1978). A l l  these  responses must  be  due t o   o i l -  
r e l a t e d   a l t e r e d   s o i l  water p o t e n t i a l ,   s t r u c t u r e ,  
ca t ion   exchange   capac i ty ,   aera t ion ,  as well as 
d i r e c t   t o x i c   e f f e c t s  o f  t h e   o i l   ( E v e r e t t  1978, 
Johnson, e t  a 1  1980,  Pesek  1981,  Sparrow e t  a l .  
1978). The domplexi ty   o f   these   o i l - so i l -p lan t  
i n t e r a c t i o n s  makes i t  q u i t e   d i f f i c u l t   t o   e s t a b l i s h  
a successfu l  revegetation/restoration p l a n   i n   o i l -  
contaminated  arct ic-subarct ic  soils (Linkins  e t  
a l .  1983). 

It i s  the  purpose  of   this   paper   to   present  
information on the  responses o f  two _pp t  types   t o  
a s u r f a c e   o i l   s p i l l  of 20 l i t e r s  m --- 
vaginatum and Betula  nana. The decomposition  of 
c e l l u l o s e  and organic  phosphorous is a l s o  
discussed as it  r e l a t e s   t o   o v e r a l l  s i t e  recovery 
p o t e n t i a l .  

MATERIALS AND METHODS 

O i l  Appl icat ion 

Prudhoe Bay crude o i l  was appl ied as a uniform 

s u r f a c e   s p r a s   t o   g i v e  a f ina l   coverage  volume o f  
20 l i t e r s  m as a uniform  surface  spray  (Everet t  
1978) on a 3 x 20 m p l o t  of E. vaginatum  tussock 
tundra  a t   Eagle   Creek,  Alaska, on  August  14,  1979. 
O i l  was appl ied a t  ambient  temperature. A c o n t r o l  
p l o t   o f  3 x 20 m was del ineated  adjacent   and 
upslope o f  t h e   o i l   s p i l l   p l o t .  

Plant   Studies:  

Xylem p res su re   po ten t i a l  was measured on a 
c l ea r   day   ( Ju ly  16, 1980) a t  midday f o r   f i v e  
s p e c i e s  of  t u s sock   p l an t s ,  Eriophorum  vaginatum, 
Carex  binloweii. Rubus chamaemorus. Betula  nana. "' - 
and  Vaccinium  uliginosum. Measurements  were taken 
on unshaded  stems o r  blades  followins!  the 

* "I 

recommendations o f  Ri tch ie  and  Hinckley  71975). 
Readings  were  taken  using  nonoiled  current  year's 
vege ta t ion  from p l a n t s   i n   t h e   o i l e d   p l o t .   S i m i l a r  
vege ta t ion  was used  from p l a n t s   i n   t h e   c o n t r o l  
p l o t .  Data were  analyeed  using a two-way a n a l y s i s  
of   var iance .  

P lan t  demography s t u d i e s  were  conducted  with E. 
va  inatum. Demographic a n a l y s i s   o f  new tillers 

1 y e a r   t i l l e r s   ( V l ) ,  and  mature tillers (Vm) 
was done  according  to Goodman and Perkins  (1968). 
Demographic a n a l y s i s  was conducted  using two t o  
three tussocks  per  sample, w i th  a l l  t i l l e r s   i n  a 
harvested  tussock  categorized.  

V iab le   roo t   t i p s  from the  above  tussocks were 
suspended  immediately upon h a r v e s t i n g   i n  a 5 mM 
CaU2 so lu t ion .   Resp i r a t ion   r a t e s   o f   t hese   roo t  
t i p s  were measured a t  10 C using  an  Orbisphere 
polarographic  electrode (Model 2709) * 

Leaves o f  the  deciduous  shrub B. nana were 
categorized as fo l lows :   l i ve ,  dyrk g r e e n  and 
turg id ;   senescent ,   l igh t   g reen   co lored  and turg id ;  
o r   dead ,  brown o r   d u l l   r e d  and dry.  
Determinations  were made on a minimum of   f i ve  main 
s t e m s   o f   a t  least th ree   s epa ra t e   p l an t  clumps. 

Ectomycorrhizal   root   t ips  from the  above  plant 
clumps  were  harvested and quantified  on a s o i l  
volume b a s i s  as descr ibed by  Antibus  and  Linkins 
(1  978). Root t i p   r e s p i r a t i o n   r a t e s  were measured 
as described  above. 

* 
0 

1 2 3  



Soi l   S tud ie s  

P o t e n t i a l   f o r   c e l l u l o s e   h y d r o l y s i s   i n   o i l e d  and 
c o n t r o l   s o i l s  was measured by the   exoce l lu l a se  and 
endoce l lu lase   assays  as descr ibed by  Linkins e t  
a l .  (1978) .   Poten t ia l   for   o rganic  
phosphomonoester  hydrolysis i n   t h e   s o i l  was 
measured  using  the  phosphomonoesterase enzyme 
assay  with  p-nitrophenylphosphate (PNPP) (Sigma) 
s u b s t r a t e  as descr ibed by  Tabatabi  and Bremner 
( 1  969) and modified  to 0.3M PNPP as descr ibed by 
Herbein  (1981 ). All enzyme assays were conducted 
a t  2OoC wi th   appropr i a t e   con t ro l s  as descr ibed by 
Linldns  and  Neal  (1982) and Herbein  (1981). 

RESULTS AND DISCUSSION 

The e f f e c t  o f  c r u d e   o i l  on the  water  potential .  
o f   r ep reaen ta t ive   p l an t s   i n   t u s sock  tundra is 
shown in   F igu re  1 .  

FIGURE 1 Water p o t e n t i a l  in megapascals   for  E. 
vaRinatum  (E.V.), C. b i   l o w e i i  (C.B.) , RubiB 
chameomorus, B. & and V a c c i n i y  
uliginosum (V.UT) i n   c o n t r o l  0 and 20 h t e r  m 
o i l   s p i l l  0 p l o t s .  Data are given as means with 
s tandard   devia t ion .  
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In  no case was t h e r e   a n y   s i g n i f i c a n t   d i f f e r e n c e   i n  
the  water p o t e n t i a l   o f   a n y   p l a n t s   t e s t e d .  This 
was even   t rue   fo r   p l an t s  which  have the   ma jo r i ty  
o f   t he i r   roo t   b iomass   i n   t he  1-15 cm s o i l  l a y e r  
v i s ib ly   contaminated   wi th   the   o i l  (e.g. B. nana, 
- V. uliRinosum, 2. b ig lowe i i   (H i l l e r  e t  a17 1 9 m .  
There  were not even any water p o t e n t i a l  
d i f f e r e n c e s   f o r  h o w n  ectomycorrhieal   p lants  (2. e) , even  though  Antibus  and  Linkins  (1978) and 
Linkins  and  Antibus  (1978) showed s i g n i f i c a n t  
s t r u c t u r a l  and f u n c t i o n a l   c h a n g e s   i n   o i l  
contaminated  ectomycorrhieal   roots   of   Sal ix  
r o t u n d i f o l i a  at  Barrow,  Alaska. 

The ectomycorrhizal  roots o f  E. e, many o f  
which were found t o   r e s i d e   i n   t h e  1 -  t o  15-cm o i l  
contaminated  soi l   depth,  d i d  show a s i g n i f i c a n t  
r educ t ion   i n   bo th  numbers  and t h e   r e s p i r a t i o n  
rates of  those  remaining  (Table 1 ). These 
responses  were similar to   those   no ted   for  2. 
roAundifolia a t  Barrow fol lowing a 5- o r   1 2 - l i t e r  
m Prudhoe Bay o i l   s p i l l   ( A n t i b u s  and  Linkins 
1978,  Linkins  and  Antibus 1978). 

This reduct ion  in mycorrhizal  root  biomass  and 
a c t i v i t y  seemed to  be  balanced by a r e d u c t i o n   i n  
t h e  number o f   l eaves   pe r  stem (Table 2 ) .  There 
was a t r end   i n   t he   r educ t ion  o f  leaves  per   s tem 
during the season for p l a n t s   i n   o i l e d   s o i l s ,  
a l though it  was not   a lways   s ign i f icant .   This  
concomitant  reduction i n   b o t h   a b s o r p t i v e   r o o t  
su r f ace   and   l ea f   su r f ace  area could  explain  the 
l a c k  o f  observed water s t r e s s  in t hese   p l an t s  
(Figure 1 ) . 

However, t h e r e  are o t h e r   d i f f e r e n c e s   i n   t h e  
leaves  on' t h e  stems o f   o i l e d  and  nonoiled  plants. 
There is a s i g n i f i c a n t   s h i f t   i n   t h e   p r o p o r t i o n   o f  
leaves  which are green,   senescing,  or dead.  For 3 
y e a r s   t h e r e  was a s i g n i f i c a n t   i n c r e a s e   i n   t h e  
proportion  of  Leaves in a senesc ing   o r  dead c l a s s  
fo r   o i l ed   p l an t s   (Tab le   2 ) .   Th i s   sh i f t  was 
independent  of  the time o f  the  growing  season. 
These d a t a   s u g g e s t   t h a t   t h e r e  is a n   e f f e c t   o f   o i l  
on   these   p lan ts  which cont inues   to   cause   no t   on ly  
a n   o v e r a l l   r e d u c t i o n   i n   v i a b l e   r o o t s  and  leaves 
but   a l so   an   acce le ra ted   ag ing  and d e a t h   i n   l e a v e s .  

TABLE 1 E f f e c t l o f  Prudhoe Bay ? r u d e   o i l   ( 2 0   l i t e r s  m-2) on Root Tip Numbera (cm" s o i l )  and Respi ra t ion  
Rates l   (p l  O2 h- g d r y  w t  root-  ) of  the  Mycorrhizal Root Tips  of E. E and on Root  Tip  Respiration (p 1 
O2 h- g d r y  w t  r o o t )  of E. vaginatum in E. vaginatum  tussock  tundra a t  Eagle  Creek,  Alaska. 

" 
B, nana  Mycorrhizal  Root Tip Numbers 

1980 1981 1 982 
17  July 20 Augusta 16 Augusta 21 August 

Control 22*4(2.4): 21 .5(2.6)c 25.6(1.92 25.8(2,22,& Oiled 17.7(2.1) 10.8(2.5) 7-3(0.9) 5.2(1.7) 

Control 
Oiled 

Control 
Oiled 

B. nana  Mycorrhiaal Ropt Tip  Respiration  Ratea 
17.5mda 18.0(1-8b 17.5(1.52 21.0(1.2ba 8.2(0.9) 5*2(0*9)  5 .7(0*9)  6*5(1*3) 

B. nana  Mycorrhiaal Ropt Tip  Respiration  Ratea 
17.5mda 18.0(1-8b 17.5(1.52 21.0(1.2ba 8.2(0.9) 5*2(0*9)  5 .7(0*9)  6*5(1*3) 

22.6(2.1+24.5(0.9) 22,0(5,0)a 
24.5(1 .5la 

22.9(2.1): 
23.2(1.0)'  19.2(3.5)'  25*9(2.9) 

E. va  inatum  Root  TipaRespiration Rates 

Values  given as means with  s tandard  deviat ion i n  parentheses .  N = 6. Values i n  a row or column within a 
sect ion  fol lowed by a d i f f e r e n t   s u p e r s c r i p t   a r e   s i g n i f i c a n t l y   d i f f e r e n t  a t  t h e  0.05 l e v e l .  
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Whether. these  changes  in   the  dynamics  of   roots  and   growth   a l loca t ion   roo t   resp i ra t ion  rates, water 
leaves  are due t o   d i r e c t   t o x i c   e f f e c t s  or a l t e r e d   p o t e n t i a l ,  and roo t   l oca t ion   o f  E. vaginatum may 
edaphic  factors  unfortunately  cannot  be  determined  help in part t o   c l a r i f y   t h i s .  
from  these  data.   Similar  data  on  the  dynamics  of 

TABLE 2 E f f e c t  of  Prudhoe Bay Crude O i l  ( 2 0   l i t e r s  m on the   Propor t ion  of  Live  (Green,  Turgid), 
Senescent  (Light Green Colored,  Turgid)  or Dead (Brown o r  hll Red, dry)  Leaves on  the Stems o f  2. 
i n  E. vaginatum  Tussock  Tundra a t  Eagle Creek, Alaska. 

-2 

1980 
17 July 1 20 Augupt 

Control  Oiled  Control  Oiled 
Live( L) 98 70 47 10 
Sen( S) 2 21 51 40 
Deed ( D) 0 
Tota l   l eaves  15(3)' 

per  stem 

1981 
20 J u l y  

Live(  L) 90 60 
Sen( S) 10 30 
Dead( D) 0 10 
Tota l   l eaves  20(3la W b  

per  stem 

Live(  1) 
Sen( S) ND 
Dead( D)  

2 
14(3)" 

16 August 
52 15 
43 45 
5 

15(3)' 
40 

3(1 )b 

22  August 
35 18 

Data expressed as percen tage   o f   t o t a l   l ea f  number present  on a stem. Total   leaves  per  stem  presented as 
means with  s tandard  deviat ion  in   parentheses .   Values   fol lowed by a d i f f e r e n t   s u p e r s c r i p t   a r e  
s i g n i f i c a n t l y   d i f f e r e n t  at t h e  0.05 l e k .  

' D i s t r i b u t i o n s  o f  l ea f   t ypes  are a l l  s i g n i f i c a n t l y   d i f f e r e n t  a t  0.05 leve l   except  SEN on  August 

Table 2 s h o w   t h a t   t h e   r o o t  t i p  respiration  biomass  looked  normal,   with no 

16,  1981- 

apparent  
rates o f  E. vaginatum are not   a f fec ied   by- the   o i l   acce le ra ted   senescence ,   o r   unusua l  water stress 
i n   t h e   t o p  1-1 5 crn of   so i l ,   p robably   because   the   (F igure  1 ) . 
r o o t   t i p s  exhumed f o r  a l l  experiments  were 18-50 Detrflipa+$on of t h e   t i l l e r i n g   i n d e x  
cm deep  and  not i n   t h e   o i l e d   s o i l   h o r i z o n .  "he ( T i  = -T~-) f o r  E. vaginaturn,  however, shows 
r o o t s  a180 looked  normal, as noted by Johnson e t  t h a t   t h e r e  is a s i g n i f i c a n t   c h a n g e   i n   t h e  
a l .  (1 980) f o r  2. vaginaturn i n   o i l e d   t u n d r a   a t   t h e   t i l l e r i n g   i n d e x  o f  p l a n t s   i n   o i l e d   s o i l   ( T a b l e   3 ) .  
Poker-Caribou  Creek o i l   s p i l l .  Aboveground 

TABLE 3 3. vaginatum  Tillering  Index  (Ti = (G v--) for E,  vaginatum  After a Surface O i l  S p i l l  of 20 
liters m Prudhoe Crude i n  August  1979. 

i. vo 

Yo 
v1 
Vm 
T i  

1981 1 982 
Control  Oiled  Control O i l e d  

7.5: 20.5, 
b 8.9: 32 - 5; 

17.2, 21 *6f 1 8.8e 23.8 
75.3 h 57.9 i 72.3 43.7: 
0.32 0- 73 0. 3Bh 1.29 

V = f i r s t - y e a r  tillers, Yo = new t i l l e r s ,  Vm = mature tillers. Values i n  a row followed  by a d i f f e r e n t  
s u p e r s c r i p t   a r e   s i g n i f i c a n t l y   d i f f e r e n t   a t   t h e  0.05 l e v e l .  

The t i l l e r i n g   i n d e x   i n c r e a s e s  f o r  the  1981 -1 982 t r ea tmen t ,   bu t   su rv iva l   t o  Vm is s i g n i f i c a n t l y  
season8 and i a  a lways   s ign i f i can t ly   g rea t e r   t han   r educed   i n  a l l  p l a n t s   i n   o i l e d   s o i l s .  This 
t h a t   o f   t h e   c o n t r o l   p l a n t s .  The shift i n  growth  response  to o i l  is seemingly  independent o f  a 
a l l o c a t i o n   p a t t e r n s  o f  the p l a n t s   i n  the o i l e d   d i r e c t  water p o t e n t i a l  or r o o t   t i p   a c t i v i t y  
soils i s  toward a predominance i n  Vo t i l lers  and a i n t e r a c t i o n ,  so perhaps i t  is due t o  an o i l -  
l o s s   i n  Vm tillers. The proport ion of  V 1  t i l lers meristem or nonroot   t ip - root   in te rac t ion .  
aeems cons t an t   r ega rd le s s   o f   t he   t ime   o r  

1 
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Regardless, i t  will be  important  to  understand the 
n a t u r e   o f   t h i s   o i l / E ,   v a g i n a t u m   i n t e r a c t i o n  as i t  
may undermine  long-term  restoration o f  o i l -  
contaminated  tussock  tundra  by E. vaginatum. 

S o i l  Enzymes 

The enzyme complex cel lulose  hydrolyzes  
c e l l u l o s e  and similar 14  l inked  polymers  into 
soluble   carbohydrates  which  can  be assimilated by 
soil   microorganisms  (Eriksson  1978,  Linkins e t  a l .  
1978,  Linkins  and Neal 1982,  Reese  1977). Two 
major  functional  groups o f  t h i s  complex are t h e  
endocel lulases .  which  hydrolyze  internal  bonds  in 
the ce l lu lose   cha in ,  and  exocel lulases ,   uhich 
hydrolyze  bonds from the nonreducing end o f  t h e  

cel lulose  chain  (Eriksson  1978,  Reese  1977). 'phis 
l a t t e r   g r o u p  is most d i r ec t ly   a s soc ia t ed   w i th   t he  
production o f  so luble   molecules   for   microbia l  
uptake. 

A r a t io   o f   t he   exoce l lu l a se   t o   endoce l lu l a se  
ac t iv i ty   has   been  shown in   na tu ra l   ecosys t ems   t o  
be   re la ted   to   the   quant i ty   (degree  o f  
l i g n i f i c a t i o n )  o r  a v a i l a b i l i t y  o f  c e l l u l o s e   i n  
p l a n t   l i t t e r   ( L i n k i n s  e t  a l .  1978,  Linkins  and 
Neal 1982,  Linkins e t  a l .  1980, Shaver e t  a l .  
1983,  Sinaabaugh e t  a l .  1981 ) . The h ighe r   t he  
r a t i o  the more c e l l u l o s e  is hydrolyzed f o r  
microbial   uptake and oxidat ion.  Data i n  Table 4 
show t h a t   o i l - c o n t a m i n a t e d   s o i l s   l o s e   t h e i r  
ab i l i t y   t o   suppor t   t he   hydro lys i s  o f  c e l l u l o s e   t o  
products  taken up by  microorganisms. 

TABLE 4 E f f e c t  o f  Prudhoe Crude O i l  ( 20  l i t e r s  m*2) on Cellulase  Activity  in  Oil-Contaminated Oi-Oe 
Horizons  of   Tussock  and  Inter tussock  Soi ls   in  E. vaginatum  Tussock  Tundra a t  Eagle  Creek  Alaska. 

1979 1 980 
Exocellulase  Ehdocellulaae  Ekocellulase  Endocellulase 

Tussock 
Control 1 5 8  
Oiled 1 52a 

In te r tussock  
Control 89'  147: 
Oiled 60a 129 

104; 
35 

15Ia 
1 42a 

100; 163: 
35 1 27 

1 gal 1 982 
Exocellulase  Fndocellulase  Ekocelulase  Ehdocellulase 

Tussock 
Control 1 0oa 162; 
Oiled 2OC 100 

9ea 
1 oa 

1 SOa 
60' 

In te r tussock  
Control 95a 
Oiled 1 gC 

1 4aa 
80' 

100; 165: 
12  43 

Ehdocel lulase  act ivi ty-+s  given as u n i t  h-' g d r y  w t  so i l - ' ;   Exoce l lu l a se   ac t iv i ty  i s  g iven   a s  ug glucose 
equiva len ts   re leased  h g dry  w t  s o i l - ' .  N = 18.  A c t i v i t i e s   g i v e n  as means.  Value i n  an enzyme type 
followed by a d i f f e r e n t   s u p e r s c r i p t   a r e   s i g n i f i c a n t l y   d i f f e r e n t  a t  t h e  0.05 l e v e l .  

The loss i n   c e l l u l a s e   a c t i v i t y  is i n i t i a l l y  in the 
exoce l lu lase  component, bu t   eventua l ly   bo th  
components' a c t i v i t i e s   a r e   r e d u c e d .   I n   a d d i t i o n  
t o   a n   a b s o l u t e   l o s s   i n   c e l l u l a s e   a c t i v i t i e s   t h e r e  
is a r e d u c t i o n   i n   t h e   e f f i c i e n c y  of t h e  enzyme 
complex to   produce  microbial ly   ut i l ized  products .  
The e x o c e l l u l a s e   t o   e n d o c e l l u l a s e   r a t i o   s h i f t s  
from the  0.50-0.62  range i n   c o n t r o l   s o i l s   t o  
0.27-0.16 i n  1982 o i l e d   s o i l   h o r i e o n s .  These 
p a t t e r n s  are similar to   those   seen   for   ce l lu lase  
a c t i v i t i e s   i n   o i l - c o n t a m i n a t e d   s o i l s  a t  Barrow, 
Alaska,  where  cellulose was l o s t  as an  energy 
s o u r c e   i n   o i l e d  soils ( L i n k i n s   e t  a l .  1978). 

Acid phosphomonoesterase is an enzyme that  
hydroloyzes  inorganic  phosphorous  off   organic 
phosphomonoesters. In s o i l s ,   t h e s e  enzymes, l i k e  
most o t h e r   e x t r a c e l l u l a s e   s o i l   h y d r o l a s e s ,   a r e  
phys i ca l ly   adso rbed   t o   so i l   pa r t i c l e s   (Sp ie r  and 
Ross 1978). The e f f e c t  o f  o i l  on ac id  
phosphomonoesterase  act ivi ty   in  the o i l  
contaminated  soi l  Oe-Oi horizons i s  given i n  Table 
5. Unlike  the  exocel lulase  act ivi ty ,   phosphatase 

a c t i v i t y   d i d   n o t  show a s i g n i f i c a n t   r e d u c t i o n   i n  
a c t i v i t y  until the th i rd   s eason ,  1981. This 
reduction  remained  through the following  season. 
Thus, t he   po ten t i a l   fo r   gene ra t ion  o f  inorganic  
phosphorous, if organic  phosphorous was a v a i l a b l e  
t o   t h e  enzyme i n   t h e s e   o i l e d   s o i l s ,  was unaffected 
f o r  2 y e a r s   a f t e r   t h e   o i l   s p i l l .  This maintenance 
o f  ac t iv i ty   cou ld   be   due   t o   t he   t o l e rance   o f   t he  
ex tan t  enzyme o r  product ion   of   the   ex t race l lu la r  
enzyme by o i l   t o l e ran t   o rgan i sms .  The u l t imate  
d e c l i n e   i n   a c t i v i t y  is probably due t o  loss of   t he  
enzyme as a r e s u l t   o f   l o s s  o f  s u i t a b l e   a v a i l a b l e  
subs t r a t e   and /o r  enzyme binding sites i n   t h e   o i l -  
coa ted   so i l  material (Everett  1978,  Linkins e t  a l .  
1978,  Pesek 1981 ). 

The i n f l u e n c e   o f   o i l   i n  a p a r t i c u l a r   s o i l  
horizon (Oe-Oi i n   t h i s   s t u d y )  seems to   p r imar i ly  
be l imited  to   that   hor izon.   Tables  5 and 6 shou 
that s o i l  enzyme a c t i v i t y  in t h e  Oe-Oa s o i l s  
mater ia l   immediately  under   the  vis ibly 
contaminated Oi-Oe horizons was unaffected.  These 
da t a   sugges t   t ha t   t hose   o i l  components, i f  any, 
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t ha t   l each  dorm i n   t h e   s o i l  do not   adversely  effect   cer ta in   enzymatic   aspects   of   decomposi t ion.  

TABLE 5 Effect  of  Prudhoe Bay Crude O i l  ( 2 0   l i t e r s  m-2) on Phosphomonoesterase  Activity i n  the Oe-Oi o r  
Oa Horizon  of  Tussock  and  Intertussock  Soils  in E. vaginatum Dominated Tussock  Tundra a t  Eagle  Creek, 
Alaska. 

1979 1 980 

Oe-Oi Oa 
Tussock 

Control 1 ,72Sa 1,000; Oiled 1 ,650a 1,250 

Control 2 , 000; 950: Oiled 2,115 1,075 

In te r tussock  

Oe-Oi Oa 

1 ,677; 1 300, a 
1,496 1 , 275 

2,21 8a 1 ,200: 
2, 590a 1 350 

1981 1982 

Oe-Oi Oa 
Tussock 

Control 1 ,952; 1 ,250, a 
Oiled 752 1,300 

Control 1,979: 1,179, a 
Oiled 679 1,220 

In te r tussock  

Oe-Oi Oa 

2,101; 1, 275a 
572 1 ,  looa 

2,278: 1 ,020; 
452 2,257 

Phosphatase  activity  expressed as H g  PNP r e l e a s e  h-' g dry  w t  s o i l - ' .   A c t i v i t i e s   g i v e n  as means. N = 
18. Values i n  a s o i l   h o r i s o n  column  followed  by  different  superscript  are s i g n i f i c a n t l y   d i f f e r e n t  a t  the 
0.05 l e v e l .  

TABLE 6 C e l l u l a s e   A c t i v i t i e s   i n   t h e  Oe-Oa 
horizons  Immediately Below t h e  Oe-Oi O i l -  
Contaminated  Horizons. 

Fhocel 

Control  85a 
Oiled  80a 

Control 65' 
Oiled 62' 

1981 1982 

, Endocel Fxocel  Endocel 
Tussock 

3Ga 88" 40: 32a 9za 43 

In te r tussock  
1 oa 62a 12: 
1 2a 6Sa 15 

Data given as means. N = 10.  Values  followed  by 
a d i f f e r e n t   s u p e r s c r i p t  are s i g n i f i c a n t l y  
d i f f e r e n t  a t  the 0.05 l e v e l ,  as descr ibed  in   Table  
4- 

CONCLUSIONS 

Limited  obaervations on t h e  water po ten t i a l   o f  
p l a n t s   i n   o i l e d   s o i l s  suggest t h a t   o i l   i n  the s o i l  
may not   induce   s ign i f icant   water  stress i n   p l a n t s .  
The concomitant  reductions i n  b o t h   l e a f  area and 
a b s o r p t i v e   r o o t   s u r f a c e   a r e a   i n  E. (a p l a n t  
with the   bu lk   o f  its r o o t s   i n   t h e   o i l e d   s o i l  
horison)  undoubtly  played a r o l e   i n   t h e  
maintenance  of   observed  plant   water   potent ia ls  
(Oberbauer and Mil ler   1982) .  The c o n s i s t e n t  
premature  senescing  of  leaves i n  B. nana and 
r educ t ion   i n   mycor rh iza l   roo t   t i p s  T A n t S  and 
Linkins  1978,  Linkins  and  Antibus  1978),  plus  the 
a l t e r e d   t i l l e r i n g   i n d e x   i n  E. vaginatum,  suggest 
t h a t  the p e r s i s t e n c e   o f   c r u d e   o i l   i n   t h e   s o i l  
s i g n i f i c a n t l y   a l t e r s   p l a n t   g r o w t h  and  carbon- 
n u t r i e n t   a l l o c a t i o n   p a t t e r n s .  These  changes  which 

were  observed f o r  3 y e a r s   a f t e r  a 20 l i t e r  m -2 

crude o i l   s p i l l ,   p r o v i d e   u s e f u l   a d d i t i o n a l  
information i n  planning  cleanup  and 
revegetation/restoration e f f o r t s   i n   t u s s o c k  
tundra. Johnson (1 981 ) and  Linkins e t  a l .  (1 983) 
sugges t   tha t   an   impor tan t   op t ion   for   cons idera t ion  
i n  planning  cleanup  and revegetation/restoration 
ef for t s   should   be  no ac t ion   (pas s ive ) .  However, 
t he   p l an t   r e sponse   da t a   i n   t h i s   pape r  show tha t  
even a f t e r  3 years  the p resence   o f   o i l  s t i l l  
a l ters  growth   and   nu t r ien t   a l loca t ion   pa t te rns  
such  that   successful   regrowth and r e s t o r a t i o n  may 
no t   occu r ,   o r  a t  least   be   very  s low.   Perhaps a 
passive  approach  should  occur  only on small or 
c o n t a i n e d   s p i l l s  where acceptable   revegetat ion  can 
occur by invas ion  from adjacent  tundra by p l a n t s  
with some p o r p o r t i o n   o f   t h e i r   r o o t   s y s t e m   i n  
uncontaminated  tundra. 

Data on s o i l   p r o c e s s e s   i n   t h i s   p a p e r  show t h a t  
the e f f e c t   o f   o i l  is l i m i t e d   t o   a r e a s   v i s i b l y  
contaminated  by  the  oil .  The o r g a n i c   s o i l s  
immediately  adjacent t o  or below the  contaminated 
a rea   a r e   una f fec t ed .  McGraw and  Shaver  (1  982) and 
Shaver e t  a l .  (1983)  have shown tha t   t he   o rgan ic  
mat i s  an impor tan t   na tura l  seed source for 
seedl ing  es tabl ishment  o f  many tussock  tundra 
p l a n t s .   T h e r e f o r e ,   i n   o i l   s p i l l s  with l imi ted  
v e r t i c a l  movement where some uncontaminated 
organic  material   remains,   removal o f  on ly   t he  
contaminated  soi l  may leave   o rganic   mater ia l  with 
normal n u t r i e n t   c y c l i n g  and decomposition 
p o t e n t i a l  (enzyme a c t i v i t y )  and a v i a b l e   n a t i v e  
seed source. This may promote t h e  most acceptable  
long- te rm  cos t -e f fec t ive   res tora t ion  o f  the s i te .  
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CALCULATION OF FROST-HEAVING FORCES I N  SEASONALLY FROZEN SUBSOILS 

Liu  Hongxu 

Hei long j i ang   P rov inc ia l  Low-Temperature Cons t ruc t ion   Resea rch   In s t i t u t e  
People 's   Republ ic  of China 

The mechanica l   p roper t ies  of f r o z e n   s o i l   d i f f e r   c o n s i d e r a b l y   f r o m   t h o s e  o f  un- 
f r o z e n   s o i l .  The au thor   p roposes   tha t   the  s o i l  beneath  foundat ions on s e a s o n a l l y  
f rozen  ground be cons idered   as  a double   l ayer ,  composed of a l a y e r  of f rozen  soil 
and a l a y e r  of unfrozen soil. Based on t h e   l i n e a r   e l a s t i c   t h e o r y ,   t h e   a u t h o r  
proposes a method for c a l c u l a t i n g  stress d i s t r i b u t i o n  a t  t h e   f r e e z e l t h a w   i n t e r -  
f a c e  in so i l s   unde r   founda t ions .   Ana lyz ing   t he   cha rac t e r i s t i c s  of stress d i s t r i -  
bu t ion  during t h e   f r o s t   p r o c e s s  i n  a double- layer   subsoi l ,  the author   has  pre- 
sented a method fo r   e s t ima t ing   t he   no rma l  and ha r i zon ta l   f ro s t -heav ing   fo rces  i n  
f r o s t - s u s c e p t i b i l e   s u b s o i l s .   A c c o r d i n g   t o   f i e l d  test r e s u l t s ,  a nomograph f o r  
determining  normal and hor izonta l   f ros t -heaving   forces  i n  var ious   f ros t - sus-  
c e p t i b l e   s o i l s  i s  a l so   p re sen ted .  To demonstrate the a p p l i c a t i o n  of double-layer 
calculat ions  to   foundat ion  design.   several   examples   for   examining  foundat ion 

" 

s t a b i l i t y  are given. 

Ordinary   foundat ion  s o i l  is o f  one 
layer i n   s e a e o n a l  frozen soil districts.  + 

With  the  f reeein.g  and  sxpaasion 09 t h e  
founda t ion  soil, its etre88 s t a t e   g r a d u a l l y  
and f i n a l l y   c h a n g e s   t o  that  of t h e  two- 
Layer s o i l .  When thawing,   takes   place i n  
the spring, the mechanical properties 
t h e  tnawing soil are much l e s s  than those  
of  f r o z e n   s o i l ,   t h u s   f o r m i n g  a t h r e e - l a y e r  
foundat ion  s o i l ,  This pape r   ana lyzes   t he  
force imposed  on  building  foutldations 
du r ing   t he   p rocess   o f   f ro s t   heav ing  by 
f ros t -heaving  s o i l  u s i n g   t h e   c a l c u l a t i o n  
r e s u l t   o f   t h e  two-layer s o i l ,  

Based   on   t he   r e l a t ion   cu rve   o f  
normal   f rost-heaving  with  respect  t o  
f r e e z i n g   d e p t h s   a c t u a l l y ~   m e a s u r e d  at t h e  
f rozen  soil o b s e r v a t i o n   s t a t i o n ,  by u s i n g  
a f i n i t e   e l e m e n t  method  under a p r i n c i p l e  
o f   n o n - l i n e a r i t y  during a c e r t a i n  load 
h i s t o r y ,  we can obtain  the   f rost-heaving.  
stress d i s t r i b u t i o n  i n  d i f f e r e n t   d e p t h s  O f  
t h e   f o u n d a t i o n   s o i l .  

small, n u m e r i c a l   c a l c u l a t i o n   s h o u l d  be 
done by t h e   f i n i t e   e l e m e n t  method  based on 
t h e   l i n e a r i t y   c o n c e p t ,   S i m i l a r l y ,   t h e  
shea r ing   f ros t -heav ing  force can. wlsa be 
deve loped   by   u s ing   t he   ca l cu la t ion  o f  
f ros t -heaving  f o r  a two-layer soil. 

force  imposed on two-layer  Coundation s o i l ,  
t h e   b e a r i n g  capacity of t h e  frozen s o i l  
can a lsa  be calculated.  

The s t r e n g t h  o f  a f r o s t - h e a v i n g   s o i l .  
u s u a l l y  becomes lower when i t  i s  thawing. 
By us ing  an a n a l y s i s   o f   t h e  stress for a 
th ree- layer   foundat ion  soil, t h e   s t a b i l i t y  
o f  a foundat ion.   dur ing  thawing  process  can 
be  checked. 

When t h e   s t r e s s  i s  comparat ively 

Using t h e   a o n - l i n e a r  analyses o f  t h e  

CALCULATION OF NORMAL 
FROST-KEAVINE FORCE 

B e f o r e   f r e e a d a g ,   t h e   d i s t r i b u t i o n  Of 
a d d i t i o n e l  stress induced by l o a d i n g  i s  
un i fo rm  ( in  a s i n g l e   l a y e r )  in t h e  Eolnda- 
t i o n  s o i l .  When f r e e z i n g   d e v e l o p s  t o  a 
depth under the base o.f t he   founda t ion ,  
t he   founda t ion  soil. will *urn into two 
l a y e r s   b e c a u s e  o f  the dt f f8rene  ae mecha- 
nical p r o p e r t i e s  between the  frozen. soil 
and the  un-frozen soil. If t he   founda t ion  
s o i l  is  not   expans iue  i n  f r eez ing ,  distri- 
bution.  of. s t r e s s  .in t h e  soil abm rewin* 
uni form,   a l though  the   foundat ion  soil has 
turned i n t o  two l a y e r s .  But i f   t h e  foun- 
d a t i o n  s o i l  i s  O F  f ros t -heaving  s o i l ,  
t h e n   t h e   s t r e s s  in it. will undergo a 
s e r i e s  o f  changes or r e d i s t r i b u t i o n s  a8 
f ros t -heaving  €orce o txure   and  increases 
cont inuous ly .  If the additional stress I s &  
at t h e   i n t e r s e c t i a g  point of f r e e z i n g  
in t e r f . ace ,   dep th  of which is b counted 
from t h e  fo ,uadat ion base,  and the  symme- 
t r i c  axis ( z -wie )  o f  the   founda t ion  h a m  
i s  n,  cons lde r ing   t he   founda t ion  s o i l  as 
two l a y e r s ,  and t h e   h e a v i n g   s t r e s s  on t h e  
i n t e r f a c e  6t is  m, t h e   a d d i t i o n a l  load  3 
on the   founda t ion  will be equal  t o  t h e  
s t r e s s   i n   t h e   t w o - l a y e r   f o u n d a t i o n  soil, 
when m c n ,  wh i l e   t he   r ema in ing  part  ( , l - % ) ,  
is equal  t o  t h e  stress i n   t h e  unchanged 
one- layer   foundat ion  s o i l .  When m = n, t h e  
s t r e s s  s t a t e  of   the   foundat , ion  soil becomes 
tha t   o f   two- l aye r   so i l   comple t e ly .  $E the 
s o i l  expands  only a l i t t l e  d u r i n g   f r e e z i n g ,  
i t s  s t r e s s  s ta te  may n o t   a t t a i n .   t h a t  o f  
the   two- layer  soil at all, 

Load's o n   b u i l d i n g 6   w i t h   t h e i r   f o u n d k  
t i o n s   b u r i e d   w i t h i n   t h e  range o f   f r e e z i n g  
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a re   compara t ive ly  small. The s t r e s s   i n   t h e  
s o i l ,  as a homogeneous  body l i n e a r l y  de- 
formed, is u s u a l l y   c a l c u l a t e d  by u s i n g   t h e  
e l a s t i c   t h e o r y .   A f t e r   t h e   s o i l  is frozen., 
i ts  mechanica l   p roper t ies  will be g r e a t l y  
improved. It is reasonab le  t o  a n a l y z e   t h e  
stress i n  f o u n d a t i o n   s o i l  as a l i n e a r l y  
deformed body i n  a two- layer   semi- inf in i te  
space . 

Deformation  modulus  of  the  frozen s o i l  
is a l o s e l y   r e l a t e d   t o   t e m p e r a t u r e .   I n  win- 
t e r ,   d i s t r i b u t i o n   o f   t e m p e r a t u r e  i n  t h e  
seasonal   f rozen  Layer along i t s  depth c a n  
be taken  as l i n e a r ,  when the   t h i ckness  o f  
t he   f rozen   l aye r   does   no t   exceed  3/4 o f  t h e  
maximum f rozen   depth ,  1.e.. when the  temper- 
a t u r e   i n c r e a s e s   a g a i n .   Q c c o r d i n g  t o  a c t u a l  
measurements in   Northeast   China,   where  the 
f rozen   depth  i s  about  2rn ( a b o u t   i n   t h e   r e -  
g ion  of 460 E, 120' E) , t h e  mean vertical 
temperature  d r o p  i n   t h e   s o i l  i s  0. l o  c/cm. 
Temperature at var ious   po in ts   under   the  
ground  surface  could be c a l c u l a t e d  by t h e  
following  formula: 

t = f (Z)  z -O.l(h-Z) ( 1 )  

where h i s  t h i c k n e s s  o f  t h e   f r o z e n  layer 
counted  from  the base o f  the   foundat ion ,  
i n  em; and z i s  the v e r t i c a l   c o o r d i k a t e  of: 
a c e r t a i n   p o i n t   i n   t h e   f r o z e n   l a y e r   u n d e r  
the   base   o f  t h e  foundat ion .   The   re la t ion .  
between the  deformation  modulus o f  t he  
f r o z e n   s o i l  and t h e  soil temperature is 

E, = f ( t )  = Eo + Ktd= 100 + 430t0*865 ( 2 )  

Where E is the  deformation  modulus o f  f ro -  
zen s o i f  at 0 0  C. 
S u b s t i t u t i n g   e q l   i n t o  eq2, we have 

Figure  1 shows a schemat ic  diagram f o r  
t h e   c a l c u l a t i o n  o f  two-layer   foundat ion 
so i l . .  Fox foundat ions  i n  the  form o f  eir- 
cuular d i s c  with   d iameter   o f  50 am, ca lcu-  
La t ion  i s  made by computer.  with  parameters 
somewhat d i f f e r e n t  from those i n  F igure  1 ,  
b e f o r e   f r e e z i n g  and a t  d i f f e r e n t .   f r o z e n  
d e p t h   r e s p e c t i v e l y .   R e s u l t s  a r e  l i s t e d  i n  
Table  1 .  When h i s  25 cm, t h e   s t r e s s  c0e.f- 
f i c i e n t  Grxat t h e   p o i n t  w reduces  from the 
o r i g i n a l   v a l u e ,   b e f o r e   f r e e z i n g  0.66.59 t o  
0.3313, i . e .  50% lowered. When h reaches 
50 Em, GZX reduces   f rom  the   va lue   before  
f reezing  0 .2835,  t o  0.770, i . e .  73% low- 
e red .  It is ev iden t  t h a t  w i th in  the  range 
of  bearing,  layer  stress  after  freezing is 
much lower than before freezing, in- 
d i c a t i n g  that du r ing   t he   p rocess  o f  f reez-  
ing  and  subsequent   expansion,  stress a t t e n -  
ua t e s   con t inuous ly ,  and t h e   s m a l l e r   t h e  
foundat ion  disc and   t h i cke r   t he   f rozen  
Laye r ,   t he  larger the attenuation. When h 
i E  25 cm,. t h e  stress r e d u c e s   t o  50%. I f  
pa r t  o f  t h e  founda t ion   so i l   expands  non- 
un i fo rmly   du r ing   f r eez ing  and s t i f f n e s s   o f  
t h e  whole  bui lding i s  comparatively  good, 
t h e n   i n t e r n . a l   s t r e s s   i n   t h e   b u i l d i n g  will 

FIGURE 1 Schematic diagram showing calcu- 
lation  for  two-layer foundation soil. 

TABLE 1 Stress e o e f f i c i e a t  on i n t e r f a c e  
between two Layers   and  that  o f  one l a y e r .  

Thickness  Foundation i n  form o f   c i r c u l a r  
of   f rozen  

Bomogeneous I F r o z e n   I n t e r f a c e   l a v e r (  cm) 
Disc, (50  cm diw. ) 

. . . r  I s i n g i e   L a y e r  I between TWO Layers 

25 
50 
75 
100 
125 
150 

' 0.6659 
0.2835 
0.1380 
0.0799 
0.0336 
0 0349 

0.3313 
0,0770 
0.0299 

I 0.0116 
0.0061 
0 , 0033 

- I I 

r e d i s t r i b u t e  as f ros t   heav ing   occu r s .  The 
s o i l  nea r   t he   founda t ion  will u n l o a d   t o  
the   foundat ion .  A t  t h a t   t i m e ,  i f  t h e  load 
i n c r e a s e s  twice t h e   c o m p r e s s i o n   s t r e s s  i n  
t h e   i n t e r f a c e  is j u s t   e q u a l   t o   t h a t   b e f o r e  
freezin . A t  t h i s  moment, o rd ina ry   bu i ld -  
i n g s  w i 6  l o w e r   s t i f f n e s s  and s t r e n g t h  will 
c r a c k   e s s e n t i a l l y .  When h i s  50 cm, t h e  
compress ion   s t r e s s  on t h e   i n t e r f a c e  w.ill 
be equal  t o  t ha t   o f   one - l aye r   founda t ion  
soil be f o r e  freezing, only when load on 
t h e   f o u n d a t i o n   i n c r e a s e s  4 t imes   approxi -  
ma te ly .   The re fo re ,   i n   t he  process of  f r o s t  
heaving,  no  compression will a p p l y   t o   t h e  
unde r ly ing   un f rozen   so i l .  

Measurement  of  foundation  models 10- 
ca ted  on ground  surface  and at  d i f f e r e n t  
depths   under   ground  surface  has   been  per-  
formed f o r  many y e a r s  at  the   Yanj iagang 
O b e r v a t i o n   S t a t i o n   i n   H a r b i n   ( f r o s t   h e a -  
ving s o i l  o f  type  I v ) ,  and at  the  Longfeng 
Observa t ion   S ta t ion   in   Daqing   ( f rozen  
h e a v i n g   s o i l   o f   t y p e  III and  type  11). 
Anchored load  cell was used i n  the  measure- 
ment. S t r e s s   d i s t r i b u t i o n  on the   f rozen  
i n t e r f a c e  was obtained, using  the  measured 
f r o s t   h e a v i n g   f o r c e  at  d i f f e ren t   f rozen .  
dep ths  by foundat ion mod6ls  o f   d i f f e r e n t  
shapes  and  s izes .   The maximum value  on t h e  
symmetr ica l   po in ts  will be t h e   f r o s t   h e a v e  
fo rce  on t h e  f r o z e n   i n t e r f a c e  at  t h e  g iven  
dep th .  

m o s t   h e a v i n g   s t r e s s  i s  t h e  upward 
expandin?;   force  per   uni t  area whi le  f r o s t -  
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FIGURE 2 Relation curve between diameter 
of circular foundation D and stress coeffi- 
cient m Z x .  
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FIGURE 4 Relation curve between width of 
strip foundation B and  stress  coefficient 
U Z X .  

150 
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FIGURE 3 Relation curve between length of 
square foundation A and  stress  coefficient 
02x. 

h e a v i n g   o c c u r 8  a t  v a r i o u g   d e p t h s .  It is t h e  
i n h e r e n t   m e c h a n i c a l   p r o p e r t y   o f  the f r o s t  
h e a v i n g   f o u n d a t i o n  s o i l ,  i n d e p e n d e n t  of  
t h e   f o u n d a t i o n  i t s e l f .  I n   f i n d i n g  the frost 
heav ing  stress, when t h e   c o n t a c t   p r e s s u r e  
on t h e  b a s e   o f   t h e   f o u n d a t i o n  i s  v e r y  
g r e a t ,   t h e   p l a s t i c - v i s c o u s   p r o p e r t y   o f  
f r o z e n  s o i l  under  h i g h e r  stress s h o u l d  be 
c o n s i d e r e d  based on the   concep t   - t ha t   non-  
linearity e x i s t s   d u r i n g  a c e r t a i n   l o a d  
h i s t o r y .  If. t h e  c o n t a c t   p r e s s u r e  is  t o o  
g r e a t ,   t h e   f r o s t   h e a v i n g   f o r c e   s h o u l d  be 
r e v i s e d   b y  stress r e l a x a t i o n .  When t h e  
stress i s  c o m p a r a t i v e l y  small, numer i ca l  
c a l c u l a t i o n   s h o u l d  be done by t h e   f i n i t e  
e1emen.t method based o n   t h e   l i n e a r i t y  
concep t .  

F i g u r e s  2 ,  3,  and 4 show t h e   c a l c u l a -  
t e d  stress c o e f f i c i e n t  6 z x  on t h e   f r o z e n  
i n t e r f a c e  between two layers for circular, 
squa re   and  s t r i p  f o u n d a t i o n s ,   u s i n g  the 
p a r a m e t e r s  shown i n  F i g u r e  1 .  R e l a t i o n  o f  
t h e  f r o s t   h e a v e   s t r e s s v e r s u s   f r o z e n   d e p t h  
c u r v e ,  based on   expe r imen ta l  data, a n d   t h e  
mean f r o s t   h e a v i n g   f a t e  7 f o r  d i f f e n e n t  
f r o z e n   d e p t h s  i s  shown i n  F i g u r e  5. 

The mean f r o s t  h e a v i n g  ra te  is de- 
f i n e d  as t h e  ra t io  o f  t h e  amoun t   o f   f ro s t  
h e a v e   t o   t h e   t h i c k n e s s  o f  f r o z e n   l a y e r .  In 
t h e   c a l c u l a t i o n  of. f r o s t   h e a v e   f o r c e ,   t h e  
e x t e r n a l   l o a d   i m p o s e d   o n   t h e   f o u n d a t i o n  
s h o u l d  be used  a6 t h e   a c t u a l   l o a d   d u r i n g  
t h e  long  winter p e r i o d  i n  w h i c h   f r o s t  
heave   deve lops .   L ive   l oads ,   wh ich  do n o t  
a lways  e x i s t ,  must not be i n c l u d e d   i n   t h e  
c a l c u l a t i o n .  For example ,   du r ing   t he  
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I I I n  

FIGURE 5 Relation curve between mean f r o s t  
heaving rate r( and frost heaving stress ut 
in s o i l .  

season  o f  acu te  frost heav ing ,   t he re  would  
be no snow l o a d  or only  a t h i n   l a y e r   o f  
snow o n   t h e   r o o f ;   t h e   l i v e   l o a d   o n   t h e  
f l o o r   o f  a school   c lass room  dur ing   win ter  
vaca t ion  i s  p r a c t i c a l l y   z e r o  ; though  there  
a r e   a c t i v i t i e s  i n  meet ing rooms and  c lubs 
u s u a l l y ,   t h e r e  will be no l i v e   l o a d   i n   t h e  
spare   t ime.   Under   these  condi t ions,  i t  i s  
unsafe  i f   t h e s e   b u i l d i n g s   a r e   c o n s i d e r e d  
t o  have f u l l   l o a d s   i n   t h e   c a l c u l a t i o n  f o r  
ba lanc ing   the  f r o s t  heaving   force .  

dent   foundat ion o f  100 cm x 100 cm, bu r i ed  
depth  of  foundat ion  l O O c m ,  a d d i t i o n a l  
l oad   (pe rmanen t   l oad   i n   w in te r )  on t h e  
foundat ion  p = 2.0 kg/cm2 , t he   founda t ion  
s o i l  i s  of: type  IV f r o s t   h e a v i n g   s o i l  , 
f r o s t   h e a v e   r a t e  ;r = 10%. Maximum frozen 
depth  200 cm. T a n g e n t i a l   f r o s t   h e a v e   f o r c e  
on. t h e   l a t e r a l  wall o f   t he   founda t ion   has  
been  removed. 

t h e   t h i c h e s a  o f  t he   f rozen   l aye r   unde r  
the   foundat ion  h is 50 cm. From Figure  3,  
t h e   v e r t i c a l  downward a d d i t i o n a l   s t r e s s  Gz 
is 0.255 X 2 = 0.53 kg/cm2. From Figure  5, 
when h = 150 cm, t h e  upward f r o s t   h e a v i n g  

Example 1 .  Consider  a square  indepen-  

When the   f rozen   dep th   r eaches  150 cm, 

s t r e s s  o f  s o i l  G- is 0.16 kg/cmz (wh i l e  
f i n d i n g   t h e   f r o s t   h e a v i n g   s t r e s s   i n   s o i l ,  
the   weight  o f  t h e   f o u n d a t i o n   i t s e l f   h a s  
been  con.aidered already). Because GZ 1 6 r  I 
the   foundat ion  i s  s t a b l e .  A t  a f rozen  
depth  o f  200cm, 6r i s  0.06 kg/cm , 6t is 
0.05 kg/cm, Gz i s  st i l l  l a r g e r   t h a n  Gt , 
t he   founda t ion  i s  s a f e .  

CALCULATION OF TANGENTIAL 
FROST HEAVING FORCE 

For p i l e  o r  column foundat ions  and 
t h e   l i k e ,   b e f o r e   f r e e z i n g  o f  t he   founda t ion  
s o i l ,  t he  load  (not f o r   s u p p o r t i n g   p i l e s )  
is balanced  mainly by f r i c t i o n  and stress- 
i n d u c e d   d i s t r i b u t i o n s  i n  one  layer .  As 
s o i l   f r e e z e s , ,   f r o z e n   s t r e n g t h  i s  produced 
by t h e   f r e e z i n g   o f  s o i l  on the Lateral aur- 
face  o f  t he   founda t ion .   I f   t he   founda t ion  
s o i l  i s  n o t   o f   f r o s t   h e a v i n g  s o i l ,  distri- 
but ion  o f  stress a t  d i f f e r e n t   l o c a t i o n s  
a r t e r   f r e e z i n g   r e m a i n s   t h e  same as i n  one- 
l a y e r   s o i l ,   d e s p i t e   t h e   f o u n d a t i o n   s o i l  
becomes two-layer s o i l  f o r   t h e  frost 
h e a v i n g   s o i l ,  with t he   f r eez ing   and  
expansion o f  s o i l ,  i n t e r n a l   f o r c e   u n d e r g o e s  
r e d i s t r i b u t i o n ,   i . e .   f r e e z i n g   f o r c e   g r a -  
d u a l l y   r e p l a c e s   f r i c t i o n . .  As r e s u l t  o.f 
r e d i s t r i b u t i o n ,   t h e  component of. s t r e s s   i n  
the  two-layer  foundation s o i l  g radua l ly  
and  f i n a l l y   r e p l a c e s   t h a t   o f   t h e   s i n g l a  
layer s o i l  at all. Therefore ,  t h e  ca l cu la -  
t i o n  method o f  two-Layer  foundakion can be 
a p p l i e d   t o   t a n g e n t i a l  frost heave also.  

A t  present . ,  i t  is more convenient  and 
p r a c t i c a l   t o  use a v e r a g e   t a n g e n t i a l  Emst 
heave force p e r   u n i t   a r e a  along t he   f rozen  
depth i n  ca l cu la t ion .  f o r  engineer ing  pur-  
pose. The r e l a t i o n  between  average  tangen- 
tial frost heave   fo rce   pe r   un i t  area and 
the f ros t   heave  rate, accord ing  t o  t h e  
r e s u l t  o f  measurement at  two Frozen s o i l  
S t a t i o n s ,  i s  shown by t h e   d o t t e d   l i n e   i n  
F igu re  5. In c a l c u l a t i o n ,  if t h e   a c t u a l  
f r o s t   h e a v e   r a t e  of;. t h e  l o c a l  foundat ion  
s o i l  is g iven ,  i t s  corresponding  tangen-  
tial f ros t   heave  force p e r   u n i t   a r e a  will 
he  obtained.  MultiipLy t h i s  fo rce  by the  
l a t e r a l   s u r f a c e  area o f  t h e   f o u n d a t i o n   i n  
f rozen  s o i l  layer, and t h e  product i s  t h e  
t a n g e n t i a l   f r o s t   h e a v e   f o r c e .  

square   foundat ion  o f  100 cm x 100 cm, 
buried depth  of  the foundat ion  i s  100 cm, 
a d d i t i o n a l  load on the   founda t ion  p = 2.0 
kg/cm2 , t he   founda t ion  s o i l  is o f  type  IV 
f ros t   heav ing  s o i l ,  f r o s t   h e a v e   r a t e  r =  1096, maximum frozeu depth is 200 cm, 
measures a r e  taken t o  e l imina te  normal 
frost. heave  force  on  the  base o f  founda- 
t i o n  and ma in ta in   t he   bea r ing   fo rce .  

When t h e  froxen dep th   r eaches   t he  
base  of the founda t ion ,   t he   f ros t   heave  
fo rce  o f  s o i l  6t at t h i s   d e p t h  is 0,335 
kg/cm2, l a t e r a l  surface a r e a  i s  40,0000 cm2 
mean he igh t  o f  l a t e r a l   s u r f a c e  from t h e  
f rozen   su r f ace  is 50 Cm. From Table  2 the 
s t r e s s   c o e f f i c i e n t  f o r  a square   foundat ion  

Example 2 :  Consider an independent  
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with   s ide   Length  100 cm and f rozen   depth  
50 cm is  0.27. Take t h e   f o r c e   a c t i n g  on 
t h e   l a t e r a l   s u r f a c e  as t h a t   a c t i n g  on t h e  
l a t e r a l   s i d e   o f   t h e   c r o s s - s e c t i o n  at t h e  
mean h e i g h t ,   t h e   f o r c e  on such  assumed 
a rea  i s  0.335 / 0.270 X 10.000 kg = 12407kg 
f o r c e   p e r   l a t e r a l   u n i t  area is 
12,407 / 40,000 = 0.310 kg/cm2. 

t h e   f r o s t   h e a v e   f o r c e   o f   s o i l  6t = 0.16 
kg/cm2, the   d i s t ance   be tween   t he   l a t e ra l  
s u r f a c e  and the  frozen  surfiace i s  100< cm, 
s t r e s s   c o e f f i c i e n t & x =  0.03, t h e  maximum 
tangen t i a l   f ro s t   heave   fo rce   deve loped  at. 
t h i s  moment i s  0.16 / 0.03 X 10 .OOO kg = 
53,333 kg.  According  to  actual  measured 
da ta  o f  foundation  model,  i t  can be appro- 
ximate ly   t aken  as t h e  maximum uni t   tangen-  
tial f ros t   heave   force   a6  shown by do t t ed  
l i n e   i n   F i g u r e  5, o r   t h e   f r o z e n   s t r e n g t h  
between s o i l  and  Lateral   surface  of   foun-  
da t ion .  When f r o s t   h e a v i n g   r a t e  i s  10%; 
t h e  maximum tangen t i a l   f ro s t   heave   fo rce  
i s  1.13 kg/cm2,  Because o f   r e s t r i c t i o n  by 
t h e  maximum u n i t   t a n g e n t i a l   f r o s t   h e a v e  
f o r c e ,   t h e   a c t u a l   v a l u e  is only  
1.13 X 40,000 = 45,200  kg,   while   the 
remain ing   force   induces   shear   d i sp lacement  
between t h e  A i l  and l a t e l r a l   s i d e   o f   t h e  
foundat ion .   Because   the   ex is t ing   load  is 
only  20,000 kg   and   t he   t angen t i a l   f ro s t  
heave  force  could  not  be b a l a n c e d ,   t h i s  
foundat ion would be r a i s e d  by f r o s t  
heaving and  l o s e  i t s  s t a b i l i t y .  

According t o   t h e   r o u g h n e s s  shown by 
t h e   d o t t e d   l i n e   i n   F i g u r e  5, t h e   l a t e r a l  
su r f ace   o f   t he   founda t ion  i s  an ordinary  
plane.   For   especial ly   smooth o r  e s p e c i a l l y  
rough  ones, i t  should  be  mult ipl ied by a 
m o d i f i e d   c o e f f i c i e n t   e i t h e r   s m a l l e r   t h a n  1 
o r  l a r g e r   t h a n  1 .  

When the   f rozen   dep th   r eaches  150 cm, 

CALCULATWN OF COUPLED ACTION OF NORMAL 
AND TANGENTIAL FROST-HEAVE FORCES 

When the  normal  frost   heave  f .orce  and 
t h e   t a n g e n t i a l   f r o s t   h e a v e   f o r c e   a c t  
s i m u l t a n e o u s l y ,   t h e   r e s u l t i n g  force is n o t  
a s imple   supe rpos i t i on  o f  such two i n d i -  
v idua l  forces. When the   f rozen   dep th  i s  h ,  
e i t h e r   t h e   t a n g e n t i a l   f r o s t   h e a v e   f o r c e  
s u s t a i n e d  by t h e   l a t e r a l   s u r f a c e   o f   t h e  
foundat ion  or   the  normal   f rost   heave  force 
sus t a ined  by the   base   o f   the   foundat ion  i s  
induced by the   f ros t -heaving  stress  a c t i n g  
on t h e   f r o z e n   i n t e r f a c e .  

Example 3:  Consider a s t r i p   f o u n d a t i o n  
o f  width b=100 cm, busied  depth  of  founda- 
t i o n  is 50 cm, a d d i t i o n a l  load p2.0 kg/cm: 
t h e   f o u n d a t i o n   s o i l  is of   type TI! f r o s t  
heaving s o i l ,  f r o s t   h e a v e   r a t e  i s  lo%, 
maximum frozen  depth is 200 cm. 

depth   o f   the   f rozen   layer   under   the   base  
of   the  foundat ion i s  50 cm, the   d i s t ance  
between t h e   c e n t r e  o f  t h e   l a t e r a l   s u r f a c e  
of  t he   founda t ion  and t h e   f r o z e n   i n t e r f a c e  
is  75 cm. A t  the   depth   o f  100 cm, t h e   f r o s t  
h e a v i n g   s t r e s s   o f  s o i l  6-t is  0.335 kg/cm2. 

When f rozen   depth   reaches  100 cm, t h e  

From Figure 5, t h e   u n i t   t a n g e n t i a l   f r o s t  
heave  force i s  1 13 kg/c&and  the  t o t a l  
t a n g e n t i a l   f r o s t   h e a v e   f o r c e  is 50 x 100 
X2,y l .  13 kg = 11,300 kg. From Figure  4 ,  
t h e   s t r e s s   c o e f f i c i e n t  for t h e  c ross -  
s e c t i o n  at t h e   c e n t r e  o f  t h e   l a t e r a l   s u r -  
f a c e  o f  t h e   f o u n d a t i o n   t o   t h e   f r o z e n  
i n t e r f a c e  is 0.255 kg/cm2, t h e   s t r e s s  on 
the   c ros s - sec t ioh  Xs l , l 3  kgrcm2d the  fmost  
heave 
stress o f   s o i l  consumed i n   t h e   g e n e r a t i o n  
of 11,300 kg o f   t a n g e n t i a l   f r o s t   h e a v e  
f a r c e  is 0.255 >: 1.13 = 0.288  kg/cm2, t h e  
r e m a i n i n g   f r o s t   h e a v e   s t r e s e  o f  s o i l  on 
t h e   f r o z e n   i n t e r f a c e  is 0,335 - 0.288 = 
0.047 kg/cm2. From Figure  4 ,  t h e   s t r e s s  
c t w f f i c i e n t   f o r  a f r o z e n   l a y e r  of 50 cm 
th i ckness  i s  0 -45. A t  t h e  same t i m e ,   t h e  
ex i s t ing   no rma l   f ro s t   heave   fo rce  i s  
0.047 / 0.45 = 0.1044 kg/cm2, and t h e  
r e su l t an t   no rma l   f ro s t   heave   fo rce  i s  1044 
kg. The t o t a l .  s u s t a i n e d  f r o s t   h e a v e   f o r c e  
i s  11,300 t 1044 = 12,344 kg, smal le r   than  
ex te rna l   l oad  20,000. So i t  i s  s a f e .  If 
the   f rozen   dep th   i nc reases  t o  150 cm, t h e  
dis tance  f rom  the  Centre  o f  t h e   L a t e r a l  
su r f ace  o f  the  foun.dation t o  t he   f rozen  
i n t e r f a c e  .is 125 cm, i t s  s t r e s s   c o e f f i c i e n t ,  
i s  0.085. When t h e   d i s t a n c e  from t h e  bot-  
tom o f   t h e   f o u n d a t i o n   t o   t h e   f r o z e n   i n t e r -  
face  i s  100 e", i ts  stress c o e f f i c i e n t  i s  
0.135, t h e   f r o s t   h e a v e   s t r e s s   o f  s o i l  at 
the   .depth  is 0.16 kg/cmZ. The f r o s t   h e a v e  
s t r e s s  consumed i n  the   genera t ion   of   t an-  
g e n t i a l   f r o s t   h e a v e  force i s  0.085 X 1.13 
= 0.096 kg/cmz, the  normal  fro&  heave 
force   genera ted  € r a m  t he   r ema in ing   f ros t  
heave s t r e s s  i s  0.064 / 0.135 = 0.474 kg/cm: 
and t h e   r e g u l t a n t   f o r c e  i s  0.474 kg/cm2 X 
10,000 = 4,740 kg, and t h e  t o t a l  sus t a ined  
f ros t   heave   fo rce  i s  11,300 kg t 4,740 kg 
z 16,040  kg, smaller than 20,000 kg. The 
foundat ion is safe. A t  f rozen  depth  of  200 
cm, u s i n g   t h e  same w a y  o f  c a l c u l a t i o n ,  t h e  
f ros t   heave  f o r c e  ob ta ined  is sti l l  sma l l e r  
than t h e  ex te rna l   l oad ,  and t he   founda t ion  
i s  sa fe .  

The ab0v.e c a l c u l a t i o n s   a r e   n o t   t h e  
s t a b i l i t y  o f  foundat ions ,  i .e .  whether i t  
would  be r a i s e d   i n   t h e  process o f   f r o s t .  
heauing,  and a6 long as t h e  f r o s t  heave 
fo rce  i s  n o t  larger t h a n   t h e   e x t e r n a l  load, 
s t a b i l i t y  i s  guaranteed.  But i f   f r o s t  
heave   force   exceeds   the   ex te rna l   load   no t  
too  much, i t  i s  also: dllowable,,  because 
each   bu i ld ing  is allowed t o  sustain cer-  
t a i n   d e f o r m a t i o n   a c c o r d i n g   t o  i t s  s t i f f -  
n e s s ,   e x c e p t   r e d i s t r i b u t i o n   o f   i n t e r n a l  
force.   Within.   the  range o f  a l lowable   defor -  
mat ion,  no crack o r  f a i l u r e  would  occur. 
With the  occurrence  of   f rost   heave  defop-  
m a t i o n ,   t h e   f r o s t   h e a v e   f o r c e   a t t e n u a t e s  
con t inuous ly .   Fu r the r   s tud ie s  w i l l  be 
needed f o r   t h e   r e l a t i o n  between- f r o s t  
heave  force  and  deformation, as w e l l  as t h e  
c a l c u l a t i o n   o f   f r o s t   f o r c e   f r o m   s o i l   d e f o r -  
mation. At p r e s e n t ,   t e s t i n g  dat.a i n  t hese  
r e s p e c t s  w e  n o t   t o o  much, so data accumu- 
l a t i o n   s h o u l d   b e   c a r r i e d  on. 
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CHECK OF FOUNTATION 
STABILITY D U R I N G  THAWING 

I f   d e f o r m a t i o n   o c c u r s   i n   t h e   f r o z e n  
f o u n d a t i o n   s o i l  d u r i n g  thawing,  a s e r i e s  o f  
c h a n g e s   ( r e d i s t r i b u t i o n  o f  i n t e r n a l   f o r c e )  
also o c c u r   i n  i t s  i n t e r i o r ,   w h i c h   c o u l d  be 
f o u n d   t h r o u g h   t h e   a n a l y s i s   o f   i n t e r n a l  
f o r c e  o f  t h e   L i n e a r l y   d e f o r m e d   b o d y   i n   t h e  
t h r e e - l a y e r   s e m i - i n f i n i t e   s p a c e .  

layer. W i t h   t h e   f r e e z i n g   a n d   e x p a n s i o n   o f  
t h e   f o u n d a t i o n   s o i l ,  i t s  stress s t a t e  g r a -  
d u a l l y   a n d   f i n a l l y   c h a n g e s  t o  t h a t  o f  t h e  
t w o - l a y e r   s o i l .  When thawing takes p l a c e  
i n   t h e   s p r i n g ,   t h e   u p p e r  part o f   t h e   s o i l  
mas b e g i n s   t o  thaw.  The  mechanical  pro- 
t i e s  o f   t h e   t h a w i n g  soil a r e  much l e s s  
t h a n   t h o s e  o f  f r o z e n   s o i l ,   t h u s   f o r m i n g  a 
t h r e e - l a y e r   f o u n d a t i o n   s o i l .   S i n c e  t h e  
s t i f f n e s s  o f  t h e   f r o z e n  s o i l  i n   t h e   s e c o n d  
layer  i s  g r e a t   a n d  i t s  c o m p r e s s i b i l i t y  i s  
r e l a t i v e l y  small, t h e   c o n c e n t r a t i o n   o f  
stress a p p e a r s   i n   t h e   f i r s t   l a y e r ,   i . e .  
t h e  stress i n   t h e   t h a w i n g   s o i l   s u d d e n l y  
i n c r e a s e s .   T h e   l a r g e r   t h e   f o u n d a t i o n  and 
t h e   t h i n n e r   t h e   t h a w i n g   l a y e r ,   t h e  more 
obv ious  is t h e   c o n c e n t r a t i o n   o f   s t r e s s .  
U n d e r   l o a d i n g ,   t h e   f r o s t   h e a v i n g   f o u n d a -  
t i o n   s o i l   f r e e z e s   f i r s t   a n d   t h e n   m e l t s ;  
change o f  i t s  stress i s  shown i n  Table  2. 

T a k i n g   t h e   s o i l  o f  t he   Longfeng  
Fsozen S o i l  S t a t i o n  as an example,  when 
t h e  water c o n t e n t   i n   t h e   u p p e r  p a r t  o f   t h e  
s o i l  l a y e r   i n c r e a s e d  57;: d u r i n g   f r e e s i n g ,  
t h e :   p l a s t i c  s t a t e  o f   t h e   s o i l  will change 
t o   t h e   s o f t   p l a s t i c  s t a t e ,  t h u s   l o w e r i n g  
10% o f  i t s  a l lowable  b e a r i n g   s t r e n g t h .  
D u r i n g   t h a w i n g   i n   s p r i n g ,  stress concen-  
t r a t e s  on t h e   t h a w i n g   i n t e r f a c e ,   c o n c e n -  
t r a t i o n  i s  more s e r i o u s ,   g e n e r a l l y  
i n c r e a s i n g  more t h a n  20%, e s p e c i a l l y  when 
t h e   t h a w i n g   d e p t h  i s  w i t h i n   t h e   r a n g e  o f  
t h e   r a d i u s   o f   t h e   f o u n d a t i o n .  For  founda- 
t i o n ,   t h e   s t r e n g t h   o f   w h i c h  i s  J u s t   e n o u g h  

O r d i n a r y   f o u n d a t i o n   s o i l  i s  o f  one 

TABLE 2 V a r i a t i o n  o f  S t r e s s   i n   F o u n d a t i o n  
s o i l  During F r e e z i n g  a d  Thawing. 

I diameter, q = l  kg /C 

25 

0.0061 0.0536 125 
0.0116 0.0799 100 

0.0770 0.2835 50 
0.3313 0.6659 

75 0,0299 0.1380 

0.8042 

45 0.0766 
55 0,1240 
29 0.1782 
25 0.3556 
21 

1 
Remarks: The 2 n d   i n t e r f a c e  located at 

d e p t h  of  200 cm. 

f o r   u s e ,  i t  i s  n e c e s s a r y  t o  check whether  
i t  i s  i n  an a l l o w a b l e   c o n d i t i o n   d u r i n g  
thawing.  

F o r   p i l e s   l o c a t e d   i n   t h e   r a n g e  of  
f r o z e n  layer, when t h e   f o u n d a t i o n  s o i l  i s  
o f  a s t r o n g   f r o s t   h e a v i n g  s o i l ,  r e l a t i v e  
s l i d i n g   g e n e r a l l y   o c c u r s   b e t w e e n   t h e   s o i l  
and t h e  l a t e ra l  s i d e  of t he   founda , t i on .  
For s o i l  s u b j e c t e d   s l i d i n g   d u r i n g   t h a w i n g ,  
t h e  b e r j r i n g   c a p a c i t y   o w i n g   t o   f r i c t i o n  be- 
f o r e   f r e e z i n g   t u r n s   i n t o   n e g a t i v e   f r i c t i o n ,  
w h i c h   p l a y s   t h e   r o l e  o f  b e a r i n g   d u r i n g  
thawing.  A t  t h i s  time, i t  i s  also n e c e s s a r y  
t o   c h e c k  the  b e a r i n g   c a p a c i t y  o f  t h e  p i l e .  

CALCULATION OF THE BEARING 
CAPAGITY OF FROZEN SOIL 

When s e a s o n a l   f r o z e n  layer f r e e z e s   t o  
a c e r t a i n   d e p t h ,  i t  has  a much h i g h e r  
b e a r i n g   c a p a c i t y   t h a n   t h a t   b e f o r e   f r e e z i n g .  
W i t h   t h e   i n c r e a s e  o f  f r o z e n   d e p t h  and t h e  
d e c r e a s e  o f  s o i l  t e m p e r a t u r e  i n  t h e   u p p e r  
p a r t ,  i t s  b e a r i n g   c a p a c i t y  s t i l l  i n c r e a s e s .  
Before  weather   becomes warm a n d   t h e   s o i l  
t e m p e r a t u r e   i n c r e a s e s ,  i t  is q u i t e  pos- 
s i b l e  t o  u t l i z e   s u c h   b e a r i n g   c a p a c i t y   i n  
t h i s   s h o r t   p e r i o d ,   f o r   i n s t a n c e ,   i n   t h e  
emergen t   r epa i r ing   o f   b r idges ,   f r amework  
f o u n d a t i o n   c o n s t r u c t i o n   f o r   e n g i n e e r i n g  
p r a c t i c e ,   r o a d s   c o n s t r u c t i o n   f o r   h e a v y  
t r u c k s   i n  war time, runway c o n s t r u c t i o n  
f o r  a i r p l a n e ,  e tc .  d u r i n g   w i n t e r .  

is c a l c u l a t e d   a c c o r d i n g  t o  t h e   n o n l i n e a r i t y  
o f  t h e   t w o - l a y e r   f o u n d a t i o n   s o i l .   B a s e d   o n  
t h e  a s s u m e d   l o a d ,   f i n d   o u t   t h e  stress and 
a l s o  t h e   s o i l   t e m p e r a t u r e  at  e a c h   p o i n t  
a c c o r d i n g   t o   t h e   d i s t r i b u t i o n   o f  s o i l  tem- 
p e r a t u r e  at  d i f f e r e n t   d e p t h s .   T h e n ,   f r o m  
s o i l   t e m p e r a t u r e ,   f i n d   o u t  t he  co r re spond-  
i n g  a l lowab le  c o m p r e s s i v e   s t r e n g t h .  I t  
would  be safe when t h e   c a l c u l a t e d   c o m p r e s -  
s i v e  stress i s  n o t   g r e a t e r   t h a n   t h e   a l l o w -  
a b l e   v a l u e ,   b u t  i t  would be u n s a f e  i f  t h e  
compressive stress e x c e e d s   t h e  a l lowab le  
v a l u e .  

B e a r i n g   c a p a c i t y  o f  t h e   f r o z e n  s o i l  

CONCLUSION 

T h i s  c a l c u l a t i n g  method i s  based on 
t h e   t h e o r e t i c a l   a n a l y s i s  o f  l a y e r e d   d e -  
formed  body i n   s e m i - i n f i n i t e   s p a c e .  The 
phys ica l   meaning  o f  t h i s  method i s  q u i t e  
e x p l i c i t ,   a n d   t h e  stress s t a t e   o b t a i n e d  i s  
v e r y   c l e a r .   I n   t h i s   m e t h o d ,   u s i n g   t h e   f i -  
n i t e   e l emen t   p rog ram,   numer i ca l   computa t ion  
can be made by e l e c t r o n i c   c o m p u t e r ,   a n d  a 
l o t   o f   d i a g r a m s ,   g r a p h s ,  and t a b l e s  can be 
c o m p i l e d   t o  make c a l c u l a t i o n s   e a s y   a n d  
c o n v e n i e n t .  
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T h e   f a b r i c  of s o i l  s i g n i f i c a n t l y   i n f l u e n c e s  a l l  a s p e c t s  of i ts b e h a v i o r   i n c l u d i n g  
f ros t  s u s c e p t i b i l i t y .   W h i l e   t h e   a r r a n g e m e n t  of s o l i d s   i n  a s o i l  is  v e r y  d i f f i -  
c u l t  to  q u a n t i f y ,  the  s i z e   d i s t r i b u t i o n  of p o r e s  may be s i m p l y   a c c o m p l i s h e d   b y  
t e c h n i q u e s  of m e r c u r y   i n t r u s i o n   p o r o s i m e t r y .  The  r e s u l t i n g   f r e q u e n c y   d i s t r i b u t i o n  
may be c h a r a c t e r i z e d   i n   a n y   c o n v e n i e n t  s t a t i s t i c a l  manner ,   and  related q u a n t i t a -  
t i v e l y  to  o t h e r  v a r i a b l e s .  A c o n v e n t i o n a l   t e c h n i q u e  of r e l a t i n g  f ro s t  s u s c e p t i -  
b i l i t y  t o  g r a i n   s i z e   d i s t r i b u t i o n  has a s e r i o u s   i n t r i n s i c   d e f i c i e n c y   i n  tha t  a 
so i l  h a s  a s i n g l e   g r a i n   s i z e   d i s t r i b u t i o n ,   b u t  a m u l t i t u d e  of p o r e   s i z e   d i s t r i -  
b u t i o n s .  It is, of c o u r s e ,  the  p o r e   s i z e   d i s t r i b u t i o n  which c o n t r o l s  the move- 
ment  of f l u i d s   u n d e r  a l l  g r a d i e n t s .   T h i s  has  b e e n   d e m o n s t r a t e d   e x p e r i m e n t a l l y  
by   p roduc ing  a w i d e   v a r i e t y  of f ros t  h e a v i n g  rates for  a s i n g l e  s o i l ;  i n  a l l  
cases, the h e a v i n g  ra tes  were related t o  t h e  p o r e   s i z e   d i s t r i b u t i o n s   i n  t h e  
s o i l .  P o r e   s i z e   d i s t r i b u t i o n  h a s  also been  related to  s u c t i o n   a n d   h y d r a u l i c  
c o n d u c t i v i t y   v a l u e s .  It  is a n   a p p r o p r i a t e   s u b s t i t u t i o n  fo r  (1) direct  d e t e r m i -  
n a t i o n  of t h e  water characterist ics c u r v e   a n d  ( 2 )  measurement  o f  p e r m e a b i l i t y ,  
i n   f i n e   g r a i n e d  s o i l s ,  s i n c e  it r e q u i r e s   b u t  a f r a c t i o n  of t h e  time r e q u i r e d  
for  these tests. Examples  of a l l  c o r r e l a t i o n s   c i t e d   a b o v e  are c o n t a i n e d   i n  the  
p a p e r .  

INTRODUCTION 

The fabric of s o i l  s i g n i f i c a n t l y   i n f l u e n c e s  a l l  
a s p e c t s  of its b e h a v i o r ,   i n c l u d i n g  f ros t  s u s c e p t i -  
b i l i t y .  T h i s  f a c t  is i l l u s t r a t e d  b y   F i g u r e  1, 
where s u c h   c h a r a c t e r i s t i c s  as g r a i n   s i z e   a n d   s h a p e ,  
d e n s i t y ,   a n d  t o t a l  p o r o s i t y  are c o n s t a n t   b e t w e e n  
t h e  two p a r t s  of t h e  p i c t u r e .   F a b r i c  is  s e e n  t o  
b e  s t r o n g l y   c o n t r a s t i n g ,  whether e v a l u a t e d   i n  terms 
of t h e  d i s t r i b u t i o n  of so l id s ,  o r  i n  terms of t h e  
s i z e   d i s t r i b u t i o n  of p o r e s .  Many s u s c e p t i b i l i t y  
r a t i n g s   w o u l d   p r e d i c t   i d e n t i c a l  effects  of f r o s t  
a c t i o n  f o r  the  two s o i l  c o n d i t i o n s ,   a l t h o u g h   s u c h  
c a n   o b v i o u s l y   n o t  be t r u e  w i t h  s t r o n g   d i f f e r e n c e s  
i n   f a b r i c .  

The  a u t h o r   s u p p o r t s  the  u s e  of p o r e   s i z e  d i s -  
t r i b u t i o n  t o  q u a n t i t a t i v e l y   c h a r a c t e r i z e   f a b r i c  
a n d   d i f f e r e n c e s   i n   f a b r i c .  These c h a r a c t e r i z a -  
t i o n s   h a v e   b e e n   s u c c e s s f u l l y  related t o  s o i l  
s t r e s s - s t r a i n  (Ahmed e t  a l .  1 9 7 4 ) ,  t o  h y d r a u l i c  
c o n d u c t i v i t y   ( G a r c i a - B e n g o c h e a  e t  al. 1 9 7 9 ) ,  t o  
name b u t  a f e w  r e s p o n s e s .  

PORE S I Z E  DISTRIBUTION 

S u c c e s s f u l   a p p l i c a t i o n  of m e r c u r y   i n t r u s i o n  
p o r o s i m e t r y  t o  c h a r a c t e r i z e  s o i l  and  rock f ab r i c  
r e q u i r e d   s e v e r a l  research s t u d i e s ,   c u l m i n a t i n g   i n  
t h e  r e p o r t s  by Ahmed ( 1  971 ) a n d   B h a s i n  ( 1  975) .  
Limi ted  a n d   L a r g e l y   u n s u c c e s s f u l   e x p e r i e n c e  w i t h  
t h e  method p r i o r  t o  t h i s  time is summarized  by 
Ahmed and   Bhas in .  A major s t u m b l i n g  b lock  was t h e  
n e e d  t o  d r y   s p e c i m e n s ,   p r i o r  t o  p o r e   s i z e   m e a s u r e -  
m e n t s ,   w i t h o u t   c h a n g e   i n   t h e   f a b r i c ,  Two t e c h -  
n i q u e s  were i d e n t i f i e d  f o r  f i n e - g r a i n e d  s o i l s ,  

v i z . ,   c r i t i c a l   r e g i o n   d r y i n g   a n d   f r e e z e   d r y i n g .  
The l a t t e r  is much more s i m p l e   a n d  less e x p e n s i v e  
t h a n  t h e  former, and  is t h e  p r e f e r r e d   t e c h n i q u e .  
F r e e z e   d r y i n g   c a n  be a c c o m p l i s h e d   w i t h i n  a w o r k i n g  
day   (Reed  1 9 7 7 ) .  P o r o s i m e t r y  f o r  so i l s  a n d   r o c k s  
has  b e e n   s u f f i c i e n t l y   d e b u g g e d  to be t h e  s u b j e c t  
of a d r a f t   s t a n d a r d   i n  Committee D l 8  of t h e  
A m e r i c a n   S o c i e t y  f o r  T e s t i n g   a n d  Materials. Lab- 
o r a t o r y   p o r o s i m e t e r s  are a v a i l a b l e  "off t h e  s h e l f "  
from a number of commerc ia l   equ ipmen t   compan ies .  

I n  t h e  p o r e   s i z e   d i s t r i b u t i o n   d e t e r m i n a t i o n s ,  
t h e  n o n w e t t i n g   f l u i d   ( m e r c u r y )  is f o r c e d   i n t o   t h e  
p o r e s  by p r e s s u r e .   T h e   a b s o l u t e   p r e s s u r e   ( p )  - 
p o r e  diameter ( d )  r e l a t i o n s h i p  i s  g i v e n   b y  t h e  
c a p i l l a r y   e q u a t i o n ,  

4 u c o s  0 
p "  m 

d 

where r~ I s u r f a c e   t e n s i o n  of mercury   and  0 
c o n t a c t   a n g l e  of m e r c u r y   w i t h  t h e  i n t r u d e d  ma- 
t e r i a l .  

m 

As t h e  p r e s s u r e  is i n c r e a s e d ,  smaller p o r e  dia-  
meters are i n t r u d e d .  By p r e c i s e l y   m e a s u r i n g  t h e  
volume of m e r c u r y   p u s h e d   i n t o  t h e  p o r e s  by a n   i n -  
crease i n   p r e s s u r e ,  a c u m u l a t i v e   c u r v e  of p o r e  
s p a c e  vs.  p r e s s u r e   ( p o r e   s i z e )  is g e n e r a t e d .   T h e  
i n t r u s i o n   a n d  a l l  c a l c u l a t i o n s   c a n   b e   a c c o m p l i s h e d  
w i t h i n  a work ing   day .  

The e v i d e n c e  of a g rea t  number of e x p e r i m e n t a l  
measurements   on  s o i l  is tha t  a l l  ( o r  e s s e n t i a l l y  
all) of t h e  p o r e   s p a c e s   c a n  be  i n t r u d e d  by mer- 
c u r y ,  which means t h a t  t h e s e   s p a c e s  are i n t e r -  
c o n n e c t e d   ( B h a s i n  1975, Garc ia-Bengochea   1978,  



Reed e t  a1 1980). These same measurements provide 
exp l i c i t  proof that   the   total   porosi ty  of the 
s o i l  is unchanged by the mercury penetration, and 
implicit  evidence  that  the  pore  size  distribution 
is a lso  unchanged. I n  addition, i t  has been shown 
(Reed e t   a l .  1979, Garcia-Bengochea e t  a1 1979, 
Juan$ 1981) that  the  coarser  portions of the poro- 
s i t y  control  the  engineering  properties of great- 
e s t   i n t e r e s t ,  These spaces  are  penetrated  at  mo- 
dest  values of pressure. 

Figure 2 shows both  cumulative and d i f f e ren t i a l  
representations of the  pore  size  distribution of 
a compacted sand-clay  mixture. The bimodal d i s -  
t r ibu t ion  is commonly observed w i t h  clayey  soils. 
The la rger  mode is interpreted  to  represent  the 
pores between grains o r  aggregations of par t ic les  
(Garcia-Bengochea e t   a l .   1979) .  The magnitude of 
the  small  pore mode is l ike ly  a "signature" of the 
clay  minerals  present,  while  the  large one varies 
w i t h  the   de ta i l s  of s o i l  placement. For example, 
both  the magnitude and frequency o f  the  large  pore 
mode can be changed by varying  the compaction 
water  content and the   ro l le r  used. 

Frost Heaving Rate 

The importance of f ab r i c   t o   r a t e  of f r o s t  heav- 
ing  has been clearly  demonstrated by Reed e t  a1 
( 1  979).  Figure 3 shows a wide range i n  f r o s t  
heave r a t e s   fo r  a s ing le  s o i l  (90% silt-lO% c l a y ) ,  
The  two compaction pressures  are  represented by 
three  water  contents  each. The lower and upper 
values of water  content  represent  equal  porosities 
(dens i t i e s )  on the d r y  s ide  and on the wet s ide  of 
optimum, respectively. The d r y  s ide  samples have 
a fabr ic  more conducive to   f ro s t  heavinff  than  the 
wet side  ones. Lower compaction pressures  also 
allow a more open fabr ic  i n  the  f ine-grained  soil ,  
and r e su l t  i n  a higher  frost  heave ra te .  

Using the  ra t ing  scale  shown i n  Table 1, Reed 
(1977)  clearly showed tha t  any  of th ree   s i l t -c lay  
test  mixtures  could be prepared  to produce any 
leve l  of f ros t   suscep t ib i l i t y ,  s i m p l y  by varying 
the compaction energy and water  content. Reed 
a l so  produced s ta t i s t ica l   euqa t ions  which related 
f r o s t  heaving r a t e s   t o  pore s i ze   d i s t r ibu t ions  of 
the compacted s o i l s .  These relationships  are 
available i n  the open l i t e r a t u r e  (Reed e t   a l .  1979 
and 1980) and are  too  lengthy  to be presented and 
explained  here. The s t a t i s t i c a l   c r e d e n t i a l s  of 
these  regressions  are   excel lent . . . s ta t is t ical  
equations of course   requi re   s ta t i s t ica l  i n p u t ,  as 
opposed to  single  values i n p u t ,  t o  produce r e l i -  
able  values. 

Determination i n  Sands 

Juang  (1981)  extended  the  porosimetry  tech- 
niques  to sandy soils,  including  clean  sands. He 
accomplished  the  retention o f  fabr ic  i n  cohesion- 
l e s s   s o i l s  by mixing i n  a t race  of thermally  sen- 
s i t i v e  polymer pr ior   to  sample preparation. A 
subsequent  heating of the sample melted  the poly- 
mer and achieved a su f f i c i en t  cohesion  to  allow 
handling and pore size  distribution  determination. 
The amount of polymer was insuf f ic ien t   to  change 
the   to ta l  sample porosity. 

Changes i n  fabr ic   a re  more subtle i n  sands  than 
i n  fine-grained soil, b u t  porosimetry is a feas i -  
ble way of detecting  these.  Thus ,  the   effects  
of sand fabr ic  on f ros t   suscep t ib i l i t y  can be ex- 
perimentally  determined.  Juang  (1981) d i d  not 
accomplish t h i s ,  although he d i d  produce excellent 
correlations between pore s i ze   d i s t r ibu t ions  and 
hydraulic  conductivity,   for a range  of s o i l  tex- 
tures from clay  to  sand. The analytical  techniques 
developed t o   r e l a t e  pore s i ze   d i s t r ibu t ion  and 
hydraulic  conductivity  included:  the Kozeny hy- 
draulic  radius model, a variable  diameter  capil- 
lary  approach, and a simple  (Marshall)  probabil- 
i s t i c  model (Garcia-Bengochea 1978, Garcia- 
Bengochea e t   a l .  1979 and 1980, Garcia-Bengochea 
and  Love11 1981). The model ultimately used by 
h a n g  (1981)  is a reasonably  versatile  probabil- 
i s t i c  one, and its s t a t i s t i c a l   r e l i a b i l i t y  is 
i l l u s t r a t e d  i n  Figure 4 .  When the  time and ex- 
pense of direct   permeabili ty measurements a re  con- 
sidered,  the  potential  value of pore s i z e  distri- 
bution  correlations becomes  more obvious. 

It  is unlikely  that   the mercury intrusion poro- 
simetry  technique can be employed f o r  s o i l s  of 
coarser  texture  than  sands. There a re  two major 
reasons  for t h i s  (Juang  1981): sample s i ze  must 
be rather  small  (approximately 1 cm cube),  and 
penetration of pores  larger  than  about 300 micro- 
meters is d i f f icu l t   to   cont ro l .  Other  techniques 
( e .g . ,   op t i ca l )   a r e  needed to  quantify  the d i s -  
t r ibu t ion  of such  macro-porosity i n  both  inter- 
granular and extended  forms. 

Determination of Moisture  Characteristics 

Wood e t   a l .  (1982)  report  that  pore-size d i s -  
t r ibut ion  data  can be used to produce a s o i l  
moisture  characteristic  curve. T h i s  curve r e l a t e s  
the  water  content and its associated  capil lary 
pressure. 

The capil lary  pressure ( p w )  equation f o r  water 
has  the same form as  that   previously  stated  for 
mercury, v iz . ,  

4 0 cos R 

d 
w w 

pw = 

-4 om cos D 4 ow cos ow 
P pw 

d=-- 

and 

.I. rf cos ow p 
W 

P" - - CT cos F1 m 

wherea surface  tension of water, Ow contact 
angle oy water w i t h  t h e   s o i l ,  and the  other  terms 
have been previously  defined. 

The water  content ( w )  for  the   par t ia l ly   sa t -  
urated  condition which matches t h i s  p may be cal- 
culated from W 



vw yw 
wS 

w = -  

where Vw volume  of  water, Y unit  weight  of 
water, and W weight  of  drywsolids,  and 

v = V  - v  
S 

w v vm 

where Vv 7 total  volume of voids  and Vvm volume 
of  voids  intruded by mercury  at  absolute  pressure 
(PI. 

Direct  determination  of  the soil moisture  char- 
acteristics  curve  would  normally  require  much 
more  time  than  that  required  to  define  the  pore 
size  distribution.  Therefore,  the  above  correla- 
tions  have  important  practical  value. 

Use  as a Susceptibility  Index 

In  his  comprehensive  reivew of the  subject, 
Chamberlain (1982) identified  several  tests  which 
are  particularly  promising  for  the  prediction  of 
frost  susceptibility.  These  include  grain  size 
distribution,  moisture-tension,  hydraulic  conduct- 
ivity,  and  frost  heave  tests.  Limited  experi- 
mentation  with  pore  size  distribution  on  soil 
textures  from  clay  to  sand  indicate  that  it  too 
has  great  promise  as  an  indicator  test. To  date, 
experiments  have: 

(1) illustrated  the  intrinsic  limita- 
tions  of  the  grain  size  criteria 
(Reed  et  al. 1979); 

( 2 )  shown  that  the  frost  heave  is 
statistically  related  to  pore 
size  distribution  (Reed  et a l .  
1979); 

(3) defined  the  relationships  between 
hydraulic  conductivity  and  pore 
size  distribution  (Garcia-Bengochea 
et  al.  1979,  Juang 1981 ; and 

(4) demonstrated  the  determinations  of 
moisture  tension  curves  from  pore 
size  measurements  (Wood  et al. 
1982). 

In many  cases,  the  pore  size  determination  is 
less  time  consuming  than  direct  determination of 
the  index  property  with  which  it is correlated. 

CONCLUSIONS 

The  mercury  intrusion  method  of  determination 
of  pore  size  distribution  in  soils  and  rocks  has 
been  developed  and  improved  over  the  past  decade. 
The  procedure  is  presently  being  standardized 
in  Committee Dl8  (Soils and  Rocks)  of  the  American 
Society  for  Testing  and  Materials. 

The  pore  size  relations  generated by  this  tech- 
nique f o r  soil  textures  from  clay  to  sand  have 
been  statistically  correlated  with  the  following 

frost  susceptibility  indices:  frost  heaving  rate, 
hydraulic  conductivity,  and  moisture-tension  re- 
lationships.  In  each  case  the  pore  size  deter- 
mination  is  expected  to  be  less  time  consuming 
than  the  cited  index  quantity.  The  author  con- 
cludes  that  the  pore  size  method  deserves  more 
attention  and  application for definition  of  frost 
susceptibility  than it has  received  in  the  past. 
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FIGURE 2 Pore s i z e   d i s t r i b u t i o n   c u r v e s  for  
compacted  sand-clay . 
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TABLE 1 Frost  Susceptibility  Ratings of 
Test Soils. 

24 Hour Frost Heave Frost  Susceptibility 
(m) Rating 
c 6  

6 - 1 1  
1 1  - 20 
20 - 30 

> 30 

Very low 
LOW 

Medium 
High 

Very High 

FIGURE 4 Prediction of permeability from 
pore size distribution. 

Permeability (crn/sec)-"easured 



BASIC CHARACTERISTICS OF PERMAFROST IN NORTHEAST CHINA 

Lu Guowei' , Guo Dongxln2,  and Dai Jingbo3 

Yakeshi  Survey  and  Design  Insti tute of Nei MOnggOl Mini s t ry  of F o r e s t r y  
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Third  Survey  and  Design  Inst i tute ,   Minis t ry  of Railways 
People 's   Republ ic  of China 

There are two kinds of pe rmaf ros t   i n   no r theas t  China: h igh- la t i tude   permafros t  
and a lp ine   (h igh -a l t i t ude )   pe rmaf ros t .  The h igh- la t i tude   permafros t  is  d i s t r i -  
bu ted   main ly   in   the  Da-Xiao Hinggan  Ling  and  occupies an a rea  of about 38,000 
h2, whi le   t he   a lp ine   pe rmaf ros t  is only  sporadic .  From sou th   t o   no r th   i n   Nor th -  
east China,   the mean annual a i r  temperature  drops  from O'-l'C down t o  -5' o r  
-6 'C,  and the  landscape  changes  f rom  forest-s teppe,   through mixed coniferous  and 
broad-leaf fo res t ,  t o   c o n i f e r o u s   f o r e s t ,  and the  permafrost   var ies   correspond-  
i n g l y   i n   c o n t i n u i t y ,   t e m p e r a t u r e ,  and th ickness .   In  the south ,   there  is  i n s u l a r  
permafrost ,  5-10 m th i ck ,   w i th  a mean annual  ground  temperature of O'C. I n   t h e  
north,   the   large-patch  cont inuous  permafrost   has  a mean annual  ground  temperature 
of O* t o  -2.5"C (and i n  some places   even lower than -4.2'C) and is 80-100 m 
thick.  Between these  two ext remes   there  is a t r a n s i t i o n a l   p e r m a f r o s t  zone wi th  
i n s u l a r   t a l i k s .  The southern limit of permafrost   descended  to   the  upper   course 
of the   L iao  He River dur ing   t he  las t  g l a c i a l   p e r i o d .  The ex is t ing   permafros t  is  
t h e  sum of r e l i c   p e r m a f r o s t  formed i n  
formed i n   t h e   l a s t  3000 years.  

T h e r e  a r e  t w o   t y p e s  o f  p e r m a f r o s t   i n  
N o r t h e a s t   C h i n a ,  i . e .  h i g h - l a t i t u d e   a n d  
a l p i n e   p e r m a f r o s t .   T h e   f o r m e r   m a i n l y  
o c c u r s   i n   t h e  Da a n d   X i a o   H i n g g a n   L i n g   a n d  
oc u p i e s   a n  a r e a  o f  a b o u t  380 ,000-390,000 
km P . T h e   a l p i n e   p e r m a f r o s t  i s  s c a t t e r e d  
i n  C h a n g p a i   S h a n   M o u n t a i n   a n d   H u a n g g a n g  
L i a n g   M o u n t a i n   s i t u a t e d   I n   t h e   s o u t h e r n  
e n d  of Da H i n g g a n  L i n g .  

H I G H - L A T I T U D E  PERMAFROST 

N a t u r a l   C o n d i t i o n s   F o r m i n g   H i g h - L a t i t u d e  
P e r m a f r o s t  

B o t h   t h e  Da a n d   X i a o   H i n g g a n   L i n g  a r e  
i n  t h e   n o r t h e r n m o s t   p a r t  o f  C h i n a ,   a n d  
s t r e t c h   n o r t h e a s t w a r d   a n d   n o r t h w e s t w a r d  
t h r o u g h   t h e   e a s t e r n   a n d   w e s t e r n   p a r t s  o f  
t h e   r e g i o n   r e s p e c t i v e l y ,   s e p a r a t e d   b y   t h e  
Nen 3 i a n g   V a l l e y .   T h u s ,   t h e   l a n d f o r m s  o f  
t h e   r e g i o n  a r e  h i g h e r   i n   t h e   e a s t e r n   a n d  
w e s t e r n   p a r t s ,   b u t   l o w e r   i n   t h e   m i d d l e .  
The  Da a n d   X i a o   H i n g g a n   L l n g   f o r m   t h e  
s h a p e  o f  " A "  o n  a p l a n e .   T h e   e l e v a t i o n  in 
t h e   m i d d l e   s e c t i o n  o f  Da H i n g g a n   L i n g  is 
1000-1400 m a n d   d e s c e n d s   g r a d u a l l y   t o   t h e  
n o r t h   t o  500-600 m n o r t h w a r d .  Da H i n g g a n  
L i n g  i s  a n   a s y m m e t r i c a l   m o u n t a i n ,   T h e  
w e s t - f a c i n g   s l o p e   c o n s i s t s  o f  u n d u l a t i n g  
h i l l s ,   b u t   t h e   e a s t - f a c i n g   s l o p e  i s  s t e e p  
a n d  i s  d e e p l y  c u t  b y   n u m e r o u s   r i v e r   v a l -  
l e y s .   H o w e v e r ,   t h e   X i a o   H i n g g a n   L i n g   h a s  
more g e n t l e   s l o p e s   w i t h   d e n d r i t i c   t y p e  o f  
v a l l e y s .   T h e   m e a n   e l e v a t i o n   o f   t h i s  
m o u n t a i n  i s  500-600 m w i t h   s o m e   p e a k s  
r e a c h i n g   u p  t o  800 m.  

the Late  Pleistocene  and  younger  permafrost  

S i n c e   t h e  L a t e  T e r t i a r y ,   t h e  Da H i n g g a n  
L i n g   M o u n t a i n   h a s   r i s e n   u n e v e n l y   p a r a l l e l  
t o  a n   o l d   t e c t o n i c   s y s t e m   u n d e r g o i n g  
p l a n a t i o n   a n d   d e n u d a t i o n   f o r  a l o n g  time. 
On t h e   t o p   a n d   a l o n g   t h e   s l o p e   o f   t h e  
m o u n t a i n s ,   1 - 2  m o f  c o l l u v i u m ,   e l u v i u r , ~  
a n d   s l o p e   w a s h   o c c u r   c o n s i s t i n g   o f   c r u s h e d  
s t o n e s ,   a n g u l a r  c l a s t s  o r  s i l t y   c l a y   w i t h  
c r u s h e d   s t o n e s .   T h e   l o o s e   d e p o s i t s  i n  
p e d i m e n t s ,   i n t e r m o n t a n e   v a l l e y s   a n d   b a s i n s  
a r e  r e l a t i v e l y   t h i c k e r   a n d   c o n s i s t   m a i n l y  
o f   t h e  s o l i f l u c t i o n ,  s l o p e   w a s h ,   a n d  
p l u v i a l   s e d i m e n t s   w i t h   p e a t  a n d  h u m u s  s o i l  
a b o v e   t h e m ,   a n d   c l a y e y  s i l t ,  s i l t y   c l a y  
w i t h   c r u s h e d   s t o n e s ,   s a n d ,   a n d   g r a v e l  
b e l o w   t h e m ,   u s u a l l y   w i t h  a t o t a l   t h i c k n e s s  
o f  l e s s  t h a n  1 0  m .  

T h e   c l i m a t e   i n   t h i s   r e g i o n   b e l o n g s   t o  
t h e   c o n t i n e n t a l   m o n s o o n   o f   t h e   c o l d -  
t e m p e r a t e   z o n e .   F r o m   s o u t h   t o   n o r t h   a n d  
s o u t h e a s t   t o   n o r t h w e s t ,   t h e   m e a n   a n n u a l  
a i r  t e m p e r a t u r e  (MAAT) d r o p s   f r o m  l0-O"C 
t o  - 5 "  or -6"C, t h e  a n n u a l   p r e c i p i t a t i o n  
d e c r e a s e s   f r o m  5 0 0 - 6 0 0  m m  t o  l e s s  t h a n  200 
m m ,  w h i l e   t h e   a m p l i t u d e   o f   m e a n   d a i l y  a i r  
t e m p e r a t u r e   i n c r e a s e s   f r o m  35OC t o  5 O o C .  

T h e   m a i n   f e a t u r e   o f  c l ima te  in t h e  
r e g i o n  i s  s e v e r e   c o l d ,   e s p e c i a l l y   i n   w i n -  
t e r ,  b e c a u s e   o f  t h e  i n f l u e n c e  o f  t h e   h i g h  
p r e s s u r e   o v e r   S i b e r i a   a n d  M o n g o l i a .  T h e  
s t r o n g   c o l d  a i r  mass current  o f t e n  i n -  
t r u d e s   i n t o   t h i s   r e g i o n ,   g r e a t l y   l o w e r i n g  
t h e   a i r   t e m p e r a t u r e ,  s o  t h a t   i n   J a n u a r y  
t h e   m e a n  a i r  t e m p e r a t u r e  i s  50-10°C l o w e r  
t h a n   t h a t  i n  X i n j i a n g  a t  t h e  same 
l a t i t u d e .  

t h e   P a c i f i c   h i g h   p r e s s u r e  c e l l .  T h e  
I n   s u m m e r ,   t h i s   r e g i o n  i s  a f f e c t e d  by 
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i s  s t r e n g t  : h e n e d ,  
warm a i r  w i t h   m o i s t u r e   f r o m   s o u t h  meets 
t h e   c o l d  a i r  F r o m   n o r t h   i n   t h i s  r e g i o n ,  
p r o d u c i n g   h e a v y   r a i n s  so t h a t  80-90% o f  
t h e   a n n u a l   p r e c i p i t a t i o n  i s  C o n c e n t r a t e d  
i n   t h e   s u m m e r .   T h c   a s s o c i a t e d   c l o u d   k e e p s  
t h e  a i r  t e m p e r a t u r e  c o o l ,  s o  t h a t   t h e  a i r  
t e m p e r a t u r e   i n   s u m m e r  i s  1 - 3 O C  l o w e r   t h a n  
t h a t   i n   X i n j i a n g  a t  t h e   s a m e   l a t i t u d e .  
T h u s ,   t h e  low m e a n   a n n u a l   a i r   t e m p e r a t u r e  
c o n s t i t u t e s   n o t   o n l y   t h e   b a s i c   c o n d i t l o n  
f o r   t h e   e x i s t e n c e   a n d   g r o w t h   o f   p e r m a f r o s t ,  
b u t   a l s o   o n e  of t h e   m a i n   c a u s e s   o f   t h e  
s o u t h e r n   b o u n d a r y   o f   E u r a s i a n   p e r m a f r o s t  
p r o t r u d i n g   s o u t h w a r d   i n   t h i s   r e g i o n .  

U n d e r   t h e   c o n t r o l   a n d   i n f l u e n c e  o f  
S i b e r i a n   a n d   M o n g o l i a n   h i g h   p r e s s u r e s ,   t h e  
w i n t e r   t E ? m p o r a t U r c  i n v e r s i o n s   a r e  wide- 
s p r e a d   a n d   s t a b l e ,   a n d   h a v e   a n   i m p o r t a n t  
e f f e c t   o n   b o t h   t h e   r e g i o n a l   d i f f e r e n c e s   o f  
p e r m a f r o s t   a n d   t h e   p r o c e s s   o f   p e r m a f r o s t  
d e v e l o p m e n t .  

p e r a t u r e  a t  t h e  850 mb (1500 m )  e l e v a t i o n  
i n d i c a t e   t h a t   t h i s   r e g i o n  i s  l o c a t e d   i n  
t h e   s o u t h e r n   m a r g i n   o f   t h e   i n v e r s i o n   l a y e r  
c o n t r o l l e d   b y   S i b e r i a n   h i g h   p r e s s u r e .   I n '  
t h e   M i d d l e   S i b e r i a n   M o u n t a i n s   t h e   t h i c k -  
n e s s   o f   t h e   i n v e r s i o n   l a y e r  i s  1 2 0 0 - 1 5 0 0  m ,  
t h e   i n v e r s i o n   g r a d i e n t  is 1.5-2.0°C/100 m 
( F o t i y e r ,  S.  M. e t  a l .  1 9 7 4 ) ,   b u t   i n  
C h i n a   t h e   f o r m e r  i s  500-1000 m ,  a n d   t h e  
l a t t e r  i s  l . O ° C / l O O  m i n   M o h e ,   O . S ° C / l O O  m 
i n   N u n j i a n g ,   a n d   O . S o C / 1 0 O  m i n  H a i l a r .  

M o s t   o f   t h e   r e g i o n  is c o v e r e d   w i t h  
f o r e s t ,   s h r u b   a n d   s e d g e ,   a n d  i s  known a s  
t h e   " g r e e n   o c e a n " .   T h e   n o r t h e r n   p a r t   b e -  
l o n g s   t o   t h e   c o l d - t e m p c r a t e   m o n t a n e   c o n i -  
f e r o u s   f o r e s t   c o n s i s t i n g  o f  H i n g g a n  
l a r c h e s ,   a n d   s o u t h w a r d  i t  g r a d u a l l y   b e -  
c o m e s   c o n i f e r o u s - b r o a d   L e a f   m i x e d   f o r e s t  
a n d   f o r e s t - s t e p p e .  To t ,he s o u t h e r n   e d g e  
o f   t h e   r e g i o n ,   c r o p s   c a n   b e   p l a n t e d .  

C o m p a r i s o n   a n d   a n a l y s i s  o f  t h e  a i r  tem- 

D i s t r i b u t i o n ,   T e m p e r a t u r ~   a n d   T h i c k n e s s  
o f   H i a h - L a t i t u d e   P e r m a f r o s t  

T h e   f o r m a t i o n   o f   f r o z e n   g r o u n d  i s  t h e  
r e s u l t   o f   h e a t   e x c h a n g e   b e t w e e n   t h e   a t m o s -  
p h e r e   a n d   t h e   l i t h o s p h e r e .   T h e   a b o v e  
m e n t i o n e d   n a t u r a l   f a c t o r s ,   w h i c h  a c t  
j o i n t l y   o n  h e a t  e x c h a n g e ,   c x a r t   g r e a t  
i n f l u e n c e   o n   t h e   f e a t u r e s   o f   p c r m a f r o s t .  
T h e r e f o r e ,   t h e   L a t i t u d i n a l   t o n a t i o n   o f  
n a t u r a l   c o n d i t i o n s  From s o u t h   t o   n o r t h   a n d  
f r o m   s o u t h e a s t   t o   n o r t h w e s t  a s  m e n t i o n e d  
a b o v e   s h o u l d   s u r e l y   r e a p p e a r   i n   t h e   f e a -  
t u r e s   o f   p e r m a f r o s t   ( d i s t r i b u t i o n ,  tem- 
p e r a t u r e ,   t h i c k n e s s ,   g r o u n d  i c e ,  e t c . ) .  
A l o n g   t h e   d i r e c t i o n s   m e n t i o n e d   a b o v e ,  
f r o m   s o u t h   t o   n o r t h ,   t h e   a r e a   o f   p e r m a -  
f r o s t   i n c r e a s e s   f r o m  5 - 2 0 %  t o  70-80%;  t h o  
g r o u n d   t e m p e r a t u r e   d r o p s   f r o m  O0 - l . O ° C  t o  
-2.OoC w i t h   t h e   l o w e s t   b e i n g  -4.2OC.  The 
a v e r a g e   t h i c k n e s s   o f   p e r m a f r o s t   i n c r e a s e s  
f r o m   5 - 2 0  m t o  7 0 - 8 0  m ,  w i t h   e x t r e m e   c a s e s  
w i t h   m o r e   t h a n  1 0 0  m ( G u o   D o n g x i n  1 9 8 1 ) .  
T h e   t y p e   o f   p e r m a f r o s t   c h a n g e s   g r a d u a l l y  
f r o m   i n s u l a r   p e r m a f r o s t   i n t o   i n s u l a r   t a l i k  
a n d   l a r g e   p a t c h   c o n t i n u o u s   p e r m a f r o s t  
( F i g u r e  1 ) .  
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FIGURE 1 The  distribution  and  south  boundary change 
) f  permafrost from late Pleistocene to now in  north- 
zast  China. 1) existing high latitude permafrost, 
2)  island alpine permafrost, 3) existing  south 
loundary of permafrost, 4 )  south  boundary of per- E 
mafrost- during late Pleistocene, 5) ex is t ing  south 
boundary o f  continuous permafrost with patch  taliks, 
6) inferring  south  boundary of permafrost  during 
Hypsithermal interval, 7) involution layers, 
8) town, 9) sand wedge. 

Because o f   t h o   d i r f e r e n c e s   i n   l a n d f o r m ,  
t e m p e r a t u r e   i n v e r s i o n , v e g e t a t i o n   a n d  
t h i c k n e s s   o f  l o o s e  d e p o s i t s ,   a n d  o f  t h e  
c o m b i n e d   i n f l u e n c e   o f   v a r i o u s   n a t u r a l  
f a c t o r s ,   s u c h  a s  s u r f a c e   w a t e r ,   t h e  a b o v e -  
m e n t i o n e d   p r i n c i p a l   r e g u l a r i t i e s   o f   t h e  
p e r m a f r o s t   f e a t u r e s  a r e  made l e s s  o b v i o u s  
a n d   o n  t h e  b a c k g r o u n d   o f   l a t i t u d i n a l   z o n a -  
t i o n ,   t h e   d i s t r i b u t i o n   o f   p e r m a f r o s t  a l s o  
s h o w s   t h e   r e g i o n a l   a n d   l o c a l   d i f f e r e n c e s .  

Because o f   t h e   i n f l u e n c e s   o f   l a n d f o r m  
a n d   e l e v a t i o n   ( F i g u r e  11, t h e   p e r m a f r o s t  
s o u t h e r n   b o u n d a r y   d o e s   n o t   t r e n d   p a r a l l e l  
t o   t h e   l a t i t u d e ,   b u t   p r e s e n t s  a " W "  s h a p e .  
T h e   s o u t h e r n   b o u n d a r y   o f   p e r m a f r o s t   o b v i -  
o u s l y   s t r e t c h e s   o u t   s o u t h w a r d   a l o n g   t h e  
l i m b s  o f  t h e  Da a n d   X i a o   H i n g g a n   L i n g   b u t  
e x t e n d s   n o r t h w a r d   i n   t h e   N u n j i a n g   p l a i n .  
T h e   d i f f e r e n c e   o f   l a t i t u d e   b e t w e e n   t h e m  i s  
n e a r l y   t w o   d e g r e e s .   B e s i d e s ,   a s   m e n t i o n e d  
a b o v e ,   t h c   l o w e r   m e a n   a n n u a l   a i r   t e m p e r a -  
t u r e   i n   t h i s   r e g i o n   d u e   t o   t h e   i n f l u e n c e s  
o f  S i b e r i a n   a n d   M o n g o l i a n   h i g h   p r e s s u r e  
c e l l s  i s  a n o t h e r   i m p o r t a n t   f a c t o r   c a u s i n g  
t h e   s o u t h e r n   b o u n d a r y   o f   E u r a s i a n   p e r m a -  
f r o s t   t o   b e   e x t e n d e d   s o u t h w a r d .  

T h e   n o r t h e r n   p a r t   o f   t h e   r e g i o n   b e l o n g s  
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t o   t h e   l a r g e   p a t c h   c o n t i n u o u s   p e r m a f r o s t  
z o n e .   T h e   d i s t r i b u t i o n ,   t e m p e r a t u r e ,   a n d  
t h e   t h i c k n e s s   o f   p e r m a f r o s t ,   a s  w e l l  a s  
t h e   g r o w t h   o f   g r o u n d  i c e  a t  d i f f e r e n t  
l a n d f o r m   u n i t s   o f   t h e   s a m e   r e g i o n   a r e  
q u i t e   d i f f e r e n t   o w i n g  t o  t h e   i n f l u e n c e s   o f  
t h e   a b o v e   m e n t i o n e d   f a c t o r s .  

Ln t h e   s h a d y   i n t e r m o n t a n e   v a l l e y s ,   i n  
m a r s h l a n d s   a n d   l o w e r   t e r r a c e s   c o v e r e d  with 
d e n s e   m o s s   a n d   l i c h e n ,  a s  wel l  a s  b c n e a t h  
t h i c k   l o o s e  deposits ( 8 - 1 0  m ) ,  t h e   p e r m a -  
f r o s t   d e v e l o p s   v e r y  wel l  a n d  is up t o  6 0 -  
80 m t h i c k ,   o c c a s i o n a l l y   r e a c h i n y   m o r e  
t h a n   1 0 0  m i.n p l . aces ,  w i t h   g r o u n d   t e m p e r a -  
t u r c s   o f  - 2 "  t o - 4 . 2 " C  a n d  l a y e r e d  g r o u n d  
i c e .  In c o n t r a s t ,   o n  s u r r r l y  drrd s e m i - s u n n y  
s l o p e s  w i t h  s p a r s e  t r e e s  a n d   t h i n n e r   . l o o s e  
c o v e r ,   g e n e r a l l y   t h e   p e r m a f r o s t   d e v e l o p s  
l e s s  wel l  a n d  may b e   a b s e n t ,  i t s  t h j c k n e s s  
i s  l e s s  t h a n  20  m w i t h   q r o u n d   t e m p e r a t u r e s  
o f  O o  - . I . .O0C,  a n d   t h c r o  i s  n o   g r o u n d  i c e .  
A c c o r d i n g   t o   t h c   d a t a   o f   a d j a c e n t   r e g i o n ,  
when t h e   s l o p e  i s  2 0 " - 2 2 " ,  t h e  v a l u e  o f  
d i r e c t   s o l a r   r a d i a t i o n  i s  9 2  kcal/cm2.yr, 
on  t h e  s u n n y   s l o p e ,   b u t  41.6 k c a l l c m L . y r  
o n   t h e   s h a d y   s l o p e   ( S h p e l y n s k a y a ,  N .  A . ,  
1 9 7 8 ) .  T h e  L h i c k n c s s  o f  l o o s e   d e p o s i t s   o n  
t h e   s h a d y   a n d   s e m i - s h a d y   s l o p e s  i s  a s  
l a r g e   a 5   t h a t   o n   t h e   s u n n y   s l o p e ,   b u t   L h c  
s h a d y   s l o p e   h a s   m o r e   d e n s e   v e g e t a t i o n   a n d  
l e s s  s o l a r   r a d i a t i o n   t h a n   s u n n y   o n e .  
T h e r e f o r e ,   t h e   g r o w t h   o f   p e r m a f r o s t   o n  
s h a d y   s l o p e  i s  i n t e r p o s e d   b e t w e e n  t h e  Val . -  
l e y   b o t t o m ,   d e p r e s s i , o n ,   l o w   t e r r a c e   a n d  
s u n n y   s l o p e .  

I n  L h e   n o r t h e r n   p a r t  o f  t h e   r c q i o r t ,  
u n d e r   l a r g e   r i v e r   b e d s   a n d   w i t h i n   1 0 - 3 0  m 
o n   e i t h e r   s i d e  o r  a l a r g t '   r i v e r ,   l h e   p e r -  
m a f r o s t  i s  u s u a l l y   a b s c n t   a n d   o p c r t  t a l i k  
c x i s t s .   U n d e r  smal ler  r i v e r   b c d s ,   t h e  
p e r m a f r o s t   t a b l e   g e n e r a l l y   d e s c e n d s   a n d  
c l o s e d  t a l i k  f o r m s .  

t o   t h e   i n s u l a r   p e r m a f r o s t   r e g i o n .   T h e  
p e r m a f r o s t   f e a t u r e s   v a r y   a c c o r d i n g   t o   t h e  
n a t u r a l   e n v i r o n m e n t  a l s o .  I n   t h e   h i g h  
p 1 a i . n   o f   H u l u n   O u i - r ,   L h e   i n t e r m i l C c n L  
m a r s h  zone  e v o l v e d   f r o m   p a l c o c h a n n e l s ,   a n d  
t h e   p o o l s   i n   t h e   c e n t r e   o f   t h i s   m a r s h   a r e  
t h e   o u t s t a n d i n g   c h a r a c t e r i s t i c s   o f   t h e  
l a n d s c a p e .   M a r s h   a n d   p o o l   a r e   c l o s e l y  
r e l a t e d   t o   i s l a n d   p e r m a f r o s t .   G e n e r a l l y  
s p e a k i . n g ,   i n   t h e   m a r g i n   o f   m a r s h   a n d   p o o l ,  
t h e r e  i s  a l w a y s  s c a t t e r e d   i n s u l a r   p e r m a -  
f r o s L   w i t h  i t s  a r c 2  l e s s  t h a n  1 0 %  o f   t o t a l  
a r e a ,  i t s  t h i - c k n e s s   3 - 5  m t o   1 0 - 1 5  m a n d  
i t s  t e m p e r a t u r e  0" t o  - 1 ° C .  I n  t h e  u n d u -  
l a t i n g   g r o u n d   o n   t h e   e a s t - f a c i n g   a n d  wcst- 
f a c i n g   s l o p e s   o f  Da H i n g g a n   L i n g   i n   t h e  
s o u t h e r n   p a r t   o f   t h e   r e g i o n ,   t h e   p e r m a -  
f r o s t   i s l a n d s   a r e   d i s t r i b u t e d   a l o n g   t h e  
f l o o d   p l a i n s   a n d   l o w  t e r r a c e s  i n   i n t e r m i t -  
t e n t   b a n d s .   N o r t h w a r d   f r o m  the  s o u t h e r n  
b o u n d a r y   t h e   p e r m a f r o s t   i n c r e a s e s   f r o m  
s e v e r a l   d o z e n s   o f  meters a n d   1 0 0 - 2 0 0  m t o  
s e v e r a l   h u n d r e d  meters  i n   s i z e ,   c o v e r i n g  
1 0 %  t o  30% i n   a r e a .   T h e   d o m i n a n t   p e r m a -  
f r o s t   t h i c k n e s s  i s  5 - 1 0  m w i t h  a g r o u n d  
t e m p e r a t u r e  o f  0 "  t o  - 1 ° C .  I n  X i a o  H i n g -  
g a n   L j . n g   M o u n t a i n s ,  t h e  p e r m d f r o s t   i s l a n d s  
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o c c u r  o n l y   i n  t h e  i n t e r m o n t a n e   v a l l e y s ,  
f l o o d   p l a i n s   l a n d   a n d   l o w   t e r r a c e s   w i t h  
d e n s e   v e g e t a t i o n   a n d   m a r s h .   T h e   a r e a   o f  
p e r m a f r o s t  i s  a b o u t   2 0 %   o f   t h e   t o t a l  a r e a ,  
w i t h   p e r m a f r o s t   t h i c k n e s s e s   o f   5 - 1 0  m ,  
g r o u n d   t e m p e r a t u r e   c o l d c r   t h a n  - 1 , O O C .  I n  
t h e   s o u t h e r n   p a r t  o f  thc  r e g i o n ,   t h e   p e r -  
m a f r o s l ;  in p r o f i l e  i s  q u i t e   c o m p l e x   ( s o m e  
c o n n e c t e d ,  some d i s c o n n e c t e d ,   a n d   s o m e   m u l t i . -  
l a y e r e d . )   d u e   t o   d i f f e r e n t   s o i l   t y p e s   a n d  
t h e   i n f l u e n c e   o f   g r o u n d   w a t e r .  

t h e   n o r t h   o f   t h e   r e g i o n ,   t h e   d i s t r i b u t i o n  
a n d   g r o w t h   o f   p e r m a f r o s t  i s  b e t t e r   i n   t h e  
l o w   l a n d   t h a n   i n   t h e   h i g h   l a n d ,   h a v i n g  
g r e a t e r   L h i c k r l c s s   a n d   l o w e r   t e m p e r a t u r e ,  
a n d  i s  o b v i o u s l y   d i f f e r e n t   f r o m   t h e   p e r m a -  
f r o s t   e x i s t i n g   i n   t h e   w e s t e r n   m o u n t a i n s  
a n d   p l a t e a u ,  s o  i t  i s  c a l l e d   " H i n g g a n  
L i n g - t y p e   p e r m a f r o s t " .   T h e   c h a r a c t c r i s -  
t i c s  o f   t h i s   t y p e   o f   p e r m a f r o s t  a r c  n o t  
onJ.y r e P l e c L e d   i n   t h e   d i s t r i b u t i o n   a n d  
g r o w t h ,   b u t   a l s o   c x c r t  an i n f l u e n c e   o n   t h e  
p r o c e s s   o f   p e r m a f r o s t   d e g r a d a t i o n .  As 
e a r l y  a s  t h e   1 9 6 0 ' s ,  i t  was f o u n d   t h a t   t h e  
p e r m a f r o s t   d e g r a d a t i , o n   o c c u r   f i r s L   o n   t h e  
s o u t h - f a c i n g   s l o p e s ,   h i g h   l a n d   a n d   m o u n -  
L a i r l s ,   d n d   o n l y  l d t c r  o n   t h e   n o r t h - f a c i n g  
s l o p e ,   l o w   l a n d s   a n d   v a l l e y   b o t t o m .  A l -  
t h o u g h   t h e   f o r m a t i o n   o f   s u c h  a c h a r a c t e r -  
i s t i c  o f   H i n g g a n   t y p e   p e r m a f r o s t  i s  t h e  
r e s u l t  o f   c o m p r e h e n s i v e   a c t i o n   o f   v a r i o u s  
n a t u r a l   f a c t o r s ,   t h e   w i d e   a n d   s t a b l e  
i n v e r s i o n   i n  w i n t e r ,  t h i c k   u n c o n s o l i d a t e d  
d e p o s i t s ,   a n d   d e n s e   v e g e t a t i o n   i n   t h e   v a l -  
l e y   b o t t o m   a n d   d e p r e s s i o n   e x e r t  a d o m i n a n t  
c o n t r o l .  

O n  t h e   w h o l e ,   e i t h e r   i n   t h e   s o u t h  o r  i n  

ALPINE PERMAFROSl 

T h e  p e r m a f r o s t   f o u n d   s o u t h  of t h e  
s o u t h e r n   b o u n d a r y  o f  c o n t e m p o r a r y   p e r m a -  
f r o s t   i n   t h e  Da a n d   X i a o   H i n g g a n   L i n y   a n d  
a b o v e  a d e s l g n a t e d   e l c v a C i o n  i s  c a l l e d  
a l p i n e   p e r m a f r o s t .   T h i s   t y p e   o f   p e r m a -  
f r o s t   m a i n l y   o c c u r s   i n   t h e   C h a n g p a i   S h a n  
M o u n t a i n   a n d   H u a n g g a n g   L i n g   M o u n t a i n   w h i c h  
i s  l o c a t e d   i n   t h e   s o u t h e r n  p a r t  o f  Da 
H i n g q a n   L i n g .   T h e   n a t u r a l   c o n d i t i o n s   f o r  
g r o w i n g   p e r m a f r o s t   a n d   t h e   l o w e r   l i m i , t  i n  
t h e s e   t w o   ' m o u n t a i n s  a r e  a l s o   d i f f c r c n t .  

H u a n g g a n g   L i n g   M o u n t a i n   s i t u a t e d   i n   t h c  
w e s t e r n   p a r t   o f   S o n g l i a o   p l a i n   a n d   t h e  
e a s t e r n   p a r t   o f  Nei M o n g g o l   h i g h   p l a i n ,  i s  
t h e   h i g h e s t   m o u n t a i n   a t   t h e   s o u t h e r n   c n d  
o f  rla H i n g g a n   L i n g ,   w i t h   e l e v a t i o n s  c x -  
c e e d i n g   1 4 0 0 - 1 5 0 0  m .  T h e  c l i m a t e  i n   t h i s  
r c g i o n  i s  s e m j . - a r i d   c o n t i n e n t a l   a n d  i s  
I n f l u e n c e d   b y   t h e   M o n g o l i a   h i g h   p r e s s u r e  
c e l l .  T h c   m e a n   a n n u a l  a i r  tem e r a t u r e   a t  
a n   c l e v a t i o n   o f   1 5 0 0  m i s  -2 .7  C .  T h e  
. l a n d s c a p e   h a s   a n   o b v i o u s   v e r t i c a l   z o n a t i o n  
w i t h   L h e   s e m i . - a r i d   s t e p p e   a n d   d e s e r t   z o n e  
b e l o w   1 5 0 0  m ;  s p a r s e   c o n i f e r o u s - b r o a d   l e a f  
m i x o d   f o r e s t   a b o v e   1 5 0 0  m ,  a n d   m a r s h e s   o n  
t h e  g e n t l e   h i l l   t o p   a n d   n o r t h - f a c i n g   s l o p e .  
T h e   l o w e r  limit o f   p e r m a f r o s t  on t h e  moun- 
t a i n  i s  1600 m .  T h e   p e r m a f r o s t   i s l a n d s  
m a i n l y   o c c u r   o n   t h e   g e n t l y   s l o p i n g   h i l l  
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t o p   a n d   i n   t h e  wet,  m a r s h  drcas. T h e  
p e r m a f r o s t   t h i c k n e s s  is l e s s  t h a n   1 0  m a n d  
m o s t   o f  i t  i s  3-5 m t h i c k .  

C h a n g p a i   S h a n  i s  t h e   h i g h e s t   m o u n t a i n  
i n   N o r t h e a s t   C h i n a .   T h e r e  a r e  1 6  p e a k 5  
a l l   o v e r   2 5 0 0  m h i g h .   T h e   m o n t a n e   c l i m a t e  
a n d   l a n d s c a p e   p o s s e s s   a n   o b v i o u s   v e r t i c a l  
z o n a t i o n :   c o n i f e r o u s - b r o a d   l e a f   m i x e d  
f o r e s t   o c c u r i n g   b e l o w  1000 m ,  m o n t a n e   d a r k  
c o n i f e r o u s   f o r e s t   a t  1000-1600 m ,  d a r k  
c o n i f e r o u s   r o r c s t  a t  1 6 0 0 - 1 8 0 0  m ,  b i r c h  
f o r e s t ;  a t  1800-2000 m ,  a n d   a l p i n e   t u n d r a  
a b o v e  2000 m .  T h e   m e a n   a n n u a l   a i r  tem- 
p e r a t u r e   a t   a n   e l e v a t i o n   o f  2670 m i s  
- 7 . 3 o c .  

Up t o  now t h e r e   h a v e   b e e n   n o   s t u d i e s  o f  
l o c a t i o n   o f   t h e  lower limit o f  p e r m a f r o s t .  
T a k i n g   t h e  O O C  m e a n   a n n u a l   g r o u n d   s u r f a c e  
t e m p e r a t u r e  a s  a c r i t e r i o n   f o r   e x i s t i n g  
p e r m a f r o s t   a n d   c o n s i d e r i n g   t h e   h i g h e r  
v a l u e   o f   g e o t h e r m a l   h e a t   f l o w  i.n t h i s  r e -  
g i o n ,  we s u g g e s t   t h a t   t h e   l o w e r  limit o f  
a l p i n e   p e r m a f r o s t   s h o u l d   b e  aL a n   c l c v a -  
t i o n   o f  1800 m ( m c a n   a n n u a l  a i r  t e m p e r a -  
t u r e   o f  - 3 "  t o  -4"C), r o u g h l y   c o i n c i d e n t  
w i t h   t h c   u p p e r  limit o f   d a r k   c o n i f e r o u s  
f o r e s t .  

HDSTORY OF PERMAFROST SINCE 
T H E  L A T E  PLEISTOCENE 

D u r i n g   t h e   Q u a t e r n a r y   P e r i o d ,   t h e r e  
were s e v e r a l   o c c u r r e n c e s   o f   a g g r a d a t i o n  
a n d   d e g r a d a t i o n   o f   p e r m a f r o s t   w i t h   c o l d  
c l i m a t e  a l t e r n a t i n g  wi.Lh  warm. A c c o r d i n g  
t o   t h e   p e r i g l a c i a l   r e m n a n t s   a n d   o t h e r  
e v i d e n c e ,  t h c  h i s t o r y   o f   p e r m a f r o s t   s i n c e  
t h e   L a t e   P l e i s t o c e n e  m a y  b e   d i v i d e d   i n t o  
t h r e e   p a r t s  ( G u o  a n d  L i  1 9 8 1 ) .  

T h e  P e r i g l a c i a l   C o n d i t i o n s   i n  th$-t_ate 
- P l e i s t o c e n e  

T h e   l a r g e   n u m b e r   a n d   w i d e   e x t e n t   o f  
p e r i g l a c i a l   r e m d i n s   b e l o n g i n g   t o   t h i s  
s t a g e   i n d i c a t e   t h a t   p e r m a f r o s t   w a s  much 
m o r c   e x t e n s i v e .   A c c o r d i n g   t o   t h e   p a l e o -  
a i r  t e m p e r a t u r e   c a l c u l a t e d   f r o m   f o s s i l  
p l a n t   a n d   p o l l e n ,  i t  i s  e s t i m a t e d   t h a t  
w i t h i n   t h e   L i a o  He P l a i n ,   t h e  O°C i s o t h e r m  
o f  m e a n   a n n u a l   g r o u n d   s u r f a c e   t e m p e r a t u r e  
a t  t h a t  Lime s t r e t c h e d   r o u g h l y   a l o n g   t h e  
n o r t h e r n   p a r t   o f   A o h a n q S   a n d   C h a n q I , u ,   a n d  
c o i n c i d e d   w i t h   t h e   s o u t h c r n   b o u n d a r y   o f  
r e l i c  p e r m a f r o s t   a t   t h a t  t ime. M o r e o v e r ,  
b o t h  o f  Lhcm r o u g h l y  c o i r l c i d c d  w i t h  t h o  
70-8OC i s o t h e r m   o f   t h e   p r e s e n t  mean a n n u a l  
a i r  t e m p e r a t u r e -   T h c r c f o r c ,  w e  h a v e  
e s t i m a t e d   t h e   s o u t h e r n   b o u n d a r y   o f   p e r m a -  
r r o s t  i n   t h e  L a t e  P l e i s t o c e n e   i n   r e g i o n s  

l a c k i n g  r e l i c  p e r m a f r o s t   a s   h a v i n g   l a i n   a t  
t h e   p r e s e n t  7 0 - R ° C  i s o t h e r m .  

T h c   H y p s i t h e r m a l   I n t e r v a l  

D u r i n g   t h e   H y p s i t h e r m a l  warm p e r i o d  
l a s t e d   f r o m  3000-7000 y e a r s  B . P .  A c c o r d -  
i n g   t o   t h e   p a l e o - a i  r temperature  C a l C U l a t -  
e d  f r o m   s p o r e - p o l l e n   a n a l y s i s ,  i t  i s  c s t i -  
m a t e d   t h a t   t h e  a i r  t e m p e r a t u r e  a t  t h a t  t ime 
was a b o u t  0°C in t h e   n o r t h c r n   p a r t   o f   t h e  
e x i . s t i n q   l a r g e   p a t c h   c o n t i n u o u s   p e r m a f r o s t  
z o n e   ( t h e   r e g i o n   t o   t h e   n o r t h   o f   M a n g u i ) .  
O n  t h e   o t h e r   h a n d ,   t h e   a n a l y s e s   o f   l i g h t  
a n d   h e a v y   m i n e r a l s   o f   u n c o n s o l i d a t e d  
s e d i m e n t s   i n   d r i l l   h o l e  No, 50 a t  Armer 
i n d i c a t e   t h a t   h u m i d   a n d  warm c l i . m a t e   w a s  
a b s e n t   t h e r e  a t  t h e   H y p s i t h e r m a l   I r l t c r v a l .  
A c c o r d i n g   t o   t h i s ,  i t  i s  s u g g c s t c d   t h a t  
t h e   p c r m a f r o s t   i n   t h e   r l o r t h c r n   h a l f   p a r t  
o f  e x i s t i n g   l a r g e   p a t c h   c o n t i n u o u s   p e r m a -  
f r o s t   z o n e   m i . q h t   n o t   h a v e   b e e n   e n t i r e l y  
d e s t r o y e d   d u r i n g   t h e   H y p s i t h e r m a l   I n t e r v a l .  

P o s t - H y p s i t h e r m a l   P e r m a f r o g  

~ e y i n n i n g   a r o u n d  3000 y e a r s  B.P., t h e  
t h a w e d   p c r m a f r o s t   r e g e n e r a t e d  a s  t h e  
t e m p e r a t u r e   d r o p p e d .   I n  t;hc n o r t h e r n   p a r t  
o f   t h c   e x i s t i n g   l a r g e   p a t c h   c o n t i n u o u s  
p e r m a f r o s t   r e g i o n ,   t h e   g r o u n d   t e m p e r a t u r e  
of r e l i c  p e r m a f r o s t   f o r m e d   d u r i n g   t h e   L a t e  
P l e i s t o c e n e   d e c r e a s e d ,  i t s  t h i c k n e s s   i n -  
c r e a s e d   a n d   t h e   p e r m a f r o s t   h a s   b e e n   d e v e -  
l o p i n g   t o   p r e s e n t   s t a t e .   I n   t h e   s o u t h e r n  
p a r t ,  new p e r m a r r o s t   f o r m e d .  Kn t h e  17- 
1 8 t h   c e n t u r y ,   t h e   y o u n y   p e r m a f r o s t   r e a c h e d  
i t s  m d x i m u m .   T h e   a . l p i n e   i n s u l a r   p e r m a f r o s t  
i n   H u a n g g a n g  L i n g  M o u n t d i n   a b o v e  1600  m a n d  
C h a n g p a i   S h a n   M o u n t a i n   a b o v e  1.800-2000 m i s  
t h e   p r o d u c t   o f   t h a t   s t a g e .  
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PERMAFROST ON MARS: POLYGONALLY  FRACTURED GROUND 

Baerbel K. L u c c h i t t a  

U.S. Geological  Survey, 2255 North Gemini Dr ive,   F lagstaf f ,   Ar izona  86001 USA 

Newly d iscovered  mar t ian  po lygons o f  50-300 m diameter  have random orthogonal 
pa t te rns  and a r e   s i m l l a r   i n   s i z e  and  shape t o   t e r r e s t r i a l   u n s o r t e d   p o l y g o n s   i n  
permaf ros t   te r ra in .  The mar t i an   po l ygons   occu r   a t   l a t  47"N, l ong  346'W, where 
c o n d i t i o n s   a r e   f a v o r a b l e   f o r   i c e - r e l a t e d   f r a c t u r i n g   p r o c e s s e s ;   i c e   i s   i n  
e q u i l i b r i u m   w i t h   t h e  atmosphere  and could  remain i n   t h e  ground f o r  extended 
per iods .   Des icca t ion   o f   g round  i ce  due t o   a s t r o n o m i c a l l y   f o r c e d   c l i m a t i c   c y c l e s ,  
o r   t he rma l   con t rac t i on  due t o  seasonal  cycles  could have f r a c t u r e d   t h e  ground. 
The des iccat ion  hypothes is  has uncer ta in t ies  concern ing  the  temperature  reg ime 
and t h e  exchange o f   wa te r  between the  atmosphere and t h e  ground. An o r i g i n  by 
seasonal   thermal  contract ion,  however, i s  compa t ib le   w i th   t he   s i ze  and  shape o f  
t h e  polygons,  wl th a seasona l   coo l ing   o f  -6O"C, and w i t h   t h e   a v a i l a b i l i t y   o f  
seasonal f ros t .   Bo th  sand wedges and i c e  wedges could have f i l l e d   t h e   p o l y g o n a l  
f rac tu res .   C r i spness   o f   t he   f rac tu res   sugges ts   t ha t   t hey   a re   on l y   s l i gh t l y  
degraded  and  thus r e l a t i v e l y  young, bu t   l oca l   g round   co l l apse   i nd i ca tes   t ha t   t hey  
are  probably   not   forming  act ive ly   today.  

INTRODUCTION 

Mars i s   t h e   o n l y   e x p l o r e d  body i n   o u r   S o l a r  
System t h a t  has many l a n d f o r m s   s i m i l a r   t o  
t e r r e s t r i a l  ones, espec ia l l y   those  assoc ia ted  
wi th   permafrost  o r  co ld  c l imate.   Permafrost ,  
1-3 km th ick ,   p robab ly   occurs   over   the   en t i re  
p lane t  because t h e  mean temperature i s  -8O'C 
(Fanal e 1976).  Rossbacher  and  Judson  (1981) 
ca lcu lated  th is   th ickness,   assuming  the  heat  
f l ow   va lues   o f  Toksoz  and  Hsui  (1978)  and a 
s u r f a c e   l a y e r  composed o f   h a r d - f r o z e n   l i m o n i t i c  
s o i l   w i t h  a h igh  (60%) ice   con ten t .  Near t h e  
equator,  midday  temperatures may reach 15'C 
(Michaux  and Newburn 1972), b,ut n i g h t t i m e  
temperatures  remain  far  below O"C, and, even 
though  f reeze-thaw  processes  are  possible,   the 
f o r m a t i o n   o f  a t h i c k   a c t i v e   l a y e r   i s   u n l i k e l y .  
A l t h o u g h   l i q u i d   w a t e r   c a n n o t   e x l s t   a t   t h e  
su r face  because o f   t h e   t h i n  (6.1 mbar) 
atmosphere, t he   p resence   o f   f l uv ia l   f ea tu res ,  
such as channels ,   impl ies  that   water  once f lowed 
on t h e   s u r f a c e   o f  Mars. Remote-sensing 
measurements  suggest t h a t   w a t e r   p r e s e n t l y   e x i s t s  
i n   t h e  atmosphere  and i n   t h e   p o l a r  caps ( K i e f f e r  
e t   a l .  1977,  Farmer  and Doms 19791. A t  t h e  
V i k i n g   l a n d i n g   s i t e s   w a t e r   i n   t h e   s o i l  was 
detected  from  instrumental  readings  (Anderson 
and  Tice  1978), and i n   l a t e   w i n t e r  a t h i n   f r o s t  
l a y e r  was observed by t h e  cameras on t h e   V i k i n g  
2 Lander  (Wall  1981).  Ground i c e  would be i n  
e q u i l i b r l u m   w i t h   t h e  atmosphere  north and south 
o f   l a t  40" (Farmer  and Doms 1979),  and  even i n  
the   equator ia l   a reas ,   i ce   cou ld   remain   in   the  
ground i f  b lanketed by f i n e   d e b r i s  (Smoluchowski 
1968).  Thus, cond i t i ons  on  Mars are  conducive 
t o  permafrost  processes,  and  permafrost  features 
can be expected on i t s  surface. Such fea tu res  
were i l l u s t r a t e d   i n   t h e  summary r e p o r t s  by Carr 
and  Schaber  (1977)  and Lucchi t ta  (1981).  

LARGE  POLYGONS 

Po lygona l - f rac tu re   pa t te rns  on t he   mar t i an  
surface were d iscovered on V i k i n g   O r b i t e r  
images; these  patterns  are  abundant  throughout 
t h e   n o r t h e r n   l a t i t u d e s .  The polygons  are 
2-20 km i n  diameter, much la rger   than  those of 
known patterned  ground on Ear th  (Washburn 
1980).  That  martian  polygonal  ground may be 
r e l a t e d   t o   t h e r m a l   c o n t r a c t i o n  was suggested  by 
Carr  snd  Schaber  (1977),  but  Black  (1978) 
ob jected because t h e   s i z e   o f   t h e   p o l y g o n s   i s  
i n c o m p a t i b l e   w i t h   t h e   t h e r m a l - c o n t r a c t i o n  
process  as  observed on the   Ea r th .   A l te rna t i ve  
hypotheses  inc lude  cont ract ion by coo l i ng   l ava  
(Mor r i s  and  Underwood  1978) o r  tens iona l  
tecton ism (Pechmann 1980).  Lava cool ing,  
however,  should  form  small  polygons, and t h e  
tens ional   tecton ism  should  not  be r e s t r i c t e d   t o  
n o r t h e r n   l a t i t u d e s .  

He l fens te in  and Mouginis-Mark  (1980)  pointed 
ou t   t ha t   t he rma l -con t rac t i on   po l ygons  2-3 t imes 
t h e   s i z e   o f   t e r r e s t r i a l  ones cou ld  have  formed 
under   Mar t i an   l i t hos ta t i c   s t resses  and  suggested 
t h a t   d e s i c c a t i o n   l a t e r   p r e f e r e n t i a l l y   e n l a r g e d  
and  coalesced some polygons t o  form  the  network 
p resen t l y  obse5ved6  Also, coo l i ng   cyc les  on 
Mars may be  10  -10  years  long and r e l a t e d   t o  
changes i n   t h e   o b l i q u i t y  and e c c e n t r i c i t y   o f  
Mars' o rb i t   ra th f r   than  seasona l .   Us ing   secu la r  
cyc les  of 1 .2~10  years,   Coradin i  and F lamin i  
(1979)   ca lcu la ted   tha t  Mars would  have  an 
" a c t i v e   l a y e r "   o f  100 m; i s o t r o p i c   t e n s i l e  
h o r i z o n t a l   s t r e s s e s   p e n e t r a t i n g   t o  such  depths 
cou ld   fo rm  po lygons   o f   k i lometer   s ize  
(He l fens te in   1980) .   Never the less ,   the   o r ig in   o f  
t h e  3-7-km diameter  polygons,  most common i n   t h e  
n o r t h e r n   p l a i n s   o f  Mars, remains  enigmatic. 
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SMALL  POLYGONS 

Several new observat ions show t h a t  some 
patterned  ground on Mars  has polygon  diameters 
s l m i l a r   t o   t h o s e   o f  ice-wedge  polygons on Ear th  
(genera l l y  a few  meters t o  more than  100 m, 
Washburn 1980). Evans and  Rossbacher  (1980) 
no t iced   ne tworks   o f   po lygons   ou t l ined  by r i dges  
i n   t h e  smooth p l a i n s   m a t e r i a l  o f  Lunae  Planum 
( l a t  17"N, l ong  56"W). These polygons  range i n  
diameter  s ize  f rom 400-1,000 m; cons ide r ing  
mart ian  condi t ions,   those  dimensions  are 
comparable t o  those  of  ice-wedge  polygons on t h e  
Earth. Brook  (1982)  has  discovered  l ight- 
colored  polygonal   networks on a l aye red  
t a b l e l a n d   ( l a t  23"N, l ong  3 5 O W ) .  The polygons 
range  from 100-1,000 m i n  diameter and a r e  
concent ra ted   near   the   r ims  o f   severa l   f la t -  
f loored,  steep-wal led  depressions  that   were 
p r e v i o u s l y   i n t e r p r e t e d  as alases  (thermokarst 
co l lapse  depress ions)  by Carr and  Schaber  (1977) 
and Lucchi t ta  (1981).  Brook hypothes ized  that  
t he   assoc ia t i on   o f   po l ygons  and a lases   ind ica tes  
ground i c e  and t h a t   t h e   n e t w o r k   i s  composed o f  
i ce-wedge polygons. 

A recent ly   d iscovered  a rea   under la in  by 
polygonal  ground  occurs on a p l a t f o r m   i n  
Deuteroni lus Mensae, neap l a t  47"N, l ong  346"W 
( f i g s .  1,2). The polygons  measure 50-300 m i n  
diameter,   but   smal ler  ones may a l s o   e x i s t  
l oca l l y ;   f a in t   ne tworks   can  be detected down t o  
t h e  limit o f   r e s o l u t i o n  o f  t h e   p i c t u r e s .  The 
i n t e r i o r s  of   these  polygons  are  dark,   s imi lar  t o  
the  polygons  observed by Brook  (1982). The 
polygons  occur  mostly on leve l   g round  bu t   a re  
a lso   found on t h e   s l o p i n g  rim o f  a c r a t e r  (8 km 
diam.),  where the   l igh t - toned  ne twork   can   be  
c l e a r l y   i d e n t i f i e d  as l i nea r   dep ress ions  o r  
c r a c k s .   F r a c t u r e s   p a r a l l e l   t o   t h e   s l o p e   a r e  
emphasized, s i m i l a r   t o  what i s  observed on some 
t e r r e s t r i a l  polygons (Washburn  1980). No 
upturned  marg ins  are  v is ib le ;  i t  appears  that  
most o f   t h e   p o l y g o n s   a r e   f l a t  o r  h i g h  
centered.  Apparent  inf luence on t h e  shape o f  
the  polygons by s u b p a r a l l e l   l i n e a r   s t r u c t u r e s  
r e s u l t e d   i n  a network  pattern  most  compatible 
with  Lachenbruch's  (1962)  random-orthogonal 
class. Even though some small  (about 500 m 
diam.),  subdued o l d   c r a t e r s  have  polygonal 
f rac tu res  on t h e i r   r i m s ,  most  other  small  
c r a t e r s  and t h e i r   e j e c t a   a r e   d e v o i d  o f  cracks. 
The absence o f  such features may i n d i c a t e   t h a t  
t h e   c r a t e r s   a r e  superposed  and  thus  younger  than 
the  po lygonal  ground, o r   t h a t   t h e   c r a t e r s   a r e  
o l d e r  and t h e   e j e c t a  have phys i ca l   p roper t i es  
which do not  support   format ion  of   polygons. 
Some c r a t e r s  ar,e, indeed,   o lder   than  the 
polygons  because  they  are  surrounded  by l i g h t  
r a d i a l   l i n e s   t h a t  appear t o  merge w i t h   t h e  
polygonal   ground  pattern;   these  polygons 
apparent ly   developed  a long  preex is t ing  rad ia l  
impact   f rac tu res .   Other   rad ia l   l i nes  may be 
rays.   F igure 2a shows that   po lygons become l e s s  
we l l   de f ined  nor theas tward ;   the   l igh t - toned 
networks  widen,  the  dark  centers  shr ink,  and t h e  
polygonal   pat terns  are more d i f f i c u l t   t o  
t race.   Eventual ly ,   the  pat terned  ground 
d i s s o l v e s   i n t o  a f i e l d   o f   d a r k   s p o t s  o r  low 
hummocks on a l ighter- toned  background. 

Ter res t r ia l   pa t te rned  g round may be s o r t e d   o r  
unsorted (Washburn  1980). Sor ted  pat terned 
ground has c i rc les ,   po lygons ,  o r  nets   that   would 
be bel  ow t h e   r e s o l u t i o n   o f   a v a i l a b l e  images  on 
Mars. Most large  po lygons on the   Ea r th   a re  
unsorted;  they may be  more than  100 m i n  
diameter,  have  cracks as much as 30 m deep,  and 
occur i n   w e l l - s o r t e d   f i n e s ,  sand, g rave l ,   o r  
poo r l y   so r ted   g lac ia l   depos i t s  (Washburn 
1980). Pat terns may be dominated  by  orthogonal 
i n t e r s e c t i o n s  (random o r  or iented  or thogonal  
systems)  or  by t r i r a d i a l  120" i n t e r s e c t i o n s  
(nonorthogonal  system)  (Lachenbruch  1962). 
Orthogonal  systems,  which  are common, develop 
m o s t l y   i n  nonhomogeneous o r   p l a s t i c  media, o r  
wherever l o c i   o f   l o w   s t r e n g t h   o r   h i g h   s t r e s s  
pred isposed  cer ta in   a reas   to   c rack ing ;   and some 
fractures  predate  others.   Pure  nonorthogonal  
systems are   ra re   (Ker foo t   1972) ;   they   deve lop   in  
homogeneous ma te r ia l s   under   I so t rop i c   t ens iona l -  
stress  regimes, and cracks  propagate  from  point 
sources  s imultaneously.   Kerfoot 's  study showed 
t h a t  on close  inspect ion,   most  apparent 
t r i r a d i a l  120" in te rsec t ions   a re   o r thogona l  o r  
a t  60'.  The polygons on Mars a r e   s i m i l a r   i n  
shape t o  unsorted  random-orthogonal  polygons on 
the  Earth.   Figures 1 and 2 show predominantly 
random-orthogonal  systems  that  local ly  appear t o  
be i n f l uenced  by s t r u c t u r a l   l i n e s   o f  weakness; 
t h e s e   l i n e s   i n c l u d e   f r a c t u r e s   r a d i a l   t o   c r a t e r s ,  
on slopes,  and i n  subpara l   le1   se ts   o f  unknown 
o r i g i  n. 

O R I G I N  OF POLYGONS 

Unsorted  polygons  can be formed  by  desic- 
ca t ion ,   thermal   con t rac t ion ,   o r  phase  changes 
(Lachenbruch 1962, Washburn 1980).   Desiccat ion 
polygons, f o r  example, occur i n  mud and a re  
genera l l y   l ess   t han  1 m i n  diameter (Washburn 
1980).  Phase-change polygons  occur i n   c o o l i n g  
l ava  and thermal-contract4on  polygons i n   i c e  o r  
sa l t .   Sa l t   po lygons ,  on the   Ear th ,   a re  
r e s t r i c t e d   t o  a few  hot  deserts.  Polygons due 
t o  t h e r m a l   c o n t r a c t i o n   o f   i c e   a r e  common a t   h i g h  
l a t i t u d e s ,  where they   a re  known as tundra 
polygons  or  ice-wedge  polygons.  Fundamental t o  
t h e i r   f o r m a t i o n   a r e   i c e - r i c h  ground,  tempera- 
tures  below -6°C (Pew6 1973),  and r a p i d   c o o l i n g  
w i t h  a l a r g e   t e m p e r a t u r e   d i f f e r e n t i a l .  The 
f r a c t u r e s   t h a t  form when the  ground  cools and 
con t rac ts  become f i l l e d   w i t h   i c e  (ice-wedge 
polygons), o r  w i t h   d i r t  (sand-wedge polygons) 
where mois ture i s  scarce. The polygons  are  not  
r e s t r i c t e d   t o   t h e   a c t i v e   l a y e r ,   b u t  form w i t h i n  
the  permafrost   layer,   owing t o  seasonal 
temperature changes. Act ive  po lygons  ( low 
centered) have upturned edges  caused  by 
expans ion   o f   mater ia l   dur ing   the  warm season; 
Inact ive  polygons  (high  centered)  are  surrounded 
by   t roughs   f rom  mel t ing   o f   i ce  wedges.  Upon 
fu r the r   deg rada t ion   o f  wedges and  ground  ice, 
troughs widen,  polygon  centers slump i n t o  
t roughs ,   f i e lds   o f   h i l l s   (bayd ja rakhs )   deve lop ,  
and e v e n t u a l l y   t h e   t e r r a i n   d i s i n t e g r a t e s   i n t o  
thermokarst  depressions. 

c o n t r a c t i o n   o f   c o o l i n g   v o l c a n i c   m a t e r i a l s  i s  
An o r i g i n   o f   t h e   m a r t i a n   p o l y g o n s  by 
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i m p l a u s i b l e   b e c a u s e   o f   t h e   a g e   r e l a t i o n s   o f  
cracks  and  impact   craters .   Lavas o r  a s h   f l o w s  
wou ld   deve lop   c racks   immed ia te l y   upon   coo l i ng ,  
and all e n s u i n g   i m p a c t   c r a t e r s   w o u l d   b e  
superposed  on   the   c racks .   However ,   the   p ic tu res  
show t h a t  some p o l y g o n s   d e v e l o p e d   o n   t h e   r i m s   o f  
s m a l l   c r a t e r s   a n d   t h a t  , l o c a l l y ,   c r a t e r   a n d  
p o l y g o n   f r a c t u r e s   a p p a r e n t l y   i n t e r a c t e d .  
Therefore,  it i s  more l i k e l y   t h a t  some t i m e  
e l a p s e d   b e t w e e n   t h e   c o o l i n g   o f   p o s s i b l e   f l o w s  
a n d   t h e   f o r m a t i o n   o f   p o l y g o n s .  

An o r i g i n  b y   d e s i c c a t i o n ,   t h o u g h   p o s s i b l e   f o r  
t h e   m a r t i a n   p o l y g o n s ,   p r e s e n t s  some d i f f i -  
c u l t i e s .  On t h e   E a r t h ,   d e s i c c a t i o n   p o l y g o n s   a r e  
commonly  smal l ,   whereas  the  po lygons  on  Mars  are 
l a r g e .  However, t h e  common occu r rence  o f  
d e s i c c a t i o n   p o l y g o n s  on t h e   E a r t h   i n   t h i n   l a y e r s  
o f  mud pred isposes   c racks  t o  b e   l i m i t e d   t o  
s h a l l o w   d e p t h s   a n d   p o l y g o n s   t o  smal 1 s izes .  By 
c o n t r a s t ,   d e s i c c a t i o n  on  Mars may h a v e   a f f e c t e d  
m a t e r i a l s   t o   c o n s i d e r a b l e   d e p t h ,   t h e   d e s i c c a t i o n  
being  caused by  seasonal o r   s e c u l a r   c l   i m a t l c  
c y c l e s .   S i n c e   t h i c k   l a y e r s  may thus  have  been 
a f f e c t e d   b y   d e s i c c a t i o n  on  Mars, t h e   p o l y g o n s  
might   have  grown  commensurate ly   larger   than 
t h o s e   o n   t h e   E a r t h .  

1 i e   i n   t h e   e q u a t o r i a l  zone  between l a t  k40" 
where  water i s   i n   d i s e q u i l i b r i u m   w i t h   t h e  
a tmosphere   and  dep le ted   f rom  the   g round  (Fana le  
1976). A w e a l t h   o f   v e r y   h i g h   r e s o l u t i o n   i m a g e s  
f a i l   t o  show p o l y g o n a l   g r o u n d   i n   t h o s e  
reg ions .  The f r a c t u r e   p a t t e r n s   o b s e r v e d   b y  
Evans  and  Rossbacher (1980) l i e   i n   t h e  
e q u a t o r i a l   a r e a ,   b u t   t h e   p a t t e r n s   a r e  composed 
of r f d g e s   r a t h e r   t h a n   f r a c t u r e s ,   a n d  s o  
c o n t r a c t i o n   d u e   t o   d e s i c c a t i o n  may n o t   b e   t h e  
a p p r o p r i a t e  mechanism,  The p a t t e r n   d e t e c t e d   b y  
Brook (1982) i s  a b e t t e r   c a n d i d a t e   f o r   d e s i c -  
c a t i o n :  It a l s o   l i e s   e q u a t o r w a r d   o f   l a t  40"  and 
t h e   p o l y g o n s   a r e   a s s o c i a t e d  wi th we l l -deve loped  
t h e r m o k a r s t   d e p r e s s i o n s   ( L u c c h i t t a  1981). Brook 
h a s   i n t e r p r e t e d   t h i s   r e l a t i o n   t o   i n d i c a t e  
d i s i n t e g r a t i o n  o f  i c e  wedges, a l t h o u g h   t h e   l o s s  
o f   i c e   c o u l d   a l s o   h a v e   b e e n   b y   p e r v a s i v e  
d e s i c c a t i o n   o f   t h e   g r o u n d .  The d i s t i n c t i o n  
between  po lygons  formed  by  des iccat ion o r  by 
t h e r m a l   c o n t r a c t i o n  may be d i f f i c u l t  on  Mars  on 
t h e   b a s i s   o f   o b s e r v a t i o n a l   e v i d e n c e   a l o n e  
b e c a u s e   b o t h   p r o c e s s e s   r e q u i r e   t h e   e x i s t e n c e   o f  
i c e - r i c h   g r o u n d ,   w h i c h   i n   b o t h   p r o c e s s e s  may 
genera te   f ea tu res  of ground   co l l apse .  

R e c e n t   s e a s o n a l   d e s i c c a t i o n   t o   t h e   d e p t h s  
r e q u i r e d  t o  form po lygons  50-300 m i n   d i a m e t e r  
i s  u n l i k e l y   a t   t h e   l a t i t u d e   o f   D e u t e r o n i l u s  
Mensae, w h e r e   t h e   n e w l y   d i s c o v e r e d   p a t t e r n e d  
ground i s   s i t u a t e d ,   b e c a u s e   w a t e r   t h e r e   i s  i n  
e q u i l i b r i u m   w i t h   t h e   a t m o s p h e r e   y e a r   r o u n d   a n d  
may remain  i n   t h e   g r o u n d   b e l o w   a b o u t  1 m dep th  
(Farmer  and oms 1979). D u r i n g   a s t r o n o m i c  
c y c l e s   o f  10 ! 6  -10 y e a r s ,   h o w e v e r :   r e s u l t i n g   i n  a 
t e m p o r a r y   h i g h   o b l i q u i t y   o f   M a r s   r o t a t i o n a l  
a x i s ,   t h e   g r o u n d   m i g h t   h a v e   p o s s i b l y  warmed t o  
s u f f i c i e n t   d e p t h   f o r   l a r g e - s c a l e   d e s i c c a t i o n .  
Fanale  and  Jakosky (1982), however,  have 
cons ide red   t ha t   wa te r   exchanged   be tween   the  
r e g o l i t h  and the   a tmosphere   wou ld   be   g rea t l y  
i n h i b i t e d   b y   c a r b o n   d i o x i d e   p o r e   g a s   a n d   s u r f a c e  
abso rp t i on ,  so t h a t   t h e   d e p t h   o f   d e s i c c a t i o n  

The areas   on   Mars   most   severe ly   des icca ted  

shou ld   no t   exceed a few   me te rs .   He l fens te in  
(1980) c a l c u l a t e d   t h a t   t h e s e   c l i m a t i c   c y c l e s  
h a v e   l a r g e   e f f e c t s   n e a r   t h e   p o l e s   b u t   o n l y  
n e g l i g i b l e   e f f e c t s   n e a r   l a t  45",  and so  
f r ac tu red   g round   nea r   and   equa to rward  o f  t h i s  
l a t i t u d e   w o u l d   p r o b a b l y   n o t   b e   a f f e c t e d  much by  
s e c u l a r   c l i m a t i c   c y c l e s .   T h e s e   c o n s i d e r a t i o n s  
i n d i c a t e   t h a t ,   n e a r   t h e   p o l e s ,   d e s i c c a t i o n   d u e  
t o   c l i m a t i c   c y c l e s  may have  c rea ted   po lygons  
t h e r e ,   b u t   a l s o   i n d i c a t e   t h a t   s e c u l a r  
d e s i c c a t i o n   i s   n o t  a l i k e l y  mechanism f o r   t h e  
o r i g i n   o f   t h e   p a t t e r n e d   g r o u n d   i n   t h e   l a t i t u d e s  
discussed  here  and  by  Brook (1982). 

An o r i g i n  o f  t h e   m a r t i a n   p o l y g o n s   a s   t h e r m a l -  
c o n t r a c t i o n   c r a c k s   i n   i c e - r i c h   g r o u n d   a p p e a r s   t o  
b e   m o s t   c o m p a t i b l e   w i t h   t h e   o b s e r v a t i o n s .  
Ground i c e   i s  a p r e r e q u i s i t e   f o r   t h e r m a l -  
c o n t r a c t i o n   p o l y g o n s .  As po in ted   ou t   above ,  
t h e o r e t i c a l   c o n s i d e r a t i o n s   s u g g e s t   t h a t   i c e   i s  
c u r r e n t l y   s t a b l e   i n   t h e   m a r t i a n   g r o u n d   b e l o w  
about  1 m d e p t h   a t   t h e   l a t i t u d e s  o f  t h e  
pa t te rned   g round   he re   d i scussed .   Acco rd ing   t o  
C o r a d i n i  and F l a m i n i  (1979), o n l y   w a t e r   i c e  
w o u l d   b e   a b l e   t o   w i t h s t a n d   t h e   s e a s o n a l   t h e r m a l  
wave i n t o   t h e  g r o u n d ;   c l a t h r a t e s  and  carbon 
d i o x i d e   i c e   w o u l d   e v a p o r a t e  t o o  q u i c k l y .  

e x i s t s   i n   t h e   m a r t i a n  ground. As F i g u r e  2 
shows, t h e   p o l y g o n a l   n e t w o r k   a p p e a r s   t o  
d i s i n t e g r a t e   i n t o  a f i e l d  of hummocks n o r t h e a s t -  
w a r d   a c r o s s   t h e   p i c t u r e .   T h i s   f e a t u r e  i s  
s i m i l a r   t o   t h e   c o l l a p s e   o f   i c e - r i c h   g r o u n d   o n  
t h e   E a r t h ,   w h e r e   p o l y g o n s   d i s i n t e g r a t e   i n t o  
f i e l d s   o f   b a y d j a r a k h s .  The d e s t r u c t i o n   p r o c e s s  
on  Mars,  however, i s  more d i f f i c u l t   t o  
e x p l a i n .  As d iscussed   above ,   evapora t i on   wou ld  
n o t   o c c u r   u n d e r   p r e s e n t   c l i m a t i c   c o n d i t i o n s  
below  about  1 m d e p t h ,   b u t   i c e   a t   t h e   s u r f a c e  
cou ld   be   seasona l ly   dep le ted ,   and  any  
d i s t u r b a n c e ,   s u c h   a s   s l u m p i n g ,   c o u l d   i n i t i a t e  
e x p o s u r e   o f   d e e p e r   i c e   t o   t h e   a t m o s p h e r e   a n d  
t r i g g e r   p r o g r e s s i v e   l o s s  of i c e  and   co l l apse .  
A l s o ,   d e s i c c a t i o n   t o  a few   me te rs   dep th   du r ing  a 
p a s t  warmer p e r i o d   o f   t h e   s e c u l a r   c l i m a t i c  
cyc le ,   as  proposed  by  Fanale  and  Jakosky (1982), 
may h a v e   c a u s e d   l o s s   o f   i c e   a n d   p a r t i a l  
d i s i n t e g r a t i o n   o f   t h e   t e r r a i n .   T h i s   p r o c e s s ,  
however,  as  mentioned  above, i s   l e s s   l i k e l y .  

The seasonal   temperature  change i n   t h e   a r e a  
d i s c u s s e d   i s   s u b s t a n t i a l .  The mean d i u r n a l  
tempera ture   ranges   f rom -5O'C i n   t h e  summer t o  
-110OC i n   t h e   w i n t e r   d u r i n g  a m a r t i a n   y e a r ,  a 
d rop  o f  60°C ( K i e f f e r   e t   a l .  1977). The  amount 
o f   t h i s   d r o p   i s  more  than  adequate t o   i n i t i a t e  
t h e r m a l   c o n t r a c t i o n   i n   i c e - r i c h   g r o u n d .  
A decrease i n   t h e   l i n e a r   c o e f f f c i e n t   o f  
e x p a n s i o n   o f   i c e   w i t h   d e c r e a s i n g   t e   p e r a t u r e  
( f r o m  40~10-~/"C a t  -5OOC t o  30xlO-'/'C a t  
-1lOOC; Hobbs 1974)   wou ld   l essen   t he   t he rma l  
c o n t r a c t i o n   a t   t h e   l o w e r   t e m p e r a t u r e s   b u t   w o u l d  
n o t   p r o h i b i t   t h e   f o r m a t i o n  o f  the rma l -  
c o n t r a c t i o n   p o l y g o n s   a t   t h e   c o l d   t e m p e r a t u r e s   o f  
t h e   m a r t i a n   s u r f a c e .  

I f  the  po lygons  on  Mars  are,   indeed,   thermal  
i c e - c o n t r a c t i o n   c r a c k s ,   t h e   q u e s t i o n   r e m a i n s  
w h e t h e r   t h e   f r a c t u r e s   a r e   f i l l e d   b y   i c e  wedges 
o r  sand wedges.  The c l i m a t e  on Mars 1 s 
e x t r e m e l y   d r y ;   o n l y   v e r y   f e w   t o   a b o u t  30 
p r e c i p i t a b l e   m i c r o n s   o f   w a t e r   e x i s t   a t   t h i s  

O b s e r v a t i o n a l   e v i d e n c e   a l s o   s u g g e s t s   t h a t   i c e  



747 

l a t i t u d e   o n   M a r s  i n  w i n t e r  and summer 
respec t ive ly   (Jakosky   and  Farmer   1982 j .   Wind-  
d r i v e n   m a t e r i a l ,   h o w e v e r ,  i s  u b i q u i t o u s  on  Mars 
a n d   w o u l d   r e a d i l y  fill cracks. The l i g h t e r   t o n e  
o f   t h e   p o l y g o n a l   n e t w o r k  a1 so i s  compa t ib le  wi th 
i n f i l l i n g  b y   d r i f t :   s a n d  wedges, t h e r e f o r e ,   a r e  
p l a u s i b l e .  On t h e   o t h e r  hand,  as  seen a t   t h e  
V i k i n g  2 L a n d e r   s i t e ,   w a t e r f r o s t   i s   p r e c i p i t a t e d  
i n   w i n t e r  on Mars   (Wal l   1981) ,   and  c rys ta ls  may 
grow i n  c racks .  On t h e   E a r t h ,   i c e  wedges form 
m o s t l y   b y   p e r c o l a t i o n   o f   m e l t w a t e r   i n t o  
p r e v i o u s l y  opened  c racks   (Le f f ingwel l   1919,  p. 
205-214),   a l though  windborne snow may a l s o  
cont r ibu te   (B lack   1976) .   Windb lown movement o f  
f r o s t   i s   p o s s i b l e  on Mars i n   w i n t e r  and  cou ld  
c o n t r i b u t e   t o   t h e   i n f i l l i n g   o f   c r a c k s   a n d   t h e  
g r o w t h   o f   i c e  wedges, Fur thermore ,   the  
polygonal   ground  observed i s   t r a n s i t i o n a l   w i t h  
t h e  hummocky ground.   Th is   observat ion  suggests  
t h a t   d i s i n t e g r a t i o n   o c c u r r e d   a l o n g   t h e  
p o l y g o n a l - f r a c t u r e   l i n e s ,   w h i c h ,   i n   t u r n ,  
s u g g e s t   t h a t   i c e  was c o n t a i n e d   i n   t h e  
f r a c t u r e s .   O v e r a l l ,   t h e   e v i d e n c e   i s   c o m p a t i b l e  
wi th   ice-wedge  po lygons,   a l though  sand-wedge 
p o l y g o n s   c a n n o t   b e   r u l e d   o u t ;   t h e   f r a c t u r e s  
p r o b a b l y   c o n t a i n  a m i x t u r e   o f   d i r t  and   i ce .  

It i s   d i f f i c u l t   t o   a s c e r t a i n   w h e t h e r   t h e  
p o l y g o n s   a r e   a c t i v e l y   f o r m i n g   t o d a y   o r   a r e  
r e l i c s   f r o m   t h e   p a s t .  The c r i s p n e s s   o f  some 
cracks   suggests  a r e c e n t   o r i g i n ,   b u t   t h e   a b s e n c e  
o f   r e c o g n i z a b l e   u p t u r n e d   e d   e s   ( i n d i c a t i n g  
a c t i v e l y   f o r m i n g   i c e  wedges!, t h e   l o c a l l y  
d i s i n t e g r a t i n g   g r o u n d ,   a n d   t h e   p o s s i b l e  
s u p e r p o s i t i o n   o f  some r a y e d   c r a t e r s   s u g g e s t   t h a t  
t h e   p o l y g o n s  may be  old.  The po lygons  may 
b e l o n g   t o  a f o r m e r   p a r t   o f   t h e   c l i m a t i c   c y c l e ,  
when t h e   t e m p e r a t u r e s   w e r e   c o l d e r   o r  when a i r  
c u r r e n t s   f a v o r e d   s u p p l y   o f   m o i s t u r e   t o   t h e  
reg ion .  

po lygons   a re   deve loped i s   n o t  known; i t  c o u l d   b e  
r e g o l i t h  on o l d   v o l c a n i c   s u r f a c e s ,   w i n d b l o w n  
d e p o s i t s ,   o r   o t h e r   s e d i m e n t .  The p r o x i m i t y   o f  
seve ra l   channe ls ,   i nc lud ing  a p r e v i o u s l y  unknown 
o u t f l o w   c h a n n e l ,   s u g g e s t s   t h a t   t h e   s u r f a c e   m i g h t  
b e   c o v e r e d   b y   f l u v i a t i l e   o r   g l a c i a l   ( L u c c h i t t a  
e t   a l .  1981 ,   Lucch i t t a  1982) m a t e r i a l s .   C o r t e  
( 1 9 6 3 )   n o t e d   t h a t   t h e   l a r g e s t   a n d   b e s t   d e v e l o p e d  
ice-wedge  po lygons  occur  on somewhat e leva ted ,  
r e l a t i v e l y   w e l l - d r a i n e d   a n d   c o a r s e   o u t w a s h   f r o m  
g l a c i e r s .   D e p o s i t i o n   o f   s i m i l a r   s e d i m e n t   i n  
t h i s   a r e a  on Mars may have  enab led   the   po lygona l  
ground t o  become e x c e p t i o n a l l y   w e l l   d e v e l o p e d  
the re ,  

T h e   c o m p o s i t i o n   o f   t h e   m a t e r i a l   i n   w h i c h   t h e  

CONCLUSIONS 

Newly  d iscovered  po lygonal   ground  on  Mars 
o c c u r s   i n   D e u t e r o n i l u s  Mensae a t   l a t  47"N, l o n g  
346'W, n e a r   t h e   n o r t h e r n   m a r g i n   o f   t h e   m a r t i a n  
h igh lands .  The polygons  measure  50-300 m i n  
d iameter   and  fo rm  c racks  i n  random  orthogonal  
p a t t e r n s .  The s i z e   a n d   s h a p e   o f   t h e s e   p o l y g o n s  
a r e   a n a l o g o u s   t o   t h o s e   o f   u n s o r t e d   p o l y g o n s   o n  
t h e   E a r t h ,   w h i c h   a r e   m o s t  common a t   h i g h  
l a t i t u d e s   a n d   f o r m   b y   t h e r m a l   c o n t r a c t i o n   o f  
i c e - r i c h   g r o u n d .  On Mars, i c e   i s   i n   e q u i l i b r i u m  
w i t h   t h e   a t m o s p h e r e   a t   t h e   l a t i t u d e s   o f   t h i s  

pa t te rned   g round ,   and   i ce  may remain i n   t h e  
g r o u n d   f o r   e x t e n d e d   p e r i o d s .  The presence  o f  
i c e  i s  a l s o   i n d i c a t e d   b y   t h e   d i s i n t e g r a t i o n   o f  
some p o l y g o n a l   p a t t e r n s   t o   f i e l d s   o f  hummocks, 
w h i c h   s u g g e s t s   l o s s   o f   m a t e r i a l .   T h e r e f o r e ,  t 
po lygons  on M a r s   a r e   p r o b a b l y   r e l a t e d   t o   t h e  
p r e s e n c e   o f   g r o u n d   i c e   i n   t h i s   r e g i o n .  

B o t h   d e s i c c a t i o n   d u e   t o   c l i m a t i c   c y c l e s   a n d  

he  

t h e r m a l   c o n t r a c t i o n  due t o  s e a s o n a l   c y c l e s   c o u l d  
have  fo rmed  the   po lygona l   f rac tu res .   The 
d e s i c c a t i o n   h y p o t h e s i s   h a s   u n c e r t a i n t i e s  
concern ing   t he   t empera tu re   reg ime   and  
atmospher ic  exchange o f  w a t e r   d u r i n g   c l i m a t i c  
cyc les .  The t h e r m a l - c o n t r a c t i o n   h y p o t h e s i s   i s  
favored  because i t  i s   c o m p a t i b l e   w i t h   t h e   s i z e  
and  shape o f   t h e   p o l y g o n s ,   w i t h   t h e o r e t i c a l   a n d  
o b s e r v a t i o n a l   e v i d e n c e   f o r   g r o u n d   i c e ,   w i t h  
s e a s o n a l   c o o l i n g   o f  -6O"C, adequate t o   i n i t i a t e  
t h e r m a l   c o n t r a c t i o n   o f   i c e - r i c h   g r o u n d ,   a n d   w i t h  
t h e   a v a i l a b i l i t y   o f   s e a s o n a l   w a t e r   v a p o r   o r  
f r o s t .  The f r a c t u r e s  may be f i l l e d  by  sand 
wedges o r   i c e  wedges, o r ,   m o s t   l i k e l y ,   b y  a 
c o m b i n a t i o n   o f   t h e  two.  The d r y   m a r t i a n   c l i m a t e  
and   abundan t   supp ly   o f   w indb lown   ma te r ia l s   f avo r  
tne f o r m a t i o n   o f   s a n d  wedges,  whereas t h e  
d i s i n t e g r a t i o n   o f   t h e   g r o u n d   a l o n g   p o l y g o n a l  
p a t t e r n s   f a v o r s   t h e   f o r m a t i o n  o f  i c e  wedges. 
The c r i s p n e s s   o f  some f r a c t u r e s   s u g g e s t s   t h a t  
t h e y   a r e   l i t t l e   d e g r a d e d   a n d   t h u s   r e l a t i v e l y  
y o u n g ,   a l t h o u g h   l o c a l   d e s t r u c t i o n   o f   t h e   g r o u n d  
i n d i c a t e s   t h a t   p r e s e n t l y   t h e y   a r e  no t  f o r m i n g  
a c t i v e l y ,  
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FIGURE 1 (a) - Polygonal ly   f ractured  ground i n  
Deuteroni lus Mensae, Mars. Polygons  occur on 
f l a t   t e r r a i n  and  on s lopes   o f  an ancient  impact 
c r a t e r  rim. I l l u m i n a t i o n   i s   f r o m  bottom. 
Center of p i c t u r e   i s   a t   l a t  46.7"N, l ong  
346.1'W. V i k i n g   O r b i t e r  frame 458867. 
Or ien ta t ion   and  sca le  same as i n  (b). 
(b)  - Sketch map of   po lygons shown i n  (a). 
Polygons  are  about 50-300 m i n  diameter. 
St ipp led  areas  denote  impact   craters  and t h e i r  
e jec ta ,  dashed l i n e s   c r a t e r  rim c r e s t s   o f   l a r g e  
subdued c ra te rs .  

FIGURE 2 (a) - Po lygona l l y   f rac tu red   g round   i n  
Deuteroni lus Mensae. Po lygons   d is in tegra te  t o  
hummocky te r ra in   nor theas tward ,   toward   top  of 
p i c t u r e .   I l l u m i n a t i o n   i s   f r o m  bottom.  Center 
o f   p i c t u r e   n e a r  46.9"N, 346.0"W. V i k i n g   O r b i t e r  
frame 458869. O r i e n t a t i o n  and sca le  same as i n  

[ E { * -  Sketch map o f   po l ygons   i n   (a ) .   S t i pp led  
areas  denote  craters  and t h e i r   e j e c t a .  
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THAWING BENEATH INSULATED STRUCTURES ON PERMAFROST 

V. J. Lunardini 

U.S. Army Cold Regions Research  and  Engineering  Laboratory 
Hanover, New Hampshire 03755 USA 

The problem of thawing  beneath  heated  s t ructures  on permafrost   (or   cooled  s t ruc-  
t u r e s  i n  nonpermafrost  zones)  must be addressed i f  safe eng inee r ing   des igns  are 
t o  be  conceived.  In  general   there are no e x a c t   s o l u t i o n s  t o  the  problem of con- 
duc t ion   hea t   t r ans fe r   w i th   phase   change   fo r   p rac t i ca l   geomet r i e s .  The quasl-  
s teady  approximation is  used t o   a o l v e   t h e  phase-change  problem f o r   i n s u l a t e d  
g e o m e t r i e s ,   i n c l u d i n g   i n f i n i t e   s t r i p s ,   r e c t a n g u l a r   b u i l d i n g s ,  and c i r c u l a r  
s to rage   t anks .   Ana ly t i ca l   so lu t ions   a r e   p re sen ted  and  graphed f o r  a range o f  
paramete r s   w i th   p rac t i ca l   impor t ance .  

Large-scale  exploration  and  development of  t h e  
h i g h   l a t i t u d e s  oE the  northern  hemisphere  have 
s t i m u l a t e d   i n t e r e s t   i n  a number of thermal 
problems. Not t h e   l e a s t  of t hese  is t h e   e f f e c t  of 
hea t ed   s t ruc tu res  on underlying  or   surrounding 
permafrost .   This   involves   the  s tudy of conduction 
h e a t   t r a n s f e r   i n  media t h a t  can undergo  f reezing or  
thawing.  Lachenbruch  (1957a,b,  1959) and Jumikis 
(1978)   appl ied   l inear   conduct ion   theory   to   the  
e f f e c t  o f  hea t ing  on permafrost  since no phase 
change was considered. However, the  phase  change 
conduction  problem is  non l inea r  and  few exac t   so lu-  
t i o n s  exist (Lunardini  1981a).  

e x a c t   s o l u t i o n s  of the  thermal  problem.  Closed  form 
s o l u t i o n s ,   a s  opposed to   numer ica l   eva lua t ions ,   have  
r e l i e d  on approximate  methods  such as t he   hea t  
b a l a n c e   i n t e g r a l  method  and the  quasi-s teady 
method. The h e a t   b a l a n c e   i n t e g r a l  method g i v e s  
exce l len t   accuracy   and   has   been   appl ied   successfu l ly  
t o  simple  geometr ies   such as semi- inf ini te   systems 
(Goodman 1958,  Lunardini  1981c,  Lunardini  and 
Varot ta   1981,  h e n  1980)  and p t p e s   b u r i e d   a t  in- 
f in i te   depth   (Lunard in i   1980,   Bel l   1978) .  

The quasi-steady method i s  n o t   a s   r i g o r o u s  as 
the  heat   balance  integral   method,  but i t  can be 
a p p l i e d   t o  a w ide   va r i e ty  of geometries.  Applica- 
t i o n s  have  included  uninsulated  buried  pipes  (Hwang 
1977, Thornton  1976,  Porkhayev 1963) ,  i n s u l a t e d  
buried  pipes   (Lunardini   1981b,d;   Seshadri  and 
Krishnayya  19801,   and  three-dimensional   s t ructures  
(Porkhayev 1970). Probably  the most widely  used 
c a l c u l a t e d   r e s u l t s   a r e   t h o s e  of  Porkhayev (1970).  
New quas i - s t eady   r e l a t ions  are derived and app l i ed  
t o   i n s u l a t e d   g e o m e t r i e s   i n c l u d i n g   s e m i - i n f i n i t e  
s t r i p s   ( r o a d s ,   r i v e r s ) ,   r e c t a n g u l a r   b u i l d i n g s ,   a n d  
c i r c u l a r   s t o r a g e   t a n k s .  

Geometries o f  p r a c t i c a l   i n t e r e s t  do  not   a l low 

QUASI-STEAUY METHOD 

The quasi-steady  approximation  assumes  that   the 
temperature   f ie ld   changes  s lowly  f rom  one  s teady 
state t o   a n o t h e r .   C o n s i d e r   a n   i n f i n i t e   s t r i p ,  as 
shown i n  Figure 1,  w i t h   d i f f e r e n t   p r o p e r t i e s   i n   t h e  
thawed  and f rozen  zones. I n i t i a l l y ,   t h e   t e m p e r a t u r e  
is uniform a t  To and t h e   i n s u l a t e d   s u r f a c e   o f   t h e  
s t r i p  jumps  suddenly t o  Tp. The equa t ions  f o r  t h e  
thawed  and f rozen   r eg ions  are 
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FIGURE 1 Phase  change  beneath  center of an 
u n i n s u l a t e d   i n f i n i t e   s t r i p .  

The energy   ba lance   over   the   sur face  S'  s e p a r a t i n g  
the   f rozen  and  thawed  zones i s  

Equat ions 1 through 3 cannot   be  solved  exacf ly ,  
but  i f  ST is small t h e n   t h e   d i f f u s i o n   e q u a t i o n s  
r e d u c e   t o   t h e   s t e a d y - s t a t e  case t h a t  i s  more e a s i l y  
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solved, If the   p roper t ies  of the  f rozen and  thawed 
media are ident ical ,   then  the  quasi-s teady  system 
is 

(4a) 

Notice  that  the energy  boundary  equation is  solved 
by merely  uslng  the  quasi-s teady  solut ion  for  9. 
Lunardini  (1981a) showed that Equations 4 through  4b 
are the  zeroth  order   of  a pe r tu rba t ion   so lu t ion  of 
Equations 1 and 2 .  The quasi-steady method c o n s i s t s  
of  solving the steady-state  problem and l o c a t i n g   t h e  
phase  change  boundary with an  equation similar t o  
Equation 3 .  The accuracy  of the method depends upon 
the magnitude  of the Stefan number. For systems 
wi th  a l a r g e   l a t e n t  heat r e l a t i v e   t o   t h e   s e n s i b l e  
heat, the approximation will be reasonably  good. 
This   includes  soi l   systems and many l a t e n t   h e a t  
s torage materials. 

GENERAL QUASI-STEADY RELATIONS 

General  equations  can be derived that w i l l  be 
v a l i d  €or a class of imporrant-  phase  change prob- 
lems. Assume t h a t  the s o l u t i o n s  t o  the quasi-steady 
forms of Equations 1 and 2 are 

91 - A l ( d  f B,(r) f ( c ,E)  (5) 

92 ii A 2 ( T )  + B z ( T )  f ( C , E )  (6) 

When combined with the boundary  conditions,  these 
g ive  

91 - (f-fo)/(l-fo) (7 )  

92 = f / f o  

The func t ion  f i s  t h e   s o l u t i o n   t o   t h e   e q u i v a l e n t  
s teady-s ta te   equa t ions ,  and f, i s  i t s  value on t h e  
phase-change  surface. 

equated   to   the   hea t  flow from the  thawed s o i l  a t  E = 
0,  a concept  used by Seshradi and Krishnayya (1980) 
and by Lunardini  (1981b). Using Equation 7 ,  the 
r e l a t i o n  f o r  the insulation/ground  temperature i s  

The heat flow  through Khe i n s u l a t i o n  w i l l  be 

The genera l   in te r face   equat ion ,   Equat lon  3 ,  i s  now 

The hea t   f l ux   i n to   t he  thawed s o i l  a t  t h e  
c e n t e r  of the  heated  surface i s  

(1 1) 

(12) 

The e f f e c t  of t he   i n su la t ion  can a lso   be  
accounted fo r  by consider ing  an  excess   layer  of 
s o i l ,   a p p l i e d   t o  the thawed zone temperature rela- 
t i o n s ,  w i th  a thermal   res i s tance   equal   to  that o f  
the ac tua l   i n su la t ion .  The concept was introduced 
by Porkhayev  (1963,  1970), however the  method used 
here   g ives   be t te r  results (Lunardini 1982)" 

SEMI-INFINITE STRIP 

The s e m i - i n f i n i t e   s t r i p  can  represent  roads, 
shal low  r ivers ,  or very  long  rectangular   bui ldings.  
The s t eady- s t a t e   so lu t ion  is given by Lunardinf 
(1981a) as 

Equation 10 can be in tegra ted  t o  obta in  

EquaKion 14 was evaluated  numerically,  along 
t h e  axis of symmetry a t  5 = 0,  wi th   the   va lues  for  
u = 0 p lo t ted  a8 Figure 1. Correc t ion   fac tors  for 
nonzero u values  are def ined   as  

y = y(a=O) - K i (15) 

and p l o t t e d  i n   F i g u r e s  2 and 3. The single-phase 
s o l u t i o n  ( B  = 0) is 

Infinite Strip ' 
Insulat ion Correction Factors 

0. 1 1  I 

. .. 
0.001 0.0 I 0.1  1.0 IO 

r 
I O 0  

The s t eady- s t a re   ( l imi t ing )   so lu t ion  occurs 
when d E o / d T  I 0. This is 
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FIGURE 5 Insu la t ion   f ac to r ,   n  = 1, 0 < 6 < 0.5. 

The temperatures, in t h e  thawed  and  frozen 
zones, can be found  with  Equations 7 and 8. 

RECTANGULAR BUILDING 

The semi- inf ini te  strip can  represent a 
building  with a very  large  length-to-width ratio, 
bu t   so lu t ions  f o r  small a s p e c t   r a t i o s  are needed. 
The general  8Keady-state solutlon is  given by 
Lunardini  (1981a)  and  the  geometric  factor  along  the 
axis of symmetry, for < = q = 0,  can be written 

FIGURE 4 Phase  change  beneath  center  of  rectangle, 
n = 1, a =  0 .  

0 6  

0.01 01 I .o IO 
t 

FIGURE 6 Insu la t ion   fac tor ,   n  = 1, 0.5 < B < 2.0. 

f ( 5 )  = - 2 tan-1 

The phase-change i n t e r f a c e  i s  

(17) 

The s teady-s ta te   so lu t ion  i s  

I ’  
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FIGURE 7 Phase  change  beneath  center of rec tangle ,  
n =  2. a =  0. 

a =0.4 

0.3 

K t "  

0 4  

0. z 

0'1 I 
FIGURE 9 I n s u l a t i o n   f a c t o r ,  n = 2 ,  0.5 < f3 < 2.0. 

Equation 19 is v a l i d   f o r   t h e   i n f i n i t e   s t r i p  if the  
limit is taken as n + -. 
out and a cor rec t ion   f ac to r  was defined as 

Numerical  quadrature  of  Equation 19 was car r ied  

CIRCULAR TANK 

The t r ans i en t   so lu t ion   fo r   t he   t empera tu re  i n  a 
semi- inf in i te  medium i n i t i a l l y  at  T o ,  af ter  a 
sur face  area S I  i s  d is turbed  with a temperature 
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0.8 0 7  

Kin  0.6 

0.5 0.6 

0 4  

0.3 04 

0.2 

0.2 
01 1 

0 
0.01 0.1 1.0  10 

T 

FIGURE 8 I n s u l a t i o n   f a c t o r ,  n = 2 ,  0 < f3 < 0.5. 
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FIGURE 10 Phase  change  beneath  center of 
uninsulated  c i rcular   tank.  

T , I s  given by Lachenbruch (1957). The steady- 
,?ate s o l u t i o n  is 

T-T 
- = -  dA ( 2  1) 

Equation 2 1  cannot be in tegra ted  in closed form 
f o r  the circle ,   but   the   temperature   a long  the  z-axis  
can be wri t ten  immediately,  and the  geometr ic  
func t ion  is  then 

f(E) = 1 - 
d-= 

(22) 



754 

0. I 

o 1  I 1 1 1 1 1 1 1 1  I 1 1 1 1 1 1 1 1  I I 1 1 1 1 1 1 1  I &Jd 
0 01  0.1 I .o IO 100 

T 

FIGURE 11 I n s u l a t i o n   f a c t o r ,  0 < 6 < 0.25. 
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FIGURE 13 I n s u l a t i o n   f a c t o r ,  0.55 < f3 < 1.0. 

The phase-change  interface  depth  a long  the  axis   of  
symmetry is 

The l i m i t i n g   s o l u t i o n  i s  

The s ingle-phase   so lu t ion  can be w r i t t e n  as 

+ 3 In ( 5  C + -41 
The c i r cu la r   t ank   co r rec t ion   f ac to r  i s  

E C  = EC(u=O) - K i C  

Numerical  values are g i v e n   i n   F i g u r e s  10 
through 13. 

CONCLUSIONS 

The  problem of conduction heat t r a n s f e r  w i th  
phase  change has been  solved  approximately  using  the 
quasi-s teady method. The method is expec ted   to   be  
more r e l i a b l e   t h a n   t h e   w i d e l y   u s e d   g r a p h  of 
Porkhayev (1970). 

The quasi-steady method is ext remely   usefu l  
s i n c e  i t  c a n   b e   a p p l i e d   q u i t e   e a s i l y   t o  a number of 
p r a c t i c a l   c a s e s ,  and the   r e su l t s   can   be   p re sen ted  in 
a compact form, as shown by the  graphs.   These 
graphs are f e l t   t o  be   acceptab le  for eng inee r ing  
estimates wi th  maximum e r r o r s   o f  220%. For in- 
sulated  systems,  where  the  phase  change i s  more 
l imi ted ,   the   g raphs   should   be   even  more accu ra t e .  
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NOTATION 

2a,2b - width and l eng th  of s t r u c t u r e  
C 
d 

- v o l u m e t r i c   s p e c i f i c   h e a t  

k 
- i n s u l a t i o n   t h i c k n e s s  
- thermal   conduct iv i ty  

K 
L 

- i n s u l a t i o n   c o r r e c t i o n   f a c t o r  
- v o l u m e t r i c   l a t e n t   h e a t  

m' = m/a,  outward normal on phase-change 

n = b/a 
q - heat f l u x  a t  bottom of i n s u l a t i o n  

k12 2 kl/k,  

i n t e r f a c e  



8' - s/a, distance  along  phase  change 

S' - S/a2,  area of phase  change  interface 
= C1(T -T ) / L ,  Stefan number 

t - time 
T f , T o  - f r eez ing ,   i n i t i a l   t empera tu res  
-P 

i n t e r f a c e  

P f  

T - temperature of bottom o f  s t r u c t u r e  - insulation-ground  temperature - V/a3, volume o f  region  changing  phase 
x,y,z - Cartesian  coordinates  
xo,yo,zo - coordinates  of phase  change 

i n t e r f a c e  
a = kli   d/2a,   insulation  parameter 
6 = k21 (Tf-To)/(Tp-Tf) 
Y - value  of Eo a t  center  of semi- inf in i te  

c , ~ , c .  = x l a ,   y l a ,   z / a  
K - t he rma l   d i f fus iv i ty  

E C  

k3 - value  of at  center   of   rectangle  
T = 2KlSTt/(na 1,  dimensionless time 
4 = (T-T,)/(T -To) 
91 
9 2  (Te-To)/(Tf-To) 

s t r i p  

50 = z o l a  
- value of Eo beneath  center of 

c i rcu lar   t ank  

= (TI-Tf)/(%p-Tf) 
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Eight  temperatme-controlled  pile  load tests have  been made at   three sites 
representing  typical  interior Alaskan permafxost: conditions. The loads were applied 
in  increments, and accurate displacement histories were obtained  for each increment. 
Direct  results of these  tests and evaluations based on primary creep and ultimate 
strength are presented  in  this paper. It i s  believed that these tests represent an 
extremely valuable data base to  the  profession,  to  evaluate  the  load-carxying and 
settlement  characteristics of slurried  piles i n  permafrost. 

INTR(3DUCTION 

This paper presents  data  obtained during a 
significant load test program on p i les   in  perma- 
f r o s t .  An earlier  description of these  pile load 
t e s t s  was published by Black and Thomas (1978). 

As of the early 1970s, pi les  had been installed 
in Alaska a t  several  locations,  principally in 
connection  with Air Force f ac i l i t i e s  and other 
national defense programs. Also, the U.S. Army's 
Cold Regions Research and Engineering  Laboratory 
had tested many pi les  in permafrost  conditions 
(Sager 1969). This previous work represented the  
s t a t i n g  pint for  the development of the design 
criteria  for  the  piles used by Alyeska Piwline 
Service Company to support the  elevated  portion of 
the Trans-Alaska Pipeline System (TAPS). Alyeska 
was required to conduct a substantial amount of 
independent research and critexia development for 
its design  purposes, bacause these  prior  projects 
and research  differed i n  many important respects 
from the  pipeline  project.  Basically,  prior  pile 
projects had  been installed at  s ingle   s i tes  cover- 
ing a  small  geographic area,  generally on projects 
requiring  only 100 or  so piles ,  and  most  were in- 
s ta l led in cold  permafrost. Alyeska, in  contrast, 
needed to develop cr i te r ia  which  were suitable  for 
approximately 78,000 pi les   instal led along a 
1,280-km route,  in  soils which varied widely i n  
compsition and thermal state.  In addition,  the 
design c r i te r ia  which  were developed for Alyeska's 
purposes needed t o  ensure the  integrity of the 
p i le  system for a 30-year useful  l ife,  with allow- 
ance  only fox limited maintenance. The end result  
was several  significant  differences between the 
pi les  and the  cri teria developed for Alyeska and 
the research and projects which  had preceded that 
program. For example: 

Many of the  prior  projects used timber pi les  
and mechanical refrigeration systems for i n i t i a l  
freezeback, which were uneconomical or imprac- 
t i ca l   fo r  use by Alyeska.  Alyeska used s teal  
pipe  piles, many of which were corrugated and 
contained self-refrigerating thermal  devices. 

a Most prior  installations used i n  s i tu   so i l ,  
which frequently was ice-rich silt, or  even 
water, t o  backfill the  holes  xound  the  piles. 
Alyeska, in  contrast ,  engineered  a carefully 
controlled sand-water s lu r ry  which was used to 
backfill the annulus around the   pi le  and which 
was vibrated  &ring placement for densification. 

e while other  projects had typically been design- 
ed on the basis of the  exact  temperature of the 
soi ls ,  which often were substantially below 
freezing, this was impractical over the long 
route of the  pipeline. So a specific u per 
design  temperature was established (-0.3 C for 
most of the  line) for the  pile and the  adjacent 
frozen ground. 

The p i l e   t e s t s  discussed hexein were confinna- 

c? 

t ion  tests,  made by Alyeska as  one condition of 
acceptance of Alyeska's pi le  design c r i te r ia  by 
the  federal government review  agencies in l a te  
1974. The purpose of the  tests was to  confirm 
previously  eatabliahed criteria, not  to serve as 
the basis for  setting new cr i ter ia .  The in i t ia l  
design c r i te r ia  for the  piles had  been established 
on the basis o f  ear l ie r  criteria and performance 
results,  extensive  laboratory creep tests on 
frozen  slurries and natural  soils, and thorough 
analytical modeling of the themal and mechanical 
performance o f  the  piles. 

TEST CONDITIONS AND DETATLS 

Test Plan 

The basic  test  plan was t o   i n s t a l l  and t e s t  
three  identical  piles at  each of th ree   t es t   s i tes  
representing  different  soil and permafrost  charac- 
te r i s t ics .  The pi les  were configured and installed 
as similar to pipeline  prototype  piles as was pos- 
sible. Each p i le  was tested by applying  loads i n  
increments, a t  3-day intervals, and pile  top dis- 
placements were measured very  accurately  during 
the 3-day period  after each incremental. load 
application. 
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FIGURE 1 Test  Sites  Soil  Profiles. 

Sites and S i t e  Geotechnical mnditions 

Three permafrost sites were selected i n  south- 
central Alaska with widely varying soil  conditions: 

e Elennallen (Copper River Basin): stiff  clays; 
Shaw meek Flats (north of Delta  Junction): 

e Engineer Creek (north of Fairbanks) : ice-rich 
dense alluvial  sands and gravels1 and 

colluvial silts. 

The s i t e s  were selected to be representative of 
significant  lengths of the  pipeline alignment. 
Typical soi l   prof i les  at  each  of the  three  test  
s i t e s  are shown i n  Figure 1. 

s i t e  Development 

A t  each of the  three  sites an insulated  gravel 
pad was placed in   ear ly  1975, pr ior   to  
spring thawing of the  active  layer. Foux t e s t  
pi les  were installed in a l i ne   a t  each s i t e  at 
3.6- spacing. Each t e s t   p i l e  was straddled by 
two reaction  piles, spaced 2.3 m from the   t es t  
pile.  Thus a t o t a l  of 12 piles  was installed at  
each test s i te .  The plan was  t o  test three of the 
four   tes t   p i les ,  w i t h  the  fourth  test   pile being 
retained  as redundant in  case o f  some future need. 
A building was subsequently  placed over the test 
site t o  maintain a closely  controlled temperature 
around the  test   installation. This temperature 
control was needed t o  allow the  required  very 
accurate displacement measurements o f  the p i le  
heads and to   fac i l i t a te   the  temperature control in 
the piles. 

Prototype Test pile Installation 

In as many respects as possible  the  test  piles 
(see  Figure 2) were identical to the  piles being 
installed at the same time along the  pipeline 
alignment. Hence the  piles were 450-m (18-in.) 
diameter steel  pipe  piles w i t h  12.7- (1/2-in. ) 
wall thickness. The pi les  were installed in a 
600-nrm (24-in.) diameter  hole, which w a s  auger- 
dri l led i n  the dry. af ter   pi le  placement the 

0 -  
. . 

annulus between the  pile and the  hole  wall was 
backfilled with a  sand-water slurry, which  had a 
water content  selected to give about 90% water 
saturation  after placement and densification. The 
pi les  were vibrated  during  slurry placement t o  
densify the slurry. The pi les  were then  corru- 
gated i n  the bearing layer at  300-nrm spacing w i t h  
12- t o  18-mm-high corrugations, which are circum- 
ferential  ridges  created by an expansion tool 
placed inside  the  pile  after  installation  but be- 
fore  slurry freezeback. The tested lengths were 
representative of bearing  lengths i n  the respec- 
t ive  three  soils and were 4.6 m (15 f t )  in  the 
stiff clay, 3.7 m (12 f t )  in  the  gravel, and 6.1 m 
(20  f t )  i n  the  ice-rich silt. Just  like  the proto- 
type  piles,   the  test   piles were intended to  trans- 
fe r  part of the  applied  load through end bearing, 
so they had end plates  or a structural  equivalent. 

f 

i 
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Figure 2 Typical &-Built Test P i l e  - Glennallen 
Si te  



758 

special Test Conditions 

Special t e s t  conditions which  made these  test  
piles  different from prototype  piles were as  
follows. The test pi les  were cased down to  the 
bearing layer, a distance  varying between  1.8 and 
3.6 m at the  three sites. The inside of the  piles 
was f i l l ed  with a temperature-controlled fluid to 
maintain  a  constant-temperature environment o f  
-0.3OC i n  and near the pilea during the loading 
phase of the  test;  this temperature was the high- 
e s t  design  temperature for  the  prototype  piles. 
The test loads were applied i n  discrete  incre- 
ments, which  were held  constant  for 3 days to 
allow  very  accurate  creep displacement measure- 
ments. The size of the  load increments was se- 
lected  to  lead  to  failure i n  about 10 increments. 

Further the  tes t   p i les  were subjected to  a 
“thermal shock” loading (Heuer 1979) of -3OOC 
temperature for  a period of 6 hours pr ior   to   the 
load t e s t ,   t o  aimulate a rapid ambiant temperature 
drop i n   f a l l .  

controls and Measurements 

The t e s t  Load was applied t o  each p i le  through 
a hydxaulic rean which  was furnished  pressure by an 
air-actuated  hydraulic pump. An electronic  load 
controller was programed to maintain the  desired 
load  within 1%. A calibrated load ce l l  monitored 
the load and provided feedback to   the  load con- 
t rol ler .  This system provided  load control w e l l  
within  the  specified 1%. 

The pile  top displacement was measured by both 
d ia l  gauges and displacement transducers. 
The displacements were measured with  respect t o  
an independently  supported  reference frame. 
A reading sensit ivity of 0.0025 mm was desired, 
and a precision of about 0.025 arm was obtained. 

The maximum prototype  pile design  temperature 
of -0.3 C was selected  as  the  test  temperature. 
It was considered  impossible to   se lec t   t es t   s i tes  
where natural permafrost  conditions wuld provide 
a constant t e s t  temperature at  that level. Thexe- 
fore,  separate  control  units were provided t o  
control the temperature of each test pile.  Heat 
was  removed  by circulating a refrigerant in coi ls  
inserted  within  the  test Length  of each tes t   p i le .  
The coi ls  were themally coupled to   the  pi le  wall 
by a glycol  solution which was also circulated. 
The heat withdrawal vas opposed by heating  ele- 
ments, t o  meet a temperature cri terion of -0.3OC 
with plus O°C and  minus O.l°C tolerance. 

bearing w i l l  not be discussed  herein,  the  cowes- 
ponding measurement systems are noted. They in- 
cluded a Gloetel  load ce l l   a t   t he   p i l e   t i p   t o  
measuxe end bearing, and pairs of s t ra in  gauges 
placed  diametrically  opposite each other at five 
locations along  each p i l e  to measure loads  trans- 
ferred at  different depths  along t h e  pile  (see 
Figure 2) .  

t o  monitor all instrumentation a t  each 
site, except for  the  dial gauge readings, which 
were manually read and recorded. Output from tha 
data recordex  included  a  typed tape used for  
houxly and daily mopitoring of the resul ts  and for 

0 

Though load transfer along the  pile and end 

A 128-channel data  acquisition system was used 

adjustments to  the  test   plan,  and a computer-coded 
punched tape which furnished  the  record copy of 
aZ1 test data. 

TESTS AND TEST RESULTS 

Tests Accomplished 

The planned three  tests were implemented a t   t he  
Glennallen and Shaw Creek sites. A t  the Engineer 
Creek s i t e ,  two of  the test pi les  were  damaged 
during  construction and  were considered  unsuitable 
for  testing. Thus one of the  originally 
designated test   piles,   plus the redun-t test 
pi le ,  were tested at t h i s  location. The l a t t e r  
had a s t e e l  end plate  Instead of a bottcm load 
ca l l ,  otherwise it was equivalent to  the  other 
tes t   p i les .  

In all cases  the  test  length had been selected 
to give a design load 04 about 267 kN (60 kips) 
and anticipated  failure at  approximately 890-1,340 
kN (200-300 kips) of applied  load. Correspond- 
ingly,  the  reaction frame was designed Sox a 
maximum load of 1,780 kN (400 kips). The t e s t  
load was  applied i n  a l l  cases in 89-kN (20-kip) 
increments up to 890 ]EN (200 kips)  applied  load 
and in 178-kN (40-kip) increments above that load. 
The maximum applied  load, i f  no prior  failure 
occurred, was 1,780 kN (400 kips). This load was 
reached in a l l   t e s t s  except  those at  Engineer 
Creek, where the maximum applied  load was 1,600 kN 
(360 kips). 

Test Rssults 

The resul ts  of a typical load t e s t  at the 
Glennallen s i t e  axe presefited in  Figure 3 ,  which 
shows a displacement-time history and a load- 
displacement C U N ~  for the  entire test. The 
reported displacement is that at  the  top of t h e  
load-tearing  portion of  the  pile;  i.e. , e las t ic  
shortening of the  pile above that location was 
subtracted frcrm the measured displacements. The 
displacement-time curve i l lustrates   the occurrence 
of displacement i n  each of the 15 applied  load 
incrementa. The load-displaceuent  curve is 
similar to that of a typical  pile load tes t .  

Additional detai l  on the development  of dis- 
placement under several  selected load  increments 
is given in Figure 4. The figure shows that even 
at  relatively small loads an equilibrium  condition 
was not reached within  the 3-day duration of the 
increment; rather,  the curves are indicative of 
increasing  displacements with  a decreasing  creep 
rate,  This shape, which is frequently termed 
”primary  creep,’ was typical of the  vast  majority 
of the  results. Only in three of the  eight tests 
was a constant  or  increasing  creep  rate,  i.e., 
secondary or tertiary  creep, obsemed, and then 
only at  the  highest  applied  load  level. These 
were Pile 2 a t  Shaw Creek a t  1,780 kN (400 kips) 
load and both pi les  at  Engineer Creek a t  1,600 kN 
(360 kips)  load. 

Figures 3 and 4 give  results  for  Pile 3 a t  the 
Glennallen s i te .  This p i le  had intermediate 
strength results of the  three  tes ts   a t  Glennallen. 
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FIGURE 3 Pile Test Ftesults--Glennallen Site. 

In  Figure 3 the load-displacement curves of the 
other two tests at  Elennallen  are also shown. A t  
the Shaw Creek s i te ,   P i le  1 gave the  intermediate 
strength  results of the  three  piles  there, and the 
corresponding load-displace~~~ent-the  results axe 
presented  in Figure 5,  together  with 
load-displacement cuxves for  the  other two t e s t s  
at  Shaw (reek. A t  Engineer Creek, the two t e s t  
pi les  gave very similar results.  The displace- 
ment-time curve of Pile 4 and the load- 
displacement  curve for both t e s t s  axe presented  in 
Figure 6. 

EVALUATION OF RESULTS 

General Observations 

The  two o r  three  tes ts  at  each s i t e  showed 
reasonable repeatability of tests, as seen i n  
Figures 3 ,  5 ,  and 6. One exception is Pile 2 at 
Shaw Creek, which  showed a significantly  greater 
displacement  than the  other two pi les  at the same 
site. On the  other hand, systematic  differences 
between the  three  soil types axe quite marked. 

The pi le  tests i n  the  gravel a t   the  Shaw Creek 
s i t e  had the  smallest  displacements and the high- 
est  ultimate  loads. All three  piles reached the 
1,780 ICN (400 kip) maximum test load,  with  only 
one  showing  any signs of weakening. It is be- 
lieved that considerable en8 bearing was mobilized 
i n  addition to the  resistance along the  vertical 
sides i n  these  testa at  Shaw Creek. 

The pi les   in   the stiff mpper River basin clays 
a t   t he  Glennallen site showed intermediate  strength 
All three  piles reached the 1,780 kN (400 kip) 
maximum load, though the displacements were  con- 
siderably  larger than at Shaw Creek at  all loads. 

The t e s t   p i l e s   a t   t he  Engineer Creek s i t e ,  
though they had the  longest  bearing  length, both 
showed large displacements and displacement rates 
at  1,600 kN (360 kips) of load and accordingly 
were not  taken to  the 1,780 kN (400 kip) maximum 
load. These pi les  were relatively stiff a t  low 
loads  but  then showed a dramatic  increase in 
displacements above 530 kN (120 kips). 

F I n n s e d  T i m e  - h o u r s  

I I 1 I I 

FIGURE 4 Typical Creep Curves--Pile 3, Glennallen 
Si te  



FIGORE 5 P i l e  Test Results-Shaw  Creek Site 

Specific  Evaluations 

'hm evaluations of the  pile load t e s t  results 
are  presented below as examples of w h a t  can be 
done w i t h  these data. These include an evaluation 
based on primary-creep data and another baaed on 
Indications of ultimate  strength. 

Evaluation of primary creep can be done ut i l iz-  
ing a plotting method introduced by Sayles (19681, 
who suggested that  primary creep i s  described by a 
creep  rate power function of the form 

D = Dl ('/t)lfl, 
where D is a creep ra te   a t  some t h e ,  t is 
tiae,and D and M axe constants for a  given creep 
relationshlp. Evaluation of the  data by this 
method i s  best done by plotting  the displacement 
rate  versus  reciprocal of time on log-log paper. 
To make these  plots,  the time-displacement data 
were smoothed, and the corresponding  displacement 
ra tes  were calculated. The curve f i t t i ng  and rate  
calculations were  done using  a  simple computer 
program. Determination of the two constants Dl 
and M from the  plots (for the   la ter  times in   the 
usual case of bilinear  plots) allows calculation 
of the expected primary-creep settlement  for  the 
particular  load at  any time, for  instance over a 
30-year design l i fe .  These  30-year expected 
settlements can then be plotted versus t he  load 
(presuming that the  settlement under each load 
increment i s  independent of the  prior  smaller 
loading  increments), and a reasonable and conaer- 
vative  relationship  established. This relation- 
ship allow5  determining, for any selected design 

1 

load,  the expected 30-year primary-creep set t le-  
ment as  indicated by the particular  test. An 
example of the two plots i s  given by Black and 
Thmaa (1978) in  their Figures  7 and 8. 

This evaluation was made for aLL eight test 
p i les   in   th i s  progxam. Results from all. eight 
tes ts   for  a 276 IcN (60 kip)  design load sustained 
for 30 years are summarizes in  Table 1. They show 
a maximum predicted 30-year primary-creep set t le-  
ment of 40 nm (1.6 in . ) .  Displacements of t h i s  
magnitude could easily be accammodated by 
Illyeska's  elevated  pipeline  design. 

evaluations  that might be made for  pile tests in  

TABLE 1 Results of Evaluations 

The second evaluation is analogous t o  load test 

Prim.  Creep Ultimate Capacity 
30- year Design  Design 

Si te  Settlement  Ultimate Load Stress 
and for 267 kN capacity (-2.5)  (-2.5) 

Pile No. rn ICN kN kea 
" 

GA 1 38 1,250 500 77 

GA 3 40 1,600 640 96 
GA 2 10 > 1,780 > 710 b 110 

sc 1 c3 >1,760 P 7 1 0  "134 
sc 2 8 1,600 640 120 
sc 3 <3  21,760 D710 b134 
EC 1 8 1,070 430 48 
EC 4 8 110Y0 430 48 

lnm~ = 0.04in., 1kN = 0.22kipsr  lkPa = 0.Ollksf 
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FIGURE 6 Pile Test Results--Engineex Creek Si te  

unfrozen soi ls$ it is based on the  pile's  ultimate 
capacity, as evidenced by the  creep  rate  at   the end 
of  each  load increment. Specifically, it has been 
suggested that the load a t  which a creep rate of 
0.5 m (0.02 in.) per 24 hours was occurring at  t h e  
end of the 3-y duration of each load increment 
was a  reasonable  representation of the  pi le 's  ulti- 
mate capacity. The highest load increments at which 
the displacement ra te  was jus t  below 0.5 m/day 
are  indicated in Figures 3 ,  5, and 6 for  the  three 
highlighted  piles, and in  Table 1 these  ultimate 
capacities  are  tabulated  for  all  eight  test  piles. 
If a factor of safety of 2.5 i s  used, as suggested 
by Cmry (1974) for   pi les  i n  permafrost when p i le  
load t e s t s  have  been made (3  .O without  load 
tes ts) ,   the  design  load and the design  adfxeeze 
stress levels  are  also  presented  in  the last 
columns of the  table. The design  loads  are 427 kN 
(96 kips) or  higher for all tes t s ,  well i n  excess 
of the 267 kN (60 kips)  intended  design load. 

Thue both types of evaluations  of the tests in  
terms of primary-creep displacement and of ulti- 
mate load confirmed the adequacy of the  previously 
adopted p i l e  design cr i ter ia .  
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PINGO GROWTH AND SUBPJNGO WATER LENSES, !dE+STERN ARCTIC COAST, CANADA 
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Field  surveys of hydrostatic  (closed)  system  pingos which are growing in the bot- 
toms of  drained  lakes have  been carried  out  along the western  arctic  coast ,  
Canada f r o m  1969-1982. The water pressms beneath a pingo are derived f r o m  
pore-water  expulsion i n  saturated sandy lake-bottom  sediments  during  permafrost 
aggradation. A subpingo water lens  develops when the  pore water pressure  uplifts  
t h e  pingo  overburden and intrudes water beneath it. Three  growth patterns have 
been identified  for  the  pingos  with  subpingo water lenses. (1) Constant  year-to- 
year growth suggesting a balance between water supply and f'reezing of the water 
lens; ( 2 )  decreasing  year-to-year growth suggesting a f'reeze-through of the 
sub-pingo water lens;  (3) e r r a t i c  year-to-year growth with periods o f  increasing 
height  followed by pingc rupture, water loss, and pingo  subsidence. The freezing 
point of the water i n  a subpingo water lens is depressed  slightly below Ooc by a 
combination of hvdrostatic ~ressure and the concentration  of  solutes  rejected 
during  freezing. 

INTRODUCTION 

A p i n g  is an ice-cored h i l l  which is typically 
conical i n  shape and can  only grow and persist i n  
permafrost. 'here are about 1,450 pingos  along 
the western a r c t i c  coast of Canada, and of these, 
about 1,350 occur on Rlchaxds Island, Tuktoyaktuk 
Peninsula, and the coastal  area just  south  of the 
Fsklmo Lakes and Liverpool Bay (Figure 1). Pingos 
can  be  divided in to  two main types: (1) hydraulic 
(open)  system  pingos where the water is derived 
f r o m  a source higher i n  elevation  than the pingo 
and ( 2 )  hydrostatic  (closed)  system  pingos where 
the water i s  derived f r o m  a hydrostatic head re- 
sulting from pore water, expulsion  dwing perma- 
frost aggradation (Mackay 1962, 1979). The pingos 
under  discussion are of  thc  hydrostatic  type and 
have grown in   res idua l  ponds lef t  by rapid  lake 
drainage. 'he lake bottom  sediments are sandy. 
The pingc cores are composed mainly of  segregated 
ice,  YnJcction  ice"  frozen from bulk water i n  a 
subpingo water lens ,   o r  any combination  of the two 
types. Although the term "injection  ice" i s  a 
mfsnomer, because it i s  the water which i s  inject-  
ed and not the ice ,   the  term is used here because 
it i s  well established in the permafrost litera- 
ture. Field  surveys have been carried  out on many 
growing pingos  (Figure 1) f o r  the period 1969-1982. 
lhe focus  of t h i s  discussfon is on pingos 13, 14, 
and 17. lhe mean annual air temperature i n   t h e  
area i s  about -ll°C, the mean annual ground  temper- 
ature about -8' t o  -9OC, and permafrost i s  about 
500-600 m thick.  The purpose of this paper i s  t o  
discuss  aspects  of pingo growth affected by the 
presence  of  subpingo water lenses. 

PINGOS 13, 1 4 ,  RND 17 

Pingos 13, 14, and 17 have formed in the  bottom 
of a large lake which drained  pr ior   to  1890. The 
lake was about 1 km wide, 6.5 hn long, and deeper 
than  the maximum winter  ice  thickness  over most of 

i t s  mea, so t ha t  a large talik would have existed 
beneath the lake bottom pr ior   to   l ake  drainage. 
The tops  of  each  of the three pingos rise t o  a 
uniform height  of  about 1 2  m above the lake bed 
and the position  of the th ree  tops forms the 
vertices  of a triang1.e the  s ides  of which are 
about 1150 m long. 

Piwo  111 

A section  across the width o f  the  drained lake 
basin with pipgo 1 4  in the center i s  shown i n  
Figwe 2 .  The 1971-1982 changes i n  height of a 
bench mark in s t a l l ed   i n to  permafrost on the top  o f  
the pingo, and referenced by precise survey t o  a 
stable datum beyond the former  lake  shore, are 
p lo t ted   in  E ' i g u r e  3. Holes w e r e  drilled through 
ice-bonded permafrost i n  the pingo down t o   t h e  
subpingo water lens in 1973,  1976, and 1977. All 
holes produced al-tesian flow  (Figure 4). In 1973 
and 1976, the  holes were allowed to   f reeze in.  In  
1977, two d r i l l  holes wer'e kept open fo r  2 weeks, 
and two pressure  transducers were ins t a l l ed  i n  the 
subpingo water lens  where it was 1.2 m thick 
(Figure 2 ) .  Because the projections of the growth 
trends fora the  pingo  top  (Figure 3) were parallel 
f o r  1971-1972,  1973-1976, and 1978-1982 when there  
was no water loss, the rate of  recharge t o   t h e  
subpingo  water  lens seem t o  have  been constant. 
The water pressure i n  the subpingo  water  lens for 
1977-1982 i s  plotted  in  Figure 5. Within a month 
following  freezing of the &Ill holes i n  1977 the 
pressure  stabilized a t  370 kPa where it has 
remained essentlally  constant  ever  since. 

Pingos 13 and 1 7  

Increase in   e levat ion of the tops of pingos 13 
and 17 is plotted in Figure 6. Although pingos 13, 
14, and 17  undoubtedly share a comon  subpennafrost 
groundwater  system, d r i l l i n g   i n  pingo 14 seem t o  
have had no detrimental  effect upon the growth of 
pingo 13. Even though pingo 17  has  not been 
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Firnure 1. Locatlon map, Pingos are assigned  nmbers,  because most are 
unnamed. 
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F i n r e  2. Cross section  of  pingo 14 and the  drained  lake. 

d r i l l ed ,   there  is abundant, evidence from periodic  extensive water loss from drilling i n  nearby 
spring flow, peripheral  pingo  faulting  with water’ pingo 14, the growth has been steady. No spring 
loss, and subsldence  of  the  top t o  show that  dischaxge has been observed for   the  1977-3.982 
pingc 1% i s  underlaln by a lwgc and deep water period. 
lens (Mackay 1977, 1979). Figure 6 shows a 
variable growth pat tern  for  pingo 17 between 1974 
and 1977 when there was frequent  spring  discharge 
and pirgo rupture. F r o m  1977-1979, following 
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Figure 3. Graph showing the  height  of a bench mark on the top  of  pingo 1’1 f o r  the 1971-1982 survey 
period. Note the loss of height rollowing each  period o f  dri l l ing.  

PERMAFROST GROWIT1 AND PORGWATER EXPULSION 

When downward freezing occurs in   sa tura ted  
sand,  such as i s  present  beneath the drained lake 
of  pingos 13, 1 4 ,  and 17, pow water will be 
expelled i n   h n t  of the  freezing  surface i f  
drainage i s  permitted,  but i f  drainage i s  blocked, 
the pore-water pressure w i l l  r i s e  and may 
approach the overburden pressure (e.g. Amridson 
and Morgenstern 1977; Khakimov 1957; MeRoberts 
and Morgenstern 1975). It i s  permafmst growth 
accompanied by pore-water pressure which provides 
the mechanism fo r  pingo growth. Firthemore, It 
i s  obvious that i f  a pingo has a subpingo water 
lens,  the water pressure i s  hi& e n o q a   t o   u p l i f t  
the superincumbent pingo  with its ice  core and 
overburden. In the case or pingo 1 4 ,  the hydm- 
s t a t i c  head of  the subpingo water lens lies about 
11 m above the top of the pingo and about 23 m 
ahow the lake f l a t .  

There are nmemus methods which can be used 
t o  estimate the r a t e  of growth of permafrost i n  
thawed sediments  underlying a drained  lake bottom, 
a widely used one being Stef’an’s solution: 

where 

z = depth  of  permafrost; 
k = thermal  conductivity: 

T = temperature, OC; 
t =time; 
‘L = the volumetric laten!, heet of‘ fusion of 

the so i l ;  
b = a  constant f o r  Stefan’s  solution. 

The rate of  permf’rost growth is 

d z =  b . dtrm 
From equations 1 and 2 , 

If the  poroslty i s  n, the volume expansion of 
water t o   i c e  is 9%, a l l  of the 9% excess volume 
i s  expelled as pore water, and the  thickness  of 
the  layer of expelled pore water i s  H, then 

The value  of b for f ou r  recently  drained  lakes 
in  the  Ttktoyaktuk  Peninsula area is about 
3 m/y& (Mackay 1979). If t h i s  value  of b i s  
used with a porosity ( 0 )  of 0.3 and a mean depth 
of  permafrost ( z )  of 40 m (Fi.gure l), from 
equation 4 the expelled  pore  water would amount t o  
about a 3 m thick  layer  of  water  in a year. The 
emulative  addition of water t o  pingos 13, 1 4 ,  and 
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Figure 5. Water pressure of  pingo 1 4  as 
measured with a pressure transducer i n   t h e  sub- 
pingo water lens (Figure 2) .  The drop i n  
pressure i n  1977 was associated with dril.ling 
and transducer  installation. 

17 i s  about 8,000 m3/yr, the estimate being 
based upon the pingo areas and growth patterns. 
From the preceding, the area of permafrost  pore 
water  expulsion  required t o  supply the 8,000 m3/ 
yr  of water at the rate of 3 m d y r  is then 
about 2.7 h2, or  about half the   to ta l   a rea  of 
the drained lake bottom. This seems t o  be of 
the rlght order  of magnitude. Tne water which 
accumulates i n  a subpingc water Lens, as sampled 
*om spring and drill hole  flow, has a much 
higher  concentration  of  solutes  than the or iginal  
pore water because  of the rejection  of  solutes 
during freezing (Mackay 1979). Consequently, the 
O°C isotherm is typical ly  many meters below the 
bottom of the ice-bonded permafrost. The 
"unfrozen" zone i n  Figure I, as an example, is 
based upon the lack of ice-bonding,  not upon a 
posit ive temperature. 

A pingo  underlain by a subpingo water lens i s  
i n  an unstable growth situation. A t  one extreme, 
the pingo will eventually  rupture, i f  the yearly 
addltion of water t o  the subpingo water lens ex- 
ceeds that which i s  frozen; at the  other  extreme, 
the subpingo water lens  will freeze  through, if 
the yearly amount added i s  less than tha t  which 
i s  frozen.  Figure 7 i l l u s t r a t e s  three different  
growth types for pingos with subpingo water 
lenses. Type 1, constant rate of  growth: Pingo 
9, which had a 2.2 m thick water l ens   i n  1978 
(Mackay 1978), has a constant rise in   e levat lon 
fo r   t he  pingo  top. If a l l  of the 2 . 2  m deep 
water lens were to   f r eeze   so l id   i n  one winter, a 
thermal  impossibility,  without any addition or 
loss  of water, the 9% volume expansion  could 
only produce a sumnit growth of 20 c d y r   i n  
contrast t o  the actual gmwth of  about 30 cdYr.  
Consequently,  these must be a net annual 
addition  of water t o   t h e  subpingc water lens. 
Type 2, decreasing rate of growth: Tne growth 
r a t e  of pingo 8 i s  decreasing and presumably 
growth w i l l  soon cease, Pingo 8 was d r i l l e d  in 
1980, and although a was penetrated be- 
neath  the sumit, there was no artesian flow. 
Tne water  lens  appears t o  be freezing thm@ 
without  addition of more water. Type 3, e r r a t i c  
growth: Plngos 4 and 15 show episodic  periods O f  
growth from water accumulation,  followed by sub- 
sidence from pingo rupture and water loss. Tne 
existence  of a subpingo water lens i s  se l f -  
evident from the e r r a t i c  growth pattern of Type 
3> but the growth patterns of Types 1 and 2 could 
occur  for  pingos  without  subpingo water lenses. 

CONCLUSION 

Some pingos are unde r l ab  by a subpingo water 
lens whose freezing  results  in  nearly pure 
" iqject ion  ice  . I t  The water pressure i s  derived 
from pore water expulsion which accompanies 
permafrost  aggradation i n  saturated sandy 
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Figure 6. Graph showing the  heights  of bench 
marks on the tops of  pingos 13 and 17  f o r  the 
respective  survey  period. 
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sediments. !he watcr pr>essure i n  a subpingo 
water ].ens is sufficient t o  uplift  the  super- 
incumbent pingo. A pingo  with a subpingo water 
lens i s  i n  an unstable  situation and subject t o  
rupture, water loss, and subsidence. Pingos 
with subpingo water lenses  exhibit a variety  of 
growth patterns. 
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FRcm CELL DESIGN AND OPEmTION 

Daniel W. hgeau' and Mark B. Sherman2 
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This paper presents the design and  recommend& operation of a frost heave cell. for use 
in conducting laboratory  frost heave experiments. Specific  features of the  design 
include spli t   barrel   construction  for easy assembly, controlled  top and bottom 
temperatures, well-insulated sides, simple  thermistor  installation  for  temperature 
measurement, and new heat exchanger details for top and bottom plates.  Tests can be 
performedon  undisturbed  samples, remolded cohesive soil ,   or remolded cohesionless 
soil. Details of sample preparation are presented for each  sample  type. %st duration 
depends on soil type and  amount of heave, and generally ranges from 1 to 3 days. Tests 
can be conducted a t  various overburden pressures. Test results  are  interpreted using 
the Konrad-Morgenstern sqregation  potential concept of frost heave. 

lxmmucnm 

Many researchers over the past  several decades 
have attempted t o  relate  frost heave to soil index 
properties,  the most common of which has been 
grain-size, (Penner 1968,  Kaplar  1974, Ftieke e t  al. 
1983). Rieke  e t  al. (1983) performed  a series of 
laboratory frost heave te&s i n  which the amount of 
silt and clay and the type of clay  mineral were 
varied from test to  test. They found that  while 
relationshipsbetween  frost heave and s o i l  index 
properties do exist, the sensitivity of frost heave 
t o  even small changes in  clay  content  (l-2%) 
resulted in  significant changes in observed heave 
rate  under the same testing conditions. It is 
concluded from these tests and from the lack of 
correlation between grain  size and results from 
frost heave tests performed by others (e+ b p l a r  
1974, Leary et al. 1968) that soil. index properties 
alone  are  insufficient  to adequately  asses8  the 
f ros t  heave potential of a soil.  Furthermore, it 
is our  contention, and that  of others (Konrad  and 
Morgenstern 1982b), that   laboratory  frost  heave 
tests are necessary to  accurately determine  the 
frost  susceptibility of soil. 

me drawback  of laboratory frost heave testing 
in the past has been the lack of uniformity of test 
equipment, test procedures, and techniques t o  
interpret   results.   In  this paper, we present  the 
design of a f ros t  cell which, although  similar  in 
design to   f rost  cells llsed by others,  incorporates 
special   features   developed by the  authors.  
Procedures for  testing  either  fine-grained or 
coarse-grained soils  are  presented  with  special 
attention given to  problems commonly encountered 
during f ros t  heave testing.  Finally, a method i s  
presented to   interpret   f rost  heave t e s t   r e su l t s  
based on a f ros t  heave theory proposed by Konrad 
and  Morgenstern  (1980). 

The purpose of t h i s  paper is not t o  present 
f ros t  heave t e s t   r e su l t s  bu t  rather  to  present a 
proven  approach  for  performing  consistent 
laboratow  frost heave tests on a variety of soils 
almg with details for obtaining the necessary par- 
meters to analyze test results. 

FRDsT HEAVE TEST EpUIFWENT 

The cell described in this paper (Figure 1) uses 
a 150-mm high s o i l  sample of either  granular  or 
finegrained material. The test apparatus consists 
of  150-mm I.D. by 200-mm OQ. spli t  nylon cylinder, 
instrumented along the sides w i t h  thennistora The 
cylinder  rests on a copper heat exchanger base 
plate.  The so i l   s ample   ( e i the r  remolded or  
undisturbed) is placed in  the  cylinder  within a 
latex membrane,  and a copper piston-like  heat 
exchanger is situated on top of the soil. Lines  in 
the top heat exchanger allow water from a reservoir 
(burette) t o  flow into the sample  and eventually to 
the  freezing  front as it progresses  through  the 
sample. Freezing is in i t ia ted   a t   the  base of the 
sample, and as  the sample  heaves, the  top  piston 
moves  upward. A vertical  load is applied to  t h i s  
piston  via a dead weight  system to simulate field 
overburden conditions. 

The cell is placed i n  a temperature  controlled 
environment s l ight ly  above freezing.  External 
coolant  circulating  baths supply  a  glycol-water 
mixture t o  the heat  exchangers a t  adjustable 
preselected  temperatures,  allowing any desired 
gradient t o  be applied. Thermistors i n  the top and 
base plates permit the  plate  temperatures  to he 
manitored during the test. Figure 2 is a schematic 
diagram of the frost cell experimental setup. 

LeaimConsiderations 
The heat exchanger plates a t  the top and bottom 

of the sample must be capable of transferring a 
sufficient  quantity of heat in or out of the sample 
in order to maintain the desired thermal gradient 
for the duration of the test. In turn, the cooling 
mechanism attached to the  plates must be ab le   to  
remove or supply this heat to maintain isothermal 
condi t ions i n  t he   p l a t e s   w i th in   ve ry   c lose  
tolerances Copper has been &elected as the mater- 
ial for the heat exchanger plate, although aluminum 
has also been wed successfully (Mageau and Morgen- 
s t e r n  1980, Rieke e t  al .  1983). The a c t u a l  
configuration of the  top and base heat exchangers 
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is shown i n  Figures 3 through 6. Our design m i n i -  
mizes thermal gradients  across  the  plate and 
between  passages.  Assuming a 50% water/50%  ethy- 
lene  glycol  mixture a t  a minimum flow rate o f  1.2 
Vmin, the total  temperature drop i n  the f l u i d  
between the inlet and outlet should be on the order 
of 0.02OS once a ~teady-state thermal gradient i n  
the sample has been achieved. 

The coolant baths should be capable of mainhip 
ing a temperature stability on the order of 0.02OC 
Our experience has shown that overall temperature 
stabil i ty is improved i f  the  coolant batha are 
located  externally from the cel l  environment and 
coolant lines  are well insulated. I n  order to 
minimize radial heat flow into  the sample, the 
cells are  insulated with 100 rnm of polyurethane 
foam. The cell environment itself shoud be main- 
tained as close to  +l.O°C as possible. It has been 
found that a large cold room can  be difficult   to 
maintain at  a constant  temperature and that a small 
cold room is more desirable. Rieke e t  al. (1983) 
have successfully used a standard refrigerator mod- 
ified t o  accept frost cell equipment. 

The basic parameters measured  during the frost 
heave test  are temperature, water intake, and 
vertical heave. Far temperature measurement, we 
reommend waterproof and pressure resistant thermi- 
stors, which are  calibrated  prior  to each tes t  
using a carefully prepared ice bath. An accuracy 
of +O.Ol°C is desirable i n  order t o  properly 
estimate thermal gradients and fro& p e t r a t i o n  
Water intake t o  the sample is measured w i t h  a 
burette  accurate to  k0.2 m l .  Vertical heave is 
measured using an LVDT (or dial  gage) accurate to 
k0.0025 nun. The accuracy  of vertical heave measure 
ment is especially  critical  for coarse-grained 
mnples w h i c h  may show l i t t l e  heave  over the dura- 
tion of the test. An automated data collection and 
storage system is recommended. 

SAMPLE PREPARATION 

Preparation of a soil  sample for  frost heave 
testing depends on the t4rpe of soil and on whether 
the sample is remolded  or undisturbed. we recom- 
mend testing an undisturbed sample, as the soi l  
structure and density would  more closely resemble 
i n s i t u  conditions than would those associated w i t h  
a remolded  sample. However, for m a n y  engineering 
projects, it may not be feasible or, i n  the case of 
coarse-grained soils,  it may not be possible t o  
obtain undisturbed samples, and  1abOKatOKy tests 
must be conducted on remolded  Samples. 

Sample preparation  for remolded cohesive so i l  
differs Prom that for remolded cohesionless soil. 
The basic difference is that remolded  cohesive soil 
is consolidated i n  a separate consolidometer,  while 
remolded cohesionless soi l  i s  compacted i n  l i f t s  
inside the frost  cell. Many natural  soils are 
borderline between cohesive  and cohesionless, and 
there i s  no absolute rule  for determining t o  which 
category a soil should  belong. If clay mineral is 
present,  a soil  wi th  as l i t t l e  as 20% passing the 
#200 sieve may be considered cohesive. Xn general, 
external  consolidation y ie lds  a more uniform  and 
consistent sample and is used by the  authors  for 
any soil w h i c h  has enough cohesion to  remain intact 
after removal from the consolidometer. 

This section for sample preparation is divided, 
therefore, into three categories based on the type 
o f  sample: undisturbed, remolded cohesive, and 
remolded cohesionless. 

undisturbeaw 
The required diameter of a sample t o  be tested 

i n  the frost   cell  is 150 mm (after extrusion  f rom 
the sampler). A m p l e  w i t h  a diameter  smaller than 
150 mm would allow water t o  migrate between the 
sample and the membrane and therefore is not used. 
A sample w i t h  diameter larger than 150 mm can be 
used after trimming,  provided the trimming process 
does not result i n  voids along the  sides of the 
sample. The sample length can range  from 80 t o  150 
m o m  

l&f@2u"sQil 

hen i n  cohesive soil, material greater than 30 
mm may  be present and  can lead t o  difficult ies i n  
sample preparation. Therefore, a l l  material 
greater than 30 mm is removed  from the sample and 
replaced w i t h  an equivalent weight of materal 
larger than the 84 sieve and smaller than 30 mm. 
f i i a  procedure is expxted to have little effect on 
frost  heave test  results  since it is the silt and 
clay  fraction (i.e., s p c i f i c  surface) which  con- 
trols the heave process  (Rieke et  aL 1983). 

A sufficient quantity of soil is then thoroughly 
mixed w i t h  enough disti l led water t o  produce a 
slurry w i t h  a water  content i n  excess of the liquid 
limit of the soil. The soil is allowed t o  soak for 
a t  least 12  hours.  The slurry is then consolidated 
i n  a consolidometer  (approximately 150 mm 19.) a t  
the pressure a t  which the frost heave test will be 
conducted If t h i s  pressure is not sufficient t o  
consolidate the sample so that it can  be  handled 
without deforming, the  consolidation  pressure is 
increased t o  a level which yields a sample that 
will not  easily deform under zero  confining 
pressure. This minimum consolidation  pressure 
depends primarily upon the amount  of fines (parti- 
cularly the clay fraction) i n  the soil and typical- 
l y  ranges  from 50 t o  100 kh. 

If the sample is undisturbed or has been pre- 
pared using the consolidometer, the next step is to  
place the test s p e c i m e n  on the base plate and place 
the  top cap ( w i t h  a f i l t e r  paper) on the sample. 
The latex membrane is installed around the sample 
and secured a t  the  top and base plates using "0" 
rings. This membrane is allowed some slack to prcr 
vide for  stretching as the soi l  heaves vertically 
during the  test. The membrane is coated wi th  a 
silicone  lubricant and the two barrel halves are 
placed around the sample and fastened. A t  this time 
the top cap is checked t o  ensure it i s  not binding. 

HemoLdedCohesionlessSQil 
As w i t h  cohesive soil, a l l  material larger than 

30 mm is removed  and replaced w i t h  an equivalent 
weight of matecia1 larger than the 14 sieve and 
smaller than 30 mm. The Boil is completely  cover- 
ed with distilled water and allowed to  soak for  at 
Least 1 2  hours. The frost   cell  is partially 
assembled with the membrane attached t o  the base 
plate by means  of  an "0" ring and stretched over 



the sides of the bottom portion of the nylon 
barrel. A low-viscosity silicone lubricant is 
applied  to the inside walls of the barrel  prior to 
attaching  the membrane to reduce  friction  between 
the barrel and the  membrane during  the test. 

The cohesionless soil is placed in the frost 
cell in 20-mm lifts and compactd to the desired 
density  using a hand-held tamper 40-mm in diameter. 
Distilled water is added to each lift prior to 
tamping to ensure  that the w i l  remains aturatd. 
The top cap is  placed on  the m p l e  (with  a  filter 
paper between the porous  stone and the sample), and 
the membrane is attached to the top cap with  two 
"0" rings. The top portion of the nylon split- 
barrel is placed  around the top cap and secured. 

FRWT CELL PREPARATION 

The remainder of the frost cell is assembled, 
including the insulation, load ram guide bar, and 
clamps, and the entire assembly is placed in the 
controlled-temperature  cold  room  set  at a tempra- 
ture  of awroximately +1% The drainage  lines  are 
attached and de-aired, and the sample  is consoli- 
dated to the desired pressure by placing appro- 
priate weights  on  the hanger  assembly. The sample 
is  kept  in  the  cold  room  overnight with the drain- 
age lines  open to allow equilization of both pore 
pressure and soil temperature. For most soils 12 
hours shouldbe adequate todissipate excess pore 
pressures. For clay soils complete excess pore 
dissipation  may  take  longer. A standard constant 
or falling head permeability test (without back 
pressure) can be performed on the  sample at this 
time if  desired. Otherwise, the  sample is  ready 
for  testing. 

TEsrPRomDmE 

Coolant lines  from the warm temperature bath 
(Tw=+O.3OC) are attached to both top and bottom 
plates, and fluid i s  circulated for several hours 
in order to induce a uniform temperature in the 
-le. 

In fine-grained  soil,  pore spaces are  generally 
too  small for initial  nucleation  of  ice  crystdls to 
occur at the cold-side test temperature of -1OC. 
Therefore, initial nucleation must be induced by 
briefly  supercooling  the base of the aample.  'phis 
procedure if3 usually not necessary for  cohesionless 
soils. First, the coolant lines from the warm 
refrigeration  bath  are  disconnected  from the base 
plate (circulation through the top cap should be 
continued).  Second,  coolant  lines from a separate 
refrigeration bath which has been set  at  -15" to 
-2OOC are  connected to the base plate. The change 
in  height  and base plate  temperature  readings  are 
continually  monitored  after  circulation is initiat- 
ed. Nucleation, and subsequent change in  height, 
should cornmence within 1 min. for most finegrained 
soils. As soon as any change in height is observ- 
ed, the coolant  lines  from the nucleation  refriger- 
ation bath are  disconnected, and ooolant lines  from 
the bath set at -1OC are attached to the base 
plate.  Fluid  circulation  is  immediately  initiated. 

Readings for temperatures  (top  and  bottom 
plates,  sidewalls, and room),  change  in  height: and 
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water intake (or expulsion) are recorded at the 
following times: 0, 1 min, 5 min, 10 min,  20 min, 
30 min, l hr, 2 hrs, 4 hrs, 8 hrs, 16  hrs 
(optional), and 24 hrs. Readings are recorded at 
least twice daily  thereafter. 

'she  test: is  continued  for a  minimum of 12 hours 
after the rate of frost penetration  becomes  approx- 
imately zero. The time €or  zero  frost  penetration 
to occur  depends on the soil t y p  and the  amount of 
water intake. For cohesionless soils, which 
usually intake little water during the test, the 
total  length of a frost  heave  test may range  from 1 
to 2 days. For silty material, the length of a 
test may range rom 2 to 4 days. For soils with 
significant  clay  content, the length  of a test may 
range  fram 3 to 5 days. 

After completion of the test the sample. is 
removed  from  the  cell and examined. The loation 
of the final i e  lens  (if  visible) with respect  to 
the bottom of the sample (cold-side) is measured. 
The  sample is divided into frozen and unfrozen 
parts,  and  water  content  determinations  are made  on 
each. Frost heave (change in height), water 
intake,  and  frost  penetration  are  then p l o t W  as a 
function of time. 

I-ION OF TEST RESULTS 

Results from laboratory frost heave tests  are 
interpreted using  a mechanistic theory of frost 
heave developed by Ronrad and Morgenstern (1980) 
which allows prediction o f  f leld frost heave 
behavior  using  parameters  obtained from laboratory 
frost heave tests. The theory is derived from 
thermodynamic  processes  within the frozen  fringe of 
soil  between the frozen-unfrozen  interface and the 
last  ice  lens.  Simply  stated,  frost  heave  is con- 
trolled by the temperature gradient within  the 
frozen  fringe as expressed by: 

v = SP(B) grad TI (1) 

where v is the velocity of water intake (mm/s), 
grad T is the temperature gradient across the 
frozen  fringe $'Wmm) and SP(Pe) is the segregation 
potential (mm / S T )  as a function of overburden 
pressure, Pe (kPa) . 

The  amount of segregational  heave  (versus  insitu 
heave) is thus given by: 

hs = 1.09 v A t  (2) 

where  hs  is the total  segregationdl  heave (mm) and 
A t  is the  time  interval  (sec) . 

From equations (1) and (2) it can be seen that 
segregational heave is directly related to SP. 
However, SP is dependent on several variables. 
Because of  the many unknowns  associated with using 
laboratory test results for  predicting  field 
behavior,  it  is  considered  prudent to determine  the 
highest segregation potential for a soil. Konrad 
and Morgenstern  (1981)  have  observed tht SP is at 
its maximum when the suction  at  the  frozen-unfrozen 
interface (Pu) is zero. Moreover, they observed 
that pu decreases as the  warm-side  temperature, Tw, 
decreases. By conducting thelaboratorytests at 
Tw as close to O°C as practical, the SP value 
obtained  from  test  results can be maximized, SP i s  
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also  affected  by  the  rate of cooling  at  the f roat 
front.  Konrad  and  Morgenstern  (1982a)  found  that 
maximum SP value  occurs  when  the rate of cooling  is 
near  zero (O.l°C/kr for Devon silt). This rate of 
cooling  corresponds  to the formation  of the final 
(warmest)  ice Lens .  Therefore,  it is conmmtive 
to  evaluate  v  and  grad T from  equation  (1)  at  the 
time the  final  ice lens  begins to develop, t 
Finally, SP is depaat on overburden  pressure. 
overburden  pressure  increases,  the  value  of SP d e  
creases.  Therefore, a m i n i m u m  of two frost  heave 
teats is  required  to  define a relationship  between 
SP and pressure  for a soil  similar to that shown in 
Figure 7 for Dwon silt. 

To obtain  values  of v and  grad T for  use  in 
equation (l), time  to  must  first be determined. If 
the final ice  lens 1s visible, t can be estimated 
by  measuring  the  distance  from?he  bottom  of  the 
final  ice  lens to  the  bottom of  the sample at  the 
end of the  test  and  then d i n g  off this distance 
on the frost  penetration  versus  time  plot,  as  shown 
in  Figure 8a. The velocity of water  intake, v is 
then  determined  at time to  from  the  water  intake 
versus time curve, as shown in  Figure 8b. The 
value  for  grad T is determined from a plot of side- 
wall  temperatures  recorded  at (or n e a r )  time  to,  as 
shown in  Figure 8c. 

If no  final  ice  lens  is  visible,  such as with 
coarse-grained  soils  that  exhibit  little  heave, 

must be estimated by assuming  that the rate 
of coo ing at the frost  front  which  corresponds  to 
the maximum SP value  occurs as the  frost  pene- 
tration  rate  approaches zero. Once  this  point  on 
the frost penetration  versus time curve  has  been 
established,  values  for v and grad T are  determined 
in the same manner described  above  €or  samples when 
the  final  ice  lens  is  visible. 

It  is  acknowledged  that  there  is a  certain 
amount of error  associated with  determining SP 
values  for a soil.  Tt is the authors'  opinion, 
however,  that  the  test  procedures  and  method  of 
analysis  described  herein  result  in  consistent and 
reproducible  segregation  potential  values  for  a 
soil within an acceptable  margin of error  for  most 
engineering  projects. 
I% segregation  potential  concept  is  relatively 

new  (19801, and its  application  to  engineering p r e  
jects has seen  limited use. Nixon  (19831,  and 
Konrad and  Morgenstern  (1983)  have  reported good 
correlations  between  field  behavior  predicted  from 
laboratory  frost  heave  tests  (similar to that 
described in this paper) and observed field 
behavior.  It is hopeful  that  the  use  of a labora- 
tory  frost  heave  test  such as that  presented  in 
this ppx will  eventually  become  standard  practice 
for projects  where  prediction of  frost  heave is 
required. 

time k 

aNcLUSI0NS 

The design  of a frost  cell and recommended pr+ 
cedures  for  testing  undisturbed,  remolded  cohesive 
and  remolded  cohesionless soil samples have  been 
presented. 'phe cell is designed to  minimize  fric- 
tion and radial heat flow and is relatively easy to 
assemble and  disassemble. The test  procedures 
involve  applying  constant warm and  cold  tempera- 
tures (+0.3' and -1.O"C) to  the top and  bottom 

plates,  reapectively, and recording  heave,  tempera- 
ture,  and  water  intake  until  after the frost 
penetration  rate  becomes  zero. The duration of  the 
test  can  range from  1 to 5 days but  typically 
ranges fKom 1 to 3 days. Test  results  are  inter- 
preted  using the segregation  potential  concept  of 
frost  heave  introduced  by  Konrad  and  Morgenstern 
(1980). This  method  appears to be the  most 
reliable  for  assessing the frost  ousceptibility o€ 
a soil  and  should  be  used  whenever  prediction  of 
field  frost  heave  behavior is required. 
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Laboratory  model  studies  were  conducted to study  the  freezing  process  and  the 
distribution  of  salt  during  advancement of a  freezing  front  through  a  seawater 
saturated  column of granular  soil.  The  freezing  front  in  a  saline  soil  may  be 
described  as  a  zone  of  partially  frozen  soil.  The  strength  of  the  frozen  soil 
in  the  freezing  zone  is  visually  weaker  than  for  soils  above  the  freezing  zone. 
The  salt  concentration  and  the  unfrozen  water  content  in  the  partially  frozen  zone 
decreases  toward  the  colder  temperature.  It  is  shown  that  conventional  analytical 
modeling  of  freezing  front  penetration  will  underpredict  the  rate  of  freezing 
when  no  account  is  made  for  the  effects of salinity.  The  rate o f  advance to  a 
given  depth  of  freezing  increased  with  increasing  salinity. 

The  paper  presents  a  discussion  based on the  results of  17 laboratory  freezing 
column  tests  in  which  the  effects  of  salinity on the  freezing  front  advance  and 
the  redistribution  of  solutes  was  observed.  Comparisons  between  observed  behavior 
and  computer  simulations  of  three  tests  are  given to demonstrate  difficulties 
associated  with  analytical  modeling  freezing  front  penetration in  a  saline  soil. 

INTRODUCTION 

The  design of artificial  islands  for  arctic 
waters  requires  a  detailed  thermal  analysis to de- 
termine  the  extent  of  soil  freezing  that  will 
occur  during  the  design  life  of  the  structure. 
This  analysis  is  important  because  the  unfrozen/ 
frozen  interface  at  any  time  nay  represent  the 
location of a  potential  failure  plane  through  the 
island. For  the  long-term  design  of  production 
islands,  additional  thermal  analyses  are  required 
to determine  the  growth of a  strenghtening  perma- 
frost  core  within  the  island,  thaw  degradation 
around  well  conductors,  thermal  disturbance  beneath 
production  facilities,  disturbance  to  subsea  perma- 
frost  and  thermal  effects of pipelines  and oil 
storage  vessels. 

There  are  many  numerical  computer  models 
available to solve  two-dimensional  heat  transport 
problems  with  the  porewater  phase  change  modeled  at 
the  frozen-unfrozen  interface.  Many  of  these 
models  have  been  shown,  through  field  and  laboratory 
measurements,  to  accurately  predict  thermal  regimes 
and  the  location  of a freezing  interface  for  soils 
with  non-saline  porewater.  However,  in  the  marine 
environment,  where  a  significant  concentration  of 
sea  salts  are  present  in  the  porewater,  the  thermal 
regime  during  freezing  is  altered  owing to the 
effects of freezing  point  depression,  salt  ex- 
clusion  and  solute  transport. 

In recognition of the  need to predict  the 
thermal  regime  in  offshore  artificial  islands, 
computer  simulations  were  performed  of  uniaxial 
freezing in saline  and  non-saline  saturated  gravels. 
The  results  from  the  computer  simulations  were  com- 
pared to the  results  of  laboratory  freezing  column 
tests  performed  on  saline  and  non-saline  saturated 
gravels.  The  computer  comparisons  demonstrate  the 
difficulties  associated  with  modeling  uniaxial 
freezing  of  a  saline  saturated  soil. 
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'Cn addition,  data  is  presented  from  the  lobora- 
tory  freezing  column  tests to demonstrate  the 
redistribution  of  solutes  during  uniaxial  freezing. 
The  results  are  used  to  develop  the  relationship 
of  solute  concentration to the  unfrozen  water 
content  profile.  Finally,  the  effects  of  solute 
transport  in  a  soil-water  system  as  it  relates to 
freezing of saline  soils  is  discussed. 

LABORATORY  MODEL  TESTS 

A  series  of 17 large-scale  tests  were  conducted 
in the  laboratory to study  the  effects  of  salinity 
on uniaxial  freezing  of  seawater  saturated  gravel. 
Detailed  descriptions  of  the  test  apparatus  and 
procedures  are  given  by  Mahar  et  al.  (19821  along 
with  typical  results.  Briefly,  a 46 cm  diameter 
soil  column  (see  Figure 1) saturated  with  a  sea- 
water  solution of a  known  salinity  was  frozen  uni- 
axially  from  the  top of the  column  downward.  The 
initial  porewater  salinities  ranged  from 0 to 80 
parts  per  thousand  (ppt)  and  various  freezing 
rates  were  applied.  During  freezing,  the  temper- 
ature  profile at the  center  of  the  column  was 
monitored at regular  time  intervals  using  a  string 
of  closely  spaced  thermistors.  Porewater  samples 
were  extracted  at  various  locations  along  the 
column  during  the  test  for  salinity  determinations. 
It was  possible  in  certain  tests,  to  extract  pore- 
fluid  in  the  partially  frozen  soil  after  the  freeze 
front  had  passed. 

The  results  from  thirteen  tests  are  summarized 
by  Vinson  et  al. (1983) and  demonstrate  the  gen- 
eral  effect  of  salinity  on  the  rate  of  freezing 
front  penetration  and  the  changes in  unfrozen 
porewater  salinity  with  time  at  discrete  points  in 
the  soil  column  (for  selected  tests).  It  was 



concluded,  based  on  the  laboratory  tests,  that  the 
nature of the  freezing  interface  was  quite 
different  for  the  distilled  porewater  and  saline 
porewater  cases,.  The  freezing  interface  in  the 
distilled  porewater  column  was  planar  with  clear 
ice  filling  the  pore  spaces.  The  location of the 
interface  at  any  time  was  easily  identified  on  the 
temperature  profile  by  a  distinct  break  at  the 
zero degree  (Celsius)  isotherm. 
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F I G U R E  1 Schematic  of  freeze  front  penetration 
test  system, 

For the  saline  porewater cases, it  was  found 
that  a  distinct  freezing  interface  did  not  exist, 
Instead,  a  zone o f  partially  frozen soil with a 
high  unfrozen  water  content  beginning  at  the  de- 
pressed  freezing  point  isotherm  (defined  herein 
as  the  freeze  front) was observed.  The  unfrozen 
water  content  was  found  to  decrease  with  distance 
toward  the  colder  temperatures  from  the  freeze 
front. In  addition,  the  location  of  the  freeze 
front  was  not  clearly  identified  by  a  break  in  the 
temperature  profile. 

Salinity  measurements  in  the  partially  frozen 
zone, reported  by  Vinson  et al. (1983) indicated 
very  high  values,  reaching  concentrations  in 
excess  of 100 ppt.  The  salinities  were  found to 
increase  with  decreasing  temperature.  The  sig- 
nificance  of  these  measurements,  along  with  a 
presentation of additional  tests,  where  more  ex- 
tensive  salinity  measurements  were made, is 
presented  later  in  this  paper. 

THERMAL ANALYSIS 

In order to assess  the  potential  of  existing 
computer  models to predict  the  thermal  regime 
in  soils  with  saline  porewater,  computer  simula- 
tions  of  two  of  the  freezing  column  tests  were 
performed.  The  computer  code  selected  for  the 
simulation  is  based  on  a  finite  element  model 
developed at the  University of California  at 
Irvine  (Guymon  et  al. 1981). Computer  code 
FROST 2B represents a two-dimensional  model of 

coupled  heat  and  moisture  transport  in  freezing/ 
thawing  soil  with  an  isothermal  soilwater  phase 
change  approximation.  The  numerical  solution  used 
to solve  the  governing  flow  equations  is  the  nodal 
domain  integration  method  with  a  linear  trial 
shape  function  for  triangular  elements.  Time 
domain  solutions  are  obtained  with  the  Crank- 
Nicolson  method  and  fully  implicit  method  for  the 
heat  transport  and  the  moisture  transport  models, 
respectively.  The  computer  code  and  model  are 
similar  to  other  thermal  models  presently  used 
in  design  practice. 
The  two  freezing  column  tests  simulated  with 

FROST 2B were  identical  with  respect to test 
conditions  with  the  exception  that  one  was  sat- 
urated  with  distilled  water  and  the  other  with  a 
seawater  having  a  salinity  of 28 ppt- In both 
cases,  thermal  properties  for  the  soil  were  sel- 
ected  for  input  based  on  recommended  values  from 
the  literature  (Kersten 1949) * No  attempt  was 
made to adjust  the  thermal  properties to account 
for  salinity  except  ta  use  a  depressed  freezing 
point  of -1.6OC for  the  saline  porewater  case. 
The  results of the  two  computer  simulations  are 

presented  in  Figures 2 and 3 .  The  simulations 
for  the  distilled  porewater  case  compare  favorably 
with  the  laboratory  measurements. Both the  temp- 
erature  profiles  and  the  location  of  the  freezing 
front  were  modeled  accurately,  indicating  the 
adequacy of the  computer  method  for  non-saline 
soils. 

TEMPERATURE IC") 
-3.0 -2.0 -1.0 0 1 .o 

-+- MEASURED 
THERMAL  MODEL 

FIGURE 2 Comparison  of  thermal  model  results 
to laboratory  measurements-  distilled  porewater 
case. 

In  contrast,  for  the  saline  porewater  case, 
(Figure 3)  the  simulations  compared  poorly  with 
the  laboratory  measurements.  The  depth  to  the 
freeze  front  was  significantly  underpredicted 
based on the  computer  solution  and  the  temperature 
profiles  were  inaccurate.  The  apparent  effect  of 
salinity on the  thermal  behavior  of  the  soil-water 
system and,  particularly, on the  phase  change 
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phenomena  is  strongly  evident. 

TEMPERATURE (P) 
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FIGURE 3 Comparison of thermal  model  results  to 
laboratory  measurements - saline  porewater  case 
(salinity = 28 ppt) - 

The  primary  source of error  in  the  saline  pore- 
water  case  is  found  in  the  method of modeling  the 
phase  change. In the  distilled  porewater case, 
the  phase  change  occurs  at  the  freezing  point  iso- 
therm  (at  the  freeze  front)  where  nearly  all  the 
porewater  freezes,  releasing  its  latent  heat. 
This  results  in  the  sharp  break  in  the  temperature 
profile at  the  freeze  front  in  both  the  computer 
simulation  and  laboratory  test  results. 

In  the  saline  porewater  case,  no  clearly  dis- 
tinguishable  freeze  front  exists.  Freezing  occurs 
over a range  of  temperatures  and  depths  due to  a 
changing  solute  concentration in the  unfrozen  pore- 
water  as  a  consequence  of  salt  exclusion.  During 
the  phase  change,  latent  heat  is  released  gradually 
over  the  entire  depth of the  partially  frozen 
region  as  temperatures  are  lowered.  Since  the  com- 
puter  model  only  allows  latent  heat  release to 
occur  instantaneously  along  a  plane,  significant 
error  results. 

Clearly,  a  better  understanding  of  the  effects 
of  salinity  on  the  freezing  of  soils  is  needed  to 
develop  accurate  thermal  modeling  methods.  The 
following  sections  of  this  paper  addresses  solute 
redistribution  as  it  pertains to the  soil  freezing 
problem,  based  on  a  Laboratory  model  of  uniaxial 
freezing  in  saline  gravel. 

FREEZING  OF  SALINE  SATURATED SOIL COLUMNS 

In  a  saline  saturated  soil  column  subjected to 
freezing  temperatures,  ice  crystal  growth  begins 
only as the  freezing  point  depression  is  reached. 
The  crystals  grow  in  a  pure  (or  nearly  pure)  water 

ice  form  while  excluding  solute  into  the  remaining 
unfrozen  porewater  (Sheeran  and  Yong 1975). As 
this  occurs,  the  concentration  of  the  unfrozen 
porewater  increases,  further  depressing  the  freez- 
ing  point.  If  the  heat  transfer  is  slow  enough, 
the  solute  concentration  in  the  unfrozen  porewater 
will  be  maintained  in  equilibrium  with  the  pore 
ice.  Thus,  the  soil  temperature  at  any  point  will 
be  equal to  the  equilibrium  solidification  temp- 
erature  for  the  enriched  solute  concentration  of 
the  unfrozen  porewater.  Further  lowering  of  the 
temperature  results  in  more  ice  growth  and  increas- 
ing  the  porewater  salinity  to  maintain  the 
equilibrium  balance  (Hallet 1978). 

or  natural  convection  downward  through  the  column 
will  cause  this  freezing  process  to  occur  more 
readily. A solute  concentration  gradient  occurs 
above  the  freeze  front  in  which  higher  solute 
concentrations  and  porewater  densities  occur  at  the 
colder  temperatures  (near  the  top o f  the soil 
column).  This  condition  results in  solute  trans- 
port  downward  toward  the  lower  concentrations  due 
to  convection  associated  with  the  density  gradient 
and  diffusion  associated  with  the  concentration 
gradient. As solute  transport  occurs,  the  salinity 
at  a  given  point has a  tendency  to  decrease. 
However,  the  decrease  in  salinity  results  in  a  re- 
duction  in  the  freezing  point  depression,  thus 
stimulating  further  ice  growth.  The  further  ice 
growth,  in  turn,  increases  the  salinity  maintaining 
the  concentration  gradient  in  the  unfrozen  pore- 
water.  Given  sufficient  time  and  a  sustained 
thermal  gradient,  it  is  believed  that  continued 
solute  transport  will  occur  until  nearly  all  the 
solutes  are  leached  out of the  soil  leaving  the 
bulk  porewater  salinity  near  zero  parts  per 
thousand. 

The  effect  of  salt  transport  due to diffusion 

SOLUTE  DISTRIBUTION 

Three  freezing  column  tests  were  conducted in 
which  it  was  possible  to  extract  porewater  samples 
at discrete  locations  along  the  gravel  column  at 
any  given  time.  The  three  test  columns  were  pre- 
pared  with  initial  porewater  salinities of 16, 30, 
and 50 ppt,  Typical  salinity  profiles  at  various 
times  during  the 50 ppt  test  axe  given  in  Figure 4. 
The  salinity  profiles  verify  the  presence  of  high 
solute  concentrations  in  the  unfrozen  porewater 
near  the  top of the  column  where  the  soil  was  at 
its  coldest  temperatures.  The  dashed  line  on 
Figure 4 represents  the  final  salinity o f  the bulk 
porewater  after  thawing.  The  reduction  in  the 
bulk  salinity  from  the  initial  value of 50 ppt  may 
be  attributed to solute  transport  due  to  the  high 
concentration  gradients  in  the  partially  frozen 
zone. 

For each of the  unfrozen  porewater  salinity 
measurements  made  during  the  three  tests,  the 
corresponding  soil  temperature  was  recorded.  The 
salinity  measurements  for  the 30 and 50 ppt  tests 
are  plotted  against  temperature in  Figure 5. The 
results  indicate  that  the  porewater  salinity  €or 
the 30 ppt  case  remained  in  equilibrium  with  the 
soil  temperature as compared  to  the  equilibrium 



phase  diagram  for  a  pure  NaCl  solution  (Jumikis 
1966). However,  for  the 50 ppt  porewater case, 
the  measured  salinities  were in  excess o f  the 
equilibrium  concentration  shown on Figure 5. The 
result  suggest  the  freezing  rate  was  rapid  enough 
to prevent  the  solutes  from  diffusing  away  from 
the  freezing zone, despite  the  high  concentration 
gradients.  If  the  heat  transfer  rate  was  reduced, 
it  would  be  expected  that  the  excess  solute  con- 
centrations  would  decrease to concentrations 
given  by  the  equilibrium  phase  diagram. 
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F I G U R E  4 Salinity  profiles  at  various  times 
during a  typical  freezing  column  test. 

UNFROZEN  WATER  CONTENT 

In modeling  heat  transport  with  porewater  freez- 
ing,  the  release  of  latent  heat  during  the  phase 
change  dominates  the  solution.  In  the  uniaxial 
freezing  column  case,  latent  heat  becomes  the  pri- 
mary  source of heat  conducted  upward  through  the 
column.  The  amount of latent  heat  generated  at 
any  given  point  in  the  column  is a direct  function 
of the  volyme of water  freezing  out. 

is  permitted to freeze  and,  for  simplicity,  assum- 
ing  that  solute  transport  is  negligible,  the 
amount o f  water  freezing  out  is  a  function  of 
temperature  and  initial  salinity  and  may  be  cal- 
culated  from  the  results  shown  on  Figure 5 
(Sheeran  and  Yong  1975).  The  calculation  is  based 
on  the  principal that, for  a  given  volume  of 

For  a  closed  system  in  which  a  saline  solution 
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solution  having a  known  initia 1 salinity,  the 
amount of water  remaining  unfrozen  will  be  inverse- 
ly  proportional to its  enriched solute concentra- 
tion at the  desired  temperature. For  example, 
when  the  solute  concentration  of  the  unfrozen  pore- 
water  doubles,  the  amount  of  unfrozen  porewater 
remaining  is  one-half  of  the  original  volume. 
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F I G U R E  5 Measured  salinity  versus  temperature 
relationship  in  unfrozen  porewater  for  two 
freezing  column  tests. 

Based on Figure 5, unfrozen  water  content  versus 
temperature  relationships  for  the  three  freezing 
column  tests  were  derived as presented  in  Figure 6. 
Similar  relationshipswere  derived by  Yong  et  al. 
(1973)  based on phase  equilibria  for  bulk  saline 
solutions.  From  these  relationships,  the  unfrozen 
water  content  profile  for  a  soil  column  may be 
estimated at any  time i f  the  temperature  profile 
and  initial  porewater  salinity  is  known  as  shown 
in  Figure 7 for  the 30 ppt porewater  case.  Although 
there  is  some  error  associated  with  neglecting 
solute  transport,  the  results  presented  demonstrate 
that  throughout  the  soil  column,  above  the  freezing 
front, a significant  unfrozen  water  content 
remains. 

of the  free  water  does  not  freeze  in  the  freezing 
column  tests.  Thus,  the  lower  measured  temperature 
shown on Figure 3 ,  compared to the  computer  simu- 
lation,  may  be  explained  by  the  fact  that  a  smaller 

It  has  been  shown  that  a  significant  percentage 



amou .nt of  latent  heat  is  released  during  the 
partial  freezing  of  the  porewater  owing  to  solute 
exclusion.  Further,  the  non-linear  nature of the 
temperature  profile  above  the  freeze  front  is  the 
result  of  the  gradual.  release  of  latent  heat  as  the 
temperatures  are  lowered  at  any  given  point. 
Therefore,  in  order  to  mathematically  model  the 
freezing oE saline  saturated  soils,  one  must  couple 
the  heat  flow  equations  with  a  constituative  re- 
lationship  for  the  unfrozen  water  content  as  a 
function of temperature  and  initial  salinity 
applied  to  all  partially  frozen  zones. 
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FIGURE 6 Temperature  versus  unfrozen  water 
content  for  three  freezing  column  tests  (derived 
from Figure 5 )  . 

CONCLUSIONS 

The  results  from  physical  and  numerical  model 
studies of uniaxial  freezing of a  saline  saturated 
gravel  soil  column  have  been  presented.  Emphasis 
was  placed on identifying  parameters  affecting 
heat  transport,  soil  porewater  phase  change  and 
solute  distribution.  Based on the  results  of  the 
model  studies,  the  following  may  be  concluded: 

1. Existing  numerical  methods do not  adequately 
model  freezing  of  saline  soils  due to the 
effects  of  solute  exclusion  during  the  phase 
change. 

2. The  solute  concentration  in  the  unfrozen 
porewater  of a freezing  column of saline  sat- 
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urated  gravel  increases  toward  the  colder 
temperatures. 

3 .  The  unfrozen  water  content  in  the  partially 
frozen  soil  above  the  freeze  front  decreases 
with  decreasing  temperature.  Unfrozen  water 
contents  as  high  as 20 percent  were  observed 
at  the  top  of  the  soil  column  in  one  test 
in  which  the  soil  temperature  was  measured 
at  -8OC. 

4. Salt  transport  occurs  in a freezing  soil 
column  if  a  thermal  gradient  is  maintained 
for  an  extended  period  of  time. 

5. To  develop a computer  model  for  the  freezing 
of saline  saturated  soils,  it  is  necessary 
to develop  constituative  relationships  be- 
tween  unfrozen  water  content,  diffusivity 
and  hydraulic  conductivity as a  function of 
temperature  and  initial  salinity. 
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A MECHANISTIC  APPROACH TO PAVEMENT  DESIGN I N  COLD REGIONS 
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A mechanis t ic   approach  to   pavement   design  in   cont inuous  permafrost   areas  is 
examined.  Typical material, environmental   and  loading  condi t ions are eva lua ted  
f o r  Barrow,  Alaska. A p r e s e n t a t i o n   o f   t y p i c a l  pavement response  parameters  is 
made and   used   to  evaluate several p o s s i b l e  pavement s t r u c t u r a l   s e c t i o n s .  

INTRODUCTION 

A mechanistic  approach  to  pavement  design in- 
vo lves  (1) p r e d i c t i n g  stress, s t r a i n s ,   a n d   d e f l e c -  
t i o n s   i n  a pavement s t r u c t u r e  owing t o  a s p e c i f i e d  
geometry  and  magnitude of wheel   loading  condi t ions 
and (2) a d j u s t i n g   t h e   p r o p e r t i e s  and th i cknesses  
of rhe   e lements  i n  t h e  pavement s t r u c t u r e   t o   i n -  
s u r e   t h e   p r e d i c t e d  stresses, s t r a i n s ,   a n d   d e f l e c -  
t i o n s   a r e   w i t h i n   a l l o w a b l e  limits. The mechanis- 
t i c   a p p r o a c h   p r o v i d e s   f l e x i b i l i t y  i n  modeling a 
pavement s t r u c t u r e  owing t o   t h e   f a c t   t h a t   m e a s u r e d  
m a t e r i a l   p r o p e r t i e s   a s s o c i a t e d   w i t h  a range  of 
thermal   and   dra inage   condi t ions  in t h e   f i e l d  may 
b e   i n c o r p o r a t e d   i n   t h e   a n a l y s i s .  

a n   a n a l y s i s  was performed  for  several conceptual  
pavement s t r u c t u r e s   s u b j e c t e d   t o   r e p r e s e n t a t i v e  
a rc t ic   envi ronmenta l   and   loading   condi t ions   ( spe-  
c i f i c a l l y   t h e  Barrow,  Alaska,   area).   Limiting 
pavement  response  paramerers  included  (1)  pavement 
su r face   de f l ec t ion   ( a s soc ia t ed   w i th   f a r igue   c r ack -  
i n g   a n d / o r   r u t t i n g ) ,  (2)  h o r i z o n t a l   t e n s i l e   s t r a i n  
a t  the   bo t tom of an   a spha l t   conc re t e   su r f ace   l aye r  
( a s s o c i a t e d   w i t h   f a t i g u e   c r a c k i n g ) ,  ( 3 )  v e r t i c a l  
compressive stress a t  t h e  top of   r ig id   board   in -  
s u l a t i o n   ( a s s o c i a t e d   w i t h   t h e   d e s i g n   c o m p r e s s i v e  
s t r e n g t h  o f  t h e   m a t e r i a l ) ,  and ( 4 )  v e r t i c a l  ccmi- 
p r e s s i v e   s t r a i n  at  t h e   t o p  of the  subgrade  (asso-  
c i a t e d   w i t h   r u t t i n g ) ,  Pavement s t r u c t u r a l   s e c -  
t i o n s   w i t h   v a r i o u s   t h i c k n e s s e s  of asphalt concrete ,  
base ,   insu la t ion ,   and   subgrade  were considered 
under   three  environmental   condi t ions:  (1) e a r l y  
win te r ,  ( 2 )  late winter ,   and  (3)  s p r i n g  thaw.  The 
des ign   l oad ing   cond i t lon   s e l ec t ed  was a f u l l y  
loaded "DJB" dump t r u c k  and  100,000 r e p e t i t i o n s   i n  ' a 20-year  design  period. A performance  evaluat ion 
ra t ing   sys tem was e s t a b l i s h e d   f o r   l i m i t i n g   t h e  
pavement  response  parameters  considered, 

s ta te  of  Alaska o r  any   co ld   reg ion  may b e   c l a s s i -  
f i e d   i n t o   t h r e e   g e n e r a l   s u r f a c e   t y p e s .   T h e s e   a r e  
(1) g rave l   su r f aced ,   (2 )   f l ex ib l e  - bituminous 
su r faced ,  and ( 3 )  r i g i d  - p o r t l a n d  cement conc re t e  
(PCC) su r faced .  The Alaska  Department  of  Trans- 
p o r t a t i o n   a n d   P u b l i c   F a c i l i t i e s   ( A l a s k a  DOTPF) 
maintains  a t o t a l   c e n t e r l i n e   n e t w o r k  of about 8000 
km (5000 mi) o f  which  about 3520 km (2200 mi) are 
p a v e d .   E s s e n t i a l l y   a l l  of the  paved  roads  are  

To i l l u s t r a t e   t h e   m e c h a n i s t i c   d e s i g n   a p p r o a c h ,  

In   general ,   pavemenrs   located  throughout   the 

b i tuminous   sur faced   (asphal t   concre te ,   b i tuminous  
su r face   t r ea tmen t ,  seal c o a t ,   e t c . ) .  

poss ib l e   fo r   con t inuous   pe rmaf ros t   a r eas .  Two 
b a s i c   t y p e s  of  pavement s t ruc tu res   have   been  con- 
s t r u c t e d   i n   t h e   A l a s k a n   a r c t i c   o v e r   c o n t i n u o u s  
permafros t   a reas .  Most common a r e   g r a v e l   s u r f a c e d  
roads .   Other   pavements   inc lude   s tab i l ized   layers  
such as a s p h a l t   c o n c r e t e   o r  cement t r e a t e d   s u r f a c -  
i n g  and a r e   l o c a t e d   p r i m a r i l y  a t  Alaska DOTPF 
owned and   ope ra t ed   a i rpo r t s .  

c r e t e   su r f aced   pavemen t s   cons t i t u t e   t he  runway, 
a s soc ia t ed   t ax iways ,  and prfmarg  parking  apron a t  
the  Wiley  Post  -Will Rogers  Memorial  Airport. The 
a s p h a l t   c o n c r e t e  i s  229 mm (9  i n )   t h i c k ,   o v e r l y i n g  
v a r i o u s  unbound embankment materials (minimum 
t o t a l   e m b a n b e n t   t h i c k n e s s  of about 1.4m(4+5 f t ) ) .  
Cement t r e a t e d  pavement is l o c a t e d   i n   t h e   g e n e r a l  
av ia t ion   ap ron   ( eas t   end  of a i r c r a f t   p a r k i n g   a r e a ) ,  

Severa l   types   o f   pavement   s t ruc tures  may b e  

For  example, at  Barrow,  Alaska,   asphalt  con- 

DESIGN CONSIDERATION AND METHODS 

This   sec t ion   overv iews  some of the   des ign  con- 
s i d e r a t i o n s  and  methods  associated  with  the  devel-  
opment t h e  pavemen t   concep t s   spec i f i ca l ly   fo r  
Barrow,  Alaska.  Included are the   fo l lowing   sub-  
s e c t i o n s :  

1. S i t e   c o n d i t i o n s ;  
2.   Current  pavement  design  practice;  
3. Laye red   e l a s t i c   t heo ry ;  
4 .  Development of t y p i c a l  pavement c r o s s  

s e c t i o n s ,  

S i t e   C o n d i t i o n s  

A br i e f   r ev iew of t h e   e x i s t i n g  s i te  c o n d i t i o n s  
a t  a s p e c i f i c   a r c t i c   l o c a t i o n  (Barrow) as rhey re- 
la te  t o  a pavement s t r u c t u r e   f o l l o w s ,   T h i s  
i n c l u d e s  a review of e x i s t i n g   s o i l   b o r i n g s ,   a g g r e -  
g a t e   s o u r c e s ,   a n d   o r h e r   r e l e v a n t  materials. 

The p r imary   i nd ica t ions  of v a r i o u s   s o i l   i n v e s -  
r i g a t i o n s   i n c l u d e   t h e   f o l l o w i n g :  

1. Pe rmaf ros t   unde r l i e s   t he  Barrow area 
t o  a depth of about 400 m (1300 f t ) .  

2. The Barrow  area  topography is f l a t   t o  
g e n t l y   r o l l i n g  and g e n e r a l l y  less than 
8 m (25 f t )  above mean s e a   l e v e l .  
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6 .  
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Seasonal   var ia t ion  of   ground  tempera-  
t u r e s   o c c u r s  i n  the   uppe r  12 m (40 f t )  
o f   so i l   ( t he   t empera tu re   changes  de- 
c r e a s e   r a p i d l y   w i t h   i n c r e a s i n g   d e p r h ) .  
Ground i c e  can compose  up t o  100% of 
t h e  volume ( p r i m a r i l y  s i l ts ,  i c e   l e n s e s ,  
and  wedges) in t he   uppe r  3 . 0  t o  4.6 m 
(10 t o  15 f t )   o f   t h e  s o i l  p r o f i l e .  
Polygonal  ground is common i n  t h e   a r e a  
(a l though  wi th  a v a r i a b l e   d e n s i t y ) ,  
t h u s   i n d i c a t i n g   e x t e n s i v e   i c e .  
E x i s t i n g   r o a d s   a n d   s t r e e t s   a r e   g r a v e l  
s u r f a c e d .   G r a v e l   f i l l  i s  g e n e r a l l y  
0 . 9  t o  1 , 5  m (3  t o  5 f t )   t h i c k ,   o r i -  
g i n a l l y   h a v i n g   b e e n   p l a c e d   d i r e c t l y  
o v e r   t h e   t u n d r a .  The t h i c k n e s s  of 
t h e   a c t i v e   l a y e r   b e n e a t h   t h e   e x i s t i n g  
roads  in Barrow  averages  about 1 .0  m 
(3 f t )  (measured  during  August 1978) .  
The maximum a c t i v e   l a y e r   d e p t h  meas- 
u r e d   i n  Barrow was 3.5 m (11.5 f t )  
( a t  a c u l v e r t ) .  The depth   o f  thaw 
i n   r e l a t i v e l y   u n d i s t u r b e d   t u n d r a  ex- 
tended 200 t o  305 m (8 t o  12  i n )  
below  the  ground  surface.  
The f i l l  materials composing t h e  
e x i s t i n g   r o a d s   a n d  streets can   be  
b r o a d l y   c l a s s i f i e d   a s   g r a v e l s   o r  
sands.  The  dominant m a t e r i a l s   i n  
t h e s e   f i l l s ,   a c c o r d i n g   t o   t h e   U n i f i e d  
C l a s s i f i c a t i o n   S y s t e m ,  are sands  (SM, 
SP-SM, SP and SW) fo l lowed  by   grave ls  
(GM, GI? and GP-GM). 
The upper 200 t o  305 mm (8 t o  1 2  in) 
of  some of t h e   e x i s t i n g   g r a v e l   s u r -  
faced   roads   has   enough  "b inder"   to  
r e d u c e   r u t t i n g   i n   t h e   s u r f a c e   l a y e r .  

major   importance,   as   wel l ,  i s  t h e   t y p e   a n d  
of   ava i lab le   aggrega tes   f rom  bor row  sources .  

Aggrega te   sources  are l i m i t e d   a n d   a r e   o f  a grada- 
t i o n   w h i c h   p r e c l u d e s   t h e   p r o d u c t i o n   o f   s i g n i f i c a n t  
amounts of c r u s h e d   m a t e r i a l .  

Current   Pavement   Design  Pract ice  

", - 

Since  World War 11, t h e  Corps of Engineers   has  
developed  pavement   design  procedures   (s t reet   and 
a i r f i e l d )   t h a t   c a n   b e   u s e d   t o   d e v e l o p   s t r u c t u r a l  
des ign   r equ i r emen t s .  The a v a i l a b l e   d e s i g n   p r o c e -  
du res  for pavemen t s   sub jec t   t o   f r eez ing  and  thaw- 
i n g   i n   t h e   u n d e r l y i n g   s o i l s   a r e   b a s e d   o n   e i t h e r   o f  
two bas i c   concep t s :  

1.  Cont ro l  of s u r f a c e   d e f o r m a t i o n   r e s u l t i n g  
f r o m   f r o s t   a c t i o n   ( o r   t h a w ) .  

2 .  Prov i s ion  of adequa te   bea r ing   capac i ty  
du r ing   t he  mast c r i t i ca l  c l i m a t i c  
pe r iod .  

Based   on   t he   above   cons ide ra t ions ,   t h ree   s epa ra t e  
design  approaches  can  be used: 

1 .  Comple te   p ro tec t ion   method:   Suf f ic ien t  
t h i cknesses   o f  pavement  and non-frost 
s u s c e p t i b l e   b a s e   c o u r s e   a r e   p r o v i d e d  
t o   p r e v e n t   f r o s t   p e n e t r a t i o n   i n t o   t h e  
subgrade.  

2 .  L i m i t e d   s u b g r a d e   f r o s t   p e n e t r a t i o n  method: 
S u f f i c i e n t   t h i c k n e s s e s   o f  pavement  and 
n o n - f r o s t   s u s c e p t i b l e   b a s e   c o u r s e   a r e  
provided   to  limit s u b g r a d e   f r o s t  

p e n e t r a t i o n  t o  amounts   that  restrict 
su r face   de fo rma t ion  to w i t h i n   a c c e p t -  
a b l e  limits. 

3.  Reduced s u b g r a d e   s r r e n g t h  method: The 
amount o f  f r o s t   h e a v e  is neglected  and 
t h e   d e s i g n  i s  based   pr imar i ly   on   the  
a n t i c i p a t e d   r e d u c e d   s u b g r a d e   s t r e n g t h  
dur ing   the   thaw.  

Hennion  and  Lobacz (1973) recommend t h a t   s e a -  
sona l   t hawing   and   f r eez ing   shou ld   be   r e s t r i c t ed   t o  
t h e  pavement ( su r fac ing   and   non- f ros t   suscep t ib l e  
base   course l in   cont inuous   permafros t   reg ions .  The 
concept  is comparable   to   the   comple te   p ro tec t ion  
m e t h o d   w h e r e i n   t h e   c r i t i c a l   f a c t o r  i s  the   depth   o f  
t h a w   r a t h e r   t h a n   t h e   d e p t h  o f  f r o s t   p e n e t r a t i o n ,  

The  Alaska DOTPF (1982) h a s   r e c e n t l y   i s s u e d  
pavemenr design  guidel ines   based  on  research  begun 
i n  1976. The p r i m a r y   o b j e c t i v e  was t o   s t u d y   t h e  
v a r i o u s   r e l a t i o n s h i p s   t h a t   c o n t r o l l e d   t h e   p e r f o r m -  
ance  of   f lexible   pavements .   Approximately 120  
pavement s e c t i o n s   w e r e   s e l e c t e d  on t h e   e x i s t i n g  
s t a t e   m a i n t a i n e d   r o a d   n e t w o r k   f o r   t h e   r e s e a r c h  
program. The r e s u l t s  of tha t   s tudy   (McHat t ie  e t  
a l e ,  1980) h a v e   s i g n i f i c a n t l y   i n f l u e n c e d   t h e  new 
des ign   procedure .  

The  Alaska DOTPF d e s i g n   g u i d e l i n e s   f o c u s  on 
t h e   f a c t   t h a t   i n c r e a s e d   f i n e s  (No. 200 minus  mare- 
r i a l   i n   t h e  unbound l a y e r s  of a pavement s t r u c t u r e )  
l e a d   t o   i n c r e a s e d   t h i c k n e s s  of a s p h a l t   c o n c r e t e  
s u r f a c i n g ,  I n  t h o s e   p o r t i o n s  of Alaska  where  as- 
p h a l t   c o n c r e t e  i s  r e a d i l y   a v a i l a b l e ,   i n c r e a s e d  
f i n e s  in t h e   u n d e r l y i n g   l a y e r s  may be   accep tab le .  
However, i n   r e m o t e  arctic r e g i o n s   t h e   p r o d u c t i o n  
o f   a s p h a l t   c o n c r e t e  is expensive  and  should  be 
minimized.  Thus, it i s  p r u d e n t   t o   s p e c i f y  non- 
f r o s t   s u s c e p t i b l e  (UPS) m a t e r i a l s   i n   t h e   u n d e r l y -  
i n g   l a y e r s   t o   t h e   e x t e n t   p o s s i b l e   t o   m i n i m i z e   t h e  
fo l lowing :  

1. The r e q u i r e m e n t s   f o r   a s p h a l t   c o n c r e t e  

2. The p o t e n t i a l   f o r   f r o s t   h e a v e ;  
3 .  The p o t e n t i a l   f o r   o t h e r   t y p e s   o f   p a v e -  

ment d i s t r e s s   s u c h   a s   a l l i g a t o r   c r a c k -  
i n g  and r u t t i n g .  

Layered  Elastic  Design  Approach 

( i f   n o r   e l i m i n a t e  i t s  n e e d ,   a l t o g e t h e r ) ;  

The u s e   o f   l a y e r e d   e l a s t i c   t h e o r y   i n   e v a l u a t i n g  
on-grade  pavement   design  concepts   has   several   a t -  
t r a c t i v e   f e a t u r e s ,   F i r s t ,   e s t i m a t e d   ( o r   m e a s u r e d )  
m a t e r i a l   p r o p e r t i e s   i n   t h e   f o r m  of e l a s t i c   m o d u l i  
and   Po i s son ' s   r a t io   fo r   each   l aye r   a r e   u sed .   Th i s  
p r o v i d e 6   f l e x i b i l i t y   i n   " m o d e l i n g "   t h e  pavement 
s t ruc tu re   t hus   r educ ing   t he   need   (o r   u se )  o f  de- 
s i g n   p r o c e d u r e s   n o t   s t r i c t l y   s u i t a b l e   f o r   c o l d  re- 
g ions .   Second ,   t he   ca l cu la t ion   p rocess   can   be  used 
ro e s t i m a t e   t h e  pavement r e sponse   fo r   any  combina- 
t i o n  o f   m a t e r i a l   p r o p e r t i e s ,   l a y e r s   a n d   l o a d i n g  
cond i t ions .  

The de te rmina t ion  o f  t h e   e l a s t i c  marerial para- 
meters f o r  a m e c h a n i s t i c   d e s i g n   a p p r o a c h   ( r e s i l i e n t  
o r   e l a s t i c  modulus  and  Poisson 's   ra t io)  i s  d i f f i -  
c u l t   d u e  t o  t h e  complex  and v a r i a b l e   n a t u r e   o f   t h e  
m a t e r i a l s   i n   e a c h  pavement l a y e r   a n d   a s s o c i a t e d  
s u b g r a d e   s o i l s .  To e v a l u a t e   t h e   i n i t i a l  pavement 
d e s i g n s   c o n s i d e r e d   i n   t h i s   p a p e r ,   a l l   e l a s t i c  
parameters  were es t imated   based  on r e a s o n a b l e  as- 
sumptions o r  pub l i shed   da t a .  Tn p r a c t i c e ,   f i n a l  
pavement des igns  must be  based on l a b o r a t o r y  
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d e r i v e d   e l a s t i c  material parameters   determined  on 
t h e   a c t u a l  materials t o   b e   u s e d   i n   t h e  pavement 
s t r u c t u r a l   s e c t i o n   a n d / o r   f i e l d   c o r r e l a t i o n s .  

Modeling a pavement s t r u c t u r e  as a l aye red  
e l a s t i c   s y s t e m  is  a complex p r o c e s s   i f   c a l c u l a -  
t i o n s   o f  pavement r e s p o n s e   a r e  made manually.  Tn 
f a c t ,   l a y e r e d   s y s t e m s   w i t h   g r e a t e r   t h a n   t h r e e   l a y -  
ers a r e   d i f f i c u l t   t o   s o l v e   w i t h o u t  a computer  pro- 
gram.  Thus, var ious  computer   programs  have  been 
developed  that   can  be  used  to   accomplish  the  neces-  
s a r y   c a l c u l a t i o n s   t o   g e n e r a t e   t h e   r e q u i r e d  
s t r e s s e s ,   s t r a i n s ,   a n d   d e f l e c t i o n s   d u e   t o  a g iven  
l o a d i n g   c o n d i t i o n ,  A computer   programwasselected 
for u s e   i n   t h i s   s t u d y   t h a t   c a n  treat m u l t i p l e  pave- 
ment l a y e r s   a n d   s e v e r a l   i n d i v i d u a l   w h e e l   l o a d s  
s imultaneously.  

The  pavement r e s p o n s e s   f o r   t h e   c a s e s   s t u d i e d  
c a n   b e  compared w i t h   a p p r o p r i a t e   f a i l u r e   c r i t e r i a  
t o   d e t e r m i n e   t h e   p o t e n t i a l   p e r f o r m a n c e  of an   in -  
s e r v i c e   f l e x i b l e   p a v e m e n t   s t r u c t u r e .   C r i t i c a l  
pavement response   parameters   inc lude :  

1. Pavement s u r f a c e   d e f l e c t i o n ;  
2 .  H o r i z o n t a l   t e n s i l e   s t r a i n  a t  the   bo t tom 

3. Vertical compressive stress a t  t h e   t o p  

4. V e r t i c a l   c o m p r e s s i v e   s t r a i n  a t  t h e   t o p  

The  pavement s u r f a c e   d e f l e c t i o n   ( i f   e x c e s s i v e )   c a n  
b e   a s s o c i a t e d   w i t h   f a t i g u e   c r a c k i n g   a n d / o r   r u t t i n g .  
The h o r i z o n t a l   t e n s i l e   s t r a i n   a t   t h e   b o t t o m   o f   t h e  
a spha l t   conc re t e   l aye r   can   be   u sed   t o   e s t ima te  
f a t i g u e   c r a c k i n g .  The ver t ical  Compress ive   s t ra in  
a t  t h e   t o p  of t h e   i n s u l a t i o n  i s  used   t o   de t e rmine  
i f   t h e   d e s i g n   c o m p r e s s i v e   s t r e n g t h  w i l l  be  ex- 
c e e d e d .   F i n a l l y , t h e   v e r t i c a l   c o m p r e s s i v e   s t r a i n s  
a t  the   t op   o f   t he   subgrade   can   be   u sed   t o   e s t ima te  
t h e   p o t e n t i a l   f o r   r u t t i n g .  I n  the   mechan i s t i c   ap -  
proach t o  pavement des ign  i t  is n e c e s s a r y   t o  con- 
t r o l   o r  limit pavement r e s p o n s e s   t o   d e v e l o p   s u i t -  
a b l e  pavement des igns .  Somewhat unique t o  co ld  
r eg ions ,   t he   impor t ance  of t h e s e  pavement  responses 
w i l l  v a r y   g r e a t l y   t h r o u g h o u t   t h e   y e a r .   F o r  exam- 
p l e ,   t h e   c o m p l e t e   s t r u c t u r a l   s e c t i o n  w i l l  be i n  a 
t o t a l l y   f r o z e n   c o n d i t i o n   d u r i n g   t h e   w i n t e r   m o n t h s .  
With a l l  pavement l a y e r s   f r o z e n ,  pavement r e sponses  
g e n e r a l l y  w i l l  b e   q u i t e  low r e s u l t i n g   i n   l i t t l e   o r  
no  pavement d i s t r e s s .   D u r i n g   t h e   s p r i n g   t h a w ,   t h e  
pavement s t r u c t u r e '  w i l l  expe r i ence  i ts  weakest con- 
d i t i o n   r e s u l t i n g   i n   t h e   g r e a t e s t  amount ( i f   n o t   t h e  
m a j o r i t y )  o f  pavement damage f o r   r h e   y e a r .  

Extensive  work  accomplished i n   v a r i o u s   l a b o r a -  
t o r i e s   w o r l d w i d e   h a s   r e s u l t e d   i n   t e n s i l e   s t r e s s   o r  
s t r a i n   r e l a t i o n s h i p s   a s  a f u n c t i o n  of t h e  number of 
l o a d s   t o   f a i l u r e   f o r   a s p h a l t   c o n c r e t e   f a t i g u e  char- 
a c t e r i z a t i o n .  It is  d i f f i c u l t   t o   o b t a i n  a consen- 
sus among e n g i n e e r s   a s   t o  how well labora tory   de-  
r i v e d   r e l a t i o n s h i p s   d u p l i c a t e   a c t u a l   i n - s e r v i c e  
f a t i g u e  fo r  asphal t   concre te   pavements .  In a n  
a t t e m p t   t o   a v o i d   p o s s i b l e   p i t f a l l s   a s s o c i a t e d   w i t h  
l a b o r a t o r y   d e r i v e d   r e l a t i o n s h i p s ,  a f a t i g u e  rela- 
t i o n s h i p  was c h o s e n   f o r   t h i s   s t u d y   t h a t  was devel-  
oped  from AASHO Road Test d a t a .   T h i s   c r i t e r i o n w a s  
developed  by  Finn et  a l .  (1977)  and i s  as fo l lows :  

of t h e   a s p h a l t   c o n c r e t e   l a y e r ;  

o f   t h e   r i g i d   b o a r d   i n s u l a t i o n ;  

of   subgrade   (or   permafrosr ) .  

l o g  Nf = 15.947 -3 .291 l o g  (-T) -0.85410g (-f) 
E E 
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where N = Number o f  l o a d s  of cons t an t  stess t o  
failure;  

c u n c r e t e   l a y e r ;  
E = T e n s i l e   s t r a i n  a t  the   bo t tom  o f   a spha l t  

E = Modulus ( p s i ) .  
To estimate t h e   p o t e n t i a l   f o r   r u t t i n g ,   t h e  

c r i t e r i o n   d e v e l o p e d  by Dorman and Metcalf (1964) 
was adopted. A s  f o r   f a t i g u e ,   t h i s   c r i t e r i o n  was 
based on da ta   de r ived   f rom  the  AASHO Road Test. The 
v e r t i c a l   c o m p r e s s i v e   s t r a i n  a t  the   top   o f   the   sub-  
g rade  is  u s e d   t o   d e t e r m i n e   t h e  number o f   l o a d s   t o  
f a i l u r e  as fo l lows :  

Load 
R e p e t i t i o n s  

(Design  Loads V e r t i c a l  
of DJB Truck) Compressive  Strain 

100,000 1050 x 101; 
1,000,000  650 x 10 

10,000,000 420 x 
100,000,000 260 x lo-' 
The a l l o w a b l e   s u r f a c e   d e f l e c t i o n s   f o r  a pave- 

ment are based   on   c r i t e r i a   deve loped  by Bushey e t  
a l .  (1974) i n   C a l i f o r n i a .  The c r i t e r i a  are a func- 
t i o n   o f   t h e   t y p e  of s u r f a c e   c o u r s e   ( a s p h a l t  con- 
crete o r   b i t u m i n o u s   s u r f a c e   t r e a t m e n t ) ,   t h i c k n e s s  
a n d   t h e   a n t i c i p a t e d  number  of t r a f f i c   l o a d i n g s .  To 
c o n v e r t   t h e  D J B  design  wheel   load t o  a 2 2 . 2  kN 
(5 ,000   lb )   wheel   load   (as   used   by   the   Cal i forn ia  
DOT), a m u l t i p l i e r   o f  105 was used ;  i . e . ,  a 7 1 . 2  kN 
(16,000 l b )   w h e e l   l o a d   f o r   t h e  D J B  t r u c k  i s  105 
times more  damaging  than a 22.2 kN (5,000 1 b ) w h e e l  
l o a d .  The s u r f a c e   d e f l e c t i o n   c r i t e r i a   u s e d   a r e  as 
f 0 l lows : 

1. Aspha l t   conc re t e   (63 .5  mm ( 2 . 5  i n )   t h i c k ) :  
( a )   a c c e p t a b l e  : 20.58 mm ( 0 , 0 2 3  i n ) ;  
(b)   marg ina l :  =0.58 mm (0.023 i n ) ;  
(c )   unacceptab le :   >>0.58  mm (0.023 l a ) .  

2. Asphal t   concre te   (127  nun ( 5 . 0   i n )   t h i c k ) :  
( a )   accep tab le :  5 0 . 4 3  mm (0.017 i n ) ;  
(b)  marginal:   E0.43 mm (0.017 i n ) ;  
(c )   unacceptab le :  >>0.43 nun (0.017 i n ) .  

( a )   accep tab le :  <l. 01 mm (0.040 i n )  ; 
(b)  marginal:   >1701  and 5 1 . 2 7  mm (>0.040 

(c)   unacceptable:  > 1 . 2 7  mm (0.050 i n ) .  

3. Bi tuminous   sur face   t rea tment :  

and 50.050 i n )  ; 

The s u r f a c e   d e f l e c t i o n   c r i t e r i a   s h o u l d   b e   u s e d   o n l y  
i n  a g e n e r a l  way s i n c e   t h e   s u r f a c e   d e f l e c t i o n  is i n  
par t   dependent  on t h e  assumed e l a s t i c  modulus  of 
t h e   a s p h a l t   c o n c r e t e   l a y e r .  

The  number o f   a l l o w a b l e   l o a d   r e p e t i t i o n s   t o  
f a i l u r e   ( f a t i g u e )  were u s e d   t o  set t h e   f o l l o w i n g  
c r i t e r i o n   f o r   a s p h a l t   c o n c r e t e   s u r f a c e d   p a v e m e n t s :  

1 .  Acceptable:  >>100,000; 
2 .  Marginal :  '100,000; 
3 .  Unacceptable:  <<100,000. 
In a similar manner ,   t he   a l lowab le   ve r t i ca l  

compressive stress f o r   t h e   r i g i d   i n s u l a t i o n   b o a r d  
was c o n s e r v a t i v e l y  set a t  80 .7  kPa (11.7 p s i ) .  The 
f o l l o w i n g   c r i t e r i o n   r e s u l t e d :  

1. Acceptable:  <80.7 kPa ( 1 1 . 7   p s i ) ;  
2 .  Marginal:  = 8 0 . 7  kPa   (11 ,7   p s i ) ;  
3 .  Unacceptable  >80.7 kPa (11.7 p s i ) .  
The f i n a l   c r i t e r i o n   s e l e c t e d  was f o r   r u t t i n g  

t h a t  i s  a f u n c t i o n   o f   t h e   v e r t i c a l   c o m p r e s s i v e  
s t r a i n   a t   t h e   t o p   o f   t h e   s u b g r a d e   ( o r   p e r m a f r o s t ) :  



1. Acceptable:  <500 x l o m 6 ;  
2 .  Marginal :  =500-800 x 101;; 
3. Unacceptable:  >SO0 x 10 . 
The f a i l u r e   c r i t e r i a   f o r   f a t i g u e ,   r u t t i n g ,  and 

s u r f a c e   d e f l e c t i o n   i d e n t i f i e d   a b o v e  were u s e d   t o  
examine   s eve ra l   poss ib l e  pavement s t r u c t u r a l   s e c -  
t i o n s .  I t  m u s t   b e   r e c o g n i z e d   t h a t   t h e   f a i l u r e   c r i -  
t e r i a   p r e s e n t e d   w e r e   o r i g i n a l l y   d e v e l o p e d   f o r  non- 
permafrost   areas .   Thus,   the   combinat ion of t h e  
e s t i m a t e d   e l a s t i c   m a t e r i a l   p r o p e r t i e s   i n   c o n j u n c -  
t i o n   w i t h   t h e   a v a i l a b l e   f a i l u r e   c r i t e r i a  may re- 
s u l t   i n  less t h a n   d e s i r a b l e  estimates of  pavement 
l i f e ,   a l t h o u g h   s u c h   e s t i m a t e s   s h o u l d   b e   s u i t a b l e  
for   the   deve lopment  of  pavement  concepts. 

Pavement  Cross  Sections 

The d e s i g n   l o a d i n g   c o n d i t i o n   s e l e c t e d   f o r  an- 
a l y s i s  was a "DJB" dump t r u c k   t h a t  i s  commonly used 
i n   t h e  Barrow area. T h i s   t r u c k   h a s  a t o t a l   o f   s i x  
wheels as shown i n   F i g u r e  1. Ful ly   loaded ,   each  
f r o n t   w h e e l   c a r r i e s  72.6 kN (16,320  lbs)  and  each 
r ea r   whee l  70.5 kN (15,840 lbs )  ( a l l   a t  345  kPa 
(50 p s i )   t i r e   p r e s s u r e ) .  The des ign  number of  
loaded D J B  r e p e t i t i o n s   a p p l i e d   t o  a road  was as-  
sumed a t  20 pe r   day .   Th i s   r e su l t s   i n   app rox ima te -  
l y  1 0 0 , 0 0 0   r e p e t i t i o n s   i n  a 20-year   des ign   per iod .  
T h i s   e s t i m a t e   r e p r e s e n t s  a "worst   case"   condi t ion.  
T h e r e   a r e   f e w   s t r e e t s   i n   t h e   B a r r o w   a r e a   t h a t  w i l l  
e x p e r i e n c e   t h i s   l e v e l   o f   t r a f f i c ;   h o w e v e r ,   t h e   e s -  
timate p rov ides  some l a t i t u d e   i n   a c c o u n t i n g   f o r  
o t h e r   h e a v y   t r a f f i c   l o a d i n g s   ( t r u c k ,   h e a v y  con- 
s t r u c t i o n   e q u i p m e n t ,   e t c . ) .  

i n i t i a l   s t r u c t u r a l   s e c t i o n s   e v a l u a t e d .  The l a t t e r  
s e c t i o n s   ( c a s e s  7 th rough  12)   a re   ana logous  t o  
g r a v e l   o r  a b i tuminous   su r f ace   t r ea tmen t   su r f aced  
r o a d   s e c t i o n .   F i g u r e  2 c o n t a i n s  a s k e t c h  o f  t h e  
c r o s s   s e c t i o n s   d e s c r i b e d   a b o v e .  

es t imated .   For   the   permafros t   ( subgrade) ,   th ree  
moduli  were  used  (6895,  689.5,  and 6 , 9  MPa) 
(1,000,000, 100,000  and  1 ,000  psi) .   Permafrost  
w i t h  a modulus  of  6895 "a (1,000,000 p s i )   r e p r e -  
s e n t s  a c o n d i t i o n  w e l l  be low  f r eez ing .  A modulus 
of  689.5 MPa (100 ,000   ps i )   approximates   "s t rong"  
permafrost   but   warming.   Final ly ,  a modulus of 6.9 
MFa (1,000 p s i )   r e p r e s e n r s   p e r m a f r o s t   d u r i n g  thaw- 
i n g   c o n d i t i o n s .   A c t u a l l y ,   t h e   e f f e c t i v e   m o d u l u s  
of  thawed  ice-rich  ground  approaches  zero,   al though 
the   modulus   used   represents  a less t h a n   d e s i r a b l e  
cond i t ion .  

The e l a s t i c   m o d u l i   f o r   t h e   n o n - f r o s t   s u s c e p -  
t i b l e   m a t e r i a l s   w e r e   e s t i m a t e d   t o   b e  140 MPa 
(20,000 ps i )   (assuming some l a t e r a l   c o n f i n e m e n t ) .  
This  may b e  somewhat u n c o n s e r v a t i v e   f o r   t h e s e m a t e -  
r i a l s   i n   t h e   u n f r o z e n   s t a t e   b u t  i s  c o n s e r v a t i v e  f o r  
t h e   f r o z e n   c o n d i t i o n .  The p i t - run  material, i f  
p r o p e r l y  thawed and compacted ,   has   the   po ten t ia l  
f o r  a somewhat higher  modulus (240 MPa (35,000psiJ4 
d u e   t o   s l i g h t l y   i n c r e a s e d   f i n e s   ( b i n d e r ) ;   h o w e v e r ,  
lower  moduli   values   a lso  were  used  (140  and 70 MFa 
(20,000  and 10,000 p s i ) ) .   A d d i t i o n a l l y ,   t h e   i n -  
s u l a t i o n  (Kiow HI-35) was assumed t o   h a v e   t h e  same 
modulus as the   su r round ing   non- f ros t   suscep t ib l e  
m a t e r i a l .  

Asphal t   concre te  is  a v i s c o e l a s t i c   m a t e r i a l ,  
and iKS s t r eng th   and   de fo rma t ion   p rope r t i e s  vary 
wirh   tempera ture .  The h igher   the   t emperaKure ,   the  

Table  1 c o n t a i n s  a b r i e f   d e s c r i p t i o n   o f   t h e  

The e l a s t i c  m o d u l i   u s e d   i n   t h e   a n a l y s i s  were 

l o w e r   t h e   a s p h a l t   c o n c r e t e   e l a s t i c   m o d u l u s .  The 
n e c e s s i t y  o f  u s ing  a " s o f t "   a s p h a l t  a t  Barrow o r  
any a r c t i c  s i t e  i s  a p p a r e n t .   A d d i t i o n a l l y ,  i t  i s  
h i g h l y   d e s i r a b l e   t o   u s e   c r u s h e d   c o a r s e   a g g r e g a t e  
in t he   mix tu re .  Assuming t h e   u s e  of  a " s o f t "   a s -  
p h a l t ,   c r u s h e d   c o a r s e   a g g r e g a t e  and a des ign   su r -  
f a c e   t e m p e r a t u r e  of  2loC (summer c o n d i t i o n ) ,  a 
modulus of 1725 MPa (250,000  psi)  was s e l e c t e d   f o r  
t h e   a n a l y s i s .  Only a complete mix des ign   cou ld  
a l l o w   t h e   p r o p e r   d e t e r m i n a t i o n   o f   t h e   v a l u e .  

d e s i g n   l o a d s  and s t r u c t u r a l   s e c t i o n   c a s e s   a r e  sum- 
m a r i z e d   i n   T a b l e  2. A l s o   c o n t a i n e d   i n   t h i s   t a b l e  
i s  a summary of t h e   f a i l u r e   c r i t e r i a   a p p l i e d   t o   t h e  
s e l e c t e d  pavement r e sponse   measu res .   Ra t ings   fo r  
each   ca se   and   c r i t e r ion   were  made on t h e   b a s i s   o f  
t h e   f o l l o w i n g :  

The r e s u l t s  of   the   pavement   response   to   the  

1. A: c r i t e r i o n  i s  w i t h i n   a c c e p t a b l e  limits; 
2.  B: c r i t e r i o n  is w i t h i n   m a r g i n a l  limits; 
3.  C: c r i t e r i o n  i s  w i t h i n   u n a c c e p t a b l e  

A d d i t i o n a l l y ,   t h e   o v e r a l l   r a t i n g   f o r   e a c h   c a s e  is 
based on t h e   l o w e s t   r a t i n g   f o r   a n y   o n e  o f  t h e   f o u r  
(or  t h r e e )   c r i t e r i a .  

On t h e   b a s i s  of s t r u c t u r a l   c o n s i d e r a t i o n s  
a l o n e ,   c a s e  nos. 1, 9 ,  loa, 11 a n d   1 2 a   a r e   f u l l y  
acceptab1 .e   ( re fer   to   Table   2 ) .   Case  1 i s  su r faced  
wi th   63 .5  nun (2 .5   i n )  of a s p h a l t   c o n c r e t e  and c a s e s  
9 ,  loa, .11 and  12a a r e   t h e  same g e n e r a l   c r o s s   s e c -  
t i o n s   e x c e p t   w i t h o u t   t h e   a s p h a l t   c o n c r e t e  (however, 
t h e   l a y e r   m o d u l i   v a r y ) .   T h e r e f o r e ,  it may be  an 
a t t r a c t i v e   a l t e r n a t i v e  ro c o n s t r u c t  a bi tuminous 
s u r f a c e   t r e a t m e n t   o v e r   s t r u c t u r a l   s e c t i o n s   s u c h   a s  
c a s e s  9, loa, 11, and 12a. The poss ib l e   advan tage  
of u s i n g   a s p h a l t   c o n c r e t e  i s  a h i g h e r  level o f  
s e r v i c e   b u t   w i t h   t h e   r i s k   o f   i n c r e a s e d   m a i n t e n a n c e  
and c o n s t r u c t i o n   c o s t s .  

limits. 

EVALUATION  OF SELECTED DESIGN  CONCEPTS 

I n l t i a l   c o n s t r u c t i o n   c o s t s   a r e   o n l y  one (bu t  
i m p o r t a n t )   c o s t   t o   c o n s i d e r .   A d d i t i o n a l l y ,   t h e  
c o s t s   a s s o c i a t e d   w i t h   t h e   m a i n t e n a n c e  o f  a pave- 
ment s t r u c t u r e   n e e d   t o   b e   e v a l u a t e d .   H i s t o r i c a l l y ,  
on s ta te  maintained  highway  networks,  asphalt  con- 
c re te   pavements  may need t a   b e   o v e r l a y e d   w i t h  ad- 
d i t i o n a l   a s p h a l t   c o n c r e t e   e v e r y  10 years   (a l though 
t h i s   p e r i o d   t e n d s   t o   v a r y   s i g n i f i c a n t l y   a n d  i s  a 
f u n c t i o n  of t h e   i n i t i a l   d e s i g n   a n d   o t h e r  s i t e  spe- 
c i f i c   c o n d i t i o n s ) .   G e n e r a l l y ,   s u c h   o v e r l a y s   a r e  
about a0 t o  7 5  nnn (1 .5   t o   3 .0   i n )   t h i ck .   Fo r   b i -  
tuminous  surfaced  pavements ,   thermal   cracks  should 
b e   e x p e c t e d   a t  a r r a n s v e r s e   s p a c i n g  of about   12 m 
(40  f t )   o r  less. These   c racks   should   be   sea led  
e a r l y   e a c h  summer (minor   maintenance) .   Tradeoffs  
be tween   a spha l t   conc re t e  and  biruminous  surface 
t r ea tmen t   f l ex ib l e   pavemen t s   a r e :  

1. The a s p h a l t   c o n c r e r e   s u r f a c e   p r o v i d e s  
e x t r a   l o a d   c a p a c i r y   f o r   t h e  pavement 
s t r u c t u r e ;   t h e   b i t u m i n o u s   s u r f a c e   t r e a t -  
ment   does  not .  

2.  The a spha l t   conc re t e   su r f ace   shou ld   p ro -  
v i d e  a longe r ,   r educed   ma in tenance   l i f e ;  
however, i f   t h e r m a l   s t a b i l i t y  is n o t  
achieved,  maintenance w i l l  be   ex t ens ive  
and  expensive.  

e x p e n s i v e   i n i t i a l l y ,   p r o v i d e s   f o r   r e d u c e d  
3 .  The b i tuminous   su r f ace   t r ea tmen t  is less 
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Various  methods  are  available  for  determining  the  strength  characteristics of soils; 
and  as  numerous  investigations  have  demonstrated,  the  values of the  parameters  being 
determined  depend on the  conditions  and  type  of  testing.  The  article  discusses  the 
problems  of  the  impact o f  the  test  conditions  and  type  of  test on the  value  of  the 
long-term  strength  characteristics  of  frozen  soils.  The  tests were carried out  to 
determine  long-term  strength  and  to  compare  the  experimental  data  from  uniaxial 
compression  tests  with  constant  loading,  with  those  derived with  a  constant  rate  of 
deformation  and  a  constant  rate of loading  and  under  conditions  where  the  operating 
stress  was  relaxed.  These  investigations  revealed  the  mechanisms  whereby  the  soil 
strength  decreased  under  various  types  of t e s t s  and  demonstrated  the  possibility of 
determining  long-term  values  for  the  strength o f  frozen  soils  from  the  various  tests 
utilized. 

Values of ultimate  long-term  strength  (time- 
dependent  failure)  of  frozen  soils  are  the  prin- 
cipal  design  characteristics  in  calculations  of 
bearing  capacities  of  foundations o f  structures. 

At  the  present  time  the  following  methods  for 
determining  the  strength  characteristics  of  frozen 
soils  are  used  as a standard  practice in laboratory 
studies:  (a)  creep  tests  at a constant  load (0  = 
const . (b)  tests  at  constant  rate of deformation 
(V = - - const)  or  at  constant  rate  of  load- 
ing  dt(V = do = const); or (c)  the  dynamometric 
test  method E[ (0 = f ( E ) ,  0 = f(t) 1. Due to  the 
large  variety  of  methods  used,  the  test  results 
sometimes  differ,  causing  different  interpretation 
of the  results. A t  the  same  time,  the  long-term 
strength  is a physical  characteristic  of  soil, 
therefore  this  should  be  an  invariant  independent 
of the  test  method. 

values  of  the  long-term  strength,  the  specimens  of 
a  given  frozen soil, were  tested  using  each  of  the 
above  methods.  Particular  attention  was  paid  to 
the  dynamometric  method,  which in our  opinion 
seems to be  very  promising, 

The  soil  selected for investigation  was frozen 
Chegan  (neogenic)  clay  featuring  a  disturbed  struc- 
ture  and a massive  cryotexture.  All  the  tests  were 
performed  under  axial  compression  at  a  temperature 
e = -5°C. 

Creep  tests  under  permanent  loads  are  the  most 
common  types.  According  to  this  method,  a  conven- 
tional  instantaneous  value of the  soil  strength  was 
determined  first  by  applying  a  quick  loading (20-30 
s duration). Upon  finding  the  instantaneous 
strength  (Oinst = 3.75  ma), identical  specimens 
were  tested  under  different  constant  stresses  at a 
percentage of the  conventional  instantaneous 
strength  (Vyalov  et  al.  n.d.1.  The  results of the 
tests in the  form  of  creep  curves  are  illustrated 
in  Figure 1. The  criterion  for  creep  strength  for 
a given  time  to  failure of the  sample  was  taken  as 
the  transition  point on the  creep  curve  where  the 

a:, - 

To compare  the  test  results  and  to  determine  the 

tertiary  stage  of  creep  (progressive  flow)  begins. 
Then,  in  compliance with the  commonly  accepted 
method,  a  long-term  strength  curve  was  plotted. 
The  analytical  expression  takes  the  following  form: 

0 = a * t-1 (1) 

where  a  and t = the  parameters  of  the  strength  of 
the  frozen soil, 

The  correctness  of  the  selected  relationship is 
confirmed by the  resulting  straight-line  plots of 
the  long-term  strength  curve in logarithmic 
coordinates. 

soil  strength  corresponding  to a 50-year  service 
life ('cCalc) of the  structures. Tn this  case 
equation 1 gives  the  value 0- = 0.52 MPa. 

by steps  equal  to  a  certain  percentage  of  the 
conventional  instantaneous  strength.  The  load  at 
each  step  was  held  until  the  moment  of  conventional 
damping  of  deformations.  The  tests  were  carried 
out  until,  at  some  successive  step of loading,  the 
deformation  tended  to  continue  until  failure 
occurred.  The  last  step of  loading,  when  a  damping 
of  deformations  was  observed,  was  taken  as  the 
ultimate  long-term  strengrh  of  the  soil (om = 0.75 
ma). 

a  constant  rate o f  loading.  The  loading  rates 
ranged  from ? = 0.375 MPa  to 9.0 MPa.  The  test 
results  (Figure 2) showed  that  the  strength  of  the 
soil decreases with decreasing  loading  rate.  For 
example,  at 0 = 7.5 MPa  pef  hour  the  value of 
ofail = 2 . 4  m a ,  while  at U = 0.75 W a  per  hour  the 
parameter  ofail = 1.9 m a .  

The  parameters  of  the  long-term  strength  equa- 
tion l w$re  determined  for  constant  rate  of  applied 
stress (o=const) according  to  the  criterion  of 
linear  summation  of  defects.  This  criterion 
enabled  the  researchers  to  determine  the  analytical 
relationship  between  the  time  to  failure  and  the 

The  ultimate  long-term  strength  was  taken  as  the 

In the  step-loading  regime,  the  load  was  applied 

The  subsequent  series of tests  were  performed  at 
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loading  rate. On the  basis  of  the  obtained  para- 
meters  the  strength  for  a  period  of 50 years  was 
calculated (Om = 0.7 ma). 

deformation,  the  peak (us) and  residual (or) 
strengths  must  be  determined.  The  peak  strength 
approaches  the  conventional  instantaneous  strength 
when the  rate  of  deformation  is  high,  while  under 
it, it  tends t o  approach urn when the  rate  of 
deformation  is  low. 

As the  result  of  the  tests,  a  family  of  stress- 
time  curves  (Figure 3) was  obtained,  which  make  it 
possible  to  characterize  the  change  of  the  soil 
resistance  to  failure  at a constant  rate  of  deform- 
ation.  The  analysis  of  these  curves  indicates  that 
the  peak  strength  tends  to  decrease  as  the  deforma- 
tion  rate  decreases. For instance,  the  decrease  of 
the  deformation  rate  from E = 15 hr-1  to 0.03 hr-1 
reduces  the  value of the  peak  strength  by 2 . 3  times 
(afaill = 2.65 MPa,  Ofail, = 1.17 ma). 

tion l were  determiped with due  regard  for  the 
loading  procedure (E=const) according  to  the 
criterion  of  linear  summation of defects  together 
with the  deformation  equation  expressed  according 
to  the  theory of stress  hardening, On the  basis  of 
the  obtained  parameters  the  50-year  strength of 
the  soil  was  calculated  to  be 0, = 0.75 "a. 

for  long-term  strength  consists  of  subjecting  the 
soil  specimens  to  a  variable  load  that  is  gradually 
reduced  in  the  deformation  process.  The  method  is 
described  below. 

The  soil  specimen  is  loaded  through  a  dynamo- 
meter.  Upon  reaching  the  predetermined  load,  the 
dynamometer  is  retained in  a  fixed  position.  The 
stress  imparted  to  the  soil  specimen  through  the 
dynamometer  causes  the  development  of  creep  defor- 
mations  which in turn  reduces  the  load  applied  by 
the  dynamometer,  thereby  reducing  the  stress. In 
the  test  specimen*  the  process  of  decreasing  the 
stress in the  dynamometer  lasts  until  the  deforma- 
tion of the  specimen  is  stabilized  and  the  load 
applied  to  the  soil  specimen  and  the  internal 
forces of resistance of the  soil  reach  equilibrium 
(Vyalov  and  Maksimyak 1970). 

The  tests  showed  that,  in  the  range  of  the 
initial  stresses  (Dinit = 0.1 to 0.5 oins ), there 
is  a  dependence  between  the  final  stress  tofinal) 
and  the  initial  stress (ffinit).  At initial 
stress  Uinit 2 0 . 6  Dinst,  the  stress  decreases 
practically  to  ufina1.  The  latter  is  taken  a6  the 
value  of  the  ultimate  long-term  strength of soil. 
In  the  experiments  under  consideration,  it  proved 
to be-equal to om = 0.54 MPa  for  the  frozen  soil 
tested. 

In the  present  study,  the  dynamometric  test 
method  was  improved by using  a  step-loading  regime 
in combination  with a dynamometer  (Vyalov  et  al. 
1980). In this  method,  the  load  was  applied  to  the 
specimen i n  steps, as in the  stepped  tests  under 
constant  load.  Each  subsequent  step  of  the  load 
was  applied  only  after  the  deformation o f  the  pre- 
ceding  step  had  stabilized.  Experiments with the 
specimens of the  Chegan  clay  using  step  loading 
show  that when the  total  stress  imparted  to  the 

When  testing  the  soils  at a constant  rate  of 

The  parameters of the  long-term  strength  equa- 

The  dynamometric  method  of  testing  frozen  soils 

*This  test  is  often  called  a  "relaxation"  test. 

specimen  does  not  exceed 0.7 utnst,  the  stress 
drops  to  the  final  value,  which  depends  upon  the 
initial  load  at  each  step.  When  the  total  load 
reaches  or  exceeds 0.7 uinst  the  stress  drops  to  a 
final  constant  value,  which  appears  to  be  independ- 
ent  of  any  further  increase o f  the  load.  The 
results  of  such  experiments  are  presented in  Figure 
4.  The  initial  load in these  experiments  was 
Uinit = 0.1 Oinst,  while  the  value of  each  step  was 
A0 = 0.1  ainst.  It  can  be  seen  from  the  illustra- 
tion  that  the  load  at  the  first  step  has  dropped  to 
Ufinal = 0 . 4  MPa, at  the  second  step  to  ofinal = 
0 .58  MPa, at  the  third  step  to o€ina1 = 0.64 MPa, 
at  the  fourth  step  to  Ofinal = 0.68 m a ,  at  the 
fifth  step  to  Ufinal = 0.7 m a ,  and,  beginning  with 
the  sixth  step,  the  final  stress  remains  unchanged 
(ofinal = 0.7 ma) in  spite of the  fact  that  the 
total  load  is  still  rising, 

study  was  undertaken on the  effect  of  each  step's 
load  value on the  final  stress  value  (Vyalov  et  al. 
1980). The  tests  were  conducted  at  the  following 
loading  steps: 0.1, 0.16, 0 . 2 0 ,  and 0 . 3 3  of oinst. 
The  tests  indicated  (Figure 4 )  that with the  step 
value of AD = 0.16 oinst, the  stress  at  the  first 
four  steps  drops  to 0.2 MPa, 0.4  MPa, 0.5 MPa,  and 
0.7 MPa at  the  first,  second,  third,  and  fourth 
steps  respectively.  The  initial  load in this  case 
increased from Uinit = 0 .56  MPa  to  Dinit = 2.5 MPa, 
which  corresponds  to 0.7 ainst.  Further  load  in- 
creases  reduces  the  stress  to  ofinat = 0.7 "a, 
irrespective of the  value of the  initial  load. 
However,  with  such  a  value of the  step  load,  each 
test  takes  a  long  time,  since  each  step  is  to  be 
held  until  the  deformations  are  stabilized,  and 
several  loading  steps  are  necessary  to  reach  the 
critical  load ( 0  = 0.7  oinst). 

of  steps  for  reaching  the  critical  load  diminishes. 
However,  the  increase  of  the  value of the  steps not 
only  reduces  the  duration o f  the  test  but  also 
impairs  the  accuracy of the  results. Thus,  for 
example,  with  a  step  value  of A0 = 0.16  Ginst,  the 
value of the  critical  load  was 0 = 2.5 MPa,  but 
with  a  step  equal to Aa = 0.2 uinst  this  load 
amounted  to 0 = 2.66 ma. Moreover,  with  a  value 
of AD = 0 . 3 3  Dinst, the  researchers  failed  to  note 
the  critical  stress:  before  reaching  a  load of 
a = 0.66  Uinst  the  final  stress  had  not  yet 
stabilized,  and  the  application  of  the  next  step 
of  the  load  caused  the  failure  of  the  soil  speci- 
men.  The  experiments  suggested  that  the  most 
favorable  value o f  the  step  is  Aa = 0.1 ainst. 

To reduce  test  duration,  a  study  was  undertaken 
to  determine  the  effect of the  loaded  time  periods 
of  the  steps  and of the  initial  load  upon  the  value 
of the  ultimate  stress  (Vyalov  et  al. 1980). With 
this  object  in  mind,  the  relevant  tests were per- 
formed  under  different  initial  loads,  i.e.,  0.1, 
0.5, 0.6, 0.7, and 0.8 of the  conventional  instan- 
taneous  strength  of  the  soil.  The  further  loading 
operations  were  subjected  to  steps  identical  and 
equal  to A0 = 0.1 Ginst,  An  optimum  value of the 
step  was  selected  to  determine  more  accurately  the 
value  of  the  final  stabilized  stress.  The  experi- 
ments  showed  that  regardless  of  the  value of the 
initial  stress,  by  gradually  increasing  the  loading 
of the  specimen  in  steps  of A0 = 0.1 Ginst  starting 
from  the  initial  load o f  0.7 uinst, the  specimen- 

To develop an optimum  test  technique,  a  special 

With  the  increase of the  step  value,  the  number 



dynamometer  system  tends  to  relax  at  a  constant 
final  stress  Ofinal = 0 .72  MPa. 

Thus,  changing  the  value  of  the  initial  load 
has no effect on the  value of the  final  stabilized 
stress,  while  decreasing  the  initial  load  increases 
the  test  duration.  For  instance,  reduction  of  the 
tests  by  one  step  cuts  the  length of the  test  time 
by 72 hours. 

that  the  best  variant  is  a  test  under  an  initial 
load  lying  within 0.5-0.6 of  the  conventional 
instantaneous  strength  of  the  soil  under  test. 

These  tests were conducted with every  subsequent 
step  being  held  until  a  predetermined  stabilization 
of  the  deformations  was  attained.  To  reduce  the 
duration of the  tests,  the  effect  of  the  time  the 
applied  load  was  held  upon  its  final  stabilized 
value  was  investigated. To this  end,  tests  were 
performed  in  which  the  loading  steps  were  held for 
12  and 24 hours,  as  well as until  the  predetermined 
stabilization  of  the  deformations  was  obtained. 
The investigations  showed  that,  for 12- and  24-hour 
durations,  the  value of the  final  stress  at  each 
step  is  higher  than  at  the  previous  step,  up  to  the 
application of the  last  step  of 0 n-t = 0.9 “inst, 
after which the  soil  specimen  faifei.  Thus,  the 
experimenters  failed to succeed in obtaining  the 
stabilized  final  stress. 

Thus,  the  studies  showed  that  the  best  variant 
is  testing  under  an  initial  load  of 0.5-0.6 Dinst 
with  a  gradual  step-by-step  rise  of  the  load  in 
increments  of Ao = 0.1 ainst,  with  a predetermined 
stabilization  of  the  deformation  at  each  step  of 
the  loading. 

tics  of  long-term  strength  of  frozen soil in 
various  types  of  tests. 

The  results  of  these  experiments  made  it  evident 

Table 1 gives  a  comparison  of  the  characteris- 

bonds,  etc.  (Vyalov  et  al. n.d., Vyalov  et  al. 
1973).  

strength  characteristics  of  frozen  soils  it  is 
necessary  to  take  into  consideration  the  loading 
conditions  and  the  state  of  the  soil in situ. 

However,  it  should  be  emphasized  that  to  deter- 
mine  the  long-term  strength of the  soil  by  testing 
at u = const,  as  well as at  constant  stress  and 
constant  rates of loading  and  deformation,  it i s  
essential  to  obtain  a  family  of  creep  curves.  This 
requires  the  testing of a series  of  identical  spe- 
cimens. As a  rule, this i s  accompanied  by  a  large 
scatter of test  results,  and  calls  for  an  addi- 
tional  number  of  tests.  The  other  shortcoming of 
these  methods  is  the  ambiguity  in  determining  the 
time  of  failure of the  soil  specimens.  Thus, 
despite  the  fact  that  these  methods  reflect  cor- 
rectly  the  state of the  soil  under  constant  and 
time-variable  loads,  they  are  time-consuming. The 
method o f  step  loading  at  a  constant  stress  allows 
the  test  to  be  performed with the  use  of  one  or  two 
specimens.  This  method  had  the  disadvantages 
characteristic  of  the  previous  methods  in  deter- 
mining  the  moment  of  failure  of  the  soil,  and, on 
the  other  hand,  requires  too  much  time  to  accom- 
plish  the  tests. 

The  most  promising  are  the  dyanmometric  test 
methods, i.e. the  improved  method of single  loading 
and  the  revised  method  of  stepped  tests.  They 
offer  a  number  of  advantages.  First,  they  allow 
the  value o f  the  ultimate  long-term  strength Urn to 
be  determined  by  testing  only  one  or  two  specimens; 
second,  they  materially  reduce  the  duration  of  the 
tests;  and  third,  the  values 0, are  determined 
directly  on  the  basis  of  the  results o f  the 
experiments  and  require no preliminary  mathematical 

Thus,  when  selecting  the  method  for  determining 

TABLE 1 Ultimate  long-term  strength  of  frozen  soil 0, under 
various  types  of  tests 

Test  conditions 

U = const  Dynamometric  method 

o m ,  Single  Stepped . Single  Stepped 
m a  loading  loading a=const :=const  loading  loading 

0.52 0 .75  0 .70  0 .75  0.54 0.72 

Analysis  of  these  data  demonstrates  that  all  the  processing.  The  particular  dynamometric  test 
obtained  values  could  be  divided  into  two  groups:  method  should  be  selected on the  basis of the 
(a) a  group  comprising om = 0.5 MPa  for  the  case  of  expected  stress  state  of  the  soil  in  situ in the 
0 = const  and urn 0.54 MPa  for  the  case of single foundations  of  the  structures to be  built on 
dynamometric  tests,  and (b) a  group  including 0, = permafrost. 
0.75 MFa  in the  case  of  stepped  tests  at U = const, 
fm = 0 .7  MPa  whenever 6 = const, a, = 0.75 MPa  for 
E = const,  and om = 0 . 7  MPa  in  the  case  of  stepped  REFERENCES 
dynamometric  tests. 
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FIGURE 1 Unconfined  compression  creep  curves E - t. FIGURE 2 Compression  ftrength  curves 6 - t  under 
different  strain  rate E. 

FIGURE 3 Compression  strength  curves 0 -  t under 
different  rate  of  loading. 



OBSERVATIONS  OF MARTIAN FRETTED TERRAIN 
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F r e t t e d   t e r r a i n  is one  of   several   lowland  landscapes  found on Mars t h a t   s u g g e s t  
i n t e n s e   g e o m o r p h i c   a c t i v i t y .   F r e t t e d   t e r r a i n  was formed i n i t i a l l y   d u r i n g  a pe r iod  
o f   h e a v y   c r a t e r i n g   a n d   p o s s i b l y   f l u v i a l   a c t i v i t y   e a r l y  in m a r t i a n   h i s t o r y .  Sub- 
sequent   modi f ica t ion   processes   have   been  active in  the   " r ecen t "   pas t ,   and  may 
still  be   ac t ive   t oday .   Ev idence  of t h e   p r o c e s s ( e s )   t h a t   f o r m e d   t h e   f r e t t e d  ter- 
r a i n  i s  gene ra l ly   l ack ing   because  of subsequent   modi f ica t ion .  The l o c a t i o n  of t h e  
t e r r a i n   a l o n g   t h e   b o u n d a r y   b e t w e e n   h e a v i l y   c r a t e r e d   u p l a n d s   a n d   s p a r s e l y   c r a t e r e d  
l o w l a n d s   t h a t   e x t e n d s   a r o u n d   t h e   p l a n e t ,   a n d   t h e   o r i e n t a t i o n  of p o r t i o n s  of t h e  
t e r r a i n   a l o n g   s t r u c t u r a l   t r e n d s   a s s o c i a t e d   w i t h   t h e   b o u n d a r y ,   s u g g e s t  a t e c t o n i c  
o r i g i n  in par t .   Subs idence   th rough  ground  ice   mel t ing   o r   subl imat ion  may then  
h a v e   l e d   t o   p r o g r e s s i v e   d e t e r i o r a t i o n   o f   t h e   r e l a t i v e l y   i n c o m p e t e n t   r o c k   u n i t s .  
Mod i f i ca t ion  of t he   su r f aces   has   been   w idesp read ;   mos t   s eve re ly   a l t e r ed  are v a l l e y  
f l o o r s   a n d  walls, and   aprons   sur rounding  mesas. L i n e a t i o n s  on t h e   s u r f a c e s  of 
aprons   resemble   l eveed   channels ,   whereas   those  on v a l l e y  f loo r s ,  though  super- 
f i c i a l l y  similar t o   m e d i a l   m o r a i n e s   a n d   o t h e r   i n d i c a t o r s   o f   l o n g i t u d i n a l   f l o w ,  
most l i k e l y   r e f l e c t   d i f f e r e n t i a l   d e g r a d a t i o n  by s u b s i d e n c e   a n d   e o l i a n   a c t i o n .  
Measurements  of t h e   a p r o n s  show some s i m i l a r i t i e s   t o  cer ta in  terrestrial g r a v i t y -  
induced   and   grav i ty-dr iven  mass flows.  

INTRODUCTION 

F r e t t e d   t e r r a i n  is t h e  name a p p l i e d   t o  a com- 
plex  physiographic   province  marking a p o r t i o n  of 
the   boundary   be tween  heavi ly   c ra te red   up lands   and  
s p a r s e l y   c r a t e r e d   l o w l a n d s  on Mars. The t e r r a i n  
is c h a r a c t e r i z e d  by s t eep ,   ab rup t   e sca rpmen t s ,  
a n d   o u t l i e r s  of h igh - s t and ing   t e r r a in   su r rounded  
by r e l a t i v e l y  s m o o t h ,   f l a t - l y i n g   p l a i n s .  The  zone 
o f   mos t   h igh ly   deve loped   f r e t t ed   t e r r a in   spans  
approximately 3500 km between 30°N,28'W and 
50°N,350'W and i s  about  600 km wide.  The  impor- 
t ance  t o  mart ian  geology of f r e t t e d   t e r r a i n  l ies 
i n  i t s  s p a t i a l   a n d   t e m p o r a l   r e l a t i o n s h i p s   t o  
f e a t u r e s   s u g g e s t i n g   p r o f o u n d   c h a n g e s   i n  martian 
g e o l o g i c a l   e v o l u t i o n :   t h e   t e r r a i n  i s  developed 
only  along  the  above  mentioned  boundary  between 
"anc ien t"   c ra te red   t e r ra ins   and   "younger"   sparse ly  
c r a t e r e d   p l a i n s .   T h i s   b o u n d a r y   p r o b a b l y   r e f l e c t s  
major t e c t o n i c   e v e n t s   e a r l y   i n  Mars' h i s t o r y  
(Mutch e t  a l .  1976,  Malin e t  a l .  1978).  Concur- 
r e n t   w i t h   o r   s u b s e q u e n t  to t h e s e   t e c t o n i c   e v e n t s ,  
major e r o s i o n a l   p r o c e s s e s   r e - s h a p e d   p o r t i o n s  of 
the   mar t ian   sur face   (Mal in   1976a ,  Mutch et a l .  
1 9 7 6 ) .   F r e t t e d   t e r r a i n s  were formed,  and  have 
been  modif ied,  by t h e s e   p r o c e s s e s ,   a n d   f r e t t e d  
l andfo rms   p rov ide   cons t r a in t s   on   t he   na tu re   and  
d u r a t i o n  o f  t h e   e r o s i o n .  

Coradini  and  Arvidson  (1976),   and Malin (1976a) 
d e s c r i b e d   f r e t t e d   t e r r a i n   m o r p h o l o g y   a n d   a g e  rela- 
t ionships   f rom  examinat ion  of Mariner  9 images, it 
was n o t   u n t i l   t h e   r e c e i p t  of V ik ing   o rb i t e r   images ,  
b e g i n n i n g   i n   1 9 7 6 ,   t h a t  more d e t a i l e d   s t u d y  of t h e  
" f r e t t i n g   p r o c e s s ( e s ) "   c o u l d   b e   c o n d u c t e d .  Carr 
andSchaber   (1977) ,   Squyres   (1978,1979) ,   Schul tz  
and  Elicken  (1979),   and  Breed et a l .  (1980)  sug- 
g e s t e d   s e v e r a l   a l t e r n a t i v e   m e c h a n i s m s   f o r   t h e  

A l t h o u g h   e a r l y   s t u d i e s  by  Sharp  (1973). 

format ion   and   modi f ica t ion  of t h e   f r e t t e d   t e r r a i n ,  
based on these   V ik ing   da t a .  The pape r s  by Carr 
and   Schaber ,   and   Squyres ,   addressed   pr inc ipa l ly  
t h e   m o d i f i c a t i o n  of t h e   f r e t t e d   t e r r a i n .   F e a t u r e s  
d i scussed  by t h e s e   i n v e s t i g a t o r s   i n c l u d e d   l o b a t e  
aprons   benea th   scarps   and   a round mesas, and 
l i n e a t e d   v a l l e y   f l o o r s .  Carr and  Schaber  suggest-  
e d   t h a t   t h e   f e a t u r e s   r e s e m b l e d   t h o s e   t h a t   a r e  
formed by f r o r t   c r e e p   o r   g e l i f l u c t i o n ,   w h e r e a s  
t h e i r   a p p e a r a n c e   s u g g e s t e d   t o   S q u y r e s   t h a t   t h e y  
formed by rockmass   c reep   in  a manner analogous t o  
rock   g l ac i e r s .   Bo th   Schu l t z   and   G l i cken ,   and  
Breed   and   her   co-workers ,   cons idered   rhe   in i t ia l  
f o r m a t i o n   o f   f r e t t e d   t e r r a i n  t o  r e q u i r e   t h e   a c t i o n  
o f  l i q u i d   w a t e r ,   e i t h e r  as mudflows gene ra t ed  by 
subs idence   over   mel ted   g round  ice ,  as c a t a s t r o p h i c  
f l o o d s ,   o r  as su r face   run -o f f .  

MORPHOLOGY 

No area of f r e t t e d   t e r r a i n   l o o k s   e x a c t l y   l i k e  
a n o t h e r .  However, ove r  a 3500 krn d i s t a n c e  two ox 
t h ree   gene ra l   a s semblages  of f e a t u r e s   o c c u r .  A t  
t he   sou th   and  east end of the   zone  of p r i n c i p a l  
o c c u r r e n c e ,   i n   N i l o s y r t i s ,   t h e   a s s e m b l a g e  of forms 
i n c l u d e s  a r idge-and-val ley  topography  s t rongly 
o r i e n t e d   p a r a l l e l   t o   t h e   u p l a n d - l o w l a n d   b o u n d a r y ,  
w i t h   f l a t   o r   s l i g h t l y   c o n c a v e   v a l l e y   f l o o r s   t h a t  
c h a r a c t e r i s t i c a l l y   d i s p l a y   l o n g i t u d i n a l   l i n e a t i o n s  
( F i g u r e   1 ) .  The v a l l e y s  are t y p i c a l l y  a few  k i lo-  
meters a c r o s s   a n d   s e v e r a l   t e n s  of k i l o m e t e r s   i n  
l e n g t h .  The ridges  have  subdued,  rounded,  undu- 
l a t i n g  crests, some r e l a t i v e l y   n a r r o w   a n d   o t h e r s  
much b r o a d e r   ( t o  10-15  km). V a l l e y   f l o o r s   o c c u r  
a t  s e v e r a l   d i s c r e t e   t o p o g r a p h i c   l e v e l s ;   t r i b u t a r -  
ies reach  concordancy  through  gent le ,   ramp-l ike 
long i tud ina l   s lopes   descend ing   f rom  h ighe r  t o  
l o w e r   l e v e l s .   S t r a i g h t   t o   a r c u a t e   o r   s l i g h t l y  



s inuous   l inea t ions  (<IO0 m wide)  within many of 
t hese   va l l eys   exh ib i t   bo th   pos i t i ve  and  negative 
re l ie f   (probably  less than a few t e n s  of meters ) ,  

A t  the   northwest  end of t h e   f r e t t e d  zone ( i n  
Deu te ron i lus ) ,   t he   t e r r a in  is charac te r ized  by a 
p rogres s ive   t r ans i t i on  from  undulating,  heavily 
c ra te red   sur faces   indented  by occasional  channels 
to   sparsely  cratered  lowland  surfaces   surrounding 
a few  remnant o u t l i e r s  o f  high-standing  terrain.  
These mesas typ ica l ly   have   f l a t - tops  and  sharp 
br inks ;   the i r   p lan imet r ic   shapes   vary   wide ly ,  
sugges t ing   t ha t   t he re  w a s  l i t t l e  reg iona l   s t ruc-  
t u r a l   c o n t r o l  of o u t l i n e  form. The lowland sur- 
f a c e   d i s p l a y s   c o n s i d e r a b l e   v a r i a t i o n   i n   t e x t u r e .  
However, most  prominent of t h e   c h a r a c t e r i s t i c s  of 
t h i s  area of f r e t t e d   t e r r a i n  are aprons  surround- 
ing  each mesa and  extending  from  the  bases of 
o t h e r   c l i f f s  i n  the   reg ion   (F igure  2 ) .  These 
aprons,   reaching up t o  several t e n s  of k i lometers  
f rom  the  base o f  s c a r p s ,   a r e   f a i n t l y   l i n e a t e d  i n  
the   d i r ec t ion   gene ra l ly   pe rpend icu la r   t o   t he  
s u p e r j a c e n t   c l i f f .  The l i n e a t i o n s ,   u s u a l l y  less 
than a kilometer  across,   resemble  shallow  grooves 
(perhaps  only a few t e n s  of meters deep),  and in 
some cases,   leveed  channels.  

A t h i r d   g e n e r a l   p a t t e r n  of f r e t t e d   t e r r a i n  
occurs  between  the two areas   d i scussed   above   ( i , e . ,  
i n   P r o t o n i l u s )   a n d   c o n s i s t s  of a combination of 
t h e i r   f e a t u r e s   ( F i g u r e  3 ) .  This   pa t t e rn   i nc ludes  
both mesas and  r idges,   separated by r e l a t i v e l y  
narrow ( < l o  km), f l a t - f l o o r e d   v a l l e y s  similar t o  
those i n  N i l o s y r t i s ;   t h e   p a t t e r n   e x h i b i t s  some 
reg iona l   t ec tonic   a l ignment .   Val ley   f loors  are 
c o a r s e l y   l i n e a t e d ,   b u t   i n   p l a c e s   t h e   l i n e a t i o n s  
merge  with p i t s  and   o ther   i r regular   depress ions ,  
producing a chaotic  and  rough  texture.  

AGE RELATIONSHIPS 

Estimates of re la t ive age   r e l a t ionsh ips  between 
various  elements of t h e   f r e t t e d   t e r r a i n ,   a n d  be- 
tween f r e t t ed   and   su r round ing   t e r r a ins ,  are de- 
rived  from  counts of impact craters ( t h e  number  of 
superimposed  craters is d i r e c t l y   r e l a t e d   t o   t h e  
amount  of time a surface  has   been  exposed  to   cra-  
tering)  and  from  other  examples of superpos i t ion .  

Crater   counts  show t h a t ,   i n   g e n e r a l ,   t h e   h i g h -  
l and   su r f aces  are more heav i ly   c r a t e red  and  hence 
older   than  the  lowland  surfaces   (Coradini   and 
Arvidson 1976).  The dear th  of impact   c ra te rs  on 
the   ap rons   and   l i nea t ed   va l l ey   f l oo r s ,  even i n  
moderately  high-resolution  images,   implies 
"extreme" re la t ive   youth .  Crater counts  by Carr 
and  Schaber (1977)  set an  upper limit of  about  one 
c r a t e r   l a r g e r   t h a n  1 km diameter  per 2000 km2, 
compared to   su r f aces  on the   super jacent   h ighlands  
wi th   va lues   typ ica l ly   an   o rder  of magnitude  higher. 
Assuming a r e l a t ive ly   un i fo rm  f lux  of c r a t e r i n g  
o b j e c t s ,   t h e r e   a r e   t h r e e   p o s s i b l e   e x p l a n a t i o n s   f o r  
t h i s   obse rva t ion :  (1) the  aprons are young  and 
unmodified, (2 )  the   aprons are young  and  experienc- 
ing  contemporary  modification,  or  (3)  the  aprons 
are o ld   bu t   the i r   sur faces   have   been   " recent ly"  
modified. I n  a l l  t h ree   ca ses   t he   p rocesses   t ha t  
c r a t e d   t h e   s u r f a c e s  must  have  acted on Mars i n  
the   no t - too-d is tan t   pas t .  The mechanisms t h a t  
c r a t e d   t h e   f r e t t e d   t e r r a i n   ( a s  opposed t o   t h o s e  
that   have  modif ied  the  surface) ,   however ,   appear  
to   have   opera ted   subs tan t ia l ly  earlier (as   ind i -  

ca ted  by t h e  number of la rge   c ra te rs   super imposed  
on t h e   f r e t t e d   t e r r a i n   v a l l e y s   a n d   r i d g e s ) ,   p e r -  
haps  under   condi t ions  that  no l o n g e r   p e r s i s t  on 
Mars. 

MEASURENENTS OF  FRETTED TERRAIN APRONS 

Measurements  of  apron  length  perpendicular  to 
superjacent   scarp,   scarp  height   above  the  apron 
(determined  from  measurements of shadow l e n g t h s ) ,  
and  scarp  azimuthal   or ientat ion were made on 
aprons  surrounding  mesas  in  Deuteronilus.  The 
r e s u l t s  of these  measurements are shown in   F igu res  
4 ,  5,  and 6.  Figure 4 shows t h e   r e l a t i o n s h i p  be- 
rween scarp  height   and  apron  length  for  50 aprons 
with similar morphology  and  occurrence.  This  type 
of p l o t  is r e l a t e d   t o   t h a t   u s e d   t o  compare  land- 
s l i d e s  on the   Ear th ,  Moon, and  Mars  (e.g., Howard 
1973,  Lucchi t ta  1978), inasmuch as the   s ca rp  
he ight  is r e a l t e d  t o  the   po ten t i a l   ene rgy   ava i l -  
able   and  the  apron  length i s  related t o  t h e  
e f f i c i e n c y  of conversion of p o t e n t i a l  t o  k i n e t i c  
energy. Our i n a b i l i t y  t o  measure  volumes  (owing 
t o  poor  topographic  control  over most a reas)   p re-  
v e n t s   c a l c u l a t i o n  of p o t e n t i a l   e n e r g i e s  and  flow 
e f f i c i e n c i e s .  No s t a t i s t i c a l l y   s i g n i f i c a n t   t r e n d  
is seen   in   the   da ta ,   a l though  there  i s  a v i s u a l  
s i m i l a r i t y   t o   t h e   l a n d s l i d e   r e l a t i o n s h i p   t h a t  
c l e a r l y   d e r i v e s  i t s  features   f rom  conversion of 
po ten t ia l   energy .  It i s  n o t   p o s s i b l e   t o  demon- 
s t ra te  that   aprons  form on Mars a s  a r e s u l t  of 
gravity-induced movements, a l t hough   t he i r  morpho- 
logy  suggest  such  an  origin.  Figure 5 shows t h e  
r e l a t i o n s h i p  of average  apron  length as a func t ion  
of azimuth. A peak   in   th i s   curve   cen tered  on N30E 
is apparent .   Also  plot ted on Figure 5 are t h e  
azimuths of s t r u c t u r a l   t r e n d s   i n   t h e   l o c a l  area, 
measured on l inear   c ra te r   wal l   segments ,   scarps ,  
and mesa c l i f f s .   F i g u r e  6 shows tha t   s ca rp   he igh t  
is a l s o  a s l i g h t   f u n c t i o n  of azimuth,   but   not   in  a 
manner c o n s i s t e n t   w i t h   t h a t  o f  apron  length on 
azimuth. 

The observat ion of an  azimuthal  dependence of 
apron  length is a p o s s i b l e   c o n s t r a i n t  on t h e  
n a t u r e  of t h e   f r e t t e d   t e r r a i n   m o d i f i c a t i o n   p r o c e s s .  
Fac tors   tha t   might   cont r ibu te   to   an   az imutha l  
v a r i a t i o n   i n c l u d e   s t r u c t u r a l  and  environmental 
var iables   (such as temperature,  atmospheric  pres- 
sure   and HzO conten t  i n  s o l i d   o r   l i q u i d   f o r m ) .  A s  
t h e r e  is l i t t l e  correspondence  between  structural  
"grain"   in   the  region  and  apron  length  ( i .e . ,  
longest   aprons are not a t  azimuths  perpendicular 
to r eg iona l   s t ruc tu re ,   no r  are t h e  most  aprons 
pe rpend icu la r   t o   t he   s t ruc tu ra l   f ab r i c ) ,   t hen   t he  
environmental   factors  may be   respons ib le   for   the  
observed   re la t ionship .  

ENVIRONMENTAL CONSIDERATIONS 

Current  Conditions do no t   pe rmi t   l i qu id  water 
to   occu r  i n  the   nea r   su r f ace  ( < I  km deep) mate- 
r i a l s  of t h e   f r e t t e d   t e r r a i n   ( K i e f f e r  e t  a l .  1977,  
Palluconi   and  Kieffer  1981). Diurna l   var ia t ions  
of as much as 80°C occur ,   wi th  maximum t h e o r e t i c a l  
summer temperatures   under   current   insolat ion con- 
d i t i o n s  of -10°C. The average  temperature is 
c l o s e   t o  -73'C, and the   w in te r  low is about -12OoC,  
a t  which   po in t   p rec ip i ta t ion  of t h e   p r i n c i p a l  at-  
mospheric  gas  (C02) acts as a bu f fe r   t o   p reven t  
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appreciably  colder   surface  temperatures .   Highest  
rate of change of temperature  occurs  during morn- 
ing  i l luminat ion,  when rates as much as 2Q°C/hour 
are observed. The e a s t e r n   o r i e n t a t i o n  o f  the  
longest  aprons  might  indicate some inf luence o f  
the  rate of hea t ing  on t h e   m a t e r i a l s  of t h e  
f r e t t e d   t e r r a i n .  

sp in   ax i s  and solar   equator)   induced by gravi ta -  
t i ona l   pe r tu rba t ions  of the   o ther   p lane ts   cause  
s i g n i f i c a n t   v a r i a t i o n s   i n   m a r t i a n   s u r f a c e  temper- 
a t u r e s  and  atmospheric  pressure (Toon e t  a1 1980). 
The temperature  changes a t  many l a t i t u d e s  are 
q u i t e   l a r g e ,   b u t   a t  45’N t h e   e f f e c t s  are small. 
The e f f e c t s  of ob l iqu i ty   va r i a t ions  on t h e  magni- 
tude  and  phase of t he   d iu rna l  and  seasonal  temper- 
a tu re   cyc le s  a t  f r e t t e d   t e r r a i n   l a t i t u d e s   h a s   n o t  
yet been  computed. It is possible,  and  perhaps 
even  probable,   that   such  cycles w i l l  enhance  the 
inso la t ion   rece ived  by eas t e rn   s lopes ,   t hus  
enhancing  the  effect   seen  in   apron-length  dis t r i -  
but ion.  

The isotopic   composi t ion o f  ni t rogen  on Mars 
sugges t s   t ha t   t ha t   p l ane t  once  had s i g n i f i c a n t l y  
more n i t rogen  in its atmosphere.  Studies of t h e  
isotopic  composition of the  rare gasses,  oxygen, 
and  hydrogen,  and  arguments made  on t h e   b a s i s  of 
cosmochemical  abundances of these  gases,  seem t o  
i n d i c a t e   t h a t  a denser  atmosphere  occurred  early 
i n  martian  history  (e.g. ,  Owen et a l .  1377). 
Evidence of f luv ia l   p rocesses   s imi la r ly   da te   f rom 
tha t   pe r iod  (Malin  1976b, P i e r i  1380). Suck, 
evidence is cons is ten t   wi th  a warmer, “moister” 
environment  conducive t o  many fami l ia r   p rocesses  
of erosion.  The exac t   na tu re  of this  environment 
( i * e . ,   d i u r n a l  and seasonal  temperatures,  atmo- 
spher ic   p ressure ,   and   var ia t ions   in  i t ,  i n s o l a t i o n  
as a funct ion o f  l a t i t u d e ,   o b l i q u i t y  and  eccen- 
t r i c i t y ,  and so on) i s  unknown, and  thus  consider- 
a t i o n  of it has   no t   ye t   p rov ided   i n s igh t   i n to  
surface  evolut ion,   a l though  such  s tudies  are 
c u r r e n t l y  underway. 

Var i a t ions   i n   t he   ob l iqu i ty   ( ang le  between t h e  

SPECULATIONS 

Owing to   the   severe   modi f ica t ion  of v a l l e y  wall 
s lopes  and  f loors ,   and  the  apparent  retreat of 
scarps  and the  concurrent  production of aprons, it 
is n o t   p o s s i b l e   t o   i n f e r  from ava i l ab le   da t a  on 
i ts  present  morphology the   o r ig in  of f r e t t e d  
t e r r a i n .  Its physical   associat ion  with a boundary 
between  old-and-high  and low-and-young l ands   t ha t  
extends  around  the  planet,  as well as the  apparent 
c o n t r o l  of  some of its elements by s t r u c t u r e s  
r e l a t ed   t o   t h i s   boundary ,   imp l i e s  a t  least i n   p a r t  
a tectonic  genesis.   Channels and  evidence  for 
co l lapse   wi th in   the   c ra te red   up lands   sugges t  some 
f lu id   ac t iv i ty ,   t hough t  by some to  involve  ground 
ice   mel t ing  and  subsequent   f luvial   act ivi ty .  Such 
evidence of erosion i s  l a c k i n g   f a r t h e r   i n t o   t h e  
t r a n s i t i o n  zone to   l owland   p l a ins   ( a s   i n  
Deuteroni lus) ,   and  in  areas where v a l l e y s  are 
typ ica l ly   c losed  a t  one or   both  ends  (as  in por- 
t i o n s  of N i l o s y r t i s ) .  Ground ice  sapping  (Sharp 
l973) ,  a process of ground de te r io ra t ion   occu r r ing  
as ice  sublimes  without  melting,  releasing  other- 
wise poorly  consolidated materials, remains a 
v i a b l e  and i n t r i g u i n g   a l t e r n a t i v e .  

Modification of f r e t t e r   t e r r a i n   a p p e a r s  t o  have 
occurred i n  the   r e l a t ive ly   r ecen t   pas t .   Seve ra l  
d i f f e r e n t  materials, and   d i f fe rences   in   the i r  
responses   to   d i f fe ren t   p rocesses ,  are probably 
r e spons ib l e   fo r   t he   va r i a t ions   i n   fo rm seen i n   t h e  
f r e t t e d   t e r r a i n s .  Aprons  appear to   form a t  t h e  
base of scarps   in   Deuteroni lus;   they are most 
l i k e l y  formed of deb r i s   shed   f rom  these   c l i f f s  and 
t ransported as  debris   avalanches,   debris   f lows,   or  
deb r i s   c r eep  masses. Each of these  mechanisms is 
suggested by some observations,  although  none i s  
cons i s t en t   w i th  a l l  observat ions.  The s t r a i t e d  
v a l l e y   f l o o r s   i n   N i l o s y r t i s  and  Protonilus show 
l i t t l e  evidence of f lowage   (desp i t e   t he   i n i t i a l  
impression of longitudinal  f lowage evoked by t h e  
l i n e a t i o n s )   e i t h e r   o f f   t h e   v a l l e y  walls o r  down 
the   va l ley   f loors .   Rather ,   the   l inea t ions   appear  
to b e  formed by d i f f e ren t i a l   deg rada t ion  of f l o o r  
mater ia l  by unknown processes   (possibly ground i c e  
d e t e r i o r a t i o n  and  eol ian  act ion) .  Why such  pro- 
cesses  act  t o  produce  the  organized  pattern  seen 
on t h e   v a l l e y   f l o o r s  i s  s i m i l a r l y  unknown, but t h e  
p a t t e r n  may r e f l e c t   s t r u c t u r a l   c o n t r o l   ( f o r  
example, j o i n t s  formed by c o o l i n g   o r   d i f f e r e n t i a l  
compaction a f t e r  emplacement) by t h e  material 
being  eroded. It is these  unknown processes  and 
ma te r i a l   con t ro l s   t ha t   p re sen t  a grea t   cha l lenge  
to  our  understanding of Mars. 
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FIGURES 

Figure  1. Vik ing   Orb i t e r  1 Image ~ ~ 4 A 7 3 ~  showing 
a por t ion  of the f r e t t e d   t e r r a i n   i n   N i l o s y r t i s .  
The ? ~ l o t ~ g ~ a p ~  shows an a r e a  a ~ ~ r o x i t ~ ~ e ~ y  
45 km on a s i d e ,  

F igu re  2. Viking Orbi te r  2 Image 058B.55, showing 
a p o r t i o n  o f  t h e   f r e t t e d   t e r r a i n  i n  Deuteroni- 
Ius. The p h o t o ~ r a ? ~ ~  shows an   a rea   approximate-  
ly 90 km on a s i d e .  

F igu re  3 .  Viking Orbi te r  2 Image ~ 5 8 ~ ~ 5 ,  showing 
a p o r t i o n  o f  the i r e r r e d   t e r r a i n   i n   F r o t o n i l u s .  
T h i s  f hot^^^^^^^ shows an a rea   approx ima te ly  
95 km on a side.  
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F igu re  4 .  

Figure  4 .  P l o t  of s c a r p   h e i g h t  as a f u n c t i o n  of 
a p r o n   l e n g t h   p e r p e n d i c u l a r   t o   s u p e r j a c e n t  
s c a r p   f o r  50 ap rons  on t h e   D e u t e r o n i l u s  
f r e t t e d   t e r r a i n .  
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Figure  5 .  Plot   o f   average   apron   length  as a 
f u n c t i o n  of az imuth   fo r  79 a p r o n s   i n   t h e  
D e u t e r o n i l u s   f r e t t e d   t e r r a i n ,   u s i n g  a rh ree -  
sample  running  average.   Note   the  peak a t  
N30E. A l s o   p l o t t e d  is t o t a l  l e n g t h  of l i n e a r  
s t r u c t u r a l   f e a t u r e s   ( e . g . ,   c r a t e r   w a l l e l e m e n t s ,  
s c a r p s ,   e t c . )  as a funct ion  of   azimuth.  



REVEGETATION OF FOSSIL PATTERNED  GROUND  EXPOSED BY 
SEVERE FIRE ON THE NORTH YORK MOORS 

E. Maltby  and C. J. Legg 
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Amory  Building,  Rennes Drive,  Exeter,  Devon, England EX4 4RJ 

Severe  fire  in 1976 ignited  large  areas of blanket  peat  on  the  North  York  Moors. 
Direct  combustion,  conversion  to  ash,  and  subsequent  erosion  have  exposed  a  dense 
system of patterned  ground  at  Rosedale.  Disorientated  mineral  material  and  ex- 
humed,  sorted  stone  hummock-hollow  terrain  indicate  periglacial  activity  dating 
to  the  Late  Devensian or possibly  immediate  postglacial  times.  Geometric  and 
chemical  characteristics of the  patterned  ground  are  outlined.  Revegetation  by  a 
succession of bryophyte  species  has  been  observed  since  1976.  Early  colonization 
by  Ceratodon  purpureus  and  lichens  (Lecidea  spp.) has given  way to a clear  pattern 
adjusted  to  moisture  conditions  involving  Polytrichum  piliferum (dry hummock  micro- 
sites)  and  Polytrichum  commune  (moist  hollow  microsites).  Factors  influencing 
colonization  on  the  fossil  hummocks  are  examined  and  compared  with  patterns o f  
mature  vegetation  in  contemporary  periglacial  environments. 

INTRODUCTION 

Thaw-freeze  processes  mold  both  the  landscape 
detail  and  small-scale  vegetation  patterns  in  high 
latitudes,  high  altitudes,  and  at  the  margins of  
ice  masses.  There  has  been  considerable  interest 
in  the  relationships  between  active  periglacial 
conditions,  frequently  producing  distinctive  pat- 
terned  ground,  and  vegetation  responses (e.g,, 
Billings  and  Mooney 1959, Bryant  and  Scheinburg 
1970,  Hopkins  and  Sigafoos  1950,  Warren  Wilson 
1952). Much of the  early  work  has  not  considered 
the  process  and  rates of plant  colonization of dis- 
tinctive  periglacial  features,  The  investigations 
of Heilbronn  and  Walton  (in  press)  fill  this  gap 
for sorted  features  in  the  Subantarctic. 

Although  sorting  processes  are  still  active  in 
Britain  in  some  high  mountain  areas  (e.g.,  Tinto 
Hill, Lanarkshire  (Miller  et al, 1954)) the  present 
temperate  climate  and  modern  vegetation  cover  are 
generally  inimical  to  patterned  ground  formation. 
Abundant  evidence  exists,  however,  for  fossil  peri- 
glacial  features,  including  patterned  ground  ele- 
ments  (Fitzpatrick  1956).  In  some cases, distinc- 
tive  vegetation  responses  have  been  related  to  com- 
plex  fossil  subsoil  structures  which  cause  large 
variations  in  textural,  hydrological,  and  parent 
material  (nutrient)  conditions  over  small  distances 
(Williams  1964).  Often,  however,  there  is no ob- 
vious  vegetation  response,  and  no  information 
exists on how  fossil  patterned  ground  exposed  by 
removal of later  soils or deposits  might  influence 
vegetation  development. 

STUDY  AREA 

The  North York Moors are  an  isolated,  2omyact 
Jurassic  upland of some 550 mi2 (1,425 km ) In 
northeast  England  (Figure 1). The  area  is  domi- 
nated  by  an  extensive  plateau  surface  comprising 
mainly  Middle  Jurassic grits,  sandstones, and 
shales  which  attains a maximum  altitude of 454 m. 

FIGURE 1 Location  map. 

Ice  overran  the  area  in  all  but  the  last  (Deven- 
sian) glaciation  and  removed  most  pre-Pleistocene 
soils.  Some  evidence for the  survival  of  earlier 
palaeosols  has  been  described  (Bullock  et  al. 19731, 
but  such  relict  features  are  rare  and do not  occur 
on the  central  plateau  moorland  watershed.  The  up- 
l and  block  has  been  subjected  to  strong  periglacial 
modifications.  This  has  resulted  in  marked  con- 
gelifraction,  disorientation,  and  downslope  mixing 
of bedrock  strata.  The  evidence  for  frost  riving 
is  apparent  when  removal of the  postglacial  peat 
cover  exposes a litter of angular  blocks,  many of 
which  have  been  tipped  into  a  vertical  position  by 
downslope  movement or by  ground  ice  activity or by 
reorientation  in  the  mollisol  (Plate 1). The  ex- 
humed  landscape  is  often  strongly  reminiscent of 
fell-field. 
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PLATE 1  Irregular  and  disorientated  sandstone 
fragments  resembling  fell-field,  typical of the  ex- 
humed  periglacial  surface  exposed  by  peat  and  soil 
removal  from  plateaus on the  North York Moors. 

The  evidence  for  patterned  ground  development 
elsewhere  on  the  North  York Moors has  been  largely 
inferential  based  on  air  photographs  and  vegetation 
contrasts.  Polygonal  networks of cotton  grass 
(Eriophorum  spp.)  occupying  debris-filled  cracks  in 
bedrock  in  the  otherwise  heather  (Calluna  vulgaris) 
dominated  vegetation of the  upland  have  been  desc- 
ribed  by  Dimbleby  (1952).  Infill of the 3 m deep 
gaps  is  thought  to  have  occurred  when  wedges of 
ground  ice  melted  with  amelioration of the  perigla- 
cia1  climate.  It  is  by no means  certain,  however, 
in  which  cold  period  the  features  formed.  Much of 
the  plateau  is  dominated  by  blanket peat, which  in 
places  exceeds 3.5 m depth.  The  peat  generally  corn 
prises  Eriophorum  and  Sphagnum  remains,  and  the 
succession  to  Calluna  almost  certainly  indicates 
some  recent  drying  out of the  surface  (Tansley 
1968).  Type  soil  and  peat  profiles  are  described 
in  Bendelow  and  Carol1  (1976),  Postglacial  vegeta- 
tional  history,and  possible  cause of change, peat 
development,  and soil alteration  have  been thorough 
ly  investigated  (e.g.,  Dimbleby  1962,  Simmons 1969, 
Cundill 1971, Simmons  and  Cundill  1974,  Atherden 
1976), 

latively  low  compared  with  other  upland  areas  in 
Britain.  Annual  amounts  exceeding 1,140 mm (45 ins) 
are  exceptional.  Winters are cold  by  oceanic  tem- 
perate  standards,  with  a  January  mean of 1.7"C. 
Snow  may  lie  for 45-80 days  depending  on  altitude, 
and on average  there  are 75 days  with  frost. 

Rosedale Moor Site 

Rainfall  totals  for  the  moorland  plateau  are  re- 

Severe  'accidental'  fire  persisting for 4 weeks 
affected 32 ha of moorland  at  the  head of Rosedale 
in  August  1976.  The  site  occupies  mainly  gently 
sloping  land,  generally lo-3" on the  southern  moor- 
land  flank of the  central  plateau  within  an  altitu- 
dinal  range of 380-403  m.  Vegetation  cover  over 
the  entire  area  was  eliminated,  but  underlying  peat 
and  organic  horizons  were  altered  to  a  varying  ex- 
tent  depending  on  depth,  moisture,  and  presence of 
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structural  features  allowing  localized  entry of oxy 
gen  (Maltby  1980).  In  the  northwest  part of the 
burnt  area  on  the  most  gentle  gradients  and  at  the 
highest  elevation,  the  thin  blanket  peat/peaty  hori- 
zons  originally  averaged 300 mm  depth  and  were  as- 
sociated  with  both  stagnohumic  gley  and  iron  pan 
stagnopodzol  profiles.  The  fire  burnt  most  inten- 
sively  in  this  area  and  ignited  most of the  organic 
materials  to  a  fine  powdery  red-yellow  ash.  Only  a 
small  proportion of the  original  peat  was  incompletr 
ely  combusted,  and  such  residual  material  was  char- 
red  into  hard  fragments.  Deflation  and  erosion of 
the  ash  by  surface  wash  rapidly  exposed  a  series of 
stone  hummocks  and  intervening  hollows  comprising  a 
distinctive  patterned  ground  complex  (Plate 2). 

PLATE 2 Hummock  with  residual  charred  peat  surroun- 
ded  by  ash 1 year  after  the  fire.  (Scale is 1  m.) 

This  hummock-hollow  complex  occupies  a SSW facing 
upper  slope  facet  and  seems  to  be  restricted  to  this 
part of the  site.  The  features  may  extend  in  elon- 
gated  form  downslope,  but  the  intact  moorland  sur- 
face  makes  the  geometry of stony  areas  difficult  to 
establish  with  certainty.  The  progress of erosion, 
differential  recolonization  patterns  elsewhere  in 
the  fire-site,  and  a  general  account o f  biological, 
chemical,  and  physical  alteration of substrate  con- 
ditions  are  given  in  Maltby (1980). 

Methods 

The  position of over 50 distinctive  stony  hum- 
mocks  has  been  recorded. For each  feature,  measure- 
ments  were  made of diameter  (including  for  random 
examples  long  axis (Dl) and  short  axis (D2) measure- 
ments  where  these  could  be  clearly  defined),  height, 
and  stone  length  for  five  individuals  from  each 
hummock. 

Permanent  markers  were  established  shortly  after 
the fire, and  changes  in  surface  morphology  and ve- 
getation  colonization  have  been  monitored  through 
repeated  analysis of point  quadrat  frames  and a t  
0.5 m  intervals  along  a  line  transect.  Photographic 
records  have  been  maintained  throughout  the  postburn 
period,  and  detailed  maps of the  mosaic of coloni- 
zing  bryophyte  species  made  for  selected  sites. 
Soil  samples  have  been  taken  from  the  surface 65 mm 
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in  representative  areas of each  surface  type  for 
routine  chemical  analysis.  Cations  were  extracted 
with 1 M ammonium  acetate,  organic  carbon  deter- 
mined  by a wet  oxidation  procedure  (Walkley  and 
Black  19341,  nitrogen  using a Carlo  Erba  nitrogen 
analyzer  (model 14001, and  pH  measured  at  sticky 
point. 

Detailed  examination of a representative  zone of 
the  patterned  ground  was  made  in 1981, 5 years 
after  the  fire. A transect  was  established  extend- 
ing  between  two  ash  filled  hollows  and over the 
Long  axis of a stony  hummock  with a small  area of 
disturbed ash caused  by  damage  to  the  bryophyte 
turf. Vegetation,  Soil,  and  topographic  character- 
istics  were  recorded  in 0.25 x 0.25 m quadrats. 
Frequency of exposed  stones  is  much  increased  on 
the  hummocks;  hence  the  percent  cover of species 

of  original  genesis  rather  than  because of differerr 
tial  exhumation of the  stone  hummocks  upslope  by 
greater  contemporary  erosion. 

TABLE 1 Geometric  Characteristics of Exposed  Hum- 
mocks. 

Hummock  Statistics 
Slope 
Position 
Angle  Diameter D1/D2 Height  Stone 
(Sample n) ( m )  (mm) long  axis 2 

1 

is  expressed as percent  stone  free  area of the 
quadrat. 

RESULTS 

Patterned  Ground  Complex 

Upper (28)  +2.313 1.47 :56 ,3  + 

c1.0 
152.0 

-0.08 -07,3 -09.4 

Middle (15) +2.05 1.58 +36.0 + 113.5 
1-20 -0.11 -08.3 -06.9 

The  striking  regular  spacing  of  the  hummocks  is  Lower (10) 1.99 1.88 $07.0 95.8 
illustrated  in  Plate 3. >20 f o .  22 -05.6 -04.2 ' 

PLATE 3 The  patterned  ground  complex  at  Roscdale 
with  colonization of the  ash  filled  hollows  by 
Ceratodon  purpureus  (light grey) and  residual.  char- 
red  peat  remaining  on  the  hummocks  (dark  grey) 3 
years  after  the  fire. 

For  further  analysis  the  features  have  been  strati- 
fied  into  three  groups  according to slope  position 
and  angle.  Amplitude  of  the  hummock-hollow  micro- 
topography  is  greatest  on  the  lowest  slope  angle 
(<lo) nearest  the  plateau  summit.  Height  decreases, 
and  the  hummocks  become  more  elongated  with  increas- 
ing  distance  downslope  and  the  associated  increase 
in  gradient  (Table 1). There  is  no  statistically 
significant  change  in size, but  variability  in- 
creases  downslope.  The  hummocks  downslope  have  be- 
come fully revegetated  by a dense moss carpet; 
eventually,  they  are  impossible  to  measure accurate 
ly.  It  appears  that  they are more  subdued  because 

All ( 5 3 )  2.20 - 141,2 128.2 
-0.07 205.3 L06.9 

'Hummock  long (D )/short ( D  ) axis. 

2Mean of samples, each  comprising  five  individuals. 

3Standard  error. 

1 2 

The  hummocks  comprise a convex  surface  of  angular 
sandstone  blocks  above a  circle  of  distinctly  imbri- 
cated  stones  which  dip  toward  the  centre of the 
features.  Blocks  and  fragments  are  generally  mode- 
rately  weathered  and  possess a characteristically 
bleached  outer  skin  where  acids  from  the  peat  have 
removed  iron.  In  the  intervening  hollows,  the  ped- 
genic  eluvial  (E(g))  horizon of the  ignited  and 
eroded  soil  contains  abundant  small  stones,  but  the 
larger  blocks  which  make  up  the  hummocks  are  absent. 

Higher  combustion  temperatures are inferred  in 
the  hollows  compared  with  the  hummocks  because  most 
o f  the  original  peaty  cover of the hollows  was re- 
duced  completely  to ash, whereas on the  hummocks a 
much  larger  proportion of material  remained as 
charred  peat  (Plate 2 ) .  This  may  have  been  related 
to  the  differential  thickness of the  peat,  which 
prior  to  the  fire  gave  no  surface  expressions of  
the  buried  pattern. 

Microenvironment  for  Plant  Colonization 

In contrast  to  controlled  fires  associated  with 
moorland  management,  the  severe  burn  resulted  in (1) 
radical  alteration of physical  and  chemical  sub- 
strate  properties  (Figure 2 )  and (2) destruction or 
dramatic  reduction of the  viable  seed  bank  and  root 
stocks  in  burnt  surface  horizons,  delaying  estab- 
lishment of vascular  plants  (Table 2). 
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first  year  following  the  fire  was  by  algae.  These 
Sticky point pH were  predominantly  filamentous  forms  over  the  ash 

surface, though  gelatinous  and  coccoid  types  were 
present  on  the  surface of charred  peat.  The  latter 
were  accompanied  by  the  ubiquitous  presence  of 
Lecidea  uliginosa  on  crusted  peat  surfaces  and nume 
rous  conspicuous  patches of Lecidea  granulosa. The 
surface  film  produced  by  these  species  has  been 
shown to  inhibit  the  germination of seeds of e- 
na  vulgaris  and  may  be a significant  factor  affect- 

Extractable Cations ing  further  colonization. 

C/N r a i  E 

E 10 

0 5j 

TABLE 2 Number of Points  Represented  by  Each  Sur- 
face or Vegetation  Type  Recorded  in  1979  and 1982 
for the  Whole  Area of Patterned  Ground 

Number o f  Point  Observations 

1979  1982 
~~ 

Granular  peat 31 0 

Ash 134 60 
Stone 43 32 

N Charred  peat 6 6 

n gravimetric  determinabon 

volumetric determination 

Ceratodon  purpureus 
Polytrichum  piliferum 
P. commune 
Aira praecox 
Poa  annua 
Agrostis  tenuis 
Juncus  eflusus 
Calluna  vulgaris 

313 

0 
0 
0 
0 
0 

7 
258 
151 

7 
7 
2 
1 
1 

1 standard d e v m o n  

TABLE 3 Surface  Characteristics o f  the  Humrnock- 
Hollow  Complex  and  Adjacent  Peat 

FIGURE 2 Analytical  characteristics of surface 65 
mm of ash-dominated  surfaces above subdued  micro- 
relief (I), exhumed  patterned  ground  with  distinc- 
tive  microrelief (II), and  intact  peat  surfaces 
(111). EOC  is  easily  oxidizable  organic  carbon 
(Walkley  and  Black  1934). 

The  mosaic of residual  charred  peat  and  ashed 
material  found  at  the  patterned  ground  site  pro- 
vides a juxtapositicn o f  contrasting  habitats  with 
soil pH ranging  from l e s s  than 4 to more than 6.5 
and  parallel  changes  in  nutrient  status  (Table 3). 
In  the  absence of vegetation  and  original  organic 
cover, surface  runoff  increases  and  water  retention 
declines,  resulting  in a change  from  wet  and  often 
waterlogged  conditions  to a frequently  xeric  envir- 
onment.  Exposure of the  surface  to  frost  action, 
wind,  and  surface  water  leads  to  sustained  surface 
instability  and  erosion.  Colonization  is  therefore 
not  by  the  usually  dominant  heath  and  moorland  spe- 
cies  but  by a succession of algal,  lichen,  and 
bryophyte  species,  whose  distributions  are  related 
primarily  to  the  substrate  and  microclimatic  varia- 
tions  caused  by  the  exhumed  microtopography. 

The  Pattern of Colonization 

Primary  colonization of the  site  during  the 

Analysis of Surface 0-20 mm 

Extractable  nutrients  pH  Moisture 
m/kE content 

Na Mg K P 
" 

Charred  peat 
(hummock)  1977 70 64 7 3  25 3.6 60-135% 

Ash  1976 156 349 945 60 5.8-7.2 50-140% 
1977 72 119 240 73 5.0-6.8 

(hollow) 
Intact  peat 

1977  109 142 56 44 3,2-3.4 400450% 

The  ashed  material  in  the  hollows  was  particu- 
larly  susceptible  to  frost  disturbance  during  the 
first  and  second  winters,  and  pipkrake  formation 
was  observed  on  numerous  occasions.  However, dur- 
ing  the  second  summer  following  the  fire  Ceratodon 
purpureus  rapidly  covered  and  stabilized  ashed  sur- 
faces.  Ceratodon  purpureus  is  an  acrocarpous  moss 
having  low (10-20 mm)  "short  turf"  morphology 
(Gimingham  and  Birse  1957).  This  species  then  also 
spread  to  the  charred  peat of the  stony  hummocks, 
establishing  particularly  in  the  cracks  created  by 



796 

shrinkage of the  charred  peat.  The  occurrence of 
Ceratodon  purpureus  seems  to  be  related to the  che- 
mical  quality of the  ash  deposits  and  thin  residual 
peat,  as it  is  totally  absent  from  neighboring 
sites  with a relatively  intact  peat  surface or deep 
er residual  peats,  where  Dicranella  heteromalla  and 
Pohlia  nutans  are  abundant. 

During  the  third  season  following  the fire, pol3L 
trichum  piliferum  became  widely  established.  The 
somewhat  taller (20-30 m) "tall turf"  morphology of 
this  species  with a spreading  underground  rhizome- 
like  system  enabled  it  to  gain  immediate  dominance 
over  the  Ceratodon  purpureus.  Though  covering  the 
ground  more  rapidly  in  the  hollows,  this  xeromorpl-dc 
species  quickly  established  on  the  hummocks  in 
sheltered  microsites  provided  by  desiccation  cracks 
in  the  residual  peat  and  in  the  shelter of stones. 

Polytrichum  commune,  which  is  morphologically 
dominant  over  the  other  two  species,  has  also  esta- 
blished  in  the area,  growing  through  and  over  the 
Polytrichum  piliferum turf such  that  by 1982 it re- 
presented  almost 40% of all  plant  cover.  It is, 
however,  less  xeromorphic  than  Polytrichum  pili- 
- ferum  and  is  largely  restricted  to  the  hollows  on 
deeper ash, and  areas  downslope  where  soil  moisture 
is  higher.  The  situation  six  seasons  after  the fiE 

is  therefore a mosaic of Polytrichum  commune,  and 
Polytrichum  piliferum  reflecting  soil  moisture. 
Ceratodon  purpureus  is  abundant  but at this  stage 
is rarely  more  than a degenerate or dead  turf  be- 
neath  the  Polytrichum  piliferum  (Figure 3). 

% COVER INDIVIDUAL SPECIES (corrected to stone-free area I 
r 100 

FIGURE 3 Distribution of different  species  along a 
scale  transect across typical  hummock  and  hollow 
features.  (Stones  are  indicated  schematically only.) 

Where the  protective  surface of mosses  has  been  bro- 
ken  the  secondary  recolonization  process  is slow, 
and  open  patches of unstable,  frost-heaved  ash  re- 
main for some  time,  with  an  open  mixed  community of 
the  three  bryophyte  species  developing  over a 2 
year  period. 

stricted  to a limited  growth of the  small  annual 
grass, Aira  praecox,  at  the  margins of frost- 
disturbed sites, and  the  occasional  plants of 

On  the  patterned ground, vascular  plants  are  re- 

Agrostis  tenuis,  Poa  annua,  and  Festuca ovina, pre- 
dominantly  in  the  hollows,  originating  probably 
from  sheep  droppings. 

DISCUSSION 

The  microrelief  described  here  is a somewhat  un- 
usual  example of periglacial  patterned  ground  since 
it  combines  hummocks  and  rings of imbricated  stones 
more  characteristic of stone  circles. The stone 
hummocks  contrast  markedly  with  the  fossil  polygons 
described  elsewhere  on  the  North  York Moors 
(Dimbleby 1952) and  perhaps  bear  greatest  morpholo- 
gical  similarity  to  earth  hummocks  (Washburn 1973). 
These  are  widespread  south of the tree line, and 
typical  examples 1-3 m in  diameter  and 0.40-0.50 m 
high  have  been  described  in  the  northern  Mackenzie 
Valley  and  North  Yukon  (Zoltai  and  Pettapiece  1974). 
In  contrast,  these  modern  microrelief  counterparts 
are  generally  not  described as  stony,  However, ex- 
cavation of similar  surviving  features  on  Dartmoor 
has  revealed  that a stone  core  may  have  segregated 
at  some  depth  due  to  ground  ice (D.J. Miller 
personal  communication).  The  occurrence of earth 
hummock  features  elsewhere  in  Britain  has  been  re- 
viewed  by  Pemberton (1980), who  discounts a peri- 
glacial  origin  in  favor of much  more  recent develop 
ment  either  during  the  "Little  Ice Age" or in  some 
cases  even  within  the  last 150 years.  He  has 
reasoned  that  the  microrelief of original  perigla- 
cia1  hummocks  would  not  have  survived  postglacial 
events.  This  would  not  necessarily  contradict a 
true  periglacial  origin  for  the  Rosedale  features, 
however,  since  they  have  been  protected  by a peaty 
cover  for a significant  part o f  the  postglacial. 

The  dominant  features o f  the  vegetation  coloni- 
zing  the  burnt  area  are  the  abundance of bryophyte 
species  but  absence of vascular  plants.  Although 
similar  successions of moss  species  may  be  observed 
following  fire  in  other  heath  vegetation  (e.g., 
Clement  et  al. 1980), the  scarcity of vascular 
plants is generally  unusual for sites  in  the  north 
temperate  zone.  Similar  patterns, however, are  des- 
cribed  for  fire  on  patterned  Eround  at  Kokolik Riwr, 
Alaska,  where  a  tundra  fire  over  "high  centred poly- 
gons" results  in 70% cover of Marchantia  polymorpha 
and  Ceratodon  purpureus  but  only 5% cover of vas- 
cular  plants  (Hall  et  al 1980). Following  control- 
led  burning for moorland  management,  the  establish- 
ment  of  vascular  plants  from  seed or buried  root- 
stocks  occurs  during  the  first  season  after fire, 
and  subsequent  spread  is  by  vegetative  growth. 
Where  initial  colonization  is  delayed  by  severe  fire 
which  destroys  the  seed  bank  and  potential  regene- 
ration  centers,  establishment  is  further  inhibited 
by  changes in the  substrate  quality,  ecesis  resis- 
tance of the  bryophyte  communities,  and  grazing 
pressure.  Establishment of vascular  plants  is 
therefore  extremely  slow  and  depends  upon  the  avail- 
ability of suitable  microsites.  These  may  occur 
either  on  dung or where  the  moss  turf  has  been  bro- 
ken  to  expose  the  subsurface  ash. 

Frost lift  is  undoubtedly  important  in  reducing 
the  rate of colonisation  during  the  first  two  win- 
ters  and  subsequently  in  patches  where  the  moss 
turf  is  broken.  These  areas,  however,  are  not  ob- 
viously  related  to  the  pattern of fossil  hummocks 
and  therefore  frost  and  exposure are not  the  prime 



factors  in  determining  the  vegetational  pattern  as- 
sociated  with  the  hummocks.  This  contrasts  with 
the  observations of Heilbronn  and  Walton  (in  press) 
in  which  the  establishment of vascular  plants  on 
patterned  ground  is  directly  related  to  particle 
size  and  frost  movement.  The  distribution o f  plank 
in  mature  vegetation  on  patterned  ground,  and  a  corn 
plex of interactions  between  exposure,  frost  action, 
and  the  insulating  and  stabilizing  properties o f  
vegetation  have  been  described  elsewhere  (e.g. 
Webb  1972,  Warren  Wilson 1952). The  early  coloni- 
sation  patterns  developed on the  Rosedale site, 
however,  appear  to  reflect  the  controls of substrak 
quality  and  microclimate. 

CONCLUSION 

Examination of active  features  in  modern  peri- 
glacial  environments  can  assist  greatly  in  the 
interpretation of fossil  landforms.  However,  the 
reverse  may  be  true  also  under  special  conditions. 
The  vegetation  succession  on  the  patterned  ground 
microrelief  exposed  by  a  major  peat  fire  on  the 
North  York Moors parallels  examples of postfire 
development  on  sorted  ground  features  in  the  Arctic, 
Continued  monitoring  will  establish  the  full  extent 
to  which  the  exhumed  periglacial  microrelief  in- 
fluences  progressive  vegetation  development  in  a 
climate  less  severe  than  that  normally  associated 
with  active  hummock  formation or contemporary  stone 
sorted  features. 
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ULTIMATE  LONG-TERM  STRENGTH  OF FROZEN SOIL 
AS THE PHASE BOUNDARY OF A  VISCOELASTIC  SOLID-FLUID  TRANSITION 
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Herein we explore  the  possibility o f  using wave propagation  methods  to  determine 
the  ultimate  long-term  strengths of frozen soils. Our  discussion  is  based on the 
assumptions  that  the  creep  behavior  of  frozen  soils  (under  conditions  of  non- 
failure)  could be modeled  as  nonlinear  viscoelastic,  that  the  ultimate long-term 
strengths of a  frozen  soil  in  fact  constitute  the  phase  boundary of a  viscoelastic 
solid-fluid  transition, as well as  the  lack  of  smoothness  of  such  a  transition. 
The general  discussion  is  illustrated  by  a  detailed  analysis  of  one  particularly 
simple  example,  namely,  why we could  likely  locate  by  experiments o f  wave  propaga- 
tion  the  phase  boundary  of  a  saturated  sand-ice  material  under  low-stress  conditions. 
Finally  we  discuss  the  possibility  that  for  frozen  soils  the  transition  from  solid 
to  fluid  behaviour  be  strain-controlled  rather  than  stress-controlled,  and  explain 
briefly  how wave propagation  experiments  could  still be used  to  determine  the  tran- 
sition  strain  which  demarcates  between,  for  each  given  temperature,  the  solid  and 
fluid  behavior of frozen  soils. 

INTRODUCTION 

Materials  which  creep  under  a  sustained  load 
are  susceptible  to  loss  of  strength  in  time. 
soils, frozen  and  unfrozen  alike,  are no excep- 
tion. The  importance o f  this  fact  has  Long  been 
recognized  in  geotechnical  engineering  (see,  for 
example,  Casagrande  and  Wilson 1951). To charac- 
terize  the  reduction  of  strength in time,  the  con- 
cept of "long-term  strength'' is introduced.  Under 
uniaxial  compressive  stress  conditions  the  long- 
term  strength  or  "creep  failure  stress" Of(tf, e)  
of  a  soil  for  the  "elapsed  time to failure" tf 

and  temperature 8 is  defined  as  the  stress  level 
under  the  sustained  isothermal  loading of which 
will  lead to failure  of  the  soil  after  a  load  pe- 
riod  of  length tf; uf is  a  function of tf and 

8 ,  (For  simplicity  the  discussion  in  this  paper 
will  be  restricted  mainly  to  uniaxial  compressive 
stress  conditions,  and we shall  adopt  the  sign 
convention  that  compressive  stress  and  compressive 
strain  are  positive.) The limit of the  function 
uf = af(tf, 8 )  for  a  constant 0 as tf approa- 

ches  infinity i s  called  the  "ultimate  long-term 
strength''  at  the  temperature 8. Methods  for  the 
determination  of  ultimate  long-term  strength  are 
discussed  in  the  literature (see, for  example, 
Vyalov 1979, chap. 9). Although we have used  the 
temperature as the  parameter  in  the  definitions 
above,  in  general  it  could  be  replaced  by  other 
physical  variables.  For  example,  the  volume  frac- 
tion of sand  could be used  as  the  scalar  parameter 
for  saturated  sand-ice  mixture  in  random  packing 
when  other  factors  which  affect  long-term  strength 
are held  constant. 

constant-stress  creep  tests on frozen  soil  must  be 
familiar with the  following  difficulty:  Given  a 
creep  curve  which  attenuates  over  a  relatively 

Everyone  who  has  had  the  experience of running 

short  interval  of  time  to  a  very low rate of 
strain,  it is practically  impossible  to  determine 
without  prejudice  whether  the  curve  should be ex- 
trapolated t o  the  long-term  as  exhibiting  attenua- 
ring  creep  or  as  approaching  stationary  creep  at  a 
low  strain  rate. The  implication  of  this  difficul- 
ty is  that  no  conventional  method  for  the  determi- 
nation of ultimate  long-term  strength  could  deliver 
that  quantity  for  sure,  because  all  such  methods 
rely  on  extrapolation  into  a  regime  in  which  we 
literally  do  nor know how  we  should  extrapolate. 

are  really  interested in is  the  loss o f  strength 
during  the  life  time  of  a  structure,  not  the 
''ultimate"  strength. But, t o  determine  strength 
reduction  in  the  long  run  (say, in time  units  of 
decades),  the  conventional  experiments  themselves 
may  take  a  rather  long  time  to  complete,  if  we  do 
not accept  ready-made  formulae  like  Vyalov's  "law 
of  strength  reduction'' as applicable a pr<o&, 

The  unsatisfactory  situation  described  above 
raises  the  question  whether  we  can  have  other  ex- 
periments  that  could  be  completed  in  a  relatively 
short  time  and  will  deliver  the  ultimate  Long-term 
strength  of  frozen  soils  without  ambiguity.  Once 
such new experimental  methods  become  available, 
studies on the  improvement  of  frozen  soils to en- 
hance  their  ultimate  long-term  strength  would 
become  feasible. 

city,  a  material  is  characterized  by  its  creep 
compliance J or  its  relaxation  modulus G ,  A 
linear  viscoelastic  material  is  called  a  solid 
(e.g., "the  standard  linear  solid")  if  the  time 

derivative  of  its  creep  compliance j(t) approa- 
ches  zero  as  the  time  t  approaches  infinity,  and 
is calfed  a  fluid  (e.g. I "the  MaxweJl  fluid")  if 

J ( t )  approaches  a  positive  constant.  Under  cons- 
tant  stress  a  linear  viscoelastic  solid  will  ex- 
hibit  only  attenuating  creep,  and  a  fluid  will 

Were  it  may  be  argued  that in practice  what  we 

I n  the  classical  theory of linear  viscoelasti- 
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u l t ima te ly   unde rgo   s t a t iona ry   c r eep .   L inea r   v i sco -  
e l a s t i c   s o l i d s   a n d   f l u i d s ,   i n d e e d ,   h a v e   v e r y   d i f f e -  
ren t   mechanica l   behavior   under  many circumstances 
(Pipkin  1972,   chap.  3 ) .  Thus f a r   i n   t h i s   s e c t i o n  
we h a v e   r e s t r i c t e d   o u r   d i s c u s s i o n   t o   o n e   g i v e n  tem- 
pera ture .   Should  we cons ide r  a range of tempera- 
t u r e s ,   t h e n  a m a t e r i a l   c o u l d   b e  a l i n e a r   v i s c o e l a -  
s t i c   f l u i d ,  say, fo r   t empera tu res  0 above some 
f ixed   t empera tu re  eo and  be a s o l i d   f o r  e below 

Bo. If w e  use  a s t r a i g h t   l i n e   s e g m e n t  t o  r e p r e s e n t  

t he   r ange   o f   t empera tu res   unde r   cons ide ra t ion ,   each  
temperature  w i l l  cor respond  to   one   phase  of t h e  
m a t e r i a l - - - e i t h e r   s o l i d   o r   f l u i d .   T h u s  we have a 
"phase  diagram",  and Bo i s  the  "phase  boundary" 

which   d iv ides   those   t empera tures   a t   which   the   mate-  
r i a l  is s o l i d  f rom  those   t empera tures  a t  which   the  
m a t e r i a l  is f l u i d .  

The f o r e g o i n g   d i s c u s s i o n   c a n   b e   g e n e r a l i z e d   f o r  
n o n l i n e a r   v i s c o e l a s t i c   m a t e r i a l s   w h i c h   m a n i f e s t  
s o l i d - f l u i d   t r a n s i t i o n s .   F o r   n o n l i n e a r  materials 
whose t r a n s i t i o n s  are temperature  and stress con- 
t r o l l e d ,   t h e   p h a s e   d i a g r a m  w i l l  b e  def ined  on a 
domain D i n   t h e  8-0 o r   t e m p e r a t u r e - s t r e s s  
plane.   Each  point ( e ,  0) i n  D cor re sponds   t o  a 
phase o f  t he   ma te r i a l - - - e i the r   so l id  o r  f l u i d ,   a n d  
we c a l l   e a c h  ( 0 ,  u) a p h a s e   p o i n t .   I f   t h e  mate- 
r i a l  i s  s o l i d  a t  the   phase   po in t  (e,  u ) ,  t h e n   t h e  
c reep   curve   def ined  by the   t empera ture  8 and  the  
stress l e v e l  0 e x h i b i t s   a t t e n u a t i n g   c r e e p ;   o t h e r -  
wise the   c r eep   cu rve  w i l l  u l t i m a t e l y   m a n i f e s t   s t a -  
t i ona ry   c r eep .  The  phase  boundary  which  separates 
t h e   s o l i d   a n d   t h e   f l u i d   p h a s e   p o i n t s  is now a curve 
i n   t h e  domain D. C o n s i d e r   t h e   s t r a i g h t   l i n e  de- 
f i n e d  by a f ixed   t empera tu re  0. Suppose t h i s  
s t r a i g h t   l i n e   m e e t s   t h e   p h a s e   b o u n d a r y   c u r v e  a t  t h e  
p o i n t  ( e ,  Om(0) ) .  Suppose,   without loss o f  gene- 

r a l i t y ,   t h a t   f o r  a l l  u > u,(e) > 0 ,  t h e  (@, 0 ) ' s  

are f l u i d   p h a s e   p o i n t s ,   a n d   t h a t   f o r  0 < 0 < 
um(8), t h e  ( e ,  u ) ' s  are s o l i d   p h a s e   p o i n t s .  Sup- 

p o s e   f u r t h e r   t h a t   f o r   t h e   m a t e r i a l   i n   q u e s t i o n   t h e  
n o n l i n e a r   v i s c o e l a s t i c   m o d e l  i s  va l id   under   condi -  
t i o n s  of n o n - f a i l u r e ,   a n d   t h a t   s t a t i o n a r y   c r e e p  
w i l l  i n v a r i a b l y   l e a d   t o   u l t i m a t e   f a i l u r e .   I f  a 
series o f   cons t an t - s t r e s s   c r eep  tests were perform- 
ed on samples of such a m a t e r i a l  a t  t h e  same 
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Temperature (OC) below  f reez ing  
po in t   o f   wa te r  

Phase  diagram of  a t y p i c a l   n o n l i n e a r  
v i s c o e l a s t i c  material. The curve 0 = um(8) 
d e f i n e s   t h e   p h a s e   b o u n d a r y   o f   t h e   s o l i d - f l u i d  
t r a n s i t i o n .  

temperature  e b u t  a t  v a r i o u s   s t r e s s   l e v e l s ,   a n d  
i f  we could   de te rmine   u l t imate   long- te rm  s t rength  
from  such  experiments,  we should   conclude   tha t  
0,(8) b e   t h e   u l t i m a t e   l o n g - t e r m   s t r e n g t h  of t h a t  

m a t e r i a l .  (See F igure  1.) 

fo rego lng   d i scuss ion   can   be   app l i ed   t o   f rozen  
s o i l s .  It h a s   b e e n   s a i d   t h a t   u n d e r   n o n - f a i l u r e  
c o n d i t i o n s   t h e   b e h a v i o r  o f  a f r o z e n   s o i l  i s  s i m i l a r  
t o  t h a t  o f  a "non-linear  Maxwell  body"  (Ladanyi 
1981).  As f a r  as creep   under   cons tan t  stress i s  
concerned ,   the   p receding   s ta tement  w i l l  b e   c o r r e c t  
only i f   t h e  stress a p p l i e d  i s  above   the   u l t imate  
long-term  s t rength.   For  stress l eve l s   l ower   t han  
t h e   u l t i m a t e   l o n g - t e r m   s t r e n g t h ,  i t  would  be  more 
a p p r o p r i a t e   t o   s a y   t h a t  a f r o z e n   s o i l   b e h a v e s   l i k e  
a n o n l i n e a r   v i s c o e l a s r i c   s o l i d ,   I n d e e d ,   f o r  a 
f ixed   tempera ture ,  if t he   u l t ima te   l ong- t e rm 
s t r eng th   a t   t ha t   t empera tu re   demarca te s   be tween  
s o l i d   a n d   f l u i d   b e h a v i o r ,  i t  is the  phase  boundary 
o f   t h e   v i s c o e l a s t i c   s o l i d - f l u i d   t r a n s i t i o n .  

The  main o b j e c t   o f   t h i s   p a p e r  is  t o   s t u d y   t h e  
p o s s i b i l i r y  of l o c a t i n g   t h a t   s o l i d - f l u i d   p h a s e  
boundary by  wave propagat ion   methods .   S ince   the  
s o l i d - f l u i d   t r a n s i t i o n   o f   f r o z e n   s o i l   m i g h t   b e  
s t r a i n - c o n t r o l l e d   r a t h e r   t h a n   s t r e s s - c o n t r o l l e d ,  
w e  s h a l l   r o u n d   o f f   o u r   d i s c u s s i o n  by e x p l a i n i n g  
b r i e f l y  how wave p ropaga t ion   s tud ie s   cou ld   be   u sed  
t o   c l a r i f y   t h e   i m p o r t a n t   q u e s t i o n   w h e t h e r   u l t i m a t e  
long- te rm  s t rength  i s  r e a l l y  a c o n s t i t u t i v e   q u a n t i -  
t y   f o r   f r o z e n   s o i l s .  

One b a s i c   p r e m i s e   o f   t h i s   p a p e r  i s  t h a t   t h e  

NOTATION AND PRELIMINARIES 

H e r e a f t e r  we s h a l l  a s sume   t ha t   a l l   s amples  of  
t h e   f r o z e n   s o i l   u n d e r   c o n s i d e r a t i o n   a r e  homogeneous 
and  they  undergo  homogeneous  deformations i n   c r e e p  
tests. In p a r t i c u l a r ,  we assume tha t   each   sample  
is prepared   under   the  same s tandard ized   procedure  
a t  some f ixed   tempera ture ,   b rought  t o  t h e   t e s t  tem- 
p e r a t u r e   a n d   c u r e d   f o r  a f i x e d   l e n g t h  of time  he- 
f o r e   t e s t   a t   t h a t   t e m p e r a t u r e .   L e t  Lo and   L( t )  

b e   t h e   o r i g i n a l   l e n g t h   o f  a sample  and i t s  l e n g t h  
a t  t ime t a f t e r   l o a d i n g ,   r e s p e c t i v e l . y ,  Then 
F ( t )   L ( t ) / L o  is t he   de fo rma t ion   g rad ien t   a t   t ime  

t and E 1 - F i s  t h e   c o m p r e s s i v e   s t r a i n .  In 
what   fol lows w e  s h a l l   e x p l i c i t l y   d i s t i n g u i s h  a 
func t ion   and   t he   va lues  i t  assumes. For  example, 
w h i l e  f ( . )  denotes  a f u n c t i o n   w i t h   t h e   d o t  * 
s t a n d i n g   f o r   t h e   r u n n l n g   v a r i a b l e ,   f ( x )  w i l l  be  
t h e   v a l u e  o f  t h e   f u n c t i o n   f ( * )  when t h e   v a r i a b l e  
in q u e s t i o n   t a k e s   t h e   s p e c i f i c   v a l u e  x. 

f ines   the   range   of   t empera ture   and  stress l e v e l  
w i t h i n   o u r   i n t e r e s t .  Each cons t an t - s t - r e s s   c r eep  
t e s r  i s  de f ined  by a p o i n t  ( e ,  0 )  i n  D; h e r e  e 
i s  the   t empera ture  of  t h e   t e s t  and 0 t h e   s t r e s s  
a p p l i e d .  To each ( e ,  0) i s  a s s o c i a t e d  a c reep  
curve.  We s h a l l   d e n o t e  by E ( *  ; 9 ,  0) t he   c r eep  
curve  parametr ized by t h e   c o n t r o l   v a r i a b l e s  ( e ,  0); 
h e r e   t h e   d o t  * ,  as u s u a l ,   s t a n d s   f o r   t h e   r u n n i n g  
v a r i a b l e ,   w h i c h   f o r   t h e   p r e s e n t   i n s t a n c e  i s  t i m e .  
And w e  s h a l l   d e n o t e  by ~ ( t ;  8 ,  u) t h e   s t r a i n  
assumed a t   t h e  time t by t h e   c r e e p   c u r v e  
E ( * ;  0 ,  u ) *  I f  a creep  curve  has  a p o i n t  of Ln- 
f l e c t i o n ,   t h e r e  i s  t e r t i a r y   c r e e p   a n d   t h e   c r e e p  

L e t  D b e  a domain in t h e  8-0 plane  which de- 
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curve  w i l l  b e   d e f i n e d   o n l y   f o r  some f i n i t e   i n t e r v a l  
of time. On t h e   a s s u m p t i o n s   t h a t   f r o z e n   s o i l s  are 
n o n l i n e a r   v i s c o e l a s t i c   m a t e r i a l s   u n d e r   c o n d i t i o n s  
of   non-fa i lure ,   and   tha t  i t  i s  p r o l o n g e d   s t a t i o n a r y  
c r e e p   t h a t   l e a d s  t o  f a i l u r e ,  we r e p l a c e   t h e   t e r -  
t i a r y   p o r t i o n   o f   e a c h   c r e e p   c u r v e   w i t h  a s t r a i g h t  
l i n e  segment   which  extends  to  t = m and  has i ts  
s l o p e   e q u a l   t o   t h e  minimum s t r a i n   r a t e .   A f t e r   t h i s  
su rge ry   and   r econs t ruc t ion ,   eve ry  (8, U)  i n  D 
w i l l  cor respond  to  a creep  curve  which as a func- 
t i o n  of t i s  c o n t i n u o u s l y   d i f f e r e n t i a b l e   a n d  is 
d e f i n e d   o n   t h e   i n t e r v a l  [O, m ) .  Henceforth when 
we  u s e   t h e  symbol E ( - ;  8, U) o r   r e f e r  t o  a c reep  
c u r v e ,   u n l e s s   o t h e r w i s e   s t a t e d  we s h a l l  mean t h e  
o n e   a f t e r   r e c o n s t r u c t i o n .   L e t  

A p o i n t  (8, 0) i n  D w i t h  u 
s o l i d   p h a s e   p o i n t   i f  :(=; 8,  o 

> 0 is c a l l e d  a 

= 0; i t  i s  c a l l e d  

a f l u i d   p h a s e   p o i n t   i f  E(m; 9, 0 )  > 0. The i n t e r -  
s e c t i o n  o f  t h e   f r o n t i e r  of t h e   s e t   o f   s o l i d   p h a s e  
p o i n t s   a n d   t h a t  of  t h e   f l u i d   p h a s e   p o i n t s  is c a l l e d  
the   phase   boundary .   Hereaf te r  w e  s h a l l   d e n o t e   t h e  
phase  boundary  and a g e n e r i c  p o i n t  on it by Urn(*) 

and ( e ,  um(0)), respec t ive ly .   (Here  we assume 

t h a t   f o r   e a c h  e, Khere is only  one U m ( e ) , )  It i s  

o u r   b a s i c   a s s u m p t i o n   t h a t  om(e) is indeed   t he  

u l t ima te   l ong- t e rm  s t r eng th  a t  the   t empera ture  0 .  
When a n o t h e r   p h y s i c a l   v a r i a b l e   r e p l a c e s   t h e  tempe- 
r a t u r e  as t h e   p a r a m e t e r ,   t h e   f o r e g o i n g   d i s c u s s i o n  
a n d   d e f i n i t i o n s  would s t i l l  app ly   a f t e r   obv ious  
mod i f i ca t ions .  

fo l lows  i s  a f a m i l i a r   e m p i r i c a l   f a c t :  When t h e  
poin ts   (e l ,  01) and ( e 2 ,  U 2 )  a r e   s u f f i c i e n t l y  

c l o s e  to each   o the r ,   t he   co r re spond ing   r econs t ruc -  
t e d   c r e e p   c u r v e s  E ( * ;  el, Ul) and E ( * ;  e2 ,  U2) 

become v i r t u a l l y   i n d i s t i n g u i s h a b l e .   ( T h i s   e m p i r i -  
cal f a c t   c a n   b e   s t a t e d   i n  a p r e c i s e  way a f t e r  w e  
endow t h e  set of   c reep   curves   wi th  a su i t ab le   t opo-  
logy---then i t  s i m p l y   s a y s   t h a t   t h e  mapping ( e ,  u) 
H E ( * ;  e ,  U) is cont inuous.  A t o p o l o g y   t o   t h a t  
e f f e c t  was presented   by  Man (1982). I n  what   fol-  
lows we s h a l l  assume t h a t  a s u i t a b l e   t o p o l o g y   h a s  
been  chosen.   but  w i l l  leave  the  chosen  topology 
i m p l i c i t .   S u f f i c e  it t o   s a y   h e r e   t h a t   t h e  s e t  of  
c reep   cu rves  i s  embedded i n   t h e   s p a c e  E of con- 
t i n u o u s l y   d i f f e r e n t i a b l e   f u n c t i o n s  f ( * )  def ined  

on [0, q) w i t h  i ( m )  < m; a s u i t a b l e   t o p o l o g y  is 
de f ined  on E and  the set of   c reep   curves  i s  g iven  
the   induced   subspace   topology. )  Now suppose 
(8, ul) i s  a s o l i d   p h a s e   p o i n t ,  (e,  02) is a 

f l u i d   p h a s e   p o i n t ,   a n d  lo2 - ul I i s  small. Then 

the   c r eep   cu rves  E ( * ;  0 ,  ul) and E ( * ;  0 ,  u2) a r e  

p r a c t i c a l l y   i n d i s t i n g u i s h a b l e .  A s  a r e s u l t ,   u n l e s s  
w e  wait s o  long t h a t   t h e   c r e e p  test a t   t e m p e r a t u r e  
8 and stress l e v e l  u2 br ings   t he   s ample   i n   ques -  

t i o n   t o   f a i l u r e ,   t h e r e  is no way t o  te l l  whether  u 2 
exceeds   t he   u l t ima te   l ong- t e rm  s t r eng th  ~ ~ ( 0 ) .  
Moreover,  by  means  of  creep tests a l o n e  we can 

When the   t empera tu re  0 i s  the   parameter ,   what  

0 

Ot ex n e v e r   s a y   f o r   s u r e   t h a t  al does n ceed um(e) . 
T h i s   e x p l a i n s  why it i s  d i f f i c u l t   t o   d e t e r m i n e  
u l t ima te   l ong- t e rm  s t r eng th   by   c r eep  tests. 

loca t ing   the   phase   boundary  Urn(*) by  means of 
wave propagation  methods.  

In  what   fol lows w e  e x p l o r e   t h e   p o s s i b i l i t y   o f  

A SIMPLE EXAMPLE 

The b e s t  way t o   i l l u s t r a t e  why w e  c o u l d   l i k e l y  
loca te   t he   phase   boundary  Urn(*) by  wave  propaga- 

t i on   expe r imen t s  i s  perhaps  by way of a s imple  
example. 

s a n d   ( i n  random  packing).   The  discussion  below 
w i l l  b e   r e s t r i c t e d  t o  one  given  temperature   and 
s u c h   o t h e r   e x p e r i m e n t a l   c o n d i t i o n s   t h a t   t h e   s i n g l e  
pa ramere r   wh ich   a f f ec t s   t he   u l t ima te   l ong- t e rm 
s t r e n g t h  of  t he   s and- i ce  material c o u l d   b e   t a k e n   a s  
t h e  volume f r a c t i o n   o f   s a n d  V .  As i c e   h a s   z e r o  
u l t ima te   l ong- t e rm  s t r eng th ,   s and- i ce   mix tu res   w i th  
low v a l u e s  of  sand  concentration  presumably  would 
behave l i k e  a v i s c o e l a s r i c   f l u i d .   I f   m i x t u r e s   w i t h  
s u f f i c i e n t l y   h i g h   s a n d   c o n c e n t r a t i o n   h a v e   n o n - z e r o  
u l t i m a t e   s t r e n g t h s ,   t h e   p h a s e   b o u n d a r y  O m ( * ) ,  

which is now a cu rve  i n  t h e  V-0 p lane ,  w i l l  meet 
t h e  u = 0 axis a t  some p o i n t  (u0, 0) .  (See 

F igu re  2 . )  In o ther   words ,   under   the   above  assump- 
t i o n s ,   t h o s e   m i x t u r e s   w i t h  V C Vo always  behave 

l i k e   v i s c o e l a s t i c   f l u i d s   i n   c r e e p  tests a t  t h e  
g iven   tempera ture ;   those  wiKh u > v w i l l  behave 

l i k e .   s o l i d s  when the  compressive stress u does 
not   exceed om(v), and l i k e   f l u i d s  when u > uCg(v). 

According to   S t evens   (1975) ,   €o r   t he   p ropaga t ion  
o f   i n f i n i t e s i m a l   s i n u s o i d a l   p r o g r e s s i v e   w a v e s   ( p e a k  
dynamic stress 0.1-0.5 p s i ,   f r e q u e n c y  500-10,000 
Hz) ,   " the   theory  of l i n e a r   v i s c o e l a s t i c i t y   a p p e a r s  
to b e   a d e q u a t e   f o r   € r o z e n   s o i l s " .  This s u g g e s t s  
t h a t   i f   t h e  stress has  a lways  been  maintained a t  a 
S u f f i c i e n t l y  low l e v e l  a n d   t h e   s t r a i n   h a s   a l w a y s  
been small, the   s and- i ce  material can   be   adequa te ly  
desc r ibed  by t h e   c o n s t i t u t i v e   r e l a t i o n  

E(t) = J ( 0 ;  V)U( t )  + I t(T; W ) U ( t  - T)dT, (2) 

C o n s i d e r   s a t u r a t e d   m i x t u r e s   o f   i c e   a n d  a f i n e  

t 

S t r e s s  

U 

0 U 

Volume f r a c t i o n  of sand u 

FIGURE 2 Phase  diagram of a s a t u r a t e d   s a n d - i c e  
mix tu re  ( i n  random  packing), 
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€ o r  a range o f  v t h a t   c o n t a i n s  v * h e r e  J( ; v) 

is the   c r eep   compl i ance  when t h e  volume f r a c t i o n   o f  
s a n d   t a k e s   t h e   v a l u e  v, J(0; v )   t h e   i n i t i a l   v a l u e  

of J(*; V), ;(-; V )   t h e  time d e r i v a t i v e   o f  J( . ;  V ) ,  
and T is a dummy var iab le   which   runs   f rom T = 0 
t o  T = t .  S i n c e   t h e   p o i n t  (v0, 0) i s  on t h e  

0 = 0 a x i s ,   t o   l o c a t e  i t  we can restrict o u r s e l v e s  
to   expe r imen ta l   s i t ua t ions   unde r   wh ich   Equa t ion  (2) 
is va l id .   Hence fo r th  w e  s h a l l   b a s e   o u r   f u r t h e r  
d i s c u s s i o n   i n   t h i s   s e c t i o n  on Equat ion (2) .  

is t h a t  of a f l u i d   f o r  v < vo,  and i s  t h a t   o f  a 

s o l i d   f o r  V > vo. S ince  J(*; V )   h a s   d r a s t i c a l l y  

d i f f e r e n t   c h a r a c t e r i s t i c s   f o r  v < vo and f o r  

V > Vo,  i t  i s  conven ien t   t o   exp res s  J(*;  V) i n  
terms of two f u n c t i o n s .   L e t  J (. ; v) and Js(*; V) 
b e   d e f i n e d   f o r  v < vo and v > vo, r e s p e c t i v e l y ,  

s u c h   t h a t  J ( 0 ;  V) E J(*; v) f o r  v < vo, and 

Js(*; v)  E J(*; v) f o r  v > vo. For   each V, 

Jf ( -  ; V) and Js(* ; V) a r e   i n   f a c t   c r e e p   c u r v e s  

f o r   u n i t   s t e p  stress. Let   : f (* ;   V)   and  js(*; V)  
be   t he   co r re spond ing   func t ions   o f  time t h a t   d e f i n e  
t h e   c r e e p  rate p e r   u n i t  stress. We assume t h a t  

J ( 0 ;  v), i f ( * ;  v), Js(*; v ) ,  and js(*; v) ,  as 
funct ions   o f  V, are c o n t i n u o u s l y   d i f f e r e n t i a b l e .  
This   assumption of smoothness  seems t o   b e   c o n s i s -  
t e n t   w i t h   t h e   e x p e r i m e n t a l   f i n d i n g s  of Goughnour 
and  Andersland  (1968)  and Hooke e t  a l .  (1972) .  
Under t h i s   a s s u m p t i o n ,   f o r   i n s t a n c e ,   t h e   s e c o n d a r y  

c reep  rate j f (m;   v )  i s  a con t inuous ly   d i f f e ren -  

t i a b l e   f u n c t i o n  of v. L e t  Jv(*; v) and J:(*; v )  

d e n o t e   t h e   d e r i v a t i v e s   o f  J ( *  ; V) and Js ( *  ; V) 
w i t h   r e s p e c t  t o  V, r e s p e c t i v e l y .  By t h e  assump- 
t i o n  of smoothness   they   a re   cont inuous   as   func t ions  
of V.  (The  words  "continuous"  and  "continuously 
d i f f e r e n t i a b l e "   a b o v e   c a n   b e   g i v e n  a p r e c i s e  mean- 
i n g  when the   topology on t h e   s p a c e  E i s  made 
e x p l i c i t . )  

0' 

In   Equa t ion  (2), the   c reep   compl iance  J(*; V) 

f 

f 

f 

f 

f 

Now l e t  us consider   what   happens to J (.; v) 

and Js(* ; V) when v + v0- and v * Yo , respec-  

t i v e l y .  From what I can ga the r   f rom  the   r epor t ed  

e x p e r i m e n t a l   f i n d i n g s ,   t h e   b e s t   g u e s s  i s  J ( *  ; V -1 

f 

4- 

f 

= JS(.; v +) . Should i t  b e   t r u e ,   t h e n   t h e   c r e e p '  

curve E ( * ;  vl, u) = j' ( * ;  u l ) u   f o r  v < v w i l l  

b e   p r a c t i c a l l y   i n d i s t i n g u i s h a b l e   f r o m   t h e   c r e e p  

curve E ( * ;  v2, u) = J6(*; v2)a f o r  v2  > vo, when 

I V 2  - U1l i s  s u f f i c i e n t l y  small, and  thence  creep 

tests a r e  not s u i t a b l e   f o r   t h e   d e t e r m i n a t i o n  of v0. 

f 
3 . 0  

Even i f  Y (. ; wo-) = Js(*; vo ) , however, f + 
Jv(*; f v0-) n e e d   n o t   b e   e q u a l   t o  J<(.; vof). In 

o t h e r   w o r d s ,   e v e n   i f  two f u n c t i o n s   t a k e   t h e  same 
v a l u e  a t  a g i v e n   p o i n t ,   t h e i r   d e r i v a t i v e s   n e e d   n o t  

t a k e   t h e  same va lue   t he re .   Indeed   t he   bes t   un in -  
formed  guess i s  t h a t   t h e   d e r i v a t i v e s   t a k e   d i f f e r e n t  

v a l u e s ,  i . e . ,  Jv(*; v0-) # J:(- ; v0+) e (An argu- 

ment  by "gene r i c i ty"   can   be   g iven   he re .  Such an  
argument was p resen ted  by Man (1982) when h e   d i s -  
cussed a similar problem.) I n  what   fol lows we 

s h a l l  assume t h a t  J ( ; vo-) = Js(*; vo+),  f 

Jv(*; vo-) # J:(*; vo+), and in p a r t i c u l a r  

Jv(O;  uo-) # J:(O; v o + ) ,   u n l e s s   s t a t e d   o t h e r w i s e .  

'cion def ined  by Equation (2 )  f o r  a given v and 
h a s   d e n s i t y  p(v), i t  is well known (Coleman e t  a l .  
1965, Coleman  and G u r t i n   1 9 6 5 )   t h a t   t h e   v a l u e   o f  

(p(V)J(O; v))-' i s  e q u a l   t o  (i) t h e   i n t r i n s i c  
v e l o c i t y  of  a c c e l e r a t i o n   w a v e s ,   ( i i )   t h e   i n t r i n s i c  
v e l o c i t y   o f   s h o c k   w a v e s ,   a n d   ( i i i )   t h e   " u l t r a s o n i c  
s p e e d "   o f   i n f i n i t e s i m a l   s i n u s o i d a l   p r o g r e s s i v e  
waves   p ropaga t ing   i n  a homogeneous  sample  of  the 

m a t e r i a l .   L e t  U E (p(v)J(O; v))-+.   For  our 
sand- ice   mix tures ,  

f 

f 

f 

For  a material which   has  i ts c o n s t i t u t i v e  rela- 

S ince  p i s  a smooth f u n c t i o n   o f  V ,  U i s  a 
c o n t i n u o u s l y   d i f f e r e n t i a b l e   f u n c t i o n  of v bo th  
f o r  v < vo and  for  v > vo by the   assumpt ion   of  

smoothness  on Jf and Js. Moreover, U(vo-) = 

"(v dU ") # 1, dU f 
dv o 

t h e  two p r e c e d i n g   e q u a l i t i e s   n e c e s s a r i l y   h o l d   c a n  
b e   g i v e n  when the   t opo logy  on t h e   s p a c e  E i s  
s t a t e d   e x p l i c i t l y . )  

p a g a t i o n   e x p e r i m e n t s   f o r   t h e   s a n d - i c e   m a t e r i a l  a t  
va r ious   s and   concen t r a t ions ,   t he   g raph  we o b t a i n  
b y   p l o t t i n g  U (v) a g a i n s t  v should  be  smooth 
f o r  v f vo b u t   h a s  a d i scon t inuous   change   i n  

s l o p e  at V = vo. Thus t h e   c r i t i c a l  volume 

f r a c t i o n   o f   s a n d  vo i n   p r i n c i p   c o u l d   b e   d e t e r -  

I f  we determine U(v)  by a p p r o p r i a t e  wave pro- 

mined  by wave propagat ion   exper iments ,   p rovided  

t h a t  Yv(O; vo-) # Jz(0; vo ) ,  which i s  v e r y   l i k e l y  f + 
t o   b e   t r u e .  Theorems  on t h e   a t t e n u a t i o n   o f  waves 
(Coleman  and Gur r in   1965)   p rov ide   o the r   poss ib l e  
ways  of  determining vo by  wave p ropaga t ion  
methods I 

It s h o u l d   b e   c l e a r   t h a t   t h e   d i s c u s s i o n   a b o v e  is  
b a s a d   i n   p a r t  on t h e  assumed lack  of  smoothness of  
t h e   s o l i d - f l u i d   t r a n s i t i o n .  
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Although  the  preceding  example  concerns  only 
l i n e a r l y   v i s c o e l a s t i c   m a t e r i a l s ,   s m a l l   s t r a i n s   a n d  
low s t r e s s e s ,  wave propagat ion  methods  are   by no 
means s o  r e s t r i c t e d ;   i n d e e d   t h e   f o r e g o i n g   a r g u m e n t  
can   be   genera l ized  s o  t h a t  i t  a l s o   p e r t a i n s   t o  non- 
l i n e a r   m a t e r i a l s   u n d e r   f i n i t e   d e f o r m a t i o n s   a n d  
a r b i t r a r y   L e v e l s   o f   s t r e s s .  

one  given  temperature  8 a n d   f o r   s i m p l i c i t y   s h a l l  
s u p p r e s s   t h e  symbol @ from a l l   e x p r e s s i o n s .   F o r  
i n s t a n c e ,   t h e   u l t i m a t e   l o n g - t e r m   s t r e n g t h  ~ ~ ( 8 )  
a t  the   t empera ture  0 w i l l  be  denoted  by urn. 

t h e   f r o z e n   s o i l   i n   q u e s t i o n  i s  desc r ibed  by t h e  
c o n s t i t u t i v e   r e l a t i o n  

U( t )  = G(FLt) ;  F ( t ) ) ,  (5) 

i . e . ,  t h e  stress 0 a t  a body p o i n t   a t  time t i s  
d e t e r m i n e d   j o i n t l y  by t h e   p a s t   h i s t o r y  F:t) of 

t he   de fo rma t ion   g rad ien t  up t o  rime t and  the 
p r e s e n t   d e f o r m a t i o n   g r a d i e n t   F ( t )  a t  t h a t  body 

p o i n t ;   h e r e   t h e   p a s t   h i s t o r y  F:t) i s  a f u n c t i o n  

d e f i n e d   o n   t h e   i n t e r v a l  (0, m), and  F( t )  ( s )  = 

F ( t  - s) f o r  0 < s < m, where   t he   pos i t i ve  quan- 
t i t y  s is  de f ined   t h rough   t he   p re sen t   t ime  t 
and   the   pas t   t ime t '  by s Z t - t ' .  The p a i r  

( F L t ) ,   F ( t ) )   t o g e t h e r   d e f i n e s   t h e   h i s t o r y  of  t h e  

deformat ion   grad ien t  up t o  time t. It  should  be 
emphasized  that  in Equation ( 5 )  t h e   f u n c t i o n a l  G 
i s  gene ra l ly   non l inea r ,   and  i t s  domain of d e f i n i -  
t i o n  would i n c l u d e   h i s t o r i e s   f o r   w h i c h   t h e   c o r r e s -  
p o n d i n g   s t r a i n  E I 1  - P need   no t   be   sma l l ,  
e i t h e r   f o r   t h e   p r e s e n t  time t o r   f o r   a n y  time t '  
i n   t h e   p a s t .  

a compressive stress U is a p p l i e d  t o  a sample  of 
t h e   f r o z e n   s o i l   a t  t = 0. S ince   the   sample   has  
always  been i n   t h e   " o r i g i n a l "   c o n f i g u r a t i o n   b e f o r e  

the   load  is  a p p l i e d ,  F(O) ( 8 )  = 1 f o r  a l l  s i n  

(0, m), and w e  write F(O)= 1"). I f  FO F F(0) 

desc r ibes   t he   i n s t an taneous   r e sponse   t o   t he   l oad -  
ing ,   then  

U = ~(1:'); Fo) = C'(Fo). ( 6 )  

I f   Equa t ion  ( 6 )  cou ld   be   i nve r t ed ,  we o b t a i n  FO = 

FO(B).  Since E : 1 - F, w e  have ~ ( 0 ;  U) = 1 - 
Fo (0 )  . 

Suppose f o r   t h e   f r o z e n   s o i l   i n   q u e s t i o n   t h e  
t r a n s i t i o n   f r o m   s o l i d   t o   f l u i d   b e h a v i o r  i s  de te r -  
mined  by t h e   l e v e l   o f  stress u i n   t h e   s a m p l e .  
Suppose   a l so ,   wi thout  loss  o f   g e n e r a l i t y ,   t h a t   t h e  
compressive stress U cor re sponds   t o  a f l u i d   p h a s e  
p o i n t   i f  0 > om and  to  a s o l i d   p h a s e   p o i n t   i f  
0 < Urn. It is conven ien t   t o   i n t roduce  two new 

Henceforth w e  s h a l l   r e s t r i c t   o u r   d i s c u s s i o n  t o  

We assume  tha t   under   condi t ions   o f   non-fa i lure  

Consider a c o n s t a n t - s t r e s s   c r e e p  test in which 

r 
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f u n c t i o n s  E' and cf def ined   th rough  the   expres-  

s i o n s  E'(.; U) i E ( * ;  U) € o r  u < u,, and E f (.; U) 
E(-; u) f o r  u > om. We assume t h a t  E' and E f 

a r e   c o n t i n u o u s l y   d i f f e r e n t i a b l e   a s   f u n c t i o n s  of o. 

Fur thermore ,   empir ica l ly  w e  have ~ ' ( 0 ;  Urn-) = 
E f (0; 0,'). But ,   t he   p reced ing   equa l i ty   no twi th -  

s t a n d i n g ,  by t h e  same argument  as in t h e  las t  sec-  
t i o n ,   i n   g e n e r a l  i t  i s  most l i k e l y   t h a t  

A s  def ined  by  Coleman e t  a l .  (19651, t h e  "ins- 
tantaneous  tangent   modulus"  E corresponding t a  t h e  

h i s to ry   o f   de fo rma t ion   (F2 t ) ,   F ( t ) )   de t e rmines   t he  

i n s t a n t a n e o u s   r e s p o n s e   t o  a small s t r a i n   i m p u l s e  
superimposed a t   t h e   p r e s e n t   t i m e  t on   the   g iven  
h i s t o r y   o f   ( p o s s i b l y   f i n i t e )   d e f o r m a t i o n .   C o r r e s -  

pondlng   to   h i s tory   o f   the   form (1:') , Fo(u) ) , E 

is  a func t ion   o f  u only  and i s  given  by 

= -  l i m  
A + O  

= -(dU/dFo 

h e r e  A s t a n d s   f o r   t h e   s t r a i n   i m p u l s e   s u p e r i m p o s e d  

a t  time t = 0 o n   t h e   h i s t o r y  (I:'), F ~ ) ,   f o r  

which   the   s t ra in   cor responding   to   the   deforma-  

t i o n   g r a d i e n t  Fo n e e d   n o t   b e   s m a l l .   I f  we can 

determine E ( u )  f o r   v a r i o u s   v a l u e s   o f  0 ,  t h e  
graph we o b r a i n  by p l o t t i n g  E(u) a g a i n s t  u i s  
con t inuous   fo r  o < om and u > 0,. By Equat ion 
(71, however,   the same graph w i l l  s u f f e r  a discon- 
t i nuous  jump a t  u = urn. Thus t h e   u l t i m a t e  Long- 
term s t r e n g t h  urn could   be   de te rmined   f rom  the  
p l o t  of E ( U )  v e r s u s  U+ 

F o r   t h e   c l a s s  o f  m a t e r i a l s   d e s c r i b e d  by Equat ion 
( 5 1 ,  i t  i s  well known t h a t   t h o s e   w i t h   f a d i n g  memory 
behave as p e r f e c t l y   e l a s t i c   m a t e r i a l s  i n  s u f f i c i e n -  
t l y  f a s t  p rocesses .  While f r o z e n  s o i l s  i n   g e n e r a l  
do not   behave as m a t e r i a l s   w i t h   f a d i n g  memory, ex- 
p e r i e n c e   w i t h   s e i s m i c   s t u d i e s   d o e s  seem to   co r robo-  
rate t h e   c o n t e n t i o n   t h a t   t h e y   a l s o   b e h a v e   a s  elas- 
t i c   m a t e r i a l s  i n  s u f f i c i e n t l y   f a s t   p r o c e s s e s .  Gran- 
t e d   t h i s ,  i f  our   sample,   which  has   been i n  t h e   o r i -  
g i n a l   c o n f i g u r a t i o n   u n t i l  t = 0 ,  i s  s u b j e c t e d   t o  a 
stress u t h a t   p r o d u c e s  a homogeneous s t r a i n  cO = 

1 - Fo(u) a t  t ime t = 0,  and we l e t  an   acce le ra-  

t i o n  wave of a rb i t r a ry   ampl i tude   p ropaga te   t h rough  
the   s ample   immedia re ly   a f t e r  i t  has   developed  the 
homogeneous s t r a i n  (which   need   no t   be   smal l ) ,   the  
a v e r a g e   v e l o c i t y  of p ropaga t ion   o f   t he  wave through 
the   sample   should   g ive  a good a p p r o x i m a t i o n   t o   t h e  

v a l u e  (E(o)/p0)', from  which E ( a )  could   be   ca lcu-  

l a t e d   a f t e r  we s u b s t i t u t e   i n   t h e   d e n s i t y  of  t h e  
o r i g i n a l   c o n f i g u r a t i o n  po. We use t h e  word "ap- 

p r o x i m a t i o n "   i n   t h e   p r e c e d i n g   a s s e r t i o n   b e c a u s e  
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t h e  wave t a k e s ,  however s h o r t ,  a f i n i t e  time t o  
propagate   through  the  sample,   which i s  c reep ing  du- 
r i n g   t h i s  time u n d e r   t h e   s t r e s s  U .  Never the l e s s  
w e  e x p e c t   t h i s   a p p r o x i m a t i o n   t o   b e  good  enough f o r  
t h e   e v a l u a t i o n   o f  E(u) .  I n s t e a d  of a c c e l e r a t i o n  
waves, w e  c a n   a l s o  l e t  i n f i n i t e s i m a l   s i n u s o i d a l  
p r o g r e s s i v e  waves o f  higher   and   h igher   f requency  
propagate   th rough  copies   o f   our   sample   a f te r   they  
h a v e   d e v e l o p e d   t h e   i n i t i a l  homogeneous s t r a i n   u n d e r  
t h e   c o n s t a n t  stress 0. I n f i n i t e s i m a l   p r o g r e s s i v e  
waves  of  frequency w h a s  a propagat ing   speed  
~ ( w ) ,  a n d   t h e   " u l t r a s o n i c   s p e e d "   ( i . e . ,   t h e  limit 

of ~ ( w )  a s  IJJ + =) i s  e q u a l   t o  ( B ( U ) / p o )  This  

g i v e s   a n   a l t e r n a t e  way t o  determine E(o) a s  a 
f u n c t i o n  o f  0 ,  bu t   t h i s   s econd   me thod ,   un l ike   t he  
f i r s t ,   r e q u i r e s   e x t r a p o l a t i o n .  

4 

CLOSING REMARKS 

I n   t h e   p r e c e d i n g   s e c t i o n   a n   a t t e m p t  i s  made t o  
c o n v i n c e   t h e   r e a d e r   t h a t  we s h o u l d   t r y   u s i n g  wave 
propagat ion  methods  to   determine  ul t imate   long-term 
s t r e n g t h   o f   f r o z e n   s o i l .   T h e   r e a d e r  may n o t   b e  
convinced by the   a rgumen t   above ,   e spec ia l ly   i f   he  
b e l i e v e s   t h a t   f o r   f r o z e n   s o i l s   t h e   t r a n s i t i o n   f r o m  
s o l i d   t o   f l u i d   b e h a v i o r   o c c u r s   o n l y   a f t e r  a cer-  
t a i n  amount  of s t r a i n   h a s   d e v e l o p e d ,  i . e . ,  i f   h e  
b e l i e v e s   t h a t   t h e   s o l i d - f l u i d   t r a n s i t i o n   o f   f r o z e n  
s o i l  i s  s t r a i n - c o n t r o l l e d   r a t h e r   t h a n  stress- 
con t ro l l ed .   Indeed ,   such  a b e l i e f   c a n   e a s i l y   f i n d  
i n d i r e c t   s u p p o r t   f r o m   t h e   l i t e r a t u r e .  (For exam- 
p l e ,   t h e   r o l e  of s t r a i n  is underl ined  by  Ting 
(1983) when h e   a t t r i b u t e s   t h e   c o r r e l a t i o n  of  mini- 

mum c reep  rate and   the  time t o   r e a c h   t h a t   r a t e   t o  
" the   ex i s t ence   o f   an   approx ima te ly   cons t an t   s t r a in  
a t   t h e  minimum s t r a i n   r a t e " . )  But t h i s   b e l i e f ,   i f  
t r u e ,   i m p l i e s   t h a t   u l t i m a t e   l o n g - t e r m   s t r e n g t h  i s  
n o t  a c o n s t i t u t i v e   q u a n t i t y   f o r   f r o z e n   s o i l s   a n d  i t  
has   no   s ign i f i cance   i ndependen t  of t h e   s p e c i f i c  
p r o c e s s   i n   q u e s t i o n .  On t h e   o t h e r   h a n d   t h e   s t r a i n  
which   demarca tes   be tween  so l id   and   f lu id   behavior  
would b e  a c o n s t i t u t i v e   q u a n t i t y   a n d  i t  would merit 
ou r   a t t en t ion   and   s tudy .  

m a i n s   v a l i d   i f  w e  cons ide r   phase   d i ag ram  in   t he  E-e 
p l a n e   i n s t e a d   o f   t h e  (7-0 plane  and  modi€y  our  argu- 
ment acco rd ing ly .  To d e t e r m i n e   t h e   t r a n s i t i o n  
s t r a i n  a t  temperature  0 ,  we s u b j e c t   s i m i l a r  sam- 
p l e s   a t   t h e   g i v e n   t e m p e r a t u r e   t o   v a r i o u s   c o n s t a n t  
homogeneous s t r a i n s ,   l e t   a c c e l e r a t i o n  waves  and 
i n f i n i t e s i m a l   s i n u s o i d a l   p r o g r e s s i v e  waves  propa- 
g a t e   t h r o u g h   t h e   s a m p l e s ,   p l o t   t h e   i n t r i n s i c   v e l o -  
c i t y   o f   t h e   a c c e l e r a t i o n   w a v e s   o r   t h e   u l t r a s o n i c  
speed o f  t h e   i n f i n i t e s i m a l   p r o g r e s s i v e  waves 
a g a i n s t   t h e   s t r a i n   a n d   l o o k   f o r   d i s c o n t i n u i t y   i n  
the   g raph  of t h e   p l o t .  By performing wave  propaga- 
t i on   expe r imen t s  a t  v a r i o u s  times d a f t e r   t h e  
c o n s t a n t  homogeneous s t r a i n   i n   q u e s t i o n   h a s   b e e n  
imposed, we can also inves t iga t e   whe the r   t he   du ra -  
t i o n  d h a s   a n y   a p p r e c i a b l e   e f f e c t  on t h e   t r a n s i -  
t i o n   s t r a i n ,   I f   t h e   p h a s e   t r a n s i t i o n  i s  determin- 
ed pu re ly  by t h e  amount  of s t r a i n   d e v e l o p e d ,   t h e  
d u r a t i o n  d shou ld   have   no   e f f ec t  on t h e   t r a n s i -  
t i o n   s t r a i n .  It s h o u l d   a l s o   b e   p o i n t e d   o u t   t h a t  
even i f   t h e   s o l i d - f l u i d   t r a n s i t i o n   f o r   e a c h   g i v e n  
temperature  is  p u r e l y   s t r a i n - c o n t r o l l e d ,  we s h a l l  
s t i l l  o b t a i n  a t r a n s i t i o n  stress when we perform 

In   t h i s   r ega rd   t he   a rgumen t   p re sen ted   above  re- 

the   expe r imen t s   sugges t ed   i n   t he   p reced ing   s ec t ion ;  
t h e   t r a n s i t i o n   s t r e s s   t h u s   o b t a i n e d ,   h o w e v e r ,  i s  
n o t   r e l a t e d   t o   t h e   u l t i m a t e   l o n g - t e r m   s t r e n g t h .  

No p h y s i c a l   c o n j e c t u r e   c o u l d   w i n   t h e   r e s p e c t   o f  
t h e   s c e p t i c a l   e m p i r i c i s t   b e f o r e  i t  i s  co r robora t ed  
experimental ly .   Beiqg a t h e o r i s t ,  I l a c k   t h e  means 
t o  tes t  what I b e l i e v e .  Here I do n o t   c l a i m   t h a t  
u l t ima te   l ong- t e rm  s t r eng th   cou ld   i ndeed   be   de t e r -  
mined  by  wave p ropaga t ion   me thods ,   fo r   t ha t   concep t  
i t s e l f  may nor   even  be a c o n s t i t u t i v e   q u a n t i t y  
and   t hence   l acks   phys i ca l   s ign i f i cance .   ,Bu t  I do 
s t r o n g l y   b e l i e v e   t h a t  wave propagat ion   methods   a re  
u s e f u l   i n   g e n e r a l   i n   t h e   s t u d y  of t h e   s o l i d - f l u i d  
t r a n s i t i o n   o f   f r o z e n   s o i l s ,   a n d   i n   p a r t i c u l a r   € o r  
a s c e r t a i n i n g   w h e t h e r   u l t i m a t e   l o n g - t e r m   s t r e n g t h  
i s  r e a l l y  a c o n s t i t u t i v e   q u a n t i t y .   T h e   p r e s e n t  pa- 
p e r  would  have  served its purpose i f  i t  could  draw 
t h e   a t t e n t i o n   o f  some e x p e r i m e n t i s t s   t o   t h e   p o s s i -  
b l e   f r u i t f u l n e s s   o f   u s i n g  wave propagat ion  methods 
i n   t h e   s t u d y  of  u l t ima te   l ong- t e rm  s t r eng th .  
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Drilled and slurried pi les  have been used a t  the North Slope of Alaska. 
These tests were conducted for the & " d o n  of a faster   pi le  
placement methcd in ptxmafmst. ultimately this refined, thermally- 
modified pile  driving methcd was selected by E O  Alaska, Inc., in 
1980 in its c o n s t ~ ~ c t i o n  of the abmqromd K u p a r u k  Pipeline. 

ILVRODUCTION 

Placement of structural  foundation  support piles 
on Alaska's North Slope generally has been per- 
formed using drilled holes and slurry backfil l  
techniques. The process of drilling,  placing, 
aligning and slurrying  piles is time cansuming 
and requires considerable manpwer and equipent. 
A method of acccmplishing the s m  resul ts  more 

and the  early success of specially-modified 
driven H-pile structural. shapes i n  permafrost 
(Crory 1973, Crory 1975, Noottingham 1981) , 
prmpted AFCO Alaska, Inc. , to in i t i a t e  a 
series of driving and load tests staxting in 
P&I?.I .~ 1980. 

These f ie ld  tests w e r e  designed to  verify  the 
practicali ty of driving  piles in cold  permafrost 
on a  production basis using thermally  modified 
predrilled  pilot holes. This  technique enploys 
a  small drilled pilot  hole, genexally 15.2 to 
21.6 an ( 6  to 8.5 in.) i n  diameter depending on 
p i l e  diameter, f i l l ed  w i t h  watex, heated to a 
minirmrm of 66% (150%). The pi lo t  hole is 
f i l l ed  with the hot  water 30 min before  driving 
i n  frozen granular so i l s  and 60 min before driv- 
ing in frozen finegrained soils, i n  order to 
ra ise  the surrounding soil   tmperature and facili- 
t a t e  the p i l e  placement. Thermal modification 
and pile  driving prccedures were refined to suit 
the arctic pile  driving. Ultimate  adfreeze 
strengths of these pi les  were determined by load 
tests after  isolating and eliminating the effects 
of end bearing and the  active  layer.  In Prudhoe 
Bay, heaving forces frcm s i l t y  soils in the 
active layer have controlled  the design of 
lightly-loadd  piles (Crory 1965). 

Driving tests w e r e  conducted in three phases, 
with a total of 45 piles  being driven. In Phase 
1, 27 pipe  piles were driven to a  depth of 4.6 m 
(15 ft) i n  frozen s i l t y  sand using a Delmag Dl5 
diesel harmer and predril led,   thermally-dfied 
p i lo t  holes. In Phase 2 ,  eight  reinforced H-piles 
were driven to depths ranging frcm 6.7 t o  7.6 m 
(22 t o  25 f t )   i n  frozen silts and sands, using 
thermally-modified p i lo t  hole procedures similar 
t o  those used i n  Phase 1. Phase 2 also incldd 
the  installation of two drilled and slurry  pipe 
piles.   In Phase 3, ten  pipe  piles  with cast 

CpliCkly, Using fewer ItEn and less @ v t ,  

steel t ip s  were driven into frozen river  gravelly 
sands, using the Phase 1 pmcdwes .  

Short-term p i le  load tests were performed on 
seven pi les  and long-term ( c r e e p )  tests were per- 
formed on five  piles. For ccmparative  purposes 
the two slurried  piles were subjected t o  short- 
and long-term (creep)  load tests under conditions 
similar to those used for  driven piles.  All 
piles were loaded until an apparent failure 
   red. In  the long-term load tests, the  piles 
were loaded until the load-defomtion  plots 
indicated that irreversible progressive  failure, 
greater than 0.5-in. (1.3 an) dowmnmrd  movement, 
had occurred. 

The following  paragraphs describe each of the 
three testing phases and resul ts  obtained fran 
them. 

PHASE 1 - PILE DRIVING AND LQAD W T S  FOR 
PIPE PILES IN FROZEN ICE-RIM 

SILTY SAND SOILS 

Test wpwnt and Installation 

The test site near the a i r s t r ip  represented 
typical Prudhoe Bay soil conditions  with ice- 
rich  frozen silts overlying  frozen sands and 
gravels. The selected site was the center of a 
30 m (100 f t )  diameter polygon surrounded by ice 
wdges . 
!&e test piles were set on a 1.5 m (5 f t )   centers  
grid to allow use of a  3 m (10 ft) long test 
beam a t  any location. V e r t i c a l  load testing 
equipat was sized to develop a minirrarm of 
3.52 kg/m2 (50 psi)  adfreeze working stress and 
7.0 kg/an2 (LOO psi) adfreeze  ultimate stxess for 
a 45.7 an (18 i n . )  diameter p i l e  over the Esnbedded 
test length. For the vertical tests, 273,000  kg 
(600 kips)  capacity jacks were used. 

Previous  experience  with driving in cold weather 
showed that, if  keptwam,  single-acting  diesel 
hamoers muld  operate  satisfactorily. A decision 
was made to use  a Dl5 Delmg, single-acting 
diesel harmer, w i t h  a rrraxirrarm r a t d  energy of 
3,750 kg-m (27,100 ft-lb) , which turned out to 
be too large fox the smaller 27.3 un (10.75 in.) 
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dimkc piles. The Delmag Dl5 hammer was munted 
on a Marion  36,000  kg (IO-ton) crane w i t h  semi- 
fixed leads. In addition, the t e s t  driving 
e x p e r h a t  required a Nodwell track-rrmunted 
U i l e  B-61 drill. 

P i l e  Driving - General Approach 

The general approach w a s  to establish a method 
using  hot-water-filled, drilled  pilot holes that 
would provide the quickest pile  driving without 
affecting  pile  integrity. Various pile w a l l  
thicknesses and t i p  reinforcing m e  used, along 
with  variable t h a w  times for water in the pilot  
holes. Pile placement  proceeded in  the following 
general manner: 

1. D r i l l  pi lot  h le .  
2. Pill. pilot  hole  with  hot w a t e r .  
3,  Iuign  driving equipnent and pile. 
4. Allow for  sufficient t h e  for ground 

5. Drive pile. 
around pilot  hole t o  thaw or wann. 

Pi lot  holes were drilled using  a Mobile B-61 
drill. The pilot  holes were 15.2 a n  (6 in.  ) di- 
mter for  the 27.3 an (10.75 in.) and 32.4 cm 
(12.75 i n . )  diameter piles, however, 21.6 cm 
(8.5 i n . )  diameter holes here used for the 45.7 
cm (18 in.) dim-  pi les .  Each pilot  hole was 
visually kgged by a field  geologist, and site 
soil samples were recover& for lalmratary analy- 
sis. Following pilot hole drilling, and for 
varying periods  before  driving,  the  holes were 
f i l l ed  with  hot water of different temperatures 
i n  order to  rrsodify so i l  thermal conditions a d  
determine their effect upon the subsequent driv- 
ing effort. 

Driving Operations and Results 

Driving proved extremely easy, when using the 
hot-ater-filled  pilot  holes, i f  the water 
r ermined in place for sufficient time. In this 
project,  rated harrrner energy was rarely developed, 
except ocscasionally during the f inal  smges of 
p i le  driving. With continuous, uninterruped 
driving and proper pilot  hole thermal d f i c a t i o n ,  
an average driving time of a b u t  5 min was 
required for  the 4.6 m (15 f t )  penetration. The 
diesel impact hamner provided a very important 
gauge in  the  pile  driving experiment, between 
success and failure, of t he rma l ly -d f id   p i l e s  
against  piles driven in a drilled  pilot hole 
without  hot water. Thdly-rradif ied  pi le  No. 4 
recorded 22 blms per 30.5 an (22 blcws/ft)  near 
its t i p  penetration while pile No. 5  with its dry- 
bored hole recorded 263 blows per 30.5 an (263 
blows&) near its t i p  penetration. 

After the pipe test piles wexe driven, their 
interior was reamed and the so i l  inside and helm 
the test pile  t ips was  removed for inspection 
purposes. -Val of inside soil 15-30 an 
(6-12 111. ) below the p i le   t ip  all& pile load 
testing to measure ad€reeze frictional strengths 
directly without end-bearing effects. Reaming 
also provided a convenient way to install  thermis- 
tors to  measure pile w a l l  tmperatures. The 
reaming operation was specified  for load test 

research only and is not to be construed as part 
of normal construction operations. 

After the pile tests were cmpleted, two piles, 
Nos. 7 and 16 , were pulled  €or  further examination 
of their tip  failures. Thei r  progressive t i p  
failures were caused by uneven l awa l  t i p  pressures. 
This type of failure  usually occurs during light 
driving and would not be pro&& by the axial 
buckling mnditim anrprrmly caused by Overdriving. 

Pran a structural pint of view, pipe piles can 
be successfully  driven into permafrost if certain 
precautions are taken. Driven into water-filled 
pilot  holes they try to follm  the path of least 
resistance, and i f  not properly  centered in  the 
thermally-modified zone or   i f  they encounter a 
discontinuity, they w i l l  experience variable  tip 
pressures. These in turn are resisted primarily 
by pile bending and lateral soil pressure. If 
the t i p  is not strong enough and thus awing to 
ring bending cannot resist uneven lateral  pressures, 
a type of progressive t ip   fa i lure  w i l l  result. 
During these tests, four  pipe piles (with thinner 
walls) were driven  with t ips , hoever, they were 
not the hard cast steel types nor were khey as 
thick. Piles with these tips,  fabricated from 
mild steel plates, did p x m  mre successful 
when tested against similar piles w i t h  open ends. 
The design of the pile  t ips were flush on the 
wtside to ensure  continuaus contact to the pile 
surface and avoid air gaps. 

of the 27 piles driven in Phase 1, using the 
parameters indicated above, 10 piles were 
driven wi tbut  deformatim. Frcm the  results of 
various methads tried, Table 1 has been p r e p &  
to show the relationship of parameters a f f e c h g  
driving  piles i n  permafrost. Based on these test 
results, ins'caUation of driven  pipe piles in 
frozen s i l ty  sands, require  pilot holes and, 
prior to driving, a them1 d i f i c a t i o n  time 
between 40 and 60 min to prevent t i p  damage. 

In general, for these tests, planned position 
tolerances of less than 5 un ( 2  in.) and p l m e s s  
of less than 2% frcm the  vertical were achieved 
without difficulty. Minor leveling adjustment 
of piles was a c q l i s h e d  during the pile  driving 
operation by gently pushing the pile into align- 
mt with heavy  equipment. Generally, w i t h  p r e p  
aration and care, driving toleran~es can be made 
as accurate as may be required for design. 

Short" V e r t i c a l  Load Tests 

Purpose and Procedures: Since l i t t l e  adfreeze 
data. exist cm piles driven i n  permafrost and 
thexe are virtually no data on piles driven in 
Prudlloe Bay permafrost conditions,  short-term 
tests w r e  planned to establish s d g  pints 
for  better  definition of  long-term load and 
creep rate tests. 

9Mo short-term tests, Pile Nos.  2 and 17 Were 
conducked. m u s e  of the length of time 
requilred fox pile Load distribution, shork-term 
load tests do not produce usable data other than 
for short-term loading. Additional tests, called 
" a a l  tests", e r e  m on the two test piles 
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after their  initial  significant deformation 
(failure) , to determine pile load resistance when 
allawed a short recovery time of approximately 
1. aay. 

Afte r  the driving  oprations,  piles were rea& 
out helm the   t ip  to relieve  pile  tip supprt 
capacity in order to determine adfreeze frictional 
values aftex the isolation and elhination of the 
end bearing effects. T e s t  procedures for Phase 1 
included a downward vertical  pile load applica- 
tion. Excavation of the top meter ( 3  f t )  of 
soil adjacent to each test pile assured an effec- 
tive test length of 3.7 m (12 ft) below the frost 
heave zone. 

Ini t ia l  readings were taken a d  loads were applied 

mum time interval of 15 m i n  was provided between 
load applications to allow for pile settlement 
s tab i l i ty .  Periodic deformation readings were 
taken, and ground t-atures were recorded. 

Results: In  general, each pile hsgan to show 
signs o f  rapid failure  after about 5 0.38 an 
(0.15 in.) of settlement. Tests were carried 
out to  settlement of 0.64 un (0 .25 in.) or more 
to  ensure thatmaxirroan resistance conditions had 
been encountered. Pesults of the slmrt-term load 
tests are sumwcized in Table 2.  

P i l e  No. 17 was driven  primarily into massive ice 
and sustained a short-term adfreeze stress of 
5.1 kg/an2 (72 psi) before failure. This was 
considerably lower than the 7 . W  kg/an2 (loo+ 
psi) values of test pi le  Nos.  2, 19 and 23 in  
Table 2, though still significant. Normally, 
allowable design  adfreeze stress considers creep 
effects for sustained loading conditions and this 
effect becares critical when ice is used as 
structural. supprt. 

Meal tests w e r e  run on Pile Nos. 2 and 17 after 
their deformation (failure) and the short recovery 
period of 1 day. As indicated in  Table  2, the 
fast  recovery of the adfreeze stress of these 
piles provides interes-g.data that could be 
used for  short-tern  pile design use under mer- 
gency conditions. 

Long-Term V e r t i c a l  mad Tests 

Purpose and Prccedure: The purpose  of these 
Long-term tests was to add infomtion to  the 
developing data base on design criteria. As 
expsrience is gained fran long-term sustained 
pile loading in permafrost, it bemes apparent 
that, in certain designs,  creep-related settle- 
ments control rather than adfreeze strength 
(Nixon, 1976) .  The design of pipeline  supparts, 
with  large short-term live loads, has adfreeze 
strength criteria which w i l l  limit the creep to 
a design limit. 

After canpletion of the short-term tests, the 
two test beams and equilzsnent were moved to Pi le  
Nos. 19 and 23. Tests w e r e  performed by apply- 
ing sustained loads of 17,850 kg (39,270 Ibs) 
in 2vJeek load increments. Jack pressure  readings, 

j, increments of 17,850 kg (39,270 lbs). A &i- 

dial gauge readings, survey levels, and m a t u r e  
readings wexe taken every  day a t  night, and before 
and after load changes. 

Results: Figure 1 presents  the results of the 
laad test on pile No. 1.9 dur- the lorg-txmn 
test.  Of particular interest in this diagram is 
the adfreeze and defoormation curve slope, which 
are indicated for curves w i t h i n  usable  design 
ranges only. It should be noted that, over these 
usable  creep ranges, the average,grouud tempera- 
ture rennained fairly stable, with only minor 
deviations during the testing period. 

At the conclusion of long-term tesbng, which 
concluded after 103 days w i t h  a load o€ 125,OO 
kg (275 kips) and adfreeze stress of 3.4 kg/m 8 
(48 psi) ,   p i le  No. 19 was failed in a mer 
similar to the previous short-term tests (Le., 
every 15 min, jack  pressure was increased by 
loads of 17,850 kg until  pile  failure). Results 
of long-term laad tests on pile Nos.  19 and 23 
are s m i z e d  in Table 3. 

The short-term tests which were conduded a t  the 
wnclusion of the long-term testing of pile 
Nos. 19 and 23 indicated very high sho&-terrn 
adfreeze stren ths i n  permafrost. These values 
were 8.2 kg/m 3 (116 psi)  for  pile No. 19 and 
9 . 1  kg/un2 (129 psi)  for  pile No. 23. 

PHASE 2 - PILE DRIVING AND LOAD TESTS FOR 
SLLRRY PIPE AND DRIVEN H-PILES IN 
m z m  Irn-RICH SILTY SAND SOILS. 

Test Plan 

Subsequat to the Phase 1 tests i n  early 1980, 
Phase 2 tests were initiated to accaplish the 
following : 

1. Establish feasibility arsd requirements 
for driving H-piles  through a gravel workpad 
into underlying frozen  fine-grained soils. 

both short- and long-term, for  slurry p i p  piles 
and driven H-piles. 

3. ~etennine  the  feasibility of driving 
longer pile anbedrent lengths. Phase 2 piles 
were driven a t  least 6 . 7  m (22 f t )  below grade 
canpared to 4.6 rn (15 f t )   for  Phase 1 piles. 

L i t t l e  literature is available regarding the 
strength of driven piles or the ccsnparative 
strenqth of driven versus slurry piles i n  cold 
permafrost. For t h i s  reason, in Phase 2 it was  
planned to drive two test H-piles 6.7 m (22 ft) 
below grade, and place two slurry test pipe 
piles 6.7  (22 ft) belavl grade. Six H-piles 
were also driven 7 . 6  m (25 f t )  below grade far 
anchor piles. H-piles were structurally designed 
to resist variable t.zp loading and lccalized 
bucklhg under driving  conditions. 

Test Qx@nent and I m p k m e n t a t i O I l  

contrary to the previous pile  testing in which 
the piles were loaded vertically -dl tests 

2. Detezmine cmprative adfreeze strengths, 



i n  t h i s  series were planned to pull the piles 
upward, in  tension. In  this manner, a realistic 
test of adfreeze strength without pile 4- 
bearing effects could be realized  for driven H- 
piles and slurry pipe piles. For every 1,000 kg 
of load on the jack, 500 kg of load was trans- 
mitt.& to the test pile. 

P i l e  Load jacks, load beams, and equi t were 
sized for ultimate loads of 7.0 kg/an 12"" (100 psi) 
adfreeze,  applied to a 45.7 an (18 in. ) pipe pile 
frozen 4.9 m (16 f t )   in to  the g~ound. A l l  test 
piles were cased w i t h  a 61 un (24 in.) dian~ter 
pipe d m  1.8 m (6  f t )  , with the annulus f i l led 
with an oil-sand mixkmre and the pile wrap@ 
with plastic in this upper zone +SI prevent 
adfreeze bond stresses in the active layer. 

The driven piles were placed in accordance w i t h  
the following procedures: 

1. Drill a 15.2 un (6 in. ) pilot hole to 

2. Position pile leads initially with 

3. F i l l  pilot hole with w a t e r  heated to a 

4. After waitmg 40-60 min for them1 

5. Keep installation records of blcw counts, 

the t i p  elevation. 

Delmg Dl5 pile hamner. 
mininun of 66% (1509). 

modification of hole in s i l t y  sands, drive  pile. 

drive time, water temperature, etc. (See for 
example, the sumnary shown in Table 1. ) 

The slurry test piles were placed in 61 an (24 
in.) diameter holes using a premixed sand slurry 
with  a  consistency similar to  15.2 an (6 i n . )  
slump concrete. Slurry piles were accurately 
positioned and firmly held i n  place until freeze- 
back was assured. 

Placenmt and driving proceeded as cqeted, 
except a t  certain locations where pilot holes 
w e r e  drilled out of plumb. S i n e  driven piles 
follm the pilot hole closely, t h i s  resulted i n  
piles being driven out of plumb. Innwdiately 
after driving,  piles that were driven out of 
plumb in excess of test requirements ware 
adjusted into  close tolerances by pus- w i t h  
a Caterpillar 966 loader. This methcd did  not 
seem to bend or otherwise damage piles  treated 
i n  this manner, i f   p e r f o e  before freezeback 
occurred. 

In s a m a r y ,  the eight H-piles w e r e  driven using 
production driving techniques in an interrupted 
manner. Actual setup and driving tjme for 
individual  piles ranges fm 15 to 30 min. All 
piles (except w h e r e  pilot  holes were drilled out 
of plumb) w e r e  driven  without difficulty.  

Short-Term V e r t i c a l  Load Tests 

Test pile No. 2 w a s  a driven HP 10 x 57 w i t h  
angle  reinforcerrent. This pile was rapidly 
loadd in increments of 35,700  kg (78,540 lbs) 
every 15 minutes. The results are sumxized 
in Table  2. 

1 Test pile No. 9 was a slurry 45.7 un (18 in. 1 
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diameter pipe pile.  Testhg  proceded with t h i s  
pile in a mer similar to that used for  pile 
No. 2 up to the adfreeze value of 6.3 kg/un2 
(89.3 psi). A t  t k i s  stress level the pile began 
to show signs of significant creep,  a 15.2 cm 
(6  in. ) diameter pin, which was part of the load 
beam connecting systett~, broke a t  a load of 441,000 
kg (970 kips) and the test was temtimtd. The 
projected load to failure was estimated at a b u t  
455,000 kg (1,000 kips) or near the ultimate quip 
ment capacity. The results are sumnarized in 
Table 2. 

Iong-Term V e r t i c a l  Zoad T e s t s  

Test  pile No. 4 was a driven HP 10 x 57 with 
angle reinforcement. The pile   fa i led  a t  2 .1  
k.s/an2 (30.5 psi) during long-term adfreeze 
tests, conducted i n  accordance w i t h  the pre- 
viously outlined procedures. The short-term 
loading rompleted a t  the end of long-term test 
indicated maximum adfreeze values of 7.9  kg/m 
(111.8 psi) using the encarpassed perimeter and 
5.0 &/an2 (70.7 psi)  for  the contact perimeter 
area. The results are s~nrmarized in  Table 3. 

Test pile No. 7 was a 45.7 cm (18 i n . )  diameter 
slurry pipe pile. The pi le   fa ' led  a t  an adfreeze 
bond stress value of 2.5 (36.2 psi) dur- 

p l e a   a t  the end of long-term tests indicated 
a maxinun adfreeze  value of 6.6 kg/an2 (94.1 
psi) . The results are sunarized in Table 3. 

E 

3 
ing long-term tests. short-term loading can- 

PHASE 3 - PILE DRIVING AND LDAD TESTS FOR 
PIPE PILES IN FROZEN GRAVEL 

Tes t  Plan 

Ten 27.3 can (10.75 in.)  diameter by 1.27 a n  
(0.5 in. ) wall pipe piles were driven using 
APF 0-14001 t ips in frozen gravel and 15.2 an 
(6  in. ) diameter pilot holes, drilled 0.61 m 
(2  f t )  deeper than the nominal t i p  emkedmnt. 

Concerns had k e n  expressed regarding driving 
piles in frozen gravelly soils. As a result, 
these tests were planned primarily to drive 
pipe piles with cast steel tips to depths of 
4 .6  m (15 ft) in frozen gravelly materials. 
The test site was adjacent to the Sagavanirktok 
River, where typical riverbed soils include3 
frozen sandy gravels. Following driving, load 
tests were performed to establish data con- 
cerning adfreeze strengths in these soils. 
Tests were init ially conducted during the 
sumner, when ground tmperatures are generally 
w a ~ ~ ~ ~ s t  and adfreeze  values are l-st. 

Adjustments were made to the hot water t h a w  
tim after   ini t ia l  driven tests indicated high 
blow counts.. It was determined that a 20-min 
minirmrm waiting  period prcduced best results 
before  driving in the gravelly soils. Pilot 
holes drilled in thawed active layer gravels 
had topcaving problems that interfered with 
pilot hole thawing.  For this reason, pilot holes 
drilled 0.61 m (2 f t )  deeper than the pi le   t ip  



mkedmmt helped contain  the  surface caved-in 
gravels. A s u m m y  of driven piles  for Phase 3 
is sham in Table 1. The vertical load tests 
were performed by extracting the piles upward in 
tension,  similar to the Phase 2 load tests. 

Shortqerm Vertical Load Tests 

Short-term testing on pile No. 4 was k g u n  in 
August  1980 but upon applying 36,000 kg (78 .5  
kips)  tension on the pile, the pile suddenly 
failed and the test was terminated. Flesults 
of ground temperature monitoring indicated that 
this pile was only embedaed in 2 . 1  m (7  f t )  of 
frozen soil. The calculated adfreeze stress wer 
t h i s  region of frozen  contact  indicates  a  value 
of 1.9 kg/an2 (27 * 7 psi) . The calculated 
adfreeze stress over the 4.6 m (15 ft) of thawed 
and frozen soil  contact equals 0.9 kg/an2 (12.9 
psi) , as sham in Table 2 .  

Testing of pile No. 7 began i n  Novemba 1980 
after the previously thawed active  layer had 
refrozen. Results indicated an increase in  
adfreeze strength over test pile No. 4. The 
maximum adfreeze bond stress yielded approxi- 
mately 3.6  kg/un2 (51.7 psi) , see Table 2. 

Long-Term Vertical Load Tests 

Long-term load tes t  procedures were conducted in 
accordance with the Phase 2 test program. P i l e  
No. 2 failed a t  approximately 3.4 kg/un2 (48.5 
psi) over the enkeddd pile test length. Pile 
No. 9 fa i led   a t  an adfreeze bond stress value of 
approxhately 2 . 3  kg/an2 (32.3 psi) . The results 
on pile Nos. 2 and 9 are surmGarized in Table 3. 

For piles driven into frozen gravelly sand, the 
adfreeze values achieved were not as high as 
those achieved for  the  piles in frozen fine- 
grained soils. One contributing  condition may 
have been w m  ground temperatures a t  this 
test pile location, which w e r e  due to the  effect 
of the river floodplain and t ime of year. 

CCNCLUSIONS AND RECaMMENDATIONS 

The results of these field tests to  verify the 
practicality of diesel  pile driving i n  a d d  
permafrost, on a prduct im basis using thennally 
modified, predrilled  pilot holes, are encouraging. 
Subsequent to these tkts the use of vibratory 
hammer for  driving production piles has also 
proven successful. The technique of  employing a 
mall drilled  pilot hole fi l led w i t h  water heated 
to a minimum of 660c (IS@) prior  to placement 
is effective. Thaw time before driving was 
approximately 30 min for frozen  granular soils 
and 60 min for frozen finegrained  soils in 
order to  raise the surrounding soil temperature 
and irprove the pile driving. A s m  of the 
pile driving tests i s  given in Table 1. 

The results of the pile load tests conducted dur- 
ing this program provided useful infonnation for 
developrent of pile design criteria. The pile 
load testing equiplrent, especially designed for 
arctic mnditims, worked well. The developnent 
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of design criteria should reccqnize permafrost 
peculiarities such as loading conditions and 
creep. For purposes of ccmparison, Tables 2 and 
3 a e  provided as a sununary of short-term and 
long-term (as canpared to short-term) load test 
data for   a l l  load tests. 

Generally, differences between soil  types were 
mre imprtant than installation techniques i n  
the determination of adfreeze  strengths. Driven 
pile placement methods prcducd ccmparable 
strengths to typical shrried piles in ice-rich 
s i l t y  sandy soils. Hmever, driven piles in 
f rozen gravelly soils indicate 1- adfreeze 
values than i ce r i ch  s i l t y  sands due to their 
location near the  rivers and the warmer  ground 
temperature effects. 

.%ne significant  factors  affecting  pile perfor- 
m e  are soil temperature, pile diameter, and 
creep. For design, two conditions should be 
considered, short-term loading and long-term 
creep. 

Based  on results of these tests, it was determined 
that pipe and H-piles could be driven i n  perma- 
frost with acceptable accuracy, prwiding aFEC0 
Alaska, kc. with a technically sound alternate 
.pile placement methcd. The thermallyy-mDdified 
pile driving method was ULtimately selected in 
1980 fox the abcweground Kuparuk Pipeline: 
systems design. 

The permission of the umers of the Kuparuk 
Pipeline System to publish this paper is grate- 
fully acknowledged. 

The consultant selecte3 to conduct the test pxo- 
gram,  under guidelines detesmined by engin- 
eering, was Mr. D. Nottinghm of Psatrovich and 
Nottingham, Inc. The field construction for  the 
installation of these testing facil i t ies and the 
surveying services was conductd by VMIO, Inc. 
Recognition is given to the abve  for their 
efforts * 
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FIGURE 1 Phase 1 long-term load test for pile no. 19, 
32.4 cm diameter x 1.27 cm wall. 

TABLE 1 Summary of Driven Piles 
Pila m i t i m  

1 27.M.27 
2 27.3xl.27 

4  27.3N.93 
3 2 7 . U . 1 1  

6 27.3x0.93 
5 27.3xO.93 

10.75xo.500 None 10 
10.75xO.500 NMB 10 
10.75xO.438 Nme $0 
10.75x0.365 1.9(0.75")10 
10.75~0.365 Nnvr 0 
10.75X0.365 None 10 

7 27 .M.93 10.7M.365 Nlne 10 

9 U.4x1.03 12.75x0.406 pkne 10 
8 U.4x1.27 12.75xo.500 Norr 1 0  

60 
18  19 
40 15 

15  16 
0 

13 

20 
55 
15 
9 

42 
1 5  

9 
12 8 

$4 130 Mted to 2PC(70% 
54 130 No r-t 
34 94 cmled tD 4T(39oF) 
37 98 M &eat 

43 110 N3 h a t  

32 90 Cmld to 7%(45op) 

" Dry tule 

40 105 No -t 

49 120 NY M a t  

T 
10 

12 
13 
14 
15 
16 
17 
18 
19  

7 T  
20 

22 

24 23 
25 
26 
27 28 

32.4xl.21 

32.4x1.27 
j2.,.03 
32.4~0.95 
32.4x1.27 
32.4x1.27 

45.7xo.95 
32.4xl.27 
32.4x1.03 

32.4xO.95 
27.3x1.27 
27 .M.27 
27.M.27 

27.3xo.93 
27.3x1.11 

45.vx1.27 

. .  

12.75xO.406 
12.75xo.375 
U.75x0.500 
u . 7 w o . s w  
18.0oxO.500 
18.00~0.375 
12.75~0.500 
U.75x0.406 

12.75x0.375 
10.75xo.500 
10.75~0.500 
10.75xo.500 

. . ." 

10.7wD.365 
10.75~0.438 

1 0  
10 
10  
10 
10 
1 0  
10 
20 

.O")  0 
20 

0 

la 
19 
17 
19 
20 
20 
15 
78 
30 
70 
41 
58 
53 
67 
43 
41 

19 
20 

2 
3 
1 

i 
9 

10 

HP lhr57 
W 10x57 
HP 10x57 
Hp 1W57 
IIP 10x57 
HP 10x57 
Slur ry  Pile 
HP 10x57 
Slurry P i l e  
HP 10x57 

APF 75750 10 

ARF 75750 10 
APF 75750 10 

A W  75750 10 
APF 75750 10 
APF 75750 10 

APF 75750 LO 

APF 75750 10 

35 
26 
61 
60 
64 
a1 
59 50 

Phase 3 
1 2 7 . 3 ~ 1 . 2 7  10.75x0.500 1.9 

2 27.3xl.27 10.75X0.500 1.9 
3 27.3xl.27 10.75a0.500 1.9 
4 2 7 . M . 2 7  10.75xO.500 1.9 
5 27.3x1.27 10.75x0.500 1.9 
6  27.3xl.27 10.75~0.500 1.9 
7 27.3x1.27 10.75~0.500 1.9 
8 27.34.27 10.75x0.500 1 .9  

10 21.3x1.27 10.75x0.500 1.9 
9 27 .M.27 10.75x0.500 1.9 

10 
10 
10 
1 0  
10 
10 
10 
10 
10 
10 

20 
1 5  
29 
GO 
52 
20 
20 
20 
20 

43  110 
43 110 
44 112 
49 U O  No r&wat 
43  110 Eat. cooled to &(X?%) 
43 110 Fat. 

.. .. 

17 
88"" 

u 
I 

14 
36 
10 * 
4 

X 
X 
X 
X 
0 

0 18 64 
0 31 88 
X 23 74 
X 23 14 
0 18 64 

X 

6 X 14 58 
5 X 6 43 

5 X 
4 0 

" 

" 

" 

14 
8 
l2 
15 
12 
25 

19 

13 

13 
11 
12 
12 
11 
1 5  
10 
11 
7 
a 

0 
n 

0 

82 180 
66 150 
11 160 
93 200 
72 162 
93 200 

93 200 

88 190 

" 

~- 

71 160 
66 150 
80 175 

66 150 
66 150 
66 150 
66 150 
66 150 

" 

85  186 

No reheat 
M -t 
No reheat 
No reheat 
No reheat 
No reheat 
No rcheat 
No reheat 
No reheat 
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TABLE 2 Summary of Short-Term V e r t i c a l  Load T e s t  Results: Phases 1, 2, and 3 .  

Test: P i l e   S i z e  

1 2 27 .M.27  10.75x0.500 
1 17  45.7x1.27 18.0Ox0.500 

1 
1 

19 32.4xl.27  12.75x0.500 
23 27.3xl.27  10.75x0.500 

2 
2 

2 HP 10x57  w/Angles 
9 45.7x1.27 18.00x0.500 

2 
2 

4 €IF 10x57 wAngles  
7  45.7xl.27  18.00x0.500 

3 
3 

4* 27.3x1.27  10.75x0.500 
7 27 .M.27  10.75x0.500 

IC*RiCh Silty sard 
Mmsive Ice and Ice 

IceRich S i l t y  Sand 
Rich S i l t y  %rd 

Ice-Rich S i l t y  sand 
Ice-Rich Silty Sard 
IceRich Silty Sand 
Icefich S i l t y  Sand 
IceRich Silty Sard 

Gravel ly  sand 
Gravel ly  Sand 

Driven 
Driven 

Driven 
Driven 

Driven 

Driven 
SlUrry 

SlUrry 

Driven 
Driven 

-8 18 
-6 2 1  

7.4 105 
5.1 

4.0  57 
72 4.8  68 

-8 1 8  - 
-8 18 

8.2 116 l  
9.1  1291 - 

-6 22 7.0 loo2 - 
-6 21 6.3 89 - 
-5 23 7*9  1121n2 - 
-5 23 6.6 941 - 
-3 27 2.0 28 - 
-6 22 3.7 52 - 

536tl2l3 
429t1623 

275 
124 

150 
197 
140 
106 

90 
2 

TABLE 3 Summary of L o n g - T e r m   V e r t i c a l  Load T e s t  Results: Phases 1, 2 ,  and 3 .  

Test P i l e  Size 
PhaSe NO. Dia .  & Wall 

hbnitored MaximLpn 
P l a c e m n t  Soil Tanp. soil 

Type 
Adfreeze Test 

(%) (9) (ks / cm2)  (psi) (days) (on) (in. 1 
Method at  Fai lure  strength Duration 

1 19" 32.4xl.27  12.75x0.500 IceRich S i l t y  Sard D r i v e n  
1 23 27.3x1.27  10.75x0.500 IceRich S i l t y  Sand Driven 

2 4 Hp 10x57 fceRich S i l t y  Sand Driven 
2 7 45.7xl.27 18.0Ox0.500 IceRich S i l t y  Sand Slurry 

3 2 27.3xl.27  10.75x0.500 Gravel ly  sand D r i v e n  -11 12  3.4 49 

-8 18 3.4 482 
-8 18 4.0 572 

103 
103 

-5 23  2.1 3l1p2 
-5 23  2.5 362 

49 
62 

Gravel ly  S a d  
28 

Driven -9 15 2.2 32 20 3 9 27.3x1.27  10.75x0.500 

1 moanpassed mimeter arBa is ronsicier~ rather than actual mntact area, since creep tend to OcCuT on that &is. 

* Failed during l.~ng-te.nn testing. Results are docmnented graph ica l ly  i n  Figure 1. 
2  ailed during --term tasting subsequent to long-term tests (see Table 2).  



GEOMORPHOLOGICAL  MAPPING AND ENVIRONMENTAL  PLANNING 
IN PERMAFROST REGIONS 

R. Mausbacher 

Department  of  Geographie,  University of Heidelberg 
Heidelberg,  Germany 

With  the  help of the  geomorphological  map  of  Oobloyah Bay, Ellesmere  Island,  N.W.T., 
Canada,  the  applicability o f  the  legend,  developed  in  a  priority  project of the 
German  Research  Foundation,  in  permafrost  regions i s  demonstrated. In  addition, 
possibilities  for  the  practical  applicability  of  geomorphological  information  like 
this  axe  presented. For the  user  who is informed  about  the  terminology  used  in  geo- 
morphological  maps,  different  levels o f  information  (e.g.,  slope  angles,  subsurface 
material,  etc.)  can  be  printed  separately.  For  those  not  informed  about  the  termino- 
logy, the  geomorphological  information  can be prepared  with  ecological  evaluation 
on the  basis of a suitability  test,  which  allows  direct  use  for  nongeomorphological 
problems. 

INTRODUCTION 

With  the  financial  aid of the  German  Research 
Foundation  (DFG),  there  was a research  project  es- 
tablished  in  the  Federal  Republic of Germany  in 
1976,  creating  geomorphological  maps at scales of 
1:25,000 (GMK 25)  and  1:100,000 (GMK 100) (Barsch 
and  Liedtke 1980). Focusing on these  two  different 
scales, guidelines for the  field  work  activities 
and  the  legends of maps  were  to  be  developed, 
applicable  to  all  regions  (lowland,  mountains,  and 
high  mountains) of the  FRG.  The  field  work  guide- 
lines  for  mapping  the  exemplary  sheets  are  based on 
the  legends  developed by Lesec  and  Stablein  (1975) 
for  the GMK 25 and  Fxanzle  et  al.  (1979)  for  the 
GMK  100,  employing  up-to-date  international  ex- 
perience  in  this  field  (Leser 1981). 

The  geomorphological  map  1:25,000  Oobloyah Bay, 
Ellesmere  Island, N.W.T., Canada, prepared  during 
the  Heidelberg/ELlesmere  Island  Expedition  is  also 
based on the  legend  developed  for  the  GMK 2 5 .  The 
aim of this  mapping  program  was  to  test  the  appli- 
cability of the  legend  in  a  permafrost  region. 

in  permafrost  regions,  environmental  planning  in 
these  areas  is  becoming  more  and  more  necessary 
(Robitaille  1960,  St-Onge 1965, Kreig  and  Reger 
1976,  Everett  et al. 1978).  Therefore,  the  problem 
of practical  applicability  of  geomorphological  in- 
formation on environmental  planning  in  these re- 
gions  will  be  discussed also. 

Considering  the  ever  increasing  human  activity 

EXPEDITION  AREA  AND BASE MAP 

The expedition  area  is  located  in  the  north- 
western  part o f  Ellesmere Island, near  Oobloyah  Bay 
at 81.5"N and  83.5"W  (Figure  1).  Geologically,  it 
is  a  synclinal  valley of about  15 km fringed  by  two 
anticlines:  in  the  north  the  so-called  Krieger 
Mountains  reaching  hights of more  than 1,000 m, and 
in  the  south  the  Neil Peninsula, climbing  up to 
600 m above  sea  level.  This  association  with  the 
geological  structure,  however, is only  reflected  in 

Enlwurf : L. KING 

FIGURE 1 Location  of  study  site. 

major  landforms. The  landforms  mapped  at 1:25,000 
scale  are  the  product  of  glacial,  fluvioglacial, 
cryogenetic,  and  marine  processes  (MBusbacher 
1981). 

For the  field  survey  and  the  cartographical 
presentation  the  author  used  orthophotomaps  at 
1:25,000  with 25 and 50 m  isolines.  These  were  pro- 
duced  from  aerial  photographs of the  National  Air 
Photo  Library,  Ottawa,  Canada  (Hell 1981). 

THE  LEGEND 

Unlike  many  other  legends,  this  one  does  not 
contain  a  catalog  of  individual  landforms.  It  is 
developed  on  a  system  of  basic  elements  combined so 
that  the  cartographical  presentation of the  relief 
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is given  by  a  combination of different  layers of 
information.  These  levels  are  differentiated  in  the 
following  manner: 

land,  mountains,  and  high  mountains) 

curvatures of hillocks  and  depressions  (basic  line 
>lo0  m) 

. steps  and  breaks of slope,  valleys,  minor 
landforms,  and  roughness  (basic  line < l o 0  m) 

. subsurface  material  (bedrock  and  unconsolida- 
ted  deposits);  classification  of  unconsolidated  de- 
posits  is  given  by  the  German  Industrial  Standard 
(DIN) 18 196 

. slope  angles  (divided  into  three  groups:  low- 

. axes of curved  slope  and  crest  segments  and 

. hydrography 

. morphogenetic  process  areas  (only  those  pro- 
cesses  are  mapped  that  are  responsible  for  the  la- 
test  significant  shaping  of  an  area) 

cesses 

(e.g., drilling  site) 

. individual  actual  processes  and  traces  of  pro- 

. topography  and  supplementary  information 

The cartographical  means of expressions  are  sym- 

The advantages  and  disadvantages  of  this  legend 
bols,  colors,  and  screens. 

for  the  preparation  of  the  sheet  on  Oobloyah  Bay  is 
shown  in  the  following  remarks: 

. The  mapping of slope  angles  is  only  possible 
if  large  scale  aerial  photos  or  maps  with  contour 
lines  are  available. As for  all  detailed  investiga- 
tions,  one  of  these  mapping  bases  are  necessary, 
the  mapping of slope  angles  does  not  represent  any 
problem. 

. Due to  thin  vegetation  cover,  morphographical 
elements  such as  axes of curvatures,  breaks of 
slope,  etc.,  could  be  derived  from  the  aerial  pho- 
tographs.  Therefore  only  the  morphometrical  diffe- 
rentiation  (radius  of  curvatures,  hights  of  steps, 
etc.)  had  to  be  studied  in  the  field.  This  is  a 
great  advantage  if  the  time  for  field  mapping is 
limited.. 

carried out at the  end of the  summer  because  then 
the  depth  of  the  active  layer  was  thickest.  With 
the  aid of information  (morphography,  hydrography, 
etc.)  previously  mapped,  it  was  possible  to  select 
more  representative  probing  sites.  In  addition, 
these  probings  made  it  possible  to  determin  the 
approximate  maximum  thickness of the  active  layer 
in  different  soils. 

. For the  display of the  hydrographical  situa- 
tion,  the  legend  had to be  extended.  This  indicates 
that  the  legend  for  hydrography  depends  more  on 
climatic  conditions  than  does  the  other  informa- 
tion. 

. The  hierarchical  system of decisions  for  the 
registration  and  delimitation of the  geomorphoge- 
netic  process  areas  developed  for  the CMK 25 
(Barsch  and  Liedtke 1980) could  not  be  used.  Due to 
these  guidelines,  all  areas  with  active  processes 
had to be  presented  in  the  same  color  (orange). 
Using  this  system  it  would  not  have  been  possible 
to differentiate  glacial,  fluvioglacial,  and  the 
other  processes.  Therefore,  active  process  areas 
could  not  been  shown.  All  actual  processes  are  pre- 
sented  with symbols of  "individual  active  proces- 
ses. " 

. Most of the probings'and trenchings  had to be 
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These  statements  concerning  the  different  items 
of the  legend  indicate  that  the  legend  developed 
first o f  all  for  geomorphological  mapping  in  Cen- 
tral  Europe  is also adoptable to permafrost  re- 
gions. 

APPLICABILITY TO ENVIRONMENTAL PLANNING 

Geomorphological  maps  such as geological  and 
soil  maps are,  first oE all, information  systems 
prepared  by  scientists  for  scientists.  According  to 
the  aim of geomorphology  is to explain  landforms 
and  the  processes  which  create them, geomorphologi- 
cal  maps  contain  a  global  view of the  relief  forms, 
as  well  as  evidence of present  and  past  morphogene- 
tic  processes  that  have  contributed  to  the  evolu- 
tion o f  the  landscape.  That  means  that  these  maps 
are  very  complex  with a high  data  concentration, 
which  makes  their  reading  by  a  nongeomorphologist 
quite  difficult.  Due  to  the  importance of the 
relief  parameters on environmental  problems  inclu- 
ding  planning,  the  content of geomorphological  maps 
must  be  presented  in  a form, which  is  easily  under- 
stood  by  nongeomorphologists.  With  the  legend, 
used  in  the  Oobloyah  Bay  region,  it  is  possible to 
derive  special  maps. 

Derivative  Maps 

Due  to  the  conception  of  the  legend,  all  layers 
of information  can  be  printed  separately  and  all 
combinations  are  possible  (Figure 2 ) .  Thereby  the 

FIGURE 2 Derivative  map  with  only one  level of 
information;  substrate  near  the  surface. 
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density of information  can  be  diminished  without 83b. L.V. 
Loss of information.  This  is  important, as for Greenwich 
nongeomorphological  problems  often  only  parts of 
the  whole  array  of  information  are  necessary.  Pre- 
requisite  to  the  use of this  "derivative  map" 
(Barsch  and  MBusbacher 1980) is  that  the  user  is 
well  informed  about  the  terminology  of  geomorpho- 
logical  maps  (classification  of  bedrock  and  uncon- 
solidated  material,  definitions  for  the  geomorgho- 
logical  processes,  etc,).  Therefore,  these  products 
will be  used  first of all  by  scientists  in  the 
neighboring  sciences  of  geomorphology  (geology, 
applied  geology,  and  soil  sciences).  Several  pos- 
sible  applications of the  different  levels of in- 
formation  are  shown  in  the  following  examples. 

The actual  processes,  the  substrate  near  the 
surface,  and  the  slope  angle  are of great  impor- 
tance  for  planning  infrastructure.  Using  this  in- 
formation,  the  estimation of actual  and  potential 
danger is possible. 

Additionally,  by  employing  the slope angle  and 
the  subsurface  material,  the  traffic  limitations 
(load  capacity  of  the  active  layer,  maximum  angle 
of  climb  for  vehicles,  and  traversing of drainage 
ways)  can  be  estimated. 

(oil  pipelines)  the  encroachment  on  the  environment 
In  the  framework  of  planning  transport  arteries 

by  defective  pipes  has  to  be  taken  into  account. 
Since  the  degree of the  encroachment  is  first of 
all  dependent  on  the  distribution  (transport  by  wa- 
ter  or  gravity) of the  damaging  material,  morpho- 
graphy  and  hydrography  are of considerable  influ- 
ence, 

additionally  the  potential  radiation  derived  from 
slope  angle  and  exposure,  are  important for soil 
science  and  botany  because  soilgenesis  and  the  dis- 
tribution  of  plants  in  areas  without  human  impact 
are  dependent  on  the  form  and  genesis of relief 
.(Everett  et  al.  1978). 

For  all  these  examples  the  neccessary  transfer 
of the GMK information  for  different  problems  had 
to  be  made  by  the  user. 

Interpretative Maps 

All parameters of the  qeomorphological map, and 

For the  potential  user  who  is  not  versed  in  ?eo- 
morphological  map  terminology,  the  geomorphologist 
has  to  prepare  his  information  in a way  which  will 
allow i t s  direct  use for  nongeomorphic  problems. 
For this  preparation,  ecological  evaluation  on  the 
basis  of a suitability  test,  deve1oped;for  environ- 
mental  planning  purposes,  would  be a good  solution. 
With  this  procedure of a land  systems  classifica- 
tion,  different  ecological  parameters  are  evaluated 
with  regard  to  human  use  and  impact  (Leser  1974, 
Seibert 1975) .  According  to  the  information  given 
by  geomorphological  map,  the  Land  systems  classifi- 
cation  is  realized  with a "multiple  factor  analy- 
sis"  dominated  by  relief  parameters.  That  means 
that  the  delimitation of the  units is carried out 
with  several  parameters  (morphography,  subsurface 
material,  hydrography,  etc.),  the  majority of which 
are  relief  parameters.  An  extract of the  land  sys- 
tems  map  of  Oobloyah  Bay  is  shown  by  Figure 3 .  

I 

0 500'm 

Lepend for the ecoloRica1 units 

Identifying field characteristics 

lake 
plains; clayey loam; area flooded during summer 
plains; silty aand; area flooded during summer 
plains; silty aand 
plains; si ty sand; with vegetation hummocks 
slopes 2-7' S; clayey loam with variable proportion 
of materiek i? mm; periglacial drainHge WHY 

proportion of material 2 mm; periRlacia1 drainaRe 
slopes 2-7 SE/SW; clayey loam with variable 

WRY 
slopes 7-15' BE/SW; clayey loam with variable 
proportion of material 2 mm; perielacial drainaRe 
way 
box-shaped valley with NW/SE s lopes;  clayey loam with 
variable proportion of material 2 mm; periRlacia1 
drainage way 

with variable proportion of material 2 mm; peri- 
saucer-shaped valley with ki/E slopes; clayey loam 

glacial drainage way 
saucer-shaped valley with NW/bE slopes;  clayey loam 
with variahle proportion of material 2 mm; peri- 
glacial rlraienge way 
slopes 15-35 SE/SW; bouldery till 
slopes 2-7 N. bouldery till 
slopes 7-15' 8 ;  bouldory till 
elooea 7-15' E/W; boulderv till 
slopes 7-15' N k / N W ;  bouldery till 
slopes 7-1;1° SE/SW; houldery till 
slopes 2-7 -SW/SE; bouldery till 
d o p e s  7-12y N; bouldery till 
slopes 2-7 SE/SW; stony till with boulders 

plains; stgny till with boulders 
slope8 2-7' V/E; stony till with boulders 

slopes 2-7 fjW/NE; stony till with boulders 
slopes 15-35 UE/SW; silty sandy debris 
box-shaped valley with N/S elopes; gravel with 
boulders; fluvioplocial drainage way 
box-shaped vallej; with W/SE or NE/SW slopes; 

plains; Rravel with boulders 
gravel with boulders: fluvioRlacia1 drainaRe way 

pleins; aikty sand  and Rravel 

plains; bouldnry gravel over silty snnd 
slopes 2-7 Y: silty sand and gravel 

These  maps  can also be  used as base  maps €or soil FIGURE 3 Excerpt  from  the  land  systems  map  (ec010- 
and  vegetation  mapping  (Everett  et  al.  1978). gical  units)  Oobloyah  Bay  with  legend. 

delimitation  of  the  land  systems  will  be  classi- fied.  But  this  step  is  only  possible  if  these  para- 
In the  second  step  the  parameter  used  for  the 



meters  are  already  quantified  and  if  threshold 
values  are  defined. The latter  procedure,  at  the 
present  time  is  difficult  for  many  factors  because 
measurements  which  show  the  relations  between  the 
different  parameters  (e.g.,  dependence  of  slope 
stability on slope  angle  and  subsurface  material) 
are  not  available.  This  problem  is  also  shown  by 
the two following  examples. 

diation  because  it  influences  snowmelt,  depth  of 
thaw,  and  distribution  and  growth  of  vegetation, 
These  values  are  not  shown  directly  in  the  geomor- 
phological  map;  however,  they  can  be  calculated 
with  trigonometrical  and  astronomical  equations 
using  the  values  of  slope  angle  and  exposure 
(Gessler 1925, Heyne 1969). The  values  calculated 
with f =  80° (latitude  of  the  expedition  area)  and 
with  the  slope  angles of the GMK 25 Oobloyah  Bay 
axe  shown  in  Figure 4. 

A  very  important  factor  is  potential  solar ra- 

2O 294 293 290 287 286 

7 O  301 298 288 265 247 

15' 302 294 294 241 193 

95O 219 209 205 187 I 50  

FIGURE 4 Daily  means  (only for the  days  from 22.2 
to 19.10) Of potential  solar  radiation  in W/m2 for 
80"N (expedition  area)  and  the  slope  angles  of  the 
GMK 25 Oobloyah  Bay. 

According to other  authors  (Knoch 1963),  a  scale 
of  five  parts  is  used  for  the  classification of 
these  values,  and  the  threshold  values  are  adapted 
to  the  local values. That means  that  the  classes 
are  formed  starting  with  the  maximum  and  minimum 
values.  This  is  reasonable as long as  absolute 
threshold  values  are  not  available,  because  for 
most  problems  the  local  differcntiation is more  im- 
portant. The corresponding  classification  is  shown 
in  Figure 5. 

by  actual  geomorphological  processes,  particularly 
The  second  example  contains  the  potential  danger 

I I1 I 250 - 300 I hiah I 
111 200 - 250 moderate 

IV 150 - 200 low 

v 100 - 150 very low 

FIGURE 5 Key  for  the  classification  of  values 
of solar radiation. 

by  landslides  and  mud  flows.  For  this  example  the 
mapped  actual  processes,  the  slope angle, and  the 
subsurface  material  are  used as basic  values. 
Threshold  values  are  derived  from  values of slope 
angles  and  the  subsurface  materials of these  areas 
showing  actual  geomorphological  processes.  Due to 
limited  data  for  this  classification,  a  scale  in 
three 

III 

rts  was  selected  (Figure 6). 

slope anKle and subsurface material potential 

mud flow I land slides danRer 

IlagRy debria silty sandy 
with sandy >15' debris >15' 
matrix 

silty sandy ,'150 
silty sand 

debris  and gravel 

stony till 715' debris aver 

high 

sandstone 7 3 5 0  

Ilaggy dsbris7-,50 silty sandy 
with sandy debris 7-150 
matrix 

debris 7-15 I and Rravel 7-I5O( I s i l t y  sandy o silty sand 

sandstone 7-75O 

with sendy 
Ilaggy debris 

matrix 

debria  
silty sandy 

stony t i l l  

0- 

s i l t y  sandy 
debris 0- 7' 

silty sand o- 7o 
and pravel 
debris 
over 0- 7O 
sandstone 

low 

FIGURE 6 Key  for  the  classification of actual  geo- 
morphological  processes of the  sheet on Oobloyah 
Bay. 

In the  third  step  the  classified  parameters  are 
evaluated  by  associating  suitability  values  to  the 
different  classes.  Prerequisite  for  this  type  of 
allocation,  however,  is  knowledge  of  the  degree  of 
influence  (positive or negative)  which  each o f  
these  factors  display  concerning  the  different 
problems.  Therefore,  the  evaluation of each  problem 
has to be  done  separately. 

For  example,  solar  radiation  controls  the pro- 
cess of snowmelt  and  the  depth of active  layer. 
Therefore,  the  evaluat-ion  of  these  two  processes  is 
a precondition  for  evaluating  solar  radiation.  An 
example  is  shown  in  Figure 7. 

The second  example  monitors  the  evaluation  of 
the  geomorphological  processes  concerning  man-made 
buildings  (houses, roads,  pipelines, etc.). In this 
connection  it  is  postulated  that  an  area  with  high 
risk  is  unsuitable  for  buildings  (Figure 8 ) .  

In  the  last  step  the  factors  evaTuated  for  the 
same  problem  are  combined  (e.rJ., for thickness of 
the  active  layer,,  solar  radiation is combined  with 
soil  moisture  as a function of grain  size  distribu- 
tion,  and  with  hydrographical  information).  This 
total  value  is  the  result  of  calculating  the  arith- 
metical  means  of  the  values.of  suitability for each 
factor.  These  values,  besides  others,  form  the  con- 
tent of the  interpretation  map.  The  cartographical 
presentation o f  an  interpretation  map  like  this  is 
discussed  in  Mausbacher (1983) . 
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suitability 
class  evaluation  suitability  values 

I very  high very  good 1 
I1 high good 2 
I11 moderate moderate 3 

I V  1  ow bad 4 
V very  low very  bad 5 

FIGURE  7  Evaluation  of  solar  radiation,  if  a  thick 
active  layer  is  considered  positive. 

hazard  suitability 
class  level  suitability  values 

I high good 1 
I1 moderate moderate 2 
If1 1  ow bad 3 

FIGURE 8 Evaluation of the  potential  risk  caused 
by  geomorphological  processes. 

CONCLUSIONS 

The  legend  developed  for  geomorphological 
mapping  in  Central  Europe i s  also  applicable  in 
permafrost  regions as  shown by  the  Oobloyah-Bay 
map  (Mausbacher 1981) .  In addition, 
interpretation of the  geomorphological 
information  for  non-geomorphological  problems  is 
possible.  The  array of interpretations  at  this 
time  depends on the  threshold  values,  which  are 
available  for  the  different  factors. 
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THE INKUENCE OF SURCHARGE  LOADS ON FROST SUSCEPTIBILITY 

E.Y. McCabe and R.J. Kettle 

Department of C i v i l  Engineering, University  of  Aston i n  Birmingham, U. K. 

When a f r o s t   s u s c e p t i b l e   s o i l  i s  f r o z e n   a n d   t h e   h e a v e  i s  r e s t r a i n e d ,   e i t h e r  
p a r t i a l l y  or c o m p l e t e l y ,   h e a v i n g   p r e s s u r e s  will a l s o   b e   g e n e r a t e d .  The  work 
r e p o r t e d   i n   t h i s   p a p e r   d e s c r i b e s  a l a b o r a t o r y   s t u d y   o f   t h e   i n t e r a c t i o n s   b e t w e e n  
heave ,   heav ing   p re s su re ,   and   su rcha rge  pr8SSUre. The tests were per formed  on  a 
h igh ly   f ros t   suscep t ib l e   mix tu re   o f   s and  and  ground  chalk  to which various  amounts 
of   coarse   aggregate  were a l s o  added to  produce a range of granular  mixtures.  The 
frost   heave  and  heaving  pressures  were detepmined  for  these materials. To quant i fy  
t h e  effects of   surcharge ,   severa l   l eve ls   o f   loading  were app l i ed   t o   t he   f r eez ing  
specimens, w i t h  either  dea  loads  or  an  air-diaphragm  system,  to  produce  surcharges 
be tween 3 and 120 kN/m B . Freez ing   behav iour  was c l e a r l y   m o d i f i e d  by t h e  
appl icat ion  of   surcharge  loads,   and fo r  each material a hyperbol ic   re la t ionship  was 
establ ished  between  f rost   heave and  surcharge.  Although  the  complete  elimination 
of f rost   heave was not   achieved,   the   appl icat ion of  low  surcharges  produced  large 
r e d u c t i o n s   i n   h e a v e .  The s u r c h a r g e   r e q u i r e d   t o   r e n d e r   e a c h  material n o n - f r o s t  
s u s c e p t i b l e  was d e p e n d e n t   o n   h e a v i n g   p r e s s u r e   r a t h e r   t h a n  f ros t  heave,  a s  
d e m o n s t r a t e d  by t h e   r a t i o   b e t w e e n   s u r c h a r g e   p r e s s u r e   a n d   h e a v i n g   p r e s s u r e .  
Typical ly ,  a 5% r a t i o  was s u f f i c i e n t  t o  achieve a 508 r e d u c t i o n   i n  heave. 

INTRODUCTION 

Reductions i n  heave ,   fo l lowing   increases   in   the  
overburden  pressure,   have  been  widely  reported  in 
l i t e r a t u r e ,  and t h i s  approach  has  been  suggested as 
o n e   o f   t h e   p o s s i b l e   w a y s  o f  c o n t r o l l i n g   f r o s t  
a c t i o n   i n   f r o s t   s u s c e p t i b l e   s o i l s .  It is unl ike ly  
that  heave  could be  completely  e l iminated  in  many 
engineering  locations,   such as highways or a i r f i e l d  
c o n s t r u c t i o n ,   b e c a u s e   o f   t h e   h i g h   s u r c h a r g e s   t h a t  
could be required. However, w i th   s t ruc tu res   such  
a s  p i p e l i n e s   a n d  L N G  t a n k s ,  t h e  w e i g h t   a n d  
s t i f f n e s s   o f  t h e  s t r u c t u r e   c o u l d   p r o v i d e  
s i g n i f i c a n t   r e s t r a i n t  t o  the heave  forces  developed 
i n   t h e   s o i l .  The assoc ia ted   p ressures  will a c t  on 
t h e   s t r u c t u r e  and  must be allowed  for  during  design 
so t h a t  the i n t e r - r e l a t i o n  between heave,  heaving 
pressure and  overburden  pressure is of considerable  
i n t e r e s t .  

The i n f l u e n c e   o f   s u r c h a r g e s ,  o r  overburden  
P r e s s u r e s ,  were r e p o r t e d   s o m e   f i f t y   y e a r s   a g o  
(Taber  1930, Beskow 1935) a n d   s i n c e   t h e n   o t h e r s  
h a v e   d e m o n s t r a t e d   t h a t   s u r c h a r g e s   c a n   r e d u c e   t h e  
h e a v e   e x h i b i t e d   b o t h   i n   t h e   l a b o r a t o r y   a n d   t h e  
f i e l d   ( A i t k e n  1974). It h a s   b e e n   s u g g e s t e d   ( H i l l  
and   Morgens t e rn  1977, McRoberts  and  Nixan 1975)  
t h a t  there  i s  a c r i t i c a l  “ s h u t - o f f   p r e s s u r e ”  a t  
w h i c h   m o i s t u r e   t r a n s f e r   t o   t h e   f r e e z i n g   f r o n t  
ceases  so that  subsequent  heave may be control led.  
More r e c e n t l y ,   h o w e v e r ,  i t  h a s   b e e n   d e m o n s t r a t e d  
(Penner  and Ueda 1977) t h a t  no %hut-off  pressur*s” 
e x i s t s   f o r   s o i l s ,   p r o v i d i n g   t h a t   f r e e z i n g  i s  
cont inued   for  a suf f ic ien t ly   long   per iod ,   a l though 
marked r educ t ions   i n   heave  rate are produced when 
a n   e x t e r n a l   l o a d  is a p p l i e d .   U n d e r   s u c h  
c o n d i t i o n s ,   f r o s t   h e a v e  will c o e x i s t  w i t h  t h e  
developed  heaving  pressures. 

T a k a s h i  e t  a 1  ( 197 1 )  d e r i v e d   a n   e m p i r i c a l  
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e q u a t i o n   c o n n e c t i n g   h e a v e   a n d   s u r c h a r g e   l o a d   a n d  
aga in   under l ined   tha t   the   comple te   e l imina t ion   of  
h e a v 8   w o u l d   b e   d i f f i c u l t .  The m a j o r i t y   o f   t h e  
i n v e s t i g a t i o n s   h a v e   b e e n   c o n c e r n e d   w i t h   t h e  
r e l a t i o n s h i p   b e t w e e n   h e a v e   a n d   s u r c h a r g e  stress. 
However, t h i s   i n v e s t i g a t i o n   h a s  been  concerned  with 
t h e   i n t e r - r e l a t i o n s h i p s   b e t w e e n   h e a v e ,   h e a v i n g  
p r e s s u r e ,   a n d   s u r c h a r g e  stress. O f  p a r t i c u l a r  
i n t e r e s t   h a s   b e e n  the  l e v e l   o f   s u r c h a r g e   r e q u i r e d  
t o   r e n d e r   t h e   s o i l s   n o n - f r o s t   s u s c e p t i b l e ,  a s  
d e f i n e d  by t h e  U.K. c r i t e r i o n   ( C r o n e y   a n d   J a c o b s  
1967) * 

MATERIALS 

These   have   been   cons ide red  (McCabe 1982) as 
m i x e d   g r a n u l a r  mater ia ls  produced by a r t i f i c i a l  
b lending .  The b a s i c   m a t r i x   c o n s i s t e d   o f  a h i g h l y  
f r o s t   s u s c e p t i b l e   m i x t u r e  of  sand  and  ground  chalk 
( r a t i o  4:l). Three  types  of   coarse   par t ic les  were 
s e l e c t e d  -- b l a s t f u r n a c e   s l a g ,   b a s a l t ,   a n d  
l imes tone  -- each  presieved  to  the 3.35-20mm group. 
Each   aggrega te  was b l e n d e d   w i t h  t h e  m a t r i x  t o  
p r o d u c e   v a r i o u s   m i x t u r e s   c o n t a i n i n g   u p   t o  50% 
c o a r s e   p a r t i c l e s .  

e of   the   Inves tuza t fon  

I n i t i a l l y  a se r ies  o f   f r o s t   h e a v e   a n d   h e a v i n g  
p r e s s u r e   t e s t a  were p e r f o r m e d   o n   m i x t u r e s  
c o n t a i n i n g   u p   t o  50% c o a r s e   p a r t i c l e s .  The f r o s t  
heave was measured i n   t h e   c o l d  room fo l lowing   t he  
procedure  of t h e  TRRL f ros t   heave  test (Croney  and 
J a c o b s  1967, TRRL 1977). The h e a v i n g   p r e s s u r e s  
were determined when the heave was r e s t r i c t e d  by a 
stiff r e a c t i o n  frame. The specimen was supported 
i n  a m u l t i - r i n g  c e l l  a n d   f r o z e n   f r o m  the  t o p  by 
u s i n g  a t h e r m o e l e c t r i c   d e v i c e   ( T E D ) o r  a c r y o s t a t  
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s y s t e m .   D e t a i l e d   r e s u l t s  are r e p o r t e d   e l s e w h e r e  
( K e t t l e   a n d  McCabe 1981, McCabe and Kettle 1982, 
McCabe 1982). From t h e s e   r e s u l t s  a l i m i t e d  number 
of m i x t u r e s  were s e l e c t e d   f o r   t h e   s t u d y  of t h e  
inf luence  of the  surcharge.  These were made on t h e  
bas i s   o f   the   fo l lowing   condi t ions :  
1. Materials w i t h  similar h e a v e s ,   b u t   d i f f e r e n t  
heaving  pressures (30% s l a g ,  30% basa l t ) .  
2. Materials w i t h  similar heaves   and  similar 
heaving  pressures (30% b a s a l t ,  20% limestone). 
3. Materials w i t h   d i f f e r e n t   h e a v e s ,   b u t  similar 
heaving  pressures (30% b a s a l t ,  10% limestone). 

The d a t a  for t h e s e  materials are  c o l l e c t e d   i n  
T a b l e  1. 

TABLE 1. Heave and  Heaving  Pressure  Results. 

Materials Tota l  Heave Heaving r e s s u r e  
(m) (kN/m 1 3 

matrix 25.0 300 
30% s l a g  16.0  192 
30% b a s a l t  16.4 250 
20% l imestone 16.4 246 
10% l imestone 18.4 254 

SURCHARGE  TEST PROGRAMME - 
It was considered (McCabe 1982) that   low-level  

su rcha rges   cou ld   be   p roduced  by p l a c i n g  s t ee l  
w e i g h t s   o n  t o p  o f   t h e   f r o s t   h e a v e   s p e c i m e n s ,   w i t h  
t h e  se l f  r e f r i g e r a t e d   u n i t  (SRU) b e i n g   t h e   m o s t  
s u i t a b l e   f a c i l i t y  f o r  s u c h  tests. The s p e c i m e n s  
were prepared  following  the  standard  procedure  for 
t h e  TRRL f ros t   heave  test (Croney  and  Jacobs  1967, 
T R R L  1 9 7 7 ) .   T h e   s p e c i m e n s  a r e  w r a p p e d   i n  
waterproof paper i n   t h e   s t a n d a r d  test, b u t   t h i s  was 
not s u f f i c i e n t l y   s t r o n g  t o  provide  adequate lateral 
s u p p o r t  t o  t h e   s u r c h a r g e d   s p e c i m e n s .   O v e r s i z e  
Tufnol   r ings were, therefore ,   s l id   over   the   paper -  
wrapped   spec imens ,   and   t h i s   sys t em was shown 
(McCabe 1982)  t o  produce similar r e s u l t s  t o  t h o s e  
of t h e   s t a n d a r d   s p e c i m e n s .  The c o n d i t i o n i n g   a n d  
f r e e z i n g   p r o c e d u r e   f o l l o w e d  t h a t  of t h e   s t a n d a r d  
TRRL f r o s t   h e a v e  test, a p a r t  from t h e   a p p l i c a t i o n  
o f   t h e   s u r c h a r g e .  The s t ee l  w e i g h t s  were a p p l i e d  
t o  the top  of the specimen when i t  had j u s t   s t a r t e d  
to f r e e z e   w i t h  a h e a v e   o f  0.1 mm. T h i s   o c c u r r e d  
approximately  10  hours after t h e  start o f   t he  test. 
A p p l i o a t i o n   o f   t h e   s u r c h a r g e   b e f o r e  f r o s t  a c t i o n  
had   commenced   cou ld   p roduoe   conso l ida t ion   i n  t h e  
material and so modify  the effects of   f ros t   ao t ion .  
It was c o n s i d e r e d   t h a t  i f  t h e  s t e e l  w e i g h t s  were 
placed  direct ly   on  the  Tufnol   oap  they  could  modify 
t h e   b o u n d a r y   c o n d i t i o n s   s i n c e   t h e y   w o u l d   r a p i d l y  
cool t o  -17OC. It was, t he re fo re ,   dec ided   t o   p l ace  
t h e  weights i n  a s l i g h t l y   e l e v a t e d   p o s i t i o n ,   o n  a 
w o o d e n   s u p p o r t   t a b l e ,  so t h a t  a i r  c o u l d   c i r c u l a t e  
above  the  speoimen as i n  the s tandard test. - 

It was not   possible  t o  apply   surcharges   g rea te r  
t h a n  16 kN/m2 w i t h  t he  dead we igh t s ,   and  so a 
B e l l o f r a m  a i r  diaphragm was employed. T h i s  was 

used  in c o n j u n c t i o n   w i t h  a c o n t r o l l e d   h e a v e   u n i t  
(CHU) (MoCabe  1982).  The  specimens were produced 
a s  f o r   t h e  Low L e v e l  Series a n d   p o s i t i o n e d   i n   t h e  
CHU as shown in   t he   a r r angemen t   de t a i l ed   i n   F igu re  
1. The spec imen was c o n d i t i o n e d  fo r  24   hour s  a t  
+4OC and  frozen  from  the top by using a c i r c u l a t i n g  
c r y o s t a t .  The a i r  d iaphragm was n o t   c o n n e c t e d  t o  
t h e  air supp ly   un t i l   f r eez ing  had commenoed, 80 as 
t o ,  a g a i n ,   p r e v e n t   p r e - t e s t   c o n s o l i d a t i o n .  The 
f ros t   heave  was continuously  monitored on a trace 
recorder. The test was normally  stopped when t h e  
r a t e  o f   i n c r e a s e   i n   h e a v e  was l e s s  t h a n  0.01 
mm/hour (McCabe 19821, and a t  least  two tests were 
performed  on  each material. 

4 
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FIGURE 1. Modif ied  CHU f o r   f r o s t   h e a v e  t e s t  w i t h  
surcharge. 

DISCUSSION OF THE RESULTS - 
The r e s u l t s   f o r   t h e   s a n d - s n o w c a l  ma 

g i v e n   i n   T a b l e  2, and those f o r   t h e  selected 
aggregate-matrix  mixtures are g iven   i n   Tab le  3. It 
can   be   s een   f rom  Tab le  3 t h a t ,  a l t h o u g h  the 30% 
slag and  basal t   mixtures   have similar f ros t   heaves  
w i t h o u t   s u r c h a r g e ,   t h e   b a s a l t   m i x t u r e   r e q u i r e s  a 
much h i g h e r   s u r c h a r g e  to r e d u c e   t h e   h e a v e   t o   t h e  
n o n - f r o s t   s u s c e p t i b l e   v a l u e   o f  9.75 mm. It is  
i n t e r e s t i n g   t o   n o t e   t h a t  t h e  b a s a l t   m i x t u r e  
deve loped  a h i g h e r  maximum h e a v i n g   p r e s s u r e   t h a n  
the  s l a g   m i x t u r e .  The   s and / snowca l   ma t r ix ,   w i th  
e v e n   h i g h e r   v a l u e s   o f   f r o s t   h e a v e   a n d   h e a v i n g  
p r e s s u r e ,   a l s o   r e q u i r e d   s i g n i f i c a n t l y   h i g h e r  
SUrQhargeS to   reduce   the   heave   to   va lues  below t h e  
13 m m  c r i t e r i o n  f o r  f r o s t   s u s c e p t i b i l i t y  as i s  
apparent   f rom  the   resu l t s   in   Table  2. 
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TABLE 2. Frost Heave   Values   for   Sand/Snowcal  
Matr ix  Under Different  Levels  of  Surcharge.  

Surch rge Heave surcharne 
(kN/m 1 (m) Heaving  Pressure (%) I 

0 25.01 0 
3.25  20.79 1.1 
7.86  18.23  2.6 

12.48  13.91 4.2 
15.25 12.25 5.1 

The 305 basalt and 20% l i m e s t o n e   m i x t u r e s ,  a s  
i n d i c a t e d   i n  Table 3, required similar surcharges 
to  reduce the f r o s t  heave to approximately the  same 
value.   However ,  t h e  105 l i m e s t o n e   m i x t u r e  which 
i n i t i a l l y  had a h ighe r  f r o s t   h e a v e   b u t  a similar 
h e a v i n g   p r e s s u r e  t o  30% b a s a l t  and 20% l i m e s t o n e  
mixtures,   required a similar Level  of  suroharge to 
achieve similar heaves to those  developed by o ther  
m i x t u r e s .  It appears, t h e r e f o r e ,   f r o m  t h e  above  
r e s u l t s  t h a t   t h e  h e a v i n g   p r e s s u r e  d i c t a t e s  t h e  
behavlow of a particular material under  surcharge. 
Those materials t h a t  had developed higher heaving 
pressures requi red   g rea te r   surcharge  to reduce the 
f r o s t  heave  and,  hence, the  frost s u s c e p t i b i l i t y .  

I n   o r d e r   t o   e x a m i n e  t h i s  i n f l u e n c e ,  t h e  
s u r c h a r g e s  were e x p r e s s e d  as p r o p o r t i o n s   o f  t h e  
appropr ia te  maximum heavlng  pressure. It is clear 
f r o m  Tables  2 a n d  3 t h a t  a l l  t h e  ma te r i a l s  
e x h i b i t e d  a r e d u c t i o n   i n   f r o s t   h e a v e  a s  t h e  
s u r c h a r g e  r a t i o  was i n c r e a s e d .  O f  p a r t i c u l a r  
i n t e r e s t ,  i t  i s  a p p a r e n t  t h a t  w i t h  a l l  t h e  
materials t h e  f r o a t   s u s c e p t i b i l i t y   c l a s s i f i c a t i o n  
was reduced from highly frost s u s c e p t i b l e  to non- 
f r o s t  B U B C e p t i b h  (below 13 mm) w i t h  comparatively 
low surcharges -- equiva&o?t t o  4-55 of the maximum 
heaving  pressure.  

To i n v e s t i g a t e  this r e l a t i o n s h i p ,  the percentage 
r educ t ion   i n   heave  w a s  calculated and is p l o t t e d   i n  
Figure 2 against the  l e v e l  of surcharge,  expresaed 
as a percentage  of the maximum heaving  pressure. A 
r eg res s ion   ana lys i s   r evea led  a l i n e a r   r e l a t i o n s h i p  
be tween t h e  two parameters ( r 0.96) and t h i s  
r e g r e s s i o n   l i n e   c a n  be expressed as: 

Y 3 8.81X 

where Y l a  t h e  r e d u c t i o n  of heave  (5) and X Is the 
surcharge/heaving  QresSure  ra t io  (5 ) .  

Thus, for a l l  t h e  materials tes ted o n l y  a 
r e l a t i v e l y   l o w   s u r c h a r g e  was r e q u i r e d  t o  r e d u c e  
f r o s t   s u s c e p t i b i l i t y ,   a n d  t h i s  may be calculated i f  
the  f r o s t  heave  and  heaving  pressure are known. 

TABLE 3.  Heave Values Under Surcharge. 

5 0 ~  

I / .  

FIGURE 2. Relationship  between  reduction  of  heave 
and  surcharge  ra t io .  - 

The r e s u l t s  are  summar ized  in Table 4 and are 
p r e s e n t e d   i n   F i g u r e  3 t o g e t h e r  w i t h  the data from 
t h e  p r e v i o u s   s e c t i o n   f o r  t h e  l O W - l e V 8 1  surcharge. 
The relat ionship  between  f rost   heave  and  surcharge 
is hyperbolic, which agrees w i t h  o ther   exper imenta l  
work  (Nakazaka  and Ueda 1976) a n d   t h e o r e t i c a l  
c o n s i d e r a t i o n s  (Kaglar 1970). It c a n   c l e a r l y  be 
seen t h a t  i n   o r d e r  to r e d u c e  t he  f r o s t   h e a v e  t o  
below 10 m m ,  o n l y   r e l a t i v e l y   l o w   s u r c h a r g e s  are  
n e c e s s a r y ,   a l t h o u g h  l i m i t e d  movement i s  st i l l  
apparent  a t  high surcharges.  Indeed,  movements of 
t h e  order  of 0.1 m m ,  corresponding to the s t i f f n e s s  
of t h e  l o a d  c e l l  (McCabe 19821, accompanied the  
maximum pres su res   r eco rded   i n  the heaving  pressure 
tests. It w o u l d ,   t h e r e f o r e ,  appear t h a t  f o r  t h e  
materials tes ted s h u t - o f f   p r e s s u r e s  Were n o t  
aohieved.  Thus,  w h i l e  i t  w a B  n o t   p o s s i b l e  t o  
eliminate heave  completely, it 4s reduced  through 
a n   i n c r e a s e   i n  the surcharge. 

Surch rge 30% SlaE 30% Baaal t  205 Limestone 10% Limestone h kN/m Heave Heave Heave S11l Heave 
(mm) HP (mm)  H.P (mm)  HP (mm)  H.P 

0 16.0 0 16.4 0 16.4 0 18.11 0 
3.25  13.10  1.7 14.62 1.3 15.20 1.3 
4.80 11.37 2.5 - - - - 
7.86 9.60 4.1 12.90 3.1 12.10 3.2 12.64 3.1 
9.35 - - 10.50 3.7  10.80  3.8  11.60  3.7 

11 -90 I .. 9.75 4.8 9.97 4.8 10.50 4.7 

” 

” 
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FIGURE 3 .  Frost heave  against   surcharge.  

TABLE 4. Heave Values Under Surcharge. 

Surchasge  Sand/snoucal 305 Slag  30% Basal t  
kN/m Heave Heave 511l Heave sl$r 

0 25.01 0 16.0 0 16.4 0 
24 10.5 0 - - 5.2 12 

6.7 16 I . .  4.2 19.0 
72 4.5 24 1.1 38 2.5 29.0 
97 1.7 32 " 1.0 38.0 

48 

120 1.0 40 " - - 

The s u r c h a r g e  is  n o t   u n i q u e l y   r e l a t e d   t o  frost;  
heave. It oan be seen Trom Figure 3 t h a t   d i f f e r e n t  
surcharges are necessa ry   fo r   d i f f e ren t   ma te r i a l a  t o  
produce  a g i v e n   v a l u e  of heave.  Those materials 
u i t h   h i g h e r   f r o s t   h e a v e s  and,  especially,   heaving 
p r e s s u r e s   r e q u i r e d   h i g h e r   s u r c h a r g e   f o r  a g i v e n  
r e d u c t i o n   i n  f r o s t  h e a v e   a n d   h e n c e  f r o a t  
e u s c e p t i b i l i t y .  

FIGURE 4. Reduot ion  of h e a v e   a g a i n s t   s u r c h a r g e  
r a t i o .  

I n  F i g u r e  4 t h e   r e d u o t i o n   i n   h e a v e  i s  p l o t t e d  
a g a i n s t   t h e  ra t io  of surcharge   to   heaving   pressure ,  
i n c l u d i n g   d a t a   f r o m   F i g u r e  2. It a p p e a r s   t h a t  
t h e r e  are two separate r e l a t i o n s h i p s   b e t w e e n   t h e  
r educ t ion   i n   heave  and the surcharge ratio. A t  low 
l e v e l s   o f   s u r c h a r g e ,   u p  t o  5% o f   t h e   h e a v i n g  
p r e s s u r e ,   t h e r e  i a  a v e r y  c lear  r e l a t i o n s h i p   s u c h  

t h a t   q u i t e  small changes in   the   suroharge   p roduced  
m a r k e d   d i f f e r e n a e s   i n   t h e   r e d u c t i o n  of heave. A 
surcharge r a t i o  of approximately 5% is s u f f i c i e n t  
t o  reduce  the  heave by 50%. However, s i g n i f i c a n t l y  
h i g h e r   l e v e l s  of surcharge are required t o  achieve 
l a r g e r  r e d u c t i o n s  i n  h e a v e ,  so t h a t  f o r  t h e  
complete   e l iminat ion,  if possible,  of  heave  would 
require   extremely  high  surcharges.  

From t h e s e   e x p e r i m e n t a l   r e s u l t s  i t  seems t h a t  
t h e   m a g n i t u d e  of h e a v i n g   p r e s s u r e   d i a t a t e s   t h e  
b e h a v i o u r   o f  a s o i l  when f r o z e n   u n d e r   s u r c h a r g e  
loads.   Typiaally,   for  two materials w i t h  similar 
f r o s t   h e a v e s   b u t   d i f f e r e n t   h e a v i n g   p r e s s u r e s ,   t h e  
material t h a t  developed  the  higher  heaving  pressure 
r e q u i r e d  a h i g h e r   s u r c h a r g e  t o  a c h i e v e   t h e  same 
r e d u c t i o n   i n   h e a v e .   T h u s ,   t h e   m a g n i t u d e   o f   a n y  
reduct ion  in   heave  depends  on  the  heaving  pressure 
r a the r   t han   t he   i n i t i a l   heave   va lue .  

T h i s   i n v e a t i g a t f o n  i s  current ly   being  extended 
t o  s t u d y   t h e   h e a t  f low t h r o u g h   t h e   s u r c h a r g e d  
s p e c i m e n s   w h e n   S u b j e c t e d   t o   c o n t r o l l e d   f r e e z i n g .  
These  measurements are being  coupled  with  the water 
i n t a k e  r a t e  so t h a t   l i n k a g e  may b e   d e v e l o p e d  
b e t w e e n   t h e  thermal p a r a m e t e r s   a n d   t h e  s o i l  
p r o p e r t i e s  t o  predic t ;  frost  heave   and   heav ing  
pressures .  

CONCLUSION 

1. Rela t ive ly   low  surcharger r   p roduced   reduct ions  
i n  f r o s t   h e a v e  and  hence f r o s t   s u s o e p t i b i l i t y .  
2. The f r o s t   h e a v e  was r e l a t e d  t o  s u r c h a r g e  by a 
h y p e r b o l i c   c u r v e   t h a t   d e p e n d e d   o n   t h e   t y p e   o f  
material. 
3. For a l l  t h e  materials, the   su rcha rge   r equ i r ed   t o  
r e n d e r  a material  n o n - f r o s t   s u s c e p t i b l e  was 
d e p e n d e n t   o n   t h e   h e a v i n g   p r e s s u r e   r a t h e r   t h a n   t h e  
f ros t  heave. 
4. The r a t i o  o f  s u r c h a r g e   p r e s s u r e  t o  h e a v i n g  
p res su re   can   be   u sed  t o  p r e d i c t   t h e   r e d u c t i o n   i n  
heave. A r a t io   o f   app rox ima te ly  52 was s u f f i c i e n t  
t o   a c h i e v e  50s r e d u c t i o n   i n   h e a v e   a n d  so 
considerably  modified the frost s u s c e p t i b i l i t y .  
5. The comple te   e l imina t ion  of the   f ros t   heave  was 
n o t   a c h i e v e d ,   e v e n  a t  h i g h   l e v e l s   o f   s u r c h a r g e ,  
although frost heave was considerably  reduced. 
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AN INVESTIGATION OF TRANSIENT  PROCESSES 
I N  AN ADVANCING ZONE OF FREEZING 

R. W. McGaw, R. L. Berg,  and J. W. I n g e r s o l l  

U.S. Army Cold  Regions  Research  and  Engineering  Laboratory 
Hanover, New Hampshire 03755 USA 

Studies   have   ind ica ted  a r e l a t i o n  between subf reez ing   t empera tu re   i n  a f i n e -  
g r a i n e d   s o i l  and p res su re   (moi s tu re   t ens ion )   i n  the f i l m  water a d j a c e n t   t o   a n   i c e  
lens.   During  the  experiments  reported  here,   concurrent  measurements were obtained 
o f  t empera ture   and   pressure   in   the   l iqu id  water phase of a. f r e e z i n g  s i l t  s o i l .  
Freezing was f rom  the   top  down u t i l i z i n g   a n  open  system, with the water t a b l e   h e l d  
a t  the   base  of a specimen 30 cm ,long. The f reez ing   f ront   advanced   in to   the   spec i -  
men a t  a gene ra l ly   dec reas ing  rate from 20 mm/day t o  5 mdday.  The t e s t s   u t i l i z e d  
a special   tensiometer   developed a t  CRREL that  continues  to  measure  moisture 
t ens ion  below a temperature  of O°C as long as c o n t i n u i t y  with the  unfrozen  water  
is  maintained.   Moisture   tensions were reg is te red   cont inuous ly  up t o  75 kPa (0.75 
atm), after which the   t ens ion   r ema ined   cons t an t   o r   dec reased   s l i gh t ly .  Tempera- 
t u re   co r re spond ing   t o   t he  maximum tens ion  was -2.O'C; the t ens iomete r s  were 
unfrozen a t  this   temperature .   Atmospheric   pressure was i n d i c a t e d   i n   t h e   s o i l  
water u n t i l   t h e   l o c a l   t e m p e r a t u r e  was colder   than  about  -0.45'C. Combining t h e  
pressure- tempera ture   da ta   wi th   da ta  on unfrozen water VS. t e m p e r a t u r e   r e s u l t e d   i n  
an   appa ren t   mo i s tu re   cha rac t e r i s t i c   fo r   t he   un f rozen   wa te r   phase  that is  dependent 
on temperature.  

Taber (1918) f i r s t  showed tha t   the   major   cause  
of volume i n c r e a s e  when a m o i s t   s o i l   f r e e z e s  is t h e  
formation o f  segregated ice, i.e., ice composed of 
water i n   e x c e s s  of that   which was a l r e a d y   p r e s e n t   i n  
the   unf rozen   so i l .   Subsequent   inves t iga tors   a re  
s t i l l  seeking a r a t i o n a l   e x p l a n a t i o n   f o r   t h e  
drawing-up of excess  water from  lower  depths   in  
r e sponse   t o   f r eez ing .  

Beskow (1935) and o thers   have   demonst ra ted   tha t  
a g rad ien t  of nega t ive   p re s su re  (l.e., s u c t i o n )  
deve lops   wi th in  the moisture  phase of a f ine-grained 
s o i l   d u r i n g   f r e e z i n g .  It is known t h a t   l i q u i d  water 
can   wl ths tand   tens ions   equal   to   severa l   hundred  
atmospheres  owing t o  i t s  i n t r i n s i c   m o l e c u l a r  cohe- 
s ion.  However, the   p resence  of d i s so lved  a i r  
typ ica l ly   reduces   the   measurable   t ens ion   to   the  
o rde r  of one  atmosphere,  inasmuch as the   nuc lea t ion  
and  expansion o f  b u b b l e s   l o c a l l y   i n t e r r u p t s   t h e  
c o n t i n u i t y  of t h e  water p h a s e   i n   t h e   s o i l .  

Al though  moisture   tensions are known t o   e x i s t  
below  an  advancing  f reezing  f ront ,   and  are   suspected 
t o   e x i s t   w i t h i n   t h e   f r e e z i n g   z o n e   i t s e l f ,   t h e  seat 
of these t ens ions  has not  yet   been  adequately 
explained.  Recent  at tempts by Der j ag in  and  Churaev 
(1978), Loch (1978), M i l l e r  (1978), O'Neill and 
Miller (19801, and o thers   to   deve lop   comprehens ive  
t h e o r i e s  of f r o s t   h e a v i n g   t h a t   c o u l d   r a t i o n a l i z e  
this and o ther   occur rences   dur ing   f reez ing   have   no t  
been   fu l ly   success fu l .  Such theor ies   have   requi red  
c r i t i c a l   a s s u m p t i o n s   i n   t h e i r   d e v e l o p m e n t  that  per- 
t a i n  t o  the l e v e l s  of temperature  and  pressure 
e x i s t i n g   w i t h i n  the f r e e z i n g   z o n e   i t s e l f .   T h e s e  
assumptions are a t   p r e s e n t   s u p p o r t e d  by l i t t l e  o r  no 
substant ive  experimental   information.  

I n  an e f f o r t   t o   b e g i n  t o  remedy th i s  s i t u a t i o n ,  
t h e  tests repor t ed   he re  were designed t o  provide 
concurrent  measurements of temperature  and  pressure 
In   the   mois ture   phase  of a f r e e z i n g  s i l t  s o i l .  

MATERIALS AND METHODS 

Two s i l t y   s o i l s  were each   f rozen   un id i rec t ion-  
a l l y  by app ly ing   i nc reas ing ly   co lde r   t empera tu res   t o  
the   upper   sur face   wi th   the  lateral sur faces   insu-  
l a t ed .  The two s o i l s   u s e d  were Graves  sandy s i l t  
from  western  Massachusetts  and  Northwest silt from 
t h e   v i c i n i t y  of Fairbanks,   Alaska.   These  soi ls   were 
f r o z e n   i n  a s a t u r a t e d   c o n d i t i o n  a t  d e n s i t i e s  of 1.60 
and 1.39 x 103kg/m3, respec t ive ly .   Se lec ted   phys ic -  
a l  p r o p e r t i e s   a r e   l i s t e d   i n   T a b l e s  1 and 2. 

are p resen ted   i n  this paper.   Analysis of the  re-  
s u l t s   f o r   t h e   N o r t h w e s t  s i l t  is p r e s e n t l y  i n  
p rogres s  and will be r e p o r t e d   i n  a subsequent  paper,  
t o g e t h e r  with a comparison of the   behavior  of t h e  
two s o i l s .  

t o   c o n t a i n   t h e  30-cm long s o i l  specimen  during 
f r e e z i n g  and to   suppor t   t he   dev ices   fo r   measu r ing  
temperature  and moisture   tension.  Top and  bottom 
temperatures  were maintained t o  a t o l e r a n c e  of 
0,Ol 'C by s e p a r a t e   f l u i d   b a t h s ;  the upper  tempera- 
t u r e  was a d j u s t e d   d a i l y  t o  cause  the  advance of  a 
f r eez ing   f ron t   i n to   t he   spec imen  at  a gene ra l ly  
decreas ing   ra te   be tween 20 m / d  and 5 m / d  over a 
24-day period. The specimen was subsequent ly  
a l lowed   t o  thaw over  an 8-day period. 

De-aired  water was supp l i ed   con t inuous ly   t o   t he  
bottom of t h e   s o i l   t h r o u g h  a porous  stone  connected 
t o  an external   water   supply,   which was maintained a t  
a temperature of 4'C. The e x t e r n a l  water t a b l e  was 
he ld   l eve l   w i th   t he   bo t tom of the  specimen. 

Temperatures   a long  the  length of t h e   s o i l  
column were measured  using  closely  spaced  thermist-  
ors mounted wi th in  the wa l l  of t he   con ta in ing  
vesse l .  It had  been  determined  that   th is   arrange-  
ment r e g i s t e r s   a c t u a l   s o i l   t e m p e r a t u r e s   w i t h i n  
0.05OC. 

Exper imenta l   resu l t s   for   the   Graves   sandy s i l t  

A s p e c i a l   a p p a r a t u s  was designed and f a b r i c a t e d  
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TABLE 1 General  properties.  

S p e c i f i c  Amount f ine r   t han  ( X )  
g r a v i t y  2 mm 0.074 nun 0.020 mm 0.002 mm limit limit So i l   t ype  

Graves  sandy silt 2.73 100 46 13 2 23.2 
Northwest s i l t  2.65 100 99 36 5 32.7 30.4 

Liquid   P las t ic  

- 

TABLE 2  Compaction proper t ies   (op t imm @ CE-55" procedure). 

Max. dens i ty  Water Degree 
103 @/m3 con ten t   s a tu ra t ion  Volume volume Volume  Volume 

Soil type  (pcf 1 ( X )  ( X )  s o l i d s   v o i d s  water a i r  

Graves  sandy s i l t  1.76 15.5 75 0.64 0.36 
(110.0) 

Northwest s i l t  1.86 10.5 63 
(115.5) 

0.70 0.30 0.19 0.11 

*Similar   to  U.S. modified AASHO procedure. 

0.27 0.09 

Moisture  tensions were measured i n  the unfrozen 
and  the  frozen  portions of t h e   s o i l  column by means 
of special   tensiometers   designed a t  CRREL to  respond 
to  moisture  tensions  both  above  and  below O'C. 
These tensiometers   have  been  descr ibed  in   detai l   in  
McKim et al. (1976) .   Br ie f ly ,   they   d i f fe r  from 
convent ional   tensiometers   in  two r e spec t s :   a )   t he  
sensing  element is a s t r a i n  gauge mounted on an 
i n t e r n a l  metal diaphragm t h a t  is vented  to atmos- 
pheric   pressure on t h e   s i d e  away from t h e   s o i l ;   s o i l  
moisture  tension is  appl ied  to   the  forward  s ide of 
the  diaphragm in the  conventional way through a 
porous ceramic t i p ;  and  b) the porous t i p  i n  contact  
w i th  t he   mo i s t   so i l  is f i l l e d   w i t h  a 10% s o l u t i o n  of 
ethylene  glycol  and water, which  remains  unfrozen  to 
a temperature of approximately -4°C (25'F). 

During t h e  development of these  devices at  
CRREL it had  been  determined  that   a)   the   ant i f reeze 
does   no t   d i f fuse   i n to   t he   so i l  water (because  the 
ethylene  glycol  molecule is  both  large and  hygro- 
scopic) ;  b) i n  10% aqueous  solut ion,   the   densi ty  of 
t h e   a n t i f r e e z e  is  1% grea te r   t han   t ha t  of water, 
but i t s  v i s c o s i t y  is twice   tha t  of water; c)   within 
expe r imen ta l   e r ro r   t he   ca l ib ra t ion   w i th   so i l  
moisture  tension is  found t o  be the same f o r  a 10% 
s o l u t i o n  as f o r  water ( sur face   t ens ion  of the 
aqueous so lu t ion   be ing   on ly  5% grea t e r   t han   t ha t  of 
water). The p h y s i c a l   p r o p e r t i e s   r e f e r r e d   t o   h e r e  
are from data   given by Dow Chemical Co. (1956). 

Experimentally,   the  use of a s t r a i n  gauge 
t ransducer   ( ra ther   than  a manometer)  provided a very 
fast   response  to   rapidly  changing  moisture   tensions 
i n   t h e   t r a n s i e n t   f r e e z i n g   s i t u a t i o n .  This effect  
was t h e   r e s u l t  of the  extremely small volume changes 
r equ i r ed   t o   de f l ec t   t he  diaphragm  and  thereby t o  
reg is te r   the   ampl i tude  of the  moisture  tension. 

RESULTS AND DISCUSSION 

During the f reez ing  tests, temperatures  to.  the 

neares t  0.01'C and moisture   tensions  to   the  nearest  
0.1 kPa (0.001 atm or  approximately 1 cm water)  were 
recorded  once  dai ly   a long  the  ful l   length o f  t h e  
so i l  specimen.  Immediately  following  each  reading 
the   t empera ture   a t  the sur face  was reduced by 0.5OC 
t o  maintain a cont inuous ly   advancing   f ros t   f ron t  
during the subsequent 24-hr period. By t h i s  
procedure  each set of readings  represented the 
response of t he   f r eez ing  specimen 24 hour s   a f t e r   a  
change in   appl ied   sur face   t empera ture ,   essent ia l ly  
ensuring  that   the  measured  tensions were in phase 
with  the  measured  temperatures. 

da i ly   for   t empera ture  and moisture  tension i n  t h e  
Graves  sandy s i l t ,  p l o t t e d  as a func t ion  of depth. 
Figure 2 is a  graph of moisture  tension VS. tempera- 
t u r e  i n  the   f r eez ing  zone for t h e   e n t i r e  test 
period;  data are shown for   depths  of 5 ,  10,  and 15 
cm below the   o r ig ina l   su r f ace .  

Several   occurrences  are   notable   in   the  record 
o f  moisture   tension a t  temperatures below 0% Not 
only was tension  regis tered  cont inuously by the  
tens iometers ,   bu t   the   p ressure   d i f fe red   s ign i f icant -  
l y  from  atmospheric  only when the   loca l   t empera ture  
of t h e  s o i l  was colder  than  about -0.5% The l e v e l  
of moisture  tension  then  increased  rapidly as 
temperatures became lower,   f inal ly   reaching an 
apparent maximum tension  between 70 and 80 kPa (0.7 
t o  0.8 atm).  Thereafter,   the  tension  remained 
constant  or decreased  s l ight ly .  The temperature 
associated  with  the  apparent  maximum moisture  
tens ion  was approximately -2.OOC f o r   t h e  Graves 
sandy si l t .  

the   loca t ion   or  amount of ice   formation  behind  the 
f r eez ing   f ron t .  Ice was clear ly   present   because 
heaving was measured a t  the sur face  of the speci-  
men. Nevertheless,   the  continuous  recording of 
moisture  tension by the   t ens iomete r s   i nd ica t e s   t ha t  
an  unfrozen  ( l iquid)  water phase  remained  that was 
continuous  with  the  l iquid  in  the  tensiometer.  

Figure 1 is an  example of the   da ta   ob ta ined  

I n  these  tests, no attempt was made to   monitor  
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FIGURE 1 Concurrent  temperature  and  moibture  tension  vs.  depth in f reez ing  zone of Graves  sandy silt. 
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FIGURE 2 Moisture  tension VS. temperature in 
freezing  zone of Graves  sandy silt. 

AF'PAFENT  MOISTURE:  CHARACTERISTIC FOR UNFROZEN 
WATER I N  A FREEZING ZONE 

Figure 3 is a graph of the  unfrozen water 
con ten t   fo r   t h i s  soil as a func t ion  of the  below- 
freezing  temperature;   th is   plot  is a t r a n s c r i p t i o n  
of unfrozen-water  data  measured by a nuclear  magnet- 
i c  resonance (NMR) procedure  described  in Tice et 
al. (1982). At the  time of this wr i t ing ,   the  data 

shown were unpublished  (Tice,   personal communica- 
t i o n ) .  

an  important new s tep   in   the   assessment  of f r o s t  
heaving,  and  results  in  an  apparent  moisture-tension 
c h a r a c t e r i s t i c   f o r  the water remaining  unfrozen 
behind  the  f reezing  f ront  (Fig. 4). The combining 
of pressure and temperature  information in this  way 
rests on the  assumption  that   the  pressure  measured 
by the   t ens iometers  is  t h a t  of  the unfrozen water 
i t s e l f ,  i.e., t h a t   t h e   s t a t e  of water i n  t h e   a c t i v e  
f r e e z i n g  zone is t h e  same a s  i t  is in Tice's steady- 
s ta te  t e s t s .  

An observed  correspondence i n  the  two types of 
test supports  this  assumption:  the  temperature of 
i n i t i a l   n u c l e a t i o n  found by Tice on cool ing when he 
seeded  with ice (-0.4S°C) is very  nearly  the same 
temperature at  which  moisture   tension  f i rs t   exceeds 
the   hydros t a t i c   l eve l   i n   t he   advanc ing   f r eez ing  
front.  Moreover, a s teep  gradient  of moisture 
tension  develops  a t   temperatures   colder   than 
-0.45"C, giving rise t o   t h e   p r o b a b i l i t y   t h a t  it is 
the   p ressure  of the  unfrozen water t h a t  is being 
measured. 

a c t e r i s t i c   p r e s e n t e d   i n   F i g u r e  4 represents   the  
pressure of l i q u i d  water measured r e l a t i v e   t o  the 
atmosphere  external  to  the  specimen.  This is 
because  the  reference  gas   in   the  tensiometer   ( i .e . ,  
on t h e  non-wetted face o f  the  diaphragm) is the  
atmosphere of t h e  room; a tube   in   the   t ens iometer  
assembly  provides a pos i t i ve   ven t   t o   t he  ambient 
air. Thus, the  tensiometer  reading is the a c t u a l  
p r e s s u r e   i n   t h e   l i q u i d  water behind  the  f reezing 
front.   This test does  not  determine what i n t e r f a c e s  
ex i s t   w i th in   t he  so i l  i n  conjunction  with  the water. 

unfrozen  soi l ,   the   f reezing-zone  moisture   character-  
i s t i c  is not  independent of temperature.  Each 

Combining the   da t a  of Figures 2 and 3 provides 

It is important   to   note   that   the   moisture   char-  

Unlike a moi s tu re   cha rac t e r i s t i c   fo r   an  
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FIGURE: 3 Unfrozen  water  content vs. temperature  for 
Graves  sandy  silt  (data  by  Tice). 

intersection of moisture  tension  and  unfrozen  water 
content on a  plot  such  as  Figure 4 corresponds to a 
narrow  range  of  temperatures  below O'C. The 
observed  range of temperature is most  likely  the 
result of local  variations  in  gradation,  density, or 
water  content in the  vicinity of the  tensiometer. 
I n  addition,  a  normal  moisture  characteristic 
corresponds t o  an  air/water  interfacial  system 
within  the  soil;  the  freezing-zone  moisture  charac- 
teristic  probably  conforms  both  to  a  waterlice 
interfacial  system  with  a  lower  intensity  of  surface 
energy,  and  an  airlwater  interfacial  system  within 
the  soil  somehow  coupled  to  the  former. 

SUMMARY AND CONCLUSIONS 

I n  the  tests  reported  here, a silty  so31  was 
frozen  unidirectionally  using  specially  designed 
apparatus  that  allowed  the  measurement o f  moisture 
tensions  and  temperatures  in  the  freezing  zone.  The 
highest  (warmest)  temperature  at  which  significant 
moisture  tension  developed  was  approximately 
-0.45'C, which  corresponded  to  the  warmest  nuclea- 
tion  temperature  for  ice  measured  independently  in 
steady-state  tests  for  unfrozen  water  on  the same 
soil. 
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FIGURE 4 Freezing-zone  moisture  characteristic 
between  unfrozen  water  and  external  atmosphere for 
Graves  sandy si l t .  

The  measured  variation of moisture  tension took 
place In a  zone  approximately 7.5 cm ( 3  in.) i n  ver- 
tical  dimension  bounded  by  the  temperatures  of 
-0.45'C and -2.O'C. The  level o f  moisture  tension 
observed  ranged  from  nearly  zero  (hydrostatic)  to 75 
W a  (0.75 atm). 

the  freezing  zone  under a moisture  tension  gradient 
that  was  barely  detectable,  consistent  with  the 
measured  water  Intake  and  the  estimated  hydraulic 
conductivity  of  the  soil  tested.  Moisture  tension 
gradients  in  the  freezing  zone  reached a maximum of 
approximately 7.0 kPa/cm (1 atm/l5 cm). 

Utilizing  measured  values o f  temperature, 
moisture  tension,  and  unfrozen  water,  a  freezing- 
zone  moisture  characteristic was derived  for  the 
soil  teated.  For  moisture  tensions  from 0 to 75 !#a 
the  unfrozen  water  content  in  the  freezing  zone  was 
in the range 2% to 3% by  dry  weight. 

moisture  characteristic  for  a  frost-susceptible  soil 
represent$  an  important  development  in  the  predic- 
tion  of  the  amount  of  segregated  ice  in  a  freezing 
soil.  The  resulting  correspondence among the 
factors of temperature,  moisture  tension,  and 
unfrozen  water  content  will  provide  a  better  cali- 
bration of existing  simulation  models of the  frost 

Water  flowed  through  the  unfrozen  soil  below 

The  capability  of  deriving  the  freezing-zone 



heaving  process  and may lead t o  computer  algorithms 
for the   f reez ing  zone t h a t  are more nearly physical- 
l y  based  than  those  presently  in  use.  
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BENEFITS OF A PEAT  UNDERLAY USED 
I N  ROAD CONSTRUCTION ON PERMAFROST 

Robert L. McHattie,  Senior  Research  Engineer  and 
David C. Esch, Chief o f  Highway  Research 

STATE OF ALASKA  DEPARTMENT OF TRANSPORTATION AND PUBLIC FACILITIES 

2301 Peger Road, Fairbanks,  Alaska  99701 
D I V I S I O N  OF PLANNING AND PROGRAMMING-RESEARCH SECTION 

I n  1973, two  ad jacent   exper imenta l   road  sect ions  incorporat ing  peat   under lays 
were  constructed on a permafrost   foundat ion  s i te  near  Fairbanks,  Alaska. 
The p r o j e c t ' s   o b j e c t i v e  was t o  determine i f  the   theore t ica l   advantage  o f   such a 
design  technique  would i n   f a c t   p r e v e n t   t h a w i n g   o f   t h e   t h e r m a l l y   u n s t a b l e  
foundat ion.  Because t h e   t h e r m a l   c o n d u c t i v i t y   o f   p e a t   i s  much l o w e r   i n  a thawed 
cond i t ion   than when f rozen,  i t  shou ld   ac t  as a summertime t h e r m a l   b a r r i e r   w h i l e  
a l low ing   cons iderab le   w in te r   re f reeze  to   occur .   F ie ld   s tud ies   have  cont inued 
through 1982 i n   o r d e r   t o   e s t i m a t e   t h e   l o n g   t e r m  consequences o f   t h i s   c o n s t r u c t i o n  
method. 

R e s u l t s   i n d i c a t e   t h a t  a 0.75 m t h i c k   l a y e r   o f   c o n s o l i d a t e d   p e a t   c a n   p r o v i d e  
s i g n i f i c a n t   p r o t e c t i o n   a g a i n s t   p e r m a f r o s t   d e g r a d a t i o n   u n d e r   a t   l e a s t   t h e   c e n t r a l  
po r t i on   o f  a road embankment i n  a warm (-1'C) permafrost  area. However, s ide   s lope 
and d i tch   a rea   thawing  and se t t l emen t   p rob lems ,   wh ich   resu l t   p r imar i l y   f rom  the  
i n s u l a t i n a   e f f e c t s   o f  snow cove r .   we re   no t   p reven ted   by   t he   i ns ta l l a t i on   o f   t he  
peat  under lay.  

INTRODUCTION 

Thaw conso l i da t i on  due to   t he   me l t i ng   o f   g round  
i c e   i s  a cos t ly   p rob lem  assoc ia ted   w i th   road 
c o n s t r u c t i o n  on permafrost. Embankment thicknesses 
necessary  to  prevent  thaw and d i f f e r e n t i a l  
se t t l emen t   a re   o f ten   economica l l y   imprac t i ca l ,  
T h i s   i s   e s p e c i a l l y   t r u e   i n   d i s c o n t i n u o u s  
permafrost   areas where permafrost  temperatures 
approach 0°C. Under  such condi t ions,   h ighway 
c o n s t r u c t i o n  methods are  usual ly  employed  which 
avo id   d is tu rbance  o f   the   na tura l   g round  cover  and 
i n   p a r t i c u l a r ,   c u t   s e c t i o n s .   T h i s   r e p o r t  
summarizes a 9 y e a r   f i e l d   s t u d y   o f   e x p e r i m e n t a l  
roadway c u t   s e c t i o n s   w h i c h   u t i l i z e d   p e a t  as  an 
u n d e r l a y   m a t e r i a l   i n  an a t tempt   t o   reduce   o r  
p r e v e n t   d i f f e r e n t i a l   s e t t l e m e n t s ,  These sec t i ons  
were p laced   w i th in  a new roadway al ignment 
t r a v e r s i n g  warm permafrost  and loca ted  
approximately 97 km southeast   o f   Fa i rbanks,  
Alaska. 

Because o f   i t s   h i g h   m o i s t u r e   c o n t e n t  and, 
therefore,   h igh  thermal  mass, peat  has  been  used 
i n  Norway s ince 1903  as a so i l   r ep lacemen t   l aye r  
to   con t ro l   f r os t   heav ing   under   ra i lways  and roads 
(Skaven-Haug  1959) (Solbraa  1971). However, w i t h  a 
f r o z e n   c o n d u c t i v i t y   n e a r l y   t w i c e   i t s  thawed value, 
peat  should be b e t t e r   s u i t e d   t o   p r e s e r v i n g  a 
f rozen   s ta te   t han  a thawed  one. Th is   behav io r  
suggested  placement o f   p e a t   i n t o   r o a d  embankments 
where a warm permafrost  foundation  must  be 
maintained. 

PHYSICAL  SETTING 

The s t u d y   s i t e   i s   l o c a t e d  on the  Richardson 
Highway, about 106 km southeast o f  Fairbanks. The 
f i e l d   s i t e  i s  about 1.6 km n o r t h   o f  and  76 m above 
the  Tanana R i v e r   i n  an a r e a   o f   r o l l i n g   h i l l s .  A 
c u t   o f  up t o  9 m i n   f r o z e n   s i l t  was requ i red  as a 

p a r t   o f  a rea l i gnmen t   cons t ruc ted   i n  1972 and 
1973. 

The roadway c u t   i n t e r s e c t s  a contact  between a 
weathered  and  f rozen  schist   bedrock and f rozen 
a e o l i a n   s i l t .  The n a t u r a l   g r o u n d   s u r f a c e   i s  com- 
posed o f  a 0.3 m l aye r   o f   m isce l l aneous   o rgan ics  
topped  by 0.2 t o  0.3 m o f  sphagnum moss. The 
i n s u l a t i n g   q u a l i t y  o f   t h e   s u r f i c i a l   o r g a n i c  mat 
has r e s u l t e d   i n  a l o c a l   a c t i v e   l a y e r   t h i c k n e s s   o f  
0.5 t o  0.8 m. Indigenous  black  spruce  t rees have 
minqmized summer's s o l a r   h e a t i n g  and t h e   w i n t e r ' s  
i n s u l a t i v e  snow laye r .  

Local s i l t s  were  character ized  by  organic  con- 
t e n t s  between 3 and 7% by  weight ,   w i th  90%  minus 
0.074 mm, 10%  minus 0.01 mm p a r t i c l e   s i z e   f r a c -  
t i o n s .   E x c l u d i n g   t h e   a c t i v e   l a y e r ,   s i l t   m o i s t u r e  
contents  decreased  wi th  depth and  ranged  between 
30 and  87%,  averaging 47%. All samples  were  above 
t h e i r   l i q u i d  limit values o f  23 t o  30%. 

Mo is tu re   con ten ts   w i th in   t he   sch i s t   bed rock  
ranged  between 16 and 22%, i n d i c a t i n g  some po- 
t e n t i a l   f o r   t h a w - s e t t l e m e n t   w i t h i n   t h i s   m a t e r i a l .  

C l i m a t e   c o n d i t i o n s   a t   t h e   s i t e   a r e   a v e r a g e   f o r  
i n t e r i o r   A l a s k a   w i t h   c o l d   d r y   w i n t e r s  and warm d r y  
summers.  The  mean s i t e   a i r   t empera tu re   ave raged  
approx imate ly  -3.9"C w i th   shor t   dura t ion   ex t remes 
o f  about -51°C and  t35"C.  Fairbanks  weather 
records  compi led  s ince 1931 ind icated  annual  
f reez ing  and  thawing  ind ices  near  -3,080 and 
+1,83O0C-days respec t i ve l y .  

DESCRIPTION OF THE RESEARCH SITE 

A l o c a t i o n  was s e l e c t e d   f o r   t h e   p e a t   s t u d y  be- 
tween S ta t i ons  3246+30  and 3252+17 on a Richardson 
Highway r e c o n s t r u c t i o n   p r o j e c t .   F i g u r e  1 shows a 
p lan   v iew  o f   the   research  s-ite. Note t h a t   s t a -  
t i o n i n g   l o c a t i o n s   d e s c r i b e d   i n   t h i s   r e p o r t   a r e   i n  
E n g l i s h   u n i t s   ( f e e t ) ,  
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FIGURE 1 P l a n   v i e w   o f   r e s e a r c h   s i t e  

GENERAL DESIGN 

Ca lcu la t i ons   o f   seasona l   t haw  dep ths   used   f o r  
d e s i g n   o f   t h e   s t u d y   s e c t i o n s   w e r e   b a s e d   o n   t h e  
Mod i f i ed   Be rgg ren   me thod  (U.S. Army 1966). 
Assumptions made f o r   t h e   i n - p l a c e   p e a t   m a t e r i a l s  
i n c l u d e d   a n   e q u i l i b r i u m   m o i s t u r e   c o n t e n t ,   a f t e r  
thawing ,   o f   125%  and  an   un f rozen  mo is tu re   con ten t  
o f  40% i n   f r o z e n   p e a t .   F r o z e n   p e a t  was used  be- 
cause   t hawed   ma te r ia l  was n o t   r e a d i l y   a v a i l a b l e  
f o r   c o n s t r u c t i o n   p u r p o s e s .   C a l c u l a t i o n s   i n d i c a t e d  
t h a t  maximum seasonal   thawing  would  advance 0.6 t o  
1.0m i n t o   t h e   c o n s o l i d a t e d   p e a t ,   c o v e r e d   b y  a 1.5 
m g rave l   l aye r   and   an   aspha l t   pavemen t .  For  pea t  
p l a c e d   i n   a n   i n i t i a l l y   f r o z e n   s t a t e ,  i t  was 
a p p a r e n t   t h a t   c o n s o l i d a t i o n   w o u l d   o c c u r   i n   a n y  
p o r t i o n   s u b s e q u e n t l y   t h a w e d .  Thaw c o n s o l i d a t i o n  
t e s t s   i n d i c a t e d   t h a t   t h e   p e a t   w o u l d   c o m p r e s s   t o  
abou t  60% o f   i t s   o r i g i n a l   t h i c k n e s s   u n d e r  1.5 m o f  
fill. 

Only a t h i n   g r a n u l a r   o v e r l a y  was i n i t i a l l y  
p l a c e d   a b o v e   t h e   p e a t   t o   c a r r y   c o n s t r u c t i o n   t r a f -  
f i c  and t o  promote maximum t h a w   a n d   c o n s o l i d a t i o n  
o f   t h e   p e a t   d u r i n g   c o n s t r u c t i o n .  A one   yea r  
w a i t i n g   p e r i o d  was s p e c i f i e d   p r i o r   t o  fill comple- 
t i o n  and  pavement  placement, t o   e n s u r e   c o n s o l -  
i d a t i o n   o f   t h e   p e a t   l a y e r s .   I n i t i a l   ( f r o z e n )   p e a t  
l a y e r   t h i c k n e s s e s   o f  1.2 t o  1.5 m were  se lected,  
t o   g i v e   c o n s o l i d a t e d   t h i c k n e s s e s  o f  app rox ima te l y  
0.7 and 0.9 m. 

For  purposes o f  comparison, a 30 m l o n g   c o n t r o l  
s e c t i o n ,   s i m i l a r   t o   t h e  1.2 m p e a t  embankment  de- 
s i g n   b u t   c o n t a i n i n g   n o   p e a t ,  was a l s o   p l a c e d   w i t h -  
i n   t h e   c o n s t r u c t i o n   c u t .  It was t o   b e   b u i l t   u s i n g  
o n l y   g r a n u l a r  fill a n d   c a l c u l a t i o n s   i n d i c a t e d   t h a t  
a maximum y e a r l y   t h a w  o f  about  4.6 m cou ld   be   ex-  
pec ted .  The c o n t r o l ,  1.2 m and  1.5 m exper imen ta l  
s e c t i o n s  will b e   r e f e r r e d   t o   a s   s e c t i o n s  A, B 

and C r e s p e c t i v e l y  

INSTRUMENTATION 

One c r o s s - s e c t i o n   l o c a t e d   i n   e a c h   o f   t h e   t h r e e  
t e s t   a r e a s  was s e l e c t e d   f o r   t e m p e r a t u r e   m o n i t o r i n g  
i n s t r u m e n t a t i o n .  A system o f  204  t ransducers was 
i n s t a l l e d  for moni to r ing   thaw  depths   and  temper -  
a t u r e   c h a n g e s   w i t h   t i m e .  An u n d i s t u r b e d   f o r e s t  l o -  
c a t i o n  27 m l e f t  o f  t h e   r o a d   c e n t e r l i n e  was a l s o  
i n s t r u m e n t e d   f o r   p u r p o s e s   o f   g e n e r a l   c o m p a r i s o n .  

S e t t l e m e n t   p l a t e s   w e r e   i n s t a l l e d   a t   t h e   t o p ,  
middle  and  base o f  t h e   p e a t   l a y e r s   i n   s e c t i o n s  B 
and C so t h a t   c o n s o l i d a t i o n s   w i t h i n   a n d   b e n e a t h  
the   pea t   cou ld   be   measured .   A i r   t empera tu res   were  
recorded  cont inuous ly ,   as   were   pavement   and  s ide  
s l o p e   t e m p e r a t u r e s   a t  a dep th  o f  2.5 cm. Temper- 
a t u r e s   a l o n g   a l l   t h e   t r a n s d u c e r   s t r l ' n g s   w e r e   r e -  
corded  month ly .  

CONSTRUCTION 

Hand c l e a r i n g  o f  t h e   t e s t   a r e a   b e g a n   J u l y  9, 
1972. No c u t   e x c a v a t i o n   o r   r e m o v a l   o f   t h e   i n s u -  
l a t i v e  moss l a y e r  was a l l o w e d   u n t i l   d a i l y   a v e r a g e  
tempera tures   approached  f reez ing .  All e x c a v a t i o n  
and   p lacemen t   o f   f r ozen   pea t   ma te r ia l s  was  accom- 
pl ished  between  October  16  and  27,  1972,  under 
s u b f r e e z i n g   a i r   t e m p e r a t u r e s .   M i n o r   t h a w i n g  
o c c u r r e d   o n l y   o n   t h e   s o u t h   f a c i n g   c u t   s l o p e   p r i o r  
t o   w i n t e r .  A t o t a l   o f  4,770 c u b i c   m e t e r s   o f   f r o z e n  
p e a t  was p l a c e d  i n  a 1.2 m t h i c k n e s s   ( s t a .  3248+10 
t o  3249t80) and  1.5 rn t h i c k n e s s   ( s t a .  3250tOO t o  
3251t65) .  

C o n s t r u c t i o n   o f   t h e   t e s t   s e c t i o n s  was  done i n  
two  s tages .   The  1972  cons t ruc t ion   inc luded  peat  
p lacemen t   f o l l owed   by  a 0.9 t o  1.2 m c o v e r i n g   o f  
decomposed g r a n i t e .   T h i s   s t a g e  ended November 1, 
1972  and  normal t r a f f i c  was a l l o w e d   o v e r   t h e  
s e c t i o n   d u r i n g   t h e   1 9 7 2 - 1 9 7 3   w i n t e r .  Work resumed 
on  the  s tudy  sect ions  on  June  24,   1973.   The em- 
bankment was r a i s e d   t o   f i n a l   s u b g r a d e   p r o f i l e   w i t h  
a l l u v i a l   g r a v e l ,   f o l l o w e d   b y   p l a c e m e n t   o f   1 5  cm o f  
subbase,  11.4 cm of base  course  and a 3.8 cm t h i c k  
a s p h a l t   c o n c r e t e   s u r f a c e .  The t e s t   s e c t i o n  was 
c o m p l e t e d   J u l y  24,  1973,  about a y e a r   a h e a d   o f  
schedu le .   Ea r l y   comp le t i on  was p rob lemat i ca l ,   be -  
cause a y e a r   o f   p e a t   t h a w   a n d   c o n s o l i d a t i o n  was 
p a r t  of  t h e   i n i t i a l   r e s e a r c h   d e s i g n   s t r a t e g y   t o  
p r e v e n t   e x c e s s i v e   p o s t c o n s t r u c t i o n   s e t t l e m e n t s .  

MATERIALS 

P r o p e r t i e s   o f  embankment m a t e r i a l s   u s e d   i n   t h i s  
s t u d y   a r e   i n d i c a t e d   i n   T a b l e  1. T h e r m a l   p r o p e r t i e s  
w e r e   e s t i m a t e d   b a s e d   o n   m o i s t u r e   a n d   d e n s i t y   d a t a .  

Frozen  peat   used  as embankment fill ranged i n  
s t r u c t u r e   f r o m   c o a r s e   t o   f i n e   f i b r o u s .   M o i s t u r e  
a n d   o r g a n i c   c o n t e n t s   v a r i e d   f r o m  124 t o  300% and 
39 t o  54% r e s p e c t i v e l y .  Compacted  wet   densi ty  was 
approx imate ly   945 Kg/m3. Thaw c o n s o l i d a t i o n   t e s t s  
i n d i c a t e d   t h a t   u n d e r  1.5 t o  1.8 m o f  fill, t h e  
peat  ,would  compress t o   a b o u t  60% o f   i t s   i n i t i a l  
t h i c k n e s s .   M o i s t u r e   c o n t e n t s   a f t e r   t h a w   c o n s o l -  
i d a t i o n   t e s t i n g   a v e r a g e d  95%. 



Thermal 
C o n d u c t i v i t y  

M a t e r i a l s   D e n s i t  Ran e Froz.  Thaw. 
Avg. Dry Mo is t .Mo is t .  (W/mK*) 

d)%+ 
Grave l  2,400  4.3  3-6  4.0 3.8 

Common F i l l  2,062 6.7 3-9 2.8 2.8 

Peat   Layer  309  204.0  124-299  0.9 --- 
(as   P laced)  

Pea t   Laye r  543  95.0 81-133 1.0  0.5 
(Conso l   i da ted )  

* N o t e :   H e a t   f l o w   p r o p e r t i e s   f r o m   K e r s t e n  (1949) 

TABLE 1 Embankment m a t e r i a l s - p h y s i c a l   p r o p e r t i e s  

S u r f a c e   w a t e r   f l o w s   w e r e   l o c a l l y   p e r s i s t e n t  
d u r i n g   t h e   t i m e   o f   t h i s   s t u d y   a n d   r e s u l t e d   i n  a 
c o n t i n u a l l y   s a t u r a t e d   c o n d i t i o n   i n   t h e   s o u t h   s i d e  
roadway  d i tch .  

TEMPERATURE  AND  SETTLEMENT  OBSERVATIONS 

Genera l   Temperature  Observat ions 

Annua l   tempera ture   and  snowfa l l   da ta   a re  sum- 
m a r i z e d   i n   T a b l e  2. S i t e   a i r   t e m p e r a t u r e s   a v e r a g e d  
-3.2 degrees C d u r i n g   t h e   p e r i o d   o f   s t u d y .  Air 
f r e e z i n g   a n d   t h a w i n g   i n d i c e s   a v e r a g e d  -2,900 and 
1 ,94O0C-days, r e s p e c t i v e l y .  

S u r f a c e   t e m p e r a t u r e s   a n d   t h e i r   r e l a t i o n s h i p s   t o  
a i r   t e m p e r a t u r e s   a r e   p r e s e n t e d   i n   T a b l e  3.  The N 
f a c t o r s   c a l c u l a t e d   f o r   t h e s e   f r e e z i n g   a n d   t h a w i n g  

Year1.v 

F reez ing   o r   Thaw ing  
Ind ices  ( "C-Days)  N F a c t o r s  

Year & Pave-  Side-  Pave-  Side- 
Season Air ment   s lope  ment   s lope -~~ 
74-75  -3,561  -3,056 -1,000 0.86 0.28 
W i n t e r  
1975  1,469  2,444  2,000  1.66  1.36 
Summer 

W i n t e r  
1976 1,656 2,722 2,278  1.64 1.38 
Summer 

W i n t e r  

* I n s t r u m e n t a t i o n   u s e d   f o r   m e a s u r i n g   s u r f a c e  
t e m p e r a t u r e   v a r i a t i o n s  was removed  dur ing  
t h e  summer of  1977. 

75-76 -3,611 -3,111 -1,000 0.86 0.28 

76-77*  -2,167  -2,444 -1,333 1.13  0.62 

TABLE 2 C l i m a t o l o g i c a l   d a t a   t a b l e  

seasons r e f e r   t o   t h e   r a t i o   o f   g r o u n d  t o  a i r  
f r e e z i n g   a n d   t h a w i n g   i n d i c e s .   A v e r a g e   a i r   a n d   s u r -  
f a c e   t e m p e r a t u r e s ,   c a l c u l a t e d   o v e r   t h e  same 2+ 
y e a r   p e r i o d ,   i n d i c a t e   a v e r a g e   a i r ,   p a v e m e n t   a n d  
s ide   s lope   su r face   t empera tu res  t o  be -4.6, -1.1 
and 2.9"C, r e s p e c t i v e l y .  

The  subsur face  thermal   reg ime was g r e a t l y  
a f f e c t e d   b y   s u r f a c e   t e m p e r a t u r e   d i f f e r e n c e s   b e -  
t w e e n   c e n t e r l i n e   a n d   s i d e   s l o p e / d i t c h   a r e a s .  
A n n u a l   r e f r e e z e   a t   t h e   c e n t e r l i n e  o f  b o t h   p e a t  
sec t l 'ons   ex tended  th rough  the   seasona l   thaw  zone 
d u r i n g   a l l   y e a r s   o f   t h e   s t u d y .  I n  c o n t r a s t ,  a 
p e r e n n i a l l y   t h a w e d   t o n e   o r   " t a l i k "   d e v e l o p e d  

Snnwfa 1 1 ** 
Avg. A i r  Season  Lengths 

-.,-.. . .. , . 
D i s t .   F r e e z i n g   o r   T h a w i n g  

Year & Temp. Thawing F r e e z i n g   T o t a l  F a c t o r   I n d e x   f o r   A i r  
Season ( " C )  (Days) (Days) cm (%)*  ("C-days) 

72-73 W i n t e r  
1973 Summer 
73-74 W i n t e r  
1974 Summer 
74-75 W i n t e r  
1975 Summer 
75-76 W j n t e r  
1976 Summer 
76-77 W i n t e r  
1977 Summer 
77-78 W i n t e r  
1978 Summer 
78-79 W i n t e r  
1979 Summer 
79-80 W i n t e r  
1980 Summer 
80-81 W i n t e r  
1981 Summer 
81-82 W i n t e r  
1982 Summer 

-4.4 

-5.5 

-6.2 

-3.6 

-3 .1 

-1.0 

-2.7 

-0.7 

-1.3 

-3.8 

191 

187 

215 

195 

191 

176 

199 

180 

192 

204 

161 

166 

159 

174 

177 

205 

182 

177 

167 

" 

145  73 

147  62 

251  68 

104  65 

165 41 

94  68 

201 63 

94  54 

112  46 

152 47 

-2806 
1403 

1722 

1469 

1656 

1722 

2675 
-3350 

2602 
-1278 

2482 
-2697 

1734 

-3367 

-3561 

-3611 

-2167 

-3185 

-3002 

* % o f   t o t a l   s n o w f a l l   b e f o r e   J a n u a r y   1 s t .  
** S n o w f a l l   d a t a  i s  f r o m   E i e l s o n  A . F . B . ,  l o c a t e d  48 krn 

n o r t h w e s t   o f   s i t e .  

TABLE 3 N F a c t o r s  
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u n d e r   t h e   c o n t r o l   s e c t i o n   c e n t e r l i n e   a f t e r   t h e  
u n u s u a l l y  warm w i n t e r   o f  1976-1977. Maximum 
seasona l   t haw  dep ths   have   con t inued   to   i nc rease  
u n d e r   s e c t i o n s  A and B. O n l y   s e c t i o n  C p r o v i d e d  
e n o u g h   t h e r m a l   b a r r i e r   t o   a c t u a l l y   s t a b i l i z e .   a n d  
i n  f a c t   c o n t a i n   a n n u a l   t h a w   p e n e t r a t i o n .  

D i t c h   a n d   s i d e   s l o p e   a r e a s   e x p e r i e n c e d   v e r y  
l i t t l e   w i n t e r t i m e   c o o l i n g  due t o  h e a v y   w i n t e r t i m e  
a c c u m u l a t i o n s   o f  snow. P r o g r e s s i v e l y   d e e p e r  
t h a w i n g   u n d e r   s h o u l d e r s   a n d   s i d e   s l o p e s   o f   a l l  
t e s t   s e c t i o n s ,   d u e   t o   t h e   l a c k  o f  seasonal  
c o o l i n g ,   p r o d u c e d   t a l i k s   t h a t   c o n t i n u e d   t o   g r o w  
t h r o u g h   t h e   d u r a t i o n  o f  t h e   s t u d y .  

Temperature  versus  depth 

Seasona l   l ag  i s  t h e   r e s p o n s e   t i m e   n e c e s s a r y   f o r  
seasona l   su r face   t empera tu re   ex t remes   to   be   re -  
f l e c t e d   a t  a g iven   depth .  An assessment o f   t h e  
d a t a   i n d i c a t e s   t h a t   s e a s o n a l   t e m p e r a t u r e   l a g  was 
v i r t u a l l y   u n e f f e c t e d   b y   t h e   p r e s e n c e   o f   t h e   p e a t .  
T e m p e r a t u r e   e x t r e m e s   w i t h i n   t h e   p e r m a f r o s t   l a y e r  
s h i f t e d   b y   a p p r o x i m a t e l y  16-20 d a y s   p e r   m e t e r   o f  
depth .  

Temperatures a t   d e p t h s   b e l o w  9 m a r e   i n d i c a t e d  
b y   t h e   d e e p   t h e r m i s t o r   d a t a   p l o t t e d  on F i g u r e  2 .  

I I I I I I 

- -0.4 

CE 
0 "". 
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0- 0 Sec."B"on CI at -12.1grn 
"- * Control. on GI at -13.41m 
* -+ Undlst. Forest  at -9.4lrn 
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FIGURE 2 T e m p e r a t u r e   h i s t o r y   o f   d e e p   t h e r m i s t o r s  

P r i o r   t o  1977 ,   t he   pea t   i nsu la ted   sec t i ons   were  
c h a r a c t e r i z e d   b y   t e m p e r a t u r e s   w h i c h   w e r e   y e a r l y  
v a r i a b l e   b u t   g e n e r a l l y   d e c r e a s i n g .  No such 
s e a s o n a l   v a r i a t i o n s   o c c u r r e d   i n   t h e   n o n   p e a t   c o n -  
t r o l   s e c t i o n ,   w h i c h   h a s   c o n t i n u a l l y  warmed s i n c e  
1974, 

B o t t o m   t h e r m i s t o r   t e m p e r a t u r e s   o f   a l l   s e c t i o n s  
h a v e   r i s e n   s i n c e  1977. Th is   t rend   has   been  
s t r o n g e s t   i n   t h e   p e a t   s e c t i o n s  ( 6  and C), which  
have become  warmer a t   d e p t h   t h a n   t h e   c o n t r o l  
s e c t i o n .  A s l i g h t ,   l o c a l   w a r m i n g   t r e n d   i s   f u r t h e r  
e v i d e n c e d   b y   t h e   n a t u r a l   g r o u n d   t h e r m i s t o r ,   w h i c h  
h a s   i n d i c a t e d   s l i g h t   w a r m i n g   s i n c e   a b o u t  1979. 

Heat   F low  Ana lys is  

The t e s t   s e c t i o n s   c a n   b e   c o m p a r e d   o n   t h e   b a s i s  
of v e r t i c a l   h e a t   f l o w s   i n t o   a n d   o u t   o f   t h e   u n d e r -  
l y i n g   p e r m a f r o s t .   C u m u l a t i v e   h e a t   f l o w s   w e r e  
e s t i m a t e d   b a s e d   o n   v e r t i c a l l y   s p a c e d   t h e r m o c o u p l e  
p a i r s   l o c a t e d   w i t h i n   t h e   p e r m a f r o s t ,   j u s t   b e l o w  
t h e   d e p t h  o f  maximum thaw.   S ince   t he   so i l   be tween  
thermocouples  remained  f rozen,  a cons tan t   con-  1 d u c t i v i t y   o f  2 .1  W/mK, es t ima ted   f rom known s o i l  

m o i s t u r e   a n d   d e n s i t y   c o n d i t i o n s   ( K e r s t e n   1 9 4 9 ) ,  
was assumed f o r   t h e   a n a l y s i s .  

C u m u l a t i v e   h e a t   f l o w s   i n   t e r m s   o f  kJ/m2 a r e  
p l o t t e d  on F i g u r e  3 .  P o s i t i v e   v a l u e s   i n d i c a t e  a 
n e t   a c c u m u l a t i o n  o f  h e a t   g o i n g   t h e   g r o u n d  
( n e t   w a r m i n g ) ,   w h i l e   n e g a t i v e   v a l u e s   i n d i c a t e  a 
n e t   h e a t   l o s s   o r   n e t   c o o l i n g .  A1 1 h e a t   f l o w   d a t a  
a r e   c u m u l a t i v e   f r o m   t h e   b e g i n n i n g   o f   t h e   p r o j e c t .  

(Control) Section "A" 

1973 1975 1977  1979 1981 
YEAR 

FIGURE 3 C u m u l a t i v e   h e a t   f l o w   i n t o   g r o u n d  

F i g u r e  3 p r o v i d e s  a f a i r l y   c l e a r   d e m o n s t r a t i o n  
t h a t  a thermal   advantage i n  t e r m s   o f   v e r t i c a l  
h e a t   f l o w   i s   g a i n e d   b e n e a t h   t h e   c l e a r e d   r o a d w a y  
as a r e s u l t   o f   t h e   p e a t   l a y e r i n g ,   w h i l e   t h e  snow- 
c o v e r e d   d i t c h   c o n t i n u e d   t o  warm b y   v e r t i c a l   h e a t  
f l o w   t h r o u g h o u t   t h e   s t u d y .  I t  a l s o   i n d i c a t e s ,  
however, t h a t  a s l i g h t   b u t   c o n t i n u a l   h e a t   g a i n  
commenced i n  1979,  even a t   t h e   c e n t e r l i n e   o f   t h e  
p e a t   s e c t i o n s .   T h i s   p l u s  some l a t e r a l   h e a t i n g  
f r o m   t h e   d i t c h / s h o u l d e r   t a l i k   a r e a s   w o u l d   a c c o u n t  
f o r   t h e   t e m p e r a t u r e   i n c r e a s e s   a t   a l l   c e n t e r l i n e ,  
d e e p   t h e r m i s t o r   l o c a t i o n s .  

Recent   t rends i n   g r o u n d   h e a t   f l o w   a n d  tem- 
p e r a t u r e   r i s e   a p p e a r   t o   h a v e   f o l l o w e d   t h e   o b v i o u s  
r i s e  i n  r e c e n t   a i r   t e m p e r a t u r e   a v e r a g e s   i n d i c a t e d  
i n   T a b l e  2. A i r  warming was r e f l e c t e d  m o r e   q u i c k l y  
b y   t h e   n o n   p e a t   c o n t r o l   s e c t i o n ,   w h e r e  a s t e a d i l y  
p o s i t i v e   h e a t   a c c u m u l a t i o n   b e g a n   i n   1 9 7 7 .  

Seasonal Thaw Depths 

Maximum seasonal   thawing was f o u n d   t o   o c c u r  
u n d e r   t h e   t e s t   s e c t i o n s   i n   l a t e   S e p t e m b e r  or 
October .  The  changes i n  maximum thaw  depth   f rom 
1973 t o  1982 ( F i g u r e s  4, 5 and 6 )  i l l u s t r a t e   t h a t  
t h a w i n g   h a s   p r o g r e s s i v e l y   i n c r e a s e d  t o  t h e   p r e s e n t  
t i m e .   O n l y   t h e   c e n t e r l i n e   a r e a   o f   s e c t i o n  C has 
shown  an a p p a r e n t   s t a b i l i z a t i o n ,   w i t h  a maximum 
s e a s o n a l   t h a w   d e p t h   t o   d a t e   e x t e n d i n g   o n l y  
s l i g h t l y   b e l o w   t h e   o r i g i n a l   c u t   s u r f a c e .   D i t c h  
a r e a s   o f   s e c t i o n  C w e r e   s u b j e c t e d   t o   t h e   d e e p e s t  
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FIGURE 4 S e c t i o n  A--Maximum thaw  depths 
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FIGURE 5 S e c t i o n  B--Maximum thaw  depths 
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FIGURE 6 S e c t i o n  C--Maximum thaw  depths 

measured  seasonal  thaw. 

Res idua l  Thaw Zones 

As i n d i c a t e d   b y   T a b l e  3, t he   roadway   s ide  
s lope  and  d i tch   a reas   had  an   average  annua l  sur- 
f ace   t empera tu re   cons ide rab le   above   t he   ave rage  
a i r   t empera tu re .   Th i s   ex t reme  warm ing   has  re- 
su l ted   because   t he   unvege ta ted   g rave l   su r faces  
a r e   e x p o s e d   t o   t h e   i n t e n s e   w a r m i n g   e f f e c t s   o f   t h e  
summer sun w h i l e   p r o t e c t e d   b y   a n   i n s u l a t i n g  snow 
cover   dur ing   w in te r .   These  a reas   have  thawed more 
deeply   each summer t h a n   t h e  maximum dep th  o f  r e -  
f r e e z i n g .   T a l i k   g r o w t h   c r e a t e d   b y   t h i s   t h e r m a l  
c o n d i t i o n   i s   i l l u s t r a t e d   i n   F i g u r e s  7, 8 and 9 
T a l i k s  warm q u i c k l y   a f t e r  summer t h a w i n g   o f   t h e  
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FIGURE 7 Sect ion  A--Residual   thaw  zones 
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FIGURE 8 Sect ion  B--Residual   thaw  zones 
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FIGURE 9 Sect ion  C--Residual   thaw  tones 

o v e r l y i n g   s e a s o n a l   f r o s t   l a y e r   a n d   p r o g r e s s i v e l y  
d e e p e r   a n n u a l   t h a w i n g   o f   t h e   u n d e r l y i n g   p e r m a f r o s t  
t h e r e f o r e   r e a d i l y   o c c u r s .   T h i s   r e s u l t s  i n  con- 
t i n u i n g   s e t t l e m e n t s   i n   t h e   d i t c h   a n d   s i d e   s l o p e  
areas   even  though  an   equ i l ib r ium  thaw  depth  may 
have  been  reached i n  a m o r e   c e n t r a l   p o r t i o n  o f  
t he   paved   roadway .   S ide   s lope   se t t l emen ts   can  
e v e n t u a l l y   l e a d   t o   d i f f e r e n t i a l   s e t t l e m e n t s ,   a n d  
c rack ing   o f   t he   roadway   shou lde r .   Such   se t t l emen ts  
a r e   e v i d e n c e d   i n   F i g u r e s  8 and 9 b y   t h e  
i r r e g u l a r l y  shaped  s ide  s lopes  and  d l ’ tches.  

S e t t l e m e n t   O b s e r v a t i o n s  

C o n s o l i d a t i o n   h i s t o r i e s   f o r   t h e   p e a t   l a y e r s   i n  
b o t h   t e s t   s e c t i o n s   a r e  shown i n   F i g u r e  10. Essen- 
t i a l l y  no   e leva t i on   change  was measured f o r  any o f  
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I i197'"t."* f r o m   l o c a l i z e d   t h e r m o k a r s t   e f f e c t s   a n d   r e d u c e  
s h o u l d   p r o t e c t   t h e   c e n t r a l   p o r t i o n  o f  the  roadway 

s t r u c t i o n   a n d   w i n t e r t i m e   r e m o v a l   o f  snow f r o m  
\ Top Plate 7m Left r o a d s i d e   a r e a s   s h o u l d   r e s u l t   i n  a r e l a t i v e l y   l o w  

m a i n t e n a n c e   r o a d   s t r u c t u r e   f o r   t h e  warm pe rmaf ros t  

c 0 0.2- - Middle Plate 7m Left 
- . necessary  maintenance.  Combined  use o f   p e a t   c o n -  

!- 

w -" 
.-- -Middle Plate 7m Riqht environment.  
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FIGURE 1 0   S e t t l e m e n t   p l a t e   e v e l v a t i o n   c h a n g e s  

t h e   b o t t o m   s e t t l e m e n t   p l a t e s .  
C e n t e r 1   i n e   t h e r m o c o u p l e s   i n d i c a t e   t h a t  maximum 

s e a s o n a l   t h a w i n g   w i t h i n   s e c t i o n  B progressed from 
t h e   m i d   p o i n t  t o  t h e   b o t t o m   o f   t h e   p e a t   l a y e r   b e -  
tween  September  1973  and 1977. By  1977 t h e   o r i g -  
i n a l  1.2 m t h i c k n e s s   h a d   d e c r e a s e d   t o  0.61 m, and 
t o  0.55 m b y   O c t o b e r   1 9 8 2 .   S i m i l a r l y ,  maximum thaw 
d e p t h s   r e a c h e d   t h e   m i d   d e p t h   p o i n t   o f   t h e   p e a t  
l a y e r   o f   s e c t i o n  C du r ing   Sep tember   o f   1977   and  
h a v e   s i n c e   a p p e a r e d   t o   s t a b i l i z e   a t   t h e   b a s e   o f  
t h e   p e a t .  The o r i g i n a l   1 . 5  m th ickness   had  de-  
c r e a s e d   t o  0.91 m by  1977,  and t o  0.73 m by  
October  1982. 

Conc lus ions  

The thermal   advantage o f  p e a t   l a y e r i n g  was de- 
m o n s t r a t e d   v e r y   c l e a r l y   i n   t h e   1 9 7 3 - 1 9 7 7   g r o u n d  
tempera tu re   da ta .  A r i s e  in average a i r  tempera- 
tu re   s ince   1977   has   caused  a g e n e r a l l y   c o r -  
r e l a t i v e   g r o u n d   t e m p e r a t u r e   i n c r e a s e   a n d   h a s  
somewhat o b s c u r e d   t h e   l o n g   t e r m   e f f e c t s   o f   p e a t  
placement.  I n   g e n e r a l  , however,   peat  improved 
t h e r m a l   c o n d i t i o n s   u n d e r   t h e   r o a d   s u r f a c e   b u t  
demonst ra ted  no p o s i t i v e   e f f e c t   i n   t h e   s i d e   s l o p e  
a n d   d i t c h   a r e a s .  

S t a b i l i z a t i o n   o f   t h e  maximum annual   thaw  depth 
h a s   o c c u r r e d   o n l y   u n d e r   t h e   c e n t r a l   r o a d w a y   p o r -  
t i o n   o f   s e c t i o n  C, w h i c h   e x h i b i t s  a 1982  consol-  
i d a t e d   p e a t   t h i c k n e s s   o f  0.73 m. All o t h e r   d i s -  
t u r b e d   a r e a s   w i t h i n   t h e   r e s e a r c h   s i t e   h a v e  shown 
an  unat tenuated   thaw  depth   inc rease  s ince   1973.  

D i t c h   t a l   i k s   f o r m e d   i n   e a c h   e x p e r i m e n t a l   s e c -  
t i o n   a p p a r e n t l y   w i t h o u t   r e g a r d   t o   t h e   p r e s e n c e   o r  
absence o f   p e a t   a n d   c a u s e d   s i d e   s l o p e   a n d  
shou lde r   c rack ing .  It was o b v i o u s   t h a t   t h e   p e a t  
l a y e r s   d i d   n o t   c o m p l e t e l y   a l l e v i a t e   d i f f e r e n t j a l  
s e t t l e m e n t   r e l a t e d   p r o b l e m s   a t   t h e   r e s e a r c h   s i t e .  
The e x a g g e r a t i o n   o f   s u b s u r f a c e   t e m p e r a t u r e   v a r -  
i a t i o n s   d u e   t o  a c o m b i n a t i o n   o f   p e a t   l a y e r i n g   a n d  
warm d i t c h e s  may, i n  f a c t ,   a c t u a l l y   t e n d   t o   a c -  
c e n t u a t e   d i f f e r e n t i a l   s e t t l e m e n t s   i n   t h e   c a s e   o f  
a u n i f o r m   p e r m a f r o s t   f o u n d a t i o n .   C o n v e r s e l y ,  
w h e r e   m a s s i v e   i c e   e x i s t s  i n  t h e   f o u n d a t i o n ,   p e a t  
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USE  OF  SEASONAL WINDOWS FOB RADAR AND OTHER IMAGE ACQUISITION 
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st  

Jack C. Mellor 

U.S.  Department o f  t he   In t e r io r ,   Bureau   o f  Land Management 
P.O. Box 1150 

Fairbanks,   Alaska 99707 USA 

This   paper   introduces  regional   remote-sensing  data   and  methods  that   can  provide  arc-  
t i c  l ake   bas in   cha rac t e r i za t ions   fo r   economica l   s i t e - spec i f i c  management dec i s ions .  
It a l s o   i l l u s t r a t e s   c o n d i t i o n s  and time p e r i o d s ,   h e r e a f t e r   r e f e r r e d   t o  as "windows," 
t ha t   can   r educe  natural-resource/human-activity confl ic ts   and  enhance  remote-sensor  
a c q u i s i t i o n  of aqua t i c   r e source   i nven to ry   da t a .  Most o i l   e x p l o r a t i o n   a c t i v i t y   c a n  
be  completed i n  a c o s t - e f f e c t i v e  manner w i t h   t h e  least environmental   d isrurbance 
d u r i n g   t h e   w i n t e r   s u r f a c e   u s e  window. Lakes ,   r ivers ,   and   wet lands   can   be  managed 
much l i k e  a t e r r e s t r i a l   env i ronmen t   du r ing   t he   l ong   a r c t i c   w in te r .   Lakes ,   ponds ,  
and hygroscopic   so i l s   cover   mos t  of t h e   A r c t i c   C o a s t a l   P l a i n   a n d   s u p p o r t   a n   a c t i v e  
f l o r a   a n d   f a u n a   t h a t  are s u s c e p t i b l e   t o   d i s t u r b a n c e   d u r i n g   t h e   s h o r t  summer. Some 
seasona l   l and  management f a c t o r s  to be  considered are over land   and   ice- road   t rave l ,  
avoidance of c r i t i c a l   h a b i t a t s   d u r i n g   p e r i o d s   o f   h i g h   w i l d l i f e   u s e ,  and water with- 
d r a w a l   f r o m   l a k e s .   3 a t a   u s e f u l   f o r   r e g i o n a l   i n v e n t o r y ,   c l a s s i f i c a t i o n ,   a n d  manage- 
ment  of a r c t i c   l a k e   r e s o u r c e s  are Apr i l   radar   images ,   i ce   th icknesses ,   and  summer 
aerial  photographs  and sa te l l i t e  images.   April   radar  images of a r c t i c   l a k e s  may be 
used t o   i n t e r p r e t   i s o b a t h s   s e p a r a t i n g   t h r e e   r a n g e s   o f  water depth  (approximately 
0-2 m, 2-4 m, and >4 m). 

INTRODUCTION 

of t he   A laska   Arc t i c  i s  be ing   s tud ied ,  ex- 
p lored ,   and/or   l eased  f o r  energy  resource  develop-  
ment.  Permafrost, ice th i cknesses ,   and   su r f ace  
water p r e s e n t   p h y s i c a l   c o n d i t i o n s   t h a t   a f f e c t   o i l  
and g a s   f i e l d   o p e r a t i o n s   a n d   w i l d l i f e ,   S e a s o n a l  
windows can   f avor   t he   ga the r ing   o f   da t a   fo r  
r e s o u r c e   i n v e n t o r i e s   a n d   i n d u s t r i a l   f i e l d   o p e r a -  
t i o n s   d u r i n g   s p e c i f i c ,   l i m i t e d  time pe r iods   on   t he  
Alaskan   Arc t i c   Coas t a l   P l a in   (F igu re  I) .  
Knowledge o f   s p e c i f i c   l a k e   d e p t h s   a n d   r e g i o n a l   i c e  
th icknesses   a ids   l and   managers ,  who assess re source  
c o n f l i c t s ,   a n d   l a n d   u s e r s ,  who need   suppl ies  of 
winter   water   and  heavy  overland  t ransport .  

From June  to   September ,   the   Alaskan  Arct ic  
C o a s t a l   P l a i n  i s  a wetland  continuum  covered  with 
t e n s  of  thousands  of  lakes  and  ponds.  Regional 
inventory   o r   comprehens ive   l ake   surveys   do   no t  
e x i s t .  No l a k e - s p e c i f i c   d a t a  are a v a i l a b l e   f o r   t h e  
v a s t   m a j o r i t y  of Arc t ic   Coas ta l   P la in   Lakes .  The 
on ly  r e g i o n a l   d a t a   a v a i l a b l e  are thematic  maps, 
such as land  cover   f rom  computer-classif ied 
LANDSAT d i g i t a l   d a t a   ( M o r r i s s e y  and  Ennis  1981, 
Walker e t  a l .  1982),   which  provide only gene ra l -  
i zed   in format ion .  Most s u r f a c e   l a n d  management 
d e c i s i o n s  are based on e x i g u o u s   f i e l d   d a t a   a n d  
pas t   exper ience .   S i te -spec i f ic   assessments  are 
accomplished when n e c e s s a r y   b u t   a r e   k e p t   t o  a min- 
imum i n   l i g h t   o f   e x p e n s i v e   f i e l d   l o g i s t i c   c o s t s ,  

Water is a predominate   sur face   fea ture ,   which  
suppor t s  a v e r y   a c t i v e   f l o r a   a n d   f a u n a ,   d u r i n g   t h e  
summer on t h e   A r c t i c   C o a s t a l   P l a i n .  Winter b r i n g s  
changed   and   reduced   faunal   d i s t r ibu t ions   and  a 
f rozen   sur face   subs t ra te   f rom  which   Lakes ,   r ivers ,  

and  wetlands are d i f f i c u l t  t o  d i sce rn .   Su r face  
water   can   be   eva lua ted   us ing  summer photographs 
and sa te l l i t e  images. 

The ba thymetry   and   po ten t ia l   uses  of l akes   can  
be  evaluated  with  winter   radar   images.   Past   inves-  
t i ga to r s   (Se l lmann  e t  a l .   1975 ,   E lach i  e t  a l .  1976, 
Arcone et a l .  1979, Weeks e t  al .   1977,   1378,  1931, 
Mel lo r   1982a )   have   i den t i f i ed   t he   po ten t i a l   u se   o f  
r ada r   images   t o   s epa ra t e   l ake   a r eas  into two ca t e -  
g o r i e s ,   t h o s e   a r e a s   t h a t   f r e e z e   t o   t h e   l a k e   b o t t o m  
v e r s u s   t h o s e   t h a t  do no t .  The r a d a r  image s t u d i e s  
r epor t ed   he re  were aimed a t   a p p l y i n g   t h e s e   f i n d -  
i ngs  by quant i fy ing   and   reg iona l ly  mapping t h i s  
r a d a r   i n t e r p r e t e d  1-2 m i soba th .   Dur ing   the  
c o u r s e   o f   t h i s   r e s e a r c h  a second  mappable  isobath 
( a 4 . 0  m) w a s  d i scove red ,  and t h e  mechanism  pro- 
posed  by the   above   au tho r s ,   fo r   r ada r   s igna l  re- 
turns   th rough  ice   conta in ing   co lumnar  gas bubbles ,  
was s t rengthened  (Mellor   1982a) .  

METHODS 

Data were acqu i red  t o  test t h e   h y p o t h e s i s   t h a t  sip,- 
n i f i c a n t   a q u a t i c   r e s o u r c e   i n v e n t o r y  and assessment 
could  be  accomplished  economically by applying 
knowledge  of a r c t i c   l a k e   e c o s y s t e m s  to r eg iona l   r e -  
mote sens ing  image i n t e r p r e t a t i o n s .   F i g u r e  1 
i d e n t i f i e s   s t u d y  areas A,  B ,  and C ,  where  lakes  
were  sampled  and  the  st ippled  transect  from  Barrow 
to   the   Brooks  Range where   r epe t i t i ve  Side-Looking 
Airborne  Radar (SLAR) images were a c q u i r e d   a t  a 
f requency   of   9 .1   to  9.4 GHz ( W 3  cm wave leng th )   t o  
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s t u d y   t h e   u s e  of r a d a r   i m a g e s   f o r   d e t e r m i n i n g   l a k e  
d e p t h s .   T h i s   p a p e r   h i g h l i g h t s   p o t e n t i a l   u s e   o f  
a i r b o r n e   r a d a r ,   p h o t o g r a p h i c ,   s a t e l l i t e   m u l t i s p e c -  
t ra l  scanne r ,   and   l ake   ecosys t em  da t a   t ha t   can   a id  
i n   t h e  management of A r c t i c   C o a s t a l   P l a i n  re- 
sources .  The d e t a i l e d   v e r i f i c a t i o n   o f   r e g i o n a l  
r e m o t e - s e n s i n g   d a t a   a c q u i s i t i o n   a n d   t h e   i n t e r p r e -  
t a t ion   me thods  i s  provided   in   Mel lor   (1982a)   and  
is summarized in Mellor  (1982b). 

The use   o f   such  terms as "ope ra t ing  windows"  and 
" d e s i g n   s o l u t i o n "   h a s   o n l y   r 2 c e r ; t l y   c r e p t   i n t o   a r c -  
t i c   r e s o u r c e  management (U.S. Department of t h e  
I n t e r i o r ,   1 9 8 3 ) ,   b u t   t h e   c o n c e p t s   a n d   p r a c t i c e s   t o  
which  they  apply  have  been  evolving  over   the  past  
decade .   B io log i s t s   and   Arc t i c   eng inee r s   have   i den -  
t i f i e d  rime pe r iods   and   cond i t ions  when w i l d l i f e  
and t h e   t u n d r a   s u r f a c e   c a n   b e   s i g n i f i c a n t l y   d i s -  
t u r b e d .   S t i p u l a t i o n s   d e v e l o p e d   f o r   f i e l d   o p e r a t -  
i ng  windows  by i d e n t i f y i n g   t h o s e  time per iods   ou t -  
s i d e   t h e  c r i t i c a l  per iods   o f   impact   ( i . e . ,  summer 
thaw,   car ibou   ca lv ing ,   and   peregr ine   fa lcon   and  wa- 
t e r f o w l   n e s t i n g )   t o   a d d r e s s   t h a t   s e a s o n  when a c t i -  
v i t i e s   c o u l d   b e   c o n d u c t e d   w i t h o u t   a d v e r s e   e f f e c t .  
Design  solut ion  and window concepts  are p r o v i d e d   t o  
t h e   p e t r o l e u m   i n d u s t r y   i n  lease s t i p u l a t i o n s   b e f o r e  
exp lo ra t ion   f i e ld   p l ann ing   beg ins .   Th i s   encourages  
t h e i r   c o o p e r a t i o n   a n d   e f f o r t   i n   p r e d e s i g n   p l a n n i n g  
o f   env l ronnen ta l ly   sound   ope ra t ing   p rocedures .  

RESULTS AND DISCUSSION 

Ice  Thicknesses  and  Lake  Depths 

Human a c t i v i t y   i n   t h e   A r c t i c   a n d   t h e   p h y s i c a l  
p re sence   and   ac t iv i ty  of f i s h   a n d   w i l d l i f e   a r e   i n -  
t i m a t e l y   t i e d   t o   t h e   f r e e z e l t h a w   c y c l e .  Most o f  

t :he s u r f a c e  water volume on t h e  A r c t i c  Coas t a l  
P l a i n  i s  f r o z e n  by la te  A p r i l  as the   i ce   app roach-  
es 2 m i n   t h i c k n e s s .  Lake b a s i n s   t y p i c a l l y   h a v e  a 
small pe rcen tage  area where  depths   exceed 2-3 m. 

F igu re  2 i l l u s t r a t e s   i c e   a c c r e t i o n  on a r c t i c  
l akes   based  upon  1978-1979 da ta   t aken   f rom  n ine  
l a k e s   l o c a t e d   w i t h i n   l a k e   s t u d y   a r e a s  A, B ,  and C 
w i t h i n   t h e   t r a n s e c t   i n   F i g u r e  1 (Mellor  1982a).  
Ice a c c r e t i o n   c o n t i n u e d   i n t o  May 1979 in nor the rn -  
"A" and  mid-coastal  "B" p l a i n   l a k e s ,   w h i l e  some 
su r face   and   pe r ime te r  melt o c c u r r e d   i n   f o o t h i l l  "C" 
l akes .   Ice   g rew  most   rap id ly   dur ing   October ,  im-  
m e d i a t e l y   a f t e r   f r e e z i n g   o v e r ,   a n d  was t h i c k e r  on 
n o r t h e r n   t h a n  on f o o t h i l l   l a k e s   t h r o u g h o u t   t h e  
w i n t e r .  

As i c e   t h i c k e n s  the w i n t e r  b i o t a  m u s t   e i t h e r  
move t o   d e e p e r   w a t e r   o r  become inac t ive   where  f ro-  
zen   t o   t he   bo t tom.  The  deeper   areas  are o f t e n  of 
small volume wi th   ex t reme  tempera ture   and   d i s -  
so lved   oxygen   and   so lu t e   cond i t ions .  The  amount 
o f  water remain ing   under   win ter   i ce   cover  is c r i t -  
i c a l   t o   a q u a t i c   l i f e   a n d  is a l s o   t h e   o n l y   f r e s h -  
water s o u r c e   f o r   h u m a n l i n d u s t r i a l   a c t i v i t y   i n   t h i s  
pe rmaf ros t   r eg ion   l ack ing   i n   g round  water. 

R e g i o n a l   i c e   t h i c k n e s s   d a t a  i n  combinat ion  with - 
SLAR images  have  been  used t o   i n t e r p r e t   l a k e   i s o -  
ba ths .   Regional  ice th i ckness   and   t he  3 A p r i l  
S U R  image i n   F i g u r e  3 were used t o   c l a s s i f y   t h e  
l a r g e r   l a k e   a r e a s   l a b e l e d   w i t h   t h r e e   r a n g e s  of 
water   depth:   (a)  0 t o  1.5 m, (b)  1.5 m t o  4.0 m, 
a n d   ( c )   g r e a t e r   t h a n  4.0 m. Th i s  image  shows a n  
a r e a  of deep   mid -coas t a l   p l a in   l akes  ("B" area i n  
F igu re  1) approximately 100 km south  of  Barrow, 
Alaska.  Ry 3 Apr i l   1979 ,   i ce   t h i ckness  was ap- 
proximately 1.5 m. The b l a c k   p e r i m e t e r s   o f   l a k e  
images  marked  ''at1 dep ic t   where   t hey   a r e   f rozen  to 
t h e   b o t t o m   f r o m   t h e   s h o r e l i n e   o u t   t o   t h e   1 . 5  m 
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FIGURE 1 L o c a t i o n   o f   t h e   A r c t i c   C o a s t a l   P l a i n ,   N a t i o n a l   P e t r o l e u m   R e s e r v e   i n   A l a s k a ,   a n d   s t u d y  areas 
wi th in   t he   A laskan   Arc t i c .  
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FIGURE 2 Average ice thickness  at  1-month 
intervals as a  function  of  latitude  along  the 
study  transect. 

isobath.  One  lake  in  the  southwest  corner  of  the 
image  is  frozen to the  bottom  across  the  entire 2 
km long basin.  The  white  areas  marked "b" are 
shallow  areas  where  Liquid  water  exists  below  the 
ice  from 1.5 m  to  approximately 4 m. The  gray 
areas  over  the  central  portions of four  imaged  lake 
basins  marked  with  a "c'l have  been  interpreted  to 
be  greater  than 4 m deep. 

Although  devoid  of  overwintering fish, lake 
basins  shallower  than 1.5 m  thaw  early  in  the  sum- 
mer,  thus  attracting  early  waterfowl  arrivals. 
Lakes  with  maximum  depths in the  second  category 
(1.5-4.0 m) may  have  only  marginal  amounts of water 
for  winter  fish  survival.  Lakes  with  water  depths 
greater  than 4 m ("c" category ) have  the  greatest 
potential  for  a  well-established  fishery.  The 
areal  extent of each  depth  category  compared  with 
the  proposed  water  withdrawal  from  a  lake  identi- 
fies  potential  industry/fishery  use  conflicts. 
S U R  images  acquired in  April 1980 over 8 million 
ha of the  National  Petroleum  Reserve  in  Alaska 
(NPR-A) are being  used t o  inventory  the  three 
depth  ranges  for  thousands  of  basins on the 12 
USGS, 1:250,000 scale  quadrangles  covering NPR-A. 
The  mapped  depths  are  used to assess  potential  con- 
flicts  between  industry  and  fish  and  wildlife  uses 
and to determine  the  best  lakes  that  may  be  used 
as  winter  water  sources  and ice runways. 

Remote-Sensinp.  Inventory  Windows 

Remote-sensing  of  lakes  using  the  visible  por- 
tion of the  electromagnetic  spectrum (i.e., aerial 
photographs  and  LANDSAT  images)  is  plagued  by a 
variety  of  difficulties. During the  winter,  skies 
are  often  clear,  but  the sun  is low, on or  below 
the  horizon,  and  the  lakes  are  frozen  over  and 
snow  covered.  The  Arctic  Coastal  Plain, t o  the 
uninitiated  aerial  observer,  might  appear  like  a 
flat,  ethereal  white  sand  desert  lacking  anything 
to  relieve  the  homogeneity.  During  the 3 months of 
ice-free  summer (i.e., July-September),  while  the 
sun  is  high  and  the  lakes  discernible,  incessant 
ground  fog  plagues  efforts  to  image  the  surface 
synoptically.  Completely  cloud-  and  fog-free  syn- 
optic,  summer  coverage  of  the  Arctic  Coastal  Plain 

does  not  exist  from  either  the  Narional  Aeronautics 
and  Space  Administration  (NASA)  high-altitude  aeri- 
al  photographic  program  or  the  past 10 years of 
LANDSAT  Multispectral  Scanner (MSS) images,  but 
these  data are sufficient  and  helpful  for  updating 
the 1955 photographic  data  used  for  surface  water 
identification on U.S. Geological  Survey maps. 

Computer-aided  characterization of the  many 
Arctic  Coastal  Plain  basins  could  aid  lake  inven- 
tory  and  lake  data  management.  For  example,  a  com- 
puter  software  system  has  been  developed  (Mellor 
1982a) that  manipulates  summer  LANDSAT  digital  data 
features (i.e., area,  perimeter,  crenulation,  and 
centroid). The  latitude  and  longitude  of  each  lake 
centroid  identifies  each  lake  in  the  data  Eiles, 
providing  for  retrieval  by  user-specified  geograph- 
ic area, Lack  of  LANDSAT  images  with  ice-free  ba- 
sins  and  cloud-free  skies  have,  among  other  things, 
impeded  testing  and  application  of  this  automated 
system.  Lake  surface  areas  are  frequently  measured 
manually  from  aerial  photographs for site-specific 
assessments,  but  this  method  is  expensive  to  apply 
regionally. 

Winter  ice  cover  provides  a  fortultous  medium 
for  radar  image  interpretation f o r  the  ranges of 
lake  depths  discussed  earlier.  April  is  the  best 
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month to   r eco rd   f rozen   l akes  i n  the  Alaskan Arctic 
because   the   i ce   has   reached  its g rea t e s t   t h i ckness  
i n   t h e   s o u t h e r n   f o o t h i l l   l a k e s   b e f o r e  any s u r f a c e  
melting  occurs.   Moisture a t  the   su r f ace   o r   w i th in  
the   i ce   ma t r ix   abso rbs   t he   r ada r   s igna l   p reven t ing  
a s t r o n g   r e t u r n  upon  warming tha t   occu r s   du r ing  
May i n   t h e   A r c t i c .  

The dep th   i n t e rp re t a t ion  window r e s u l t s  from 
A r c t i c   l a k e   c o n d i t i o n s   t h a t  are d i f fe ren t   f rom 
lower - l a t i t ude   l akes   t ha t   l ack   t he   s t rong   r ada r  
s i g n a l   r e t u r n s .  The unique  aspect  of  Arctic  lake 
S U R  images is t he   s t rong   r e tu rn   (F igu re  3 with  
white  image "b" a reas)   over   the   in te rmedia te  1.5- 
4.0 m depth  range.  This  depth is a dominant  char- 
a c t e r i s t i c  of A r c t i c  thaw lakes .  

The mechanism  hypothesized  for  the  strong SLAR 
s i g n a l   r e t u r n  i s  the   ex i s t ence  of  multi tudes of 
columnar  gas  bubbles (1-15 cm high)  observed i n   i c e  
cover  over  lake  areas  from 0-4 m depth  (Mellor 
1982a). The gas  bubbles are inco rpora t ed   i n to   t he  
ice mat r ix   a f te r   the   d i sso lved   gases   reach   sa tura-  
t i o n   w i t h i n   t h e   l i m i t e d  volume  of  water  beneath  the 
ice.   Apparently  the  columnar  bubbles  scatter  the 
i n c i d e n t   s i g n a l   r a d i a l l y  and  forward (downward) 
wi thout   changing   the   ver t ica l   angle   o f   inc idence ,  
Af t e r   r e f l ec t ing   o f f   t he   i ce lwa te r   i n t e r f ace   t he  
r a d a r   s i g n a l  is forward  (upward)  and  radially 
s c a t t e r e d  and  emerges  from  the  ice  and snow cover 
in  the  shape  of  an  inverted  cone.  Since  the  sur- 
f a c e  of t h e  cone  maintains  the  angle of t he   i nc i -  
den t   r ada r   s igna l ,   t he   r e tu rn   s igna l  i s  strong  and 
produces  the  br ight  image  over t h e   l a k e   a r e a s  less 
than 4 m deep,but  deep enough t o  have water beneath 
t h e  ice cover. Fewer bubbles  provide less r a d i a l  
s c a t t e r i n g   i n   i c e   o v e r   l a k e  areas w i t h > 4  m depth 
and  produce  subtle  gray  tones ("c" a reas)   s ign i fy-  
ing less s igna l   re turn .   Areas   f rozen   to   the   l ake  
bottom,  that  Lack a f i n i t e   i c e l w a t e r   i n t e r f a c e   t o  
r e f l ec t   t he   s igna l ,   p roduce  a black image (''all 

areas) .   Subt le   changes   in  SLAR image gray  tones 
over  lakes  can  be  caused by f ac to r s   o the r   t han  Z4 m 
lake  depth  ( i .e . ,   lakes   a lmost   f rozen  to   the  bortom 
and a2 o / o o  d i s s o l v e d   s a l t s ) .   l l o r e   f i e l d   v e r i f i c a -  
t i o n  of these  hypotheses  and c r i te r ia  ( i . e . ,   dep th  
A4 m wi th   reduced   bubble   conten t   in   i ce   cover   and  
increased SLAR image g ray   s ca l e )  are warranted. 

The condi t ions   favor ing   the   occur rence  of b r i g h t  
S U R  images  acquired  over   Arct ic   Coastal   Plain 
lakes   versus   ice-covered,   lower- la t i tude  lakes   that  
l a c k   t h e   b r i g h t  images are as fo l lows .   Pe r s i s t en t  
winds  mix the   Arc t i c   Coas t a l   P l a in   l akes  so t h a t  
they are nea r ly   s a tu ra t ed .  Most area  of   even  the 
large  deep  basins  i s  wi th in   t he  0-4 m depth  range, 
i n  which t h e   b r i g h t  image returns   can  occur .  The 
long  f reezing  season  both  concentrates   the  gases  
below the  ever- thickening  ice   and  incorporates   the 
columnar  bubbles  within i t .  Lack of t e r r a i n   r e l i e f  
a l lows   fo r  image acqu i s i t i on   w i th  l i t t l e  o r   no  
shadows. F ina l ly ,   t h roughou t   t he   a r c t i c   w in te r  and 
sp r ing ,   l ack  of so la r   energy   and   pers i s ten t   f reez-  
ing  temperatures  cause  dry  ice  and snow condi t ions  
conducive t o   r a d a r   s i g n a l   p e n e t r a t i o n .  Radar  sig- 
n a l   r e f l e c t i o n   o b s e r v a t i o n s   r e l a t i v e   t o   d i f f e r e n t  
n a t u r a l  Arctic snow condi t ions  show l i t t l e  cor re la -  
t i on   w i th  snow roughness   charac te r i s t ics   observed .  

Additional  information  can  be  obtained  from se- 
quen t i a l   r ada r  images  acquired  throughout  the 
freezing  season.  For  example,  images  from Novem- 
ber,   January,  and  Phrch may be  used t o  determine 

0.5, 1.0,  and 1.5 meter i soba ths ,   r e spec t ive ly  
(Mellor  1982a,  1982b).  Future satel l i tes  may ac- 
q u i r e   r e p e t i t i v e   r e g i o n a l   r a d a r  images t h a t  w i l l  
provide  an  economic means f o r   f u r t h e r  water depth 
inventory. 

Act iv i ty  Management Windows 

With t h e  warmth of  April  and May, a rc t i c   w i ld -  
l i f e   a c t i v i t y   i n c r e a s e s   s i g n i f i c a n t l y .   R a p t o r s ,  
such as  the   endangered   peregr ine   fa lcon ,   a r r ive   in  
Apr i l   to   begin   nes t ing .   Dur ing  May, caribou  begin 
ca lv ing  i n  la rge ,   concent ra ted  numbers,  and  migra- 
t o ry   wa te r fowl   a r r ive   i n   s ea rch  o f  i ce - f r ee   l akes  
and  ponds i n  which to   f eed ,   mo l t ,  and n e s t .  The 
thawing of the   ac t ive   l ayer   above   permafros t  be- 
g ins   co inc ident   wi th  snow-melt during May. Cross- 
country  transport   of  heavy  equipment  that  would 
d i s tu rb   t he   t undra   su r f ace  and  could a l s o   d i s t u r b  
ca lv ing   and   nes t ing   wi ld l i fe  must   be  cur ta i led.  

Figure 4 i l l u s t r a t e s   t h e s e  windows of c r i t i c a l  
wi ld l i fe   use   and  some human a c t i v i t i e s   d u r i n g   t h e  
calendar  year.   Since most human and w i l d l i f e   a c t i -  
v i t i e s  are int imately  associated  with  the  presence,  
absence,   or   thickness  of ice   cover ,  a cu rve   fo r  
mid-coas ta l   p la in   l ake   average   i ce   th ickness  mea- 
sured  during 1978-1979 (Mellor  1982a) is included. 
The a c t i v e  Layer  and water sur faces   begin  t o  re- 
f r eeze   i n   Sep tember ,   i n i t i a t ing   t he   fo l lowing  pro- 
gress ion  of thickening ice and  increased  use by 
heavy  equipment un t i l   b reakup   beg ins   i n  May and 
June.   Cross-country  t ractor   t ra ins   begin  tundra 
t r a v e l   a b o u t   t h e   f i r s t  of November when t h e   a c t i v e  
l aye r   has   f rozen  down t o  approximately 30 cm and 
t h e r e  is an  average  of 15 cm of snow cover. BY 
then ,   l ake  ice of  about  the same th ickness  (30-50 
cm) is s a f e   f o r   l i g h t   a i r c r a f t  and   sur face   vehic le  
use. SLAR images  can  be  used to   l oca t e   sha l low 
b a s i n   a r e a a   t h a t   f r e e z e   t o   t h e  bottom e a r l y   i n   t h e  
winter, providing early y e t   s a f e  trails and  land- 
ing  si tes f o r  heavy  transport .  Snow and water 
have  been  used  successful ly   to   construct   winter  
ice   roads ,   pads ,   and   a i rpor t s  on the   t undra   t o  
avoid  permanent  construction  with  gravel.  January 
lake   sur faces  are t h i c k  enough t o  support  heavy 
t r ac to r   t r a in   t r anspor t .   Feb rua ry   i ce   t h i ckness  
on l a k e s   c a n   a t t a i n  1.2 m, providing  natural   land-  
i n g   s t r i p s   f o r  heavy a i r c r a f t ,   s u c h  as t h e  
Hercules C-130. Freshwater  sources  dwindle in 
both number and  volume as t h e  ice  thickens.  By 
March water bas ins   g rea t e r   t han  2 m deep  must  be 
found to   p rov ide  a r e l i ab le   sou rce  of water, and 
c a r e  must be  taken t o  avoid   dewater ing   c r i t i ca l  
f i s h   h a b i t a t .   A p r i l  SLAR image  depth  determina- 
t i ons  can  help  locate   sources   and assess p o t e n t i a l  
use   conf l ic t s   wi th   f i sh   such  as dewatering  and 
polluting.  For  example,  lake areas with  depths 
from 0.5  t o  1.5 m have  unfrozen water from la te  
June t o  February  (Figure 4 ) .  Cross-country  use of 
the  tundra  surface is terminated  during May snow- 
melt. Breakup progresses   rapidly  in   June,   preclud-  
ing   t rave l   except  by boat   or  improved  roads  and 
a i r s t r ips .   In   June   and   Ju ly   b reakup  co inc ides  
w i t h   t h e   s i n g l e  most c r i t i c a l   p e r i o d  of w i l d l i f e  
use. Crit ical  raptor  and  waterfowl  uses  continue 
through  most o f  August.  Caribou  calving  occurs 
from mid-May t o  mid-July,  and some important sum- 
mer migration  continues  through mid-September. Al -  
though some p o t e n t i a l  summer w i l d l i f e   d i s t u r b a n c e  
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FIGURE 4 Calendar   o f   wi ld l i fe /human  ac t iv i ty  windows r e l a t i v e   t o   m i d - c o a s t a l   p l a i n  1978-1979 i c e  
th i cknesses .  

ex i s t s   f rom  a i r c ra f t   u se   and   improved   a l l - s eason  
f a c i l i t i e s ,   b r e a k u p   a n d   a n   u n f r o z e n   a c t i v e   l a y e r  
l i m i t  v e h i c l e   s u r f a c e   t r a v e l   a n d   c o n s t r u c t i o n   d u r -  
i n g   t h e s e   c r i t i c a l   w i l d l i f e   u s e  windows. I n f r e -  
q u e n t   f l o a t p l a n e   u s e   o c c u r s   w h i l e   t h e   l a k e s   a r e  
ice-f ree. 

The na tu ra l   s epa ra t ion   be tween  human and  wild- 
l i f e   u s e  shown i n   F i g u r e  4 may change   w i th   Arc t i c  
o i l  and  gas  development. Human a c t i v i t y   i n  summer 
w i l l  i n c r e a s e   i n   d i r e c t   p r o p o r t i o n   t o   t h e   c o n s t r u c -  
t i o n  and  maintenance  of   permanent   a l l -season  faci l -  
i ties and   must   be   ana lyzed   carefu l ly   to   min imize  
c o n f l i c t s   i n   u s e   b e t w e e n   i n d u s t r y   a n d   f i s h / w i l d -  
l i f e .   D u r i n g   o i l   a n d   g a s   e x p l o r a t i o n ,   u s e  con- 
f l i c t s   c a n   b e   r e d u c e d  by r e c o g n i z i n g   t h e   n a t u r a l  
s e p a r a t i o n  of use  windows;  encouraging  the  use  of 
t e m p o r a r y   w i n t e r   i c e   r o a d s ,  ice pads ,   and   i ce  
s t r i p s ;   a n d  by d i s c o u r a g i n g   c o n s t r u c t i o n   o f   a l l -  
season   roads  and a i r s t r i p s .   T h i s  w i l l  conserve 
m i g r a t o r y   c o n c e n t r a t i o n s  of f i s h  a n d   w i l d l i f e   a n d  

popu la t ions   w i th  low p r o d u c t i v i t y   t h a t   a r e   s e n s i -  
t i v e   t o   d i s t u r b a n c e  by human a c t i v i r y .  

Arc t i c   cond i t ions   pe rmi t   on ly  a narrow summer win- 
dow for a c q u i s i t i o n   o f   v i s i b l e   s p e c t r a l ,   r e m o t e -  
s e n s i n g   d a t a   o f   l a k e   s u r f a c e   c h a r a c t e r i s t i c s .  Ac- 
t i v e   r a d a r   s y s t e m s   c a n   p r o v i d e  a r e l i a b l e  means 
f o r   a c q u i r i n g   b o t h   A r c t i c  Lake su r face   and   dep th  
c h a r a c t e r i s t i c s ,   b e c a u s e   t h e y   a r e   n o t   d e p e n d e n t  
upon s o l a r   e n e r g y  o r  c l e a r   s k i e s   a b s e n t   d u r i n g  
much of the   yea r .   O the r   phys i ca l   and   c l ima t i c  
c o n d i t i o n s   p r o v i d e   f o r t u i t o u s   r a d a r   i n t e r p r e t a t i o n  
windows f o r   A r c t i c   l a k e   b a s i n   c h a r a c t e r i z a t i o n s .  
Apr i l   radar   images   and  ice t h i c k n e s s e s   a r e   b e i n g  
used to i n t e r p r e t   t h r e e   r a n g e s  of A r c t i c   l a k e  
depth.  

A r c t i c   c o n d i t i o n s   c a u s e   n a t u r a l   u s e   w h d o w s  



t h a t   s e p a r a  t e  c r j  . t i c a l  summer w i l d l i f e   u s e   p e r i o d s  
from  most  present human a c t i v i t y   i n c l u d i n g   w i n t e r  
o i l  a n d   g a s   e x p l o r a t i o n   i n  NPR-A. Permanent a l l -  
s e a s o n   f a c i l i t y   d e v e l o p m e n t   n e e d s   c a r e f u l   p l a n n i n g  
to m i n i m i z e   f i s h   a n d   w i l d l i f e   u s e   c o n f l i c t s .   L a k e  
d e p t h   d e t e r m i n a t i o n s   f r o m   A p r i l  SLAB images  can  be 
u s e f u l   i n   e v a l u a t i n g   w i n t e r   w a t e r   s u p p l i e s   a n d  also 
a v o i d i n g   c o n f l i c t s   w i t h   f i s h e r i e s .  
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PERMAFROST  DYNAMICS  IN THE AREA OF THE VILUY RIVER 
HYDROELECTRIC  SCHEME 
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During 14 years  of  operation of the  hydroelectric  installation  the  permafrost in 
the  flooded  zone  has  thawed  to  a  depth  of 15-17 m  and  to  a  depth  of 20-50 m  in the 
base  of  the  dam.  During  the  construction  phase  and  during  the  first  few  years of 
operation  freezing of the  taliks  below  the  river  bed  to a depth  of 10-20 m  was 
observed  as  a  result of the  drainage  of  the  construction  site,  the  systematic 
disturbance  of  the  snow  cover  and  to  intense  air  convection  in  the  rock  fill.  The 
permafrost  layer which had  formed  had  thawed  almost  completely  by 1982. The 
temperature  field  of  the  dam  is  characterized  by  extremely  low  mean  annual  tempera- 
tures;  however,  the  spatial  characteristics  of  the  zone of negative  temperatures 
differ  significantly  from  those  forecasted  using  a  stationary  model.  The  formation 
of  temperature  anomalies  within  the  body  of  the  dam  is  due  to  use of highly  gas- 
permeable  materials (k= 1 * m2) in its  construction. 

In water  development  projects  fundamental 
changes  occur in the  conditions  of  the  external 
heat  exchange  of  permafrost  formation  owing  to 
( I )  artificial  regulation of the  river  run-off 
and  construction  of  water  storage  reservoirs, 
(2) removal  during  the  construction of consider- 
able  volumes  of  earth  material, (3 )  driving  mining 
workings,  and ( 4 )  construction  of  dikes  and  dams. 
The  variation of the  hydrological  regime  of  rivers 
is  characterized  by  an  increase  in  winter  run-off, 
intensification of filtration  processes  at  the 
base  and  shore  contiguities  of  dams,  and  a  rise in 
the  mean  annual  temperatures  of  the  rock  surface  in 
the  flowage  zone. 

For  hydroelectric  projects,  the  study of the 
temperature  dynamics  of  the  strata  in  the  zone  of 
thermal  effect  is  necessary  to  predict  filtration 
losses  from  water  reservoirs  and to evaluate  the 
stability  of  structural  elements  of  engineering 
projects. The prediction  of  the  nonstationary 
temperature  field,  taking  into  account  water  fil- 
tration,  may  currently  be  highly  approximate  due 
to  the  low  reliability  for  determination  of  the 
filtration  properties  (permittivity  and  piezocon- 
ductivity) of thawing  permafrost,  carried out  most 
frequently  by  indirect  methods.  Water  development 
projects  in  the  extreme  North  are  marked  by  the 
extreme  complexity  of  permafrost-hydrogeological 
conditions,  by  a  large  number  of  factors  that 
influence  the  temperature  field  at  the  base  of  the 
project  during  construction  and  operation,  and  by 
the  nonpredictability of the  many  physical  proper- 
ties  of  the  strata  near  the  project.  This  paper 
presents  some  results  of  long-term  temperature 
observations  around  one o f  the  largest  hydro- 
electric  stations  in  the USSR, constructed  in  an 
area o f  continuous  permafrost.  The  structure, 
construction  methods,  and  primary  changes  in  the 
development of the  temperature  field  inside  and  at 
the  base of the  Viluyskaya  Hydro  structures  have 
been  reported  in  a  series of papers  (Biyanov 1975, 
Kamensky 1973, Olovin  and  Medvedev 1980). 

ENGINEERING-GEOLOGICAL AND GEOCRYOLOGICAL 
CONDITIONS OF THE REGION 

The  Viluy  Hydro dam, 75 m  high  and 600 m  long, 
was  erected in West  Yakutiya on a  stratum  intrusion 
of  weak-jointed  dolerites  (diabase),  existing  to  a 
depth  of  more  than 100 m.  The  dolerite  perme- 
ability  in  the  region of the  river  bed is, accord- 
ing  to  field  test  measurements,  about 1 m  per  day. 
Before  construction,  the  permafrost  permeability  of 
the dam base  after  thawing  was  not  specifically 
investigated. On the  basis  of  visual  estimations 
in  developmental work, the  rough  value  of  the 
permeability  of  the  thawing  ground  was  assumed  to 
be 10 m  per  day.  Deep  pressure  grouting  was 
planned  for  areas with higher  permeability. 

from -1" to -3'C and  averages -2.5'C in areas  with 
undisturbed  soil-plant  cover.  The  frozen  rock 
temperature at the bottom  of  the  annual  temperature 
variation  zone  varies  from -1 to  -9"C,  depending on 
the  distance  from  the  river  bank,  exposure,  mean 
slope  angle,  surface  altitude,  and  lithology. 
Statistical  treatment  of  geothermal  observations on 
slopes  has  shown  that  outside  the  thermal  influence 
zone  of  the  Viluy  River (L 2 100-200 m) the  frozen 
rock  temperature  varies  in  accordance  with: 

t = -6 .6 '  + At(z) + 0.0378 - 1 .4  c o s ( 6 3 k a )  

The  frozen  rock  temperature on watersheds  varies 

+ At(%), 

where t = the  temperature  at  a  depth  of 20 m; 
At(z> = the  empirical  correction  for  the  diffe? 

B = the  angle  between  the  drop  line  and 

ct = the  incidence  angle of the  slope 

ence in surface  altitudes; 

north (E = 0-180') ; 

(positive  value ct is  taken  for  slopes 
of  north  and  near-north  exposure,  the 
negative  value  for south); 

At(%) = the  temperature  correction,  taking  into 
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account  the  presence on the  slope  of  a 
suffusion-destruction  subfacing  of  a 
rock  stream  slope. 

The  influence of the  various  factors on perma- 
frost  temperature  decreases  in  the  following  order: 

- Slope  exposure, At(I3)  5.6'C; 
- Absolute  elevation, At(,) 2.9'C; 
- Presence  of  abrupt  slopes, c1 > 40"C, with  an 

extension  of  steep  areas 1 > 10-15 m, At(%) = 2.1- 
2.5"; 

- Incidence  angle  of  the  slope  at 01 < 25", At(a) 

The  thickness of  the  permafrost  bench on the 
watershed  areas  near  the  hydro  project  is 600-800 
m.  Ice  in  porous  spaces  is  found  only in the 
upper  levels: in  a layer 80-90 m  thick  in  the 
river  bed  and  300-320  m on watersheds.  Below  this, 
water  shows  increased  mineralization.  The  rempera- 
ture  field  in  the  river  valley  has  been  traced  down 
t o  100 m. In the  interval  of  the  depths  studied 
the  rocks  are  in  a  frozen  state.  Taliks  (unfrozen 
ground  within  permafrost)  occur  everywhere  beneath 
the  river  bed,  but  since  all  the  temperature  curves 
for  bore  holes  driven  in  the  river  bed  are  charac- 
terized  by  negative  gradients, one may  surmise  that 
the  river  bed  talik  in  areas of bed  narrowing  is 
not  an  open  one. 

weathering zone, due  to  the  presence  of  crack-vein 
ice, does  not  exceed  several  percent  and  increases 
toward  the  ground  surface  and  toward  the  valley 
edges  by  the  most  disturbed  process of frost 
weathering. 

l .oo.  

The  permafrost  water  content  outside  the 

PERMAFROST  THAWING IN THE FLOW ZONE 

Permafrost  rhawing  dynamics  within  the  reser- 
voir  bed  have  been  studied  for 15 years in an 
experimental  area  about 1 km from  the  dam.  The 
rocks  in  this  area  are  represented  by  jointed 
dolerites,  weathered  from  the  surface  down  to 1 m 
to  form  grus  and  crushed  rock.  The  area  had  been 
entirely  stripped  of  trees,  and  the  soil-plant 
layer  was  completely  removed  from  a  considerable 
portion. The extent  of  the  study  area  extended  for 
600 m  perpendicular  to  the  valley.  The  surface 
slope  is  7.9".  The  depth of seasonal  thawing, 
which  under  natural  conditions  did  not  exceed  1.5- 
2.0 my increased  to  3.4-4.0 m after  the  soil-plant 
layer  had  been  removed.  The  thermal  diffusivity K 
of  the  frozen  dolerite  as  measured  by  in  situ 
methods  at  depths of 20-50 m  is 28 10-4m"/hr  at  a 
variation  coefficient of less  than  5%;  from 10-20m, 
K  increases  up to 34 or  35 10-4m2/hr; heat  con- 
ductivity  coefficient A is  2.27 W/m*K at 20-50 m 
and  at  2.76-2.84 W/m*K at  shallower  depths.  The 
permafrost  temperature in the  area is -4 to  -4.5OC. 
The  mean  annual  water  temperature  in  the  reservoir 
i s  close  to 4"~. 

bore  holes in the  flow  zone  over  a  12-year  period 
has  yielded  empirical  relationships  between  the 
thawing  depth 5 (m)  and  time T (years) of the  form 

Statistical  treatment  of  observations  from  three 

E = c1 + cz K ,  

notably  for  bore  hole  25: 

# = -1.21 + 4.83 J F ,  m (1) 
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bore  hole  26: 

5 = -1.57 + 5.03 J F ,  m 

bore  hole  27: 

The  relationship  between 6 and T is  character- 
ized  by  the  following  correlation  coefficients: 
dependence (1) 0.976; 

( 2 )  0.955; 
( 3 )  0.973. 

During  the  last 5 years  the  dolerite's  mean  rate 
of  thawing  has  been 0-6-0.7 m  per year,  The  ob- 
tained  data  characterize  the  mean  rates  of  Khawing 
of  dolerite,  due  solely to conductive  heat  transfer. 

The  permafrost  thaw  rate  at  the  base  of  the  dam 
is influenced  largely  by  convective  heat  transfer, 
due  to  water  filtration  through  the  jointed  rocks 
of  the  base.  The  mean  rate of permafrost  thawing 
at  the  base  of  the  grouting  gallery  (Figures 1 and 
2) varies  from 0.8 to 1.2 m  per  year on the  right- 
hand  bank  (bore  holes  2-4),  up  to 7-8 m  per  year 
(bore  holes 9 and 10) on the  left-hand  bank.  The 
extremely  large  thaw  rates  observed  in  1973  and 
subsequent  years  in  the  vicinity  of  bore  hole 1 are 
due  to  an  additional  influence  of  horizontal  heat 
flow on the  side of the  right-bank  water  supply 
channel.  The  high  thaw  rates  in  the  upper 10-m 
layer  observed  at  the  time  the  reservoir  was  filled 
(1968-1969) in the  vicinity  of  bore  holes  3  and 4 
(Figure 3) are  due to the  high  permeability of the 
upper  levels  of  the  cryogenic  structure. As the 
reservoir  was  filled,  the  permafrost  thawed  very 
rapidly  around  the  tunnel  conduits  that  supplied 
water  from  the  canal  to  the  hydroelectric  units of 
the  right-bank  station. The permafrost  thaw rate 
was  about  5  m  per  year  radially  from  the  water  duct 
walls. 

structures  occurred with  a  significant  time  lag 
despite  the  higher  permeability  of  the  rocks. In 
1975  the  talik  was  only 2 m  thick,  about 10 m  wide, 
and  it  was  located  at  the  base o f  the  left-bank 
supply  canal  beneath  the  upper  cofferdam 24  m  high 
(the  maximum  water  pressure on the  side  of  the 
upper  reach  was 0.17 mPa), indicating  a  very  insig- 
nificant  discharge  of  filtration  flow in the  lefr- 
bank  contiguity  and  an  extremely  insignificant 
thawing of the  base  of  the  river  diversion  canal. 

The  talik  below  the  river  bed  began to freeze 
while  the  dam  was  under  construction,  after a short 
time  blocking  of  the  bed  in  1964  and  full  blocking 
in  1965.  During  that  period  the  soil-plant  layer 
was  almost  completely  removed  and  the  conditions of 
snow  cover  formation,  as  compared  to  natural ones, 
were  substantially  violated. In the  river  bed  this 
resulted  in  the  formation of a  permafrost  layer  up 
to 8-9 m  thick  in  the  extended  area  of  the  bed  and 
10-12  m  thick in the  narrowed  area  due  to  the 
decrease  of  mean  annual  temperature  from 3-4' to 
-3" to -4°C. In the  winter  of  1964-65, a 40-m-high 
retaining wall of rock  fill  was  constructed,  caus- 
ing the  mean  annual  temperatures of the  base 
surface  near  the  geometric  axis  of  the  dam  to 
decrease  to -10" and -15'C. Toward  the  downstream 
wall  the  low  mean  annual  temperatures were from 
-20"  to  -3OOC. 

Permafrost  thawing  at  the  base  of  the  left-bank 
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An  estimate  of  the  freezing  rate  of  the  base  can 
be  made  by  the  known  formula f = (21 * At * TC/qoW) "', 
in  the  form 

E = (f * At - T ) ' . ~  (4) 

convenient  for  using  the  data on the  thermal 
physical  properties  of  dolerites,  influencing  the 
value  of  the  empirical  coefficients  in  formulas 1 
through 3 ) .  Taking  into  account  that  permafrost 
thawing in  the  flow  zone  occurred  as  a  result  of an 
increase  in  the  surface  mean  annual  temperature  by 
At = S°C, the  mean  value of 5 for  dolerites  of  the 
study  area  can  be  determined  by  formulas 1 through 
3 ,  assuming C1 = 0, thence 

Thus,  for  rough  calculations  of  freezing  rate  in 
the  absence  of  water  filtration  in  base  rocks  one 
may  use a semi-empirical  formula 

6 = (2.65 * At - . r ) 0 * 5 m ,  (5) 

where T i s  measured in years; At in "C. 

depth  of  the  dam  base in the  river  bed  which  at  a 
single  temperature  jump  for  the  surface At = 2 O o C  
should  have  been 16 m within 5 years  of  the  start 
of  construction (1970) and 23 m 10 years  later,  in 
1 9 7 5 .  

As the  dam  filled,  rock  freezing  occurred,  most 
intensively in regions  distant  from  direct  contact 
with the  water  reservoir.  The  main  reasons  for 
deep  freezing  were  earth  material  fill  at  negative 
air  temperatures  and  intense  inter-pore  air  convec- 
tion in large  fragmented  rocks  of  the  retaining 
wall. In  the  construction  stage  the  dam-retaining 
wall  and  the  loam  shield  core  were  almost  complete- 
ly frozen up to 20 m  in  height.  Due  to  the  high 
air  permeability of the  rock  fill, on the  order  of 
1 * 10-7m2 (lo5 darcy)  and  a  substantial  difference 
in  the  air  densities  of  the  atmosphere  and  the 
interpore  space  throughout  the  year,  there  is  air 
motion  through  the  surface  of  a  dry  slope with 
periods of 24 hours  and 1 year.  There  is  a  close 
correlation  between  air  flow Q, through  the  dam 
surface,  and  ground  layer  temperature  tg: 

r(Q, tg) = 0.3-0.6. 

There  are 3 circulation  patterns-winter,  summer, 
and  mixed. In winter  the  air  motion  is  predom- 
inantly  ascending  and  in  summer,  it is descending, 
Mixed  circulation  may  be  observed  at  any  time of 
the  year. It is a  circulation  pattern  in which 
atmospheric  air  enters  the  middle  part  of  the 
retaining  structure  and  divides  into  two  flows, 
ascending  and  descending.  The  total  air  flow,  as 
measured  with  flowmeters with  a  receiving  surface 
area  of 22.5  m2 (1.5 m wide  and 15 m long  along  the 
slope  drop),  varies  throughout  the  year  in  the 
direction  with  an  amplitude of 50 m3 per  hour. 
Fluctuations  of  instantaneous  flow  values  during 
the  day  are  several  times  smaller. 

structure,  there  are  anomalously  large  annual 
temperature  variations,  reaching  several OC even 
50-60 m  away  from  the  surface of a  dry  slope.  The 

Formula 5 can  be  used  to  determine  the  freezing 

As a  result  of  air  convection  in  the  retaining 

mean  annual  temperatures  of  the  rock  fill  are  lower 
by 1O-2O0C than  those  characteristic  of  West 
Yakutiya.  The  depth  of  seasonal  freezing-thawing 
near  the dam crest  reaches 20 m (Figure 3 ) .  In the 
14 years  since  the  beginning  of  construction  the 
mean  annual  temperature of rocks  within  the  dam 
body  increased  by 5-1OoC, the  amplitude  of  annual 
variations  decreased  substantially,  and  frozen 
loams  in  the  shield  thawed  completely.  In  the 
river  bed,  rapid  thawing of rocks  occurred  where 
the dam base  comes  into  contact  with  the  retaining 
wall.  The  increase  in  the  rock  temperatures  might 
be  due  to a lowering of rheir  permeability  caused 
by  collapse  of  earth  material  that  was  weakly 
pressurized  during  construction  and  to  the  forma- 
tion  of  intraground  ice  due  to  infiltrating  atmos- 
pheric  precipitates  and  condensation of water 
vapor  from  the  air  moving  through  the  pores of the 
rock  filling. 

Despite  the  continual  decrease  of  the  area  with 
negative  rock  temperatures,  the  spatial  distribu- 
tion  of  mean  annual  temperatures  is  far  from  being 
a relevant  stationary  state  as  predicted  in  terms 
o f  an  analog  model  (Kudryavtsev  et  al. 1963) that 
took  into  account  the  possibility  of  heat  transfer 
only  by  the  mechanism  for  molecular  heat  conduc- 
tion.  Evidently,  it  will  take  several  decades  to 
establish  a  stationary  state  for  the  dam at Viluy 
Hydro,  in  the  course  of  which  the  porous  space  in 
the  negative  temperature  zone  can  be  completely 
filled  with  ice. 

The  main  source  of  water for the  formation of 
intraground  ice  is  seepage.  The  mean  flow of water 
through  the  dam's  surface  is  about 100 kg/&  per 
year. 

The  lowest  temperatures  in  the  rock  fill  were 
observed  under  the  road on the  berm  at  the 16 m 
mark  (Figure 3a). The  berm i s  constructed  where 
the  river  bed  is  narrowest,  not  exceeding 100-200 m 
at  normal  water  level;  therefore  at  the  berm  base 
there  are  favorable  conditions  for  deep  freezing 
of  the darn  and formation  of  a  continuous  ice-ground 
curtain.  The  temperature  variations  in  bore  holes 
1 4 ,  17,  18, and 19 (Figure  4b),  as  measured  in 
1972-1975, confirm  the  deep  freezing  of  the  talik 
below  the  river  bed  at  the  base  of  the  dam.  Obser- 
vations of the  intensity  of  air  filtration  through 
the  dry  slope of the  dam  in  the  range  of 0-16 m 
and  a  study  of  pit  walls  driven  in  rock  filling 
from 16 m  showed  that  the  amount  of  intraground  ice 
in  the  pore  space  does  not  exceed 50% of  its 
volume,  therefore  despite  the low temperatures  of 
the  rock  fill  this  was  nor  an  essential  obstacle 
to  the  water  flow,  filtered  through  the  shield  and 
base  and  moving  toward  the  rail  race on the  same 
surface  as  the  dam  base.  The  flow of filtered 
water  during 1967-1974 seems  to  have  been  in  the 
region  of  point A (Figure 4b). The  short-term 
permafrost  formed  earlier  has now practically 
entirely  thawed,  while  the  permafrost  boundary 
approaches  what  it  was  before  construction  (Figure 
4c) * 

CONCLUSION 

Several  years  of  investigations  and  observations 
at  Viluy  Hydro,  constructed  under  the  climatic 
conditions of the  extreme  North  and  the  massive 
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propagation of rock  permafrost,  yielded  unique  data ‘0 a 
characterizing  the  heat  and  mass  exchanges  within 
the  body of a  rock-filled dam, at its  base,  and  in 
the  river  bed,  as  well  as an understanding of the 
influence of the  water  reservoir  in  thawing  the 
underlying  permafrost.  The  construction  of  the 
hydro  project  has  greatly  influenced  the  thermo- 
dynamic  characteristics  of  the  permafrost.  This 
influence i s  propagated  tens of meters  away  from 
the  boundaries of the  structures  erected.  With  a 
general  trend  toward  permafrost  degradation  occur- 
ring  at  a  rate of from 0.6 to 7-8 m  per  year,  in 
individual  areas  there  is  rapid  freezing  of  taliks. 
This  must  be  taken  into  account i n  the  design of 
drainage  systems. 

During  the  past 1 4  years  of  project  operation, 
the  heat  and  mass exchange  within  the  body of  the 
dam, at  its  base,  and in the  river  bed  has  not 
stabilized,  The  formation of a  temperature  field 
continues on and i t s  dynamics  do  not  yet  permit  an 
accurate  prediction  of  the  thermodynamic  cryogenic 
process  that is occurring.  The  investigation  and 
observation  at  the  Viluy  hydro  project  must  be 
continued  and  extended. 
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FIGURE 2 Dynamics of thawing of the  base of a 
grouted  gallery  in  the  vicinity  of  bore  holes 1-4, 
9-10. 



FIGURE 3 Temperature  field  throughout  the  cross- 
section  of  the dam; (a) April 1969, (b) October 
1969, (c) April 1981, (d) October 1981. (1) iso- 
therms, O C ;  ( 2 )  isotherm,  t -0°C; (3)  calculated 
position of isotherm t=O°C, corresponding  to a 
stationary  state of the  structure; ( 4 )  region of 
seasonal  rhawing-freezing;  and (5) loam  shield 
(core). 
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FIGURE 4 Transverse  temperature  cross-sections 
through  the  Viluy  River  valley  near  the tail race, 
on the berm with a 16 m mark,  constructed  from  the 
observations  made i n  (a) 1960, (b) 1970, (c) 1981. 
Data from  Kondratyeva (1963) were  used i n  genera- 
ting  the  cross-sections. (1) dolerite  (dam's  base); 
(2) large-fragmented  rocks (dam); ( 3 )  water; ( 4 )  
isotherms, ' C ;  ( 5 )  isotherm, t=O°C;  (6) geother- 
mal bore  holes; (7) position of the  Viluy  River 
bed  prior  to  construction; (8) anticipated position 
of talik,  where  water  flow  filtrated  through 
structures. 



ISOTOPE  VARIATIONS IN PERMAFROST  WATERS  ALONG THE 
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Oxygen-18  contents of permafrost  waters  have  been  determined  for  representative  core 
samples  from  the  proposed  Dempster  Highway  pipeline  route.  Many  samples  contain 
water  with  an  isotopic  content (&I80 r -20  to -23'/00) similar  to  modern 
precipitation  which  suggests  significant  roundwater  migration  near  surface.  Samples 
from  the  unglaciated  northern  Yukon.have B80 contents  ranging  from -14 to  -27'/00 
which  are  suggestive  of  climatic  changes  since  the  late-Wisconsinan,  Superimposed  on 
these  variations  are 2 - 2.5"/00  fluctuations  formed  by  isotope  fractionation  during 
freezing. 

INTRODUCTION 

Information  about  the  history  of  permafrost, 
and  the  water  or  ice  contained  within  the 
permafrost  zone  at  any  site,  can be obtained 
through  the  study of environmental  isotopes. 
Mackay  (1972)  demonstrated  through  the  use  of 
oxygen  isotopes  that  relic  land-based  permafrost 
exists  within  the  Beaufort  Sea,  while  Stuiver  et 
al.  (1976)  were  able  to  distinguish  zones  of 
marine  and  glacial  water  within  permafrost  in 
Antarctica.  Detailed  isotope  investigations 
within  the  Mackenzie  Valley  and  the  Mackenzie 
Delta  (Michel  1982,  Michel  and  Fritz  1978,  1982a) 
have  been  successful  in  documenting  the  existence 
of  age  variations  for  water  (ice)  in  the 
permafrost,  and  correlating  these  isotope 
variations  to  paleoclimatic  conditions.  In  this 
paper,  variations  in  the  isotopic  composition  of 
permafrost  waters  collected  along  the  proposed 
Dempster  Highway  pipeline  route  are  described. 
The  term  'permafrost  waters'  is  used,  herein,  to 
refer  collectively  to H20 in  all 3 states of 
existence  within  the  permafrost,  most  of  which 
will  usually be as  ice. 

STUDY  SITES 

The  proposed  route for the  Dempster  Highway 
pipeline  closely  follows  the  Dempster  and  Klondike 
Highways  from  Inuvik  to  Whitehorse.  The  major 
physiographic  regions  traversed  by  the  route 
include  the  Mackenize  Delta,  Mackenzie  Valley, 
Peel  Plain,  Richardson  Mountains,  Eagle  Plain, 
Ogilvie  Mountains,  Tintina  Trench,  and  Pelly 
Mountains.  Permafrost has been  encountered along 
the  entire  route  with  the  largest  ice-rich 
sections  located  in  the  unglaciated  Eagle  Plain  of 
the  northern  Yukon  (Foothills 1978). A laree 
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., 
number of core  samples,  from  boreholes  located 
along  the  entire  route,  were  provided  by  Foothil 
Pipe  Lines  (Yukon)  Ltd.  from  their  1978  drilling 
program. 

On  the  basis  of  the  borehole  logs  provided 
the  author  by  Foothills  Pipe  Lines  (Yukon)  Ltd. 
and  a  preliminary  examination  of  samples  from  a 

undertaken  on  core  material  from  the  Eagle  Plain - northern  Ogilvie  Mountains  region.  All 
available  core  samples  from  boreholes  78-141, 
78-142,  78-148,  and  78-165,  were  processed  for 
isotopic  analysis.  The  location  of  each  borehole 
is  shown in Figure 1. 

ANALYTICAL  PROCEDURE 

All  samples  were  shipped  frozen  from  the 
field  to  Calgary  where  they  were  stored  in 
freezers  for  geotechnical  testing.  Samples 
which  were  not  tested  were  sent  frozen  to  the 
author  at  the  University of Waterloo in 1981. 
Upon  arrival,  the  samples  were  stored  In  a 
walk-In  freezer  at  -1OOC. 

Each  sample  processed  was  unwrapped  in  the 
freezer  where  the  outer  layer  of  soil  and  ice 
were  removed  and  discarded.  The  innermost  core 
of  each  undisturbed  sample  was  described  and 
then  sealed in'a thick-walled  plastic  bag.  The 
sample  was  first  allowed  to  thaw  completely  and 
equilibrate  at  room  temperature.  Each  sample 
was  then  placed  within  a  steel  jacket  and 
subjected  to  a  controlled  hydraulic  pressure In 
order  to  squeeze  water from the  soil.  The 
procedures  for  water  extraction  are  described  by 
Patterson  et  al.  (1978 . 

To  determine  the I80 content  of a sample, 8 
ml of water  were  equilibrated  for  at  least  4 
hours  with  a  standard C02 gas.  The  oxygen 
isotope  ratio  of  the  equilibrated  gas  was 
measured  relative  to  a  laboratory  working 
standard. To measure  the 2H content  of  selected 
samples,  20 Yl of  water  were  circulated  over  hot 
uranium  metal (800' - 850°C)  and  converted t o  
hydrogen  gas  for  analysis.  Both  the  oxygen  and 
hydrogen  isotopes  were  measured  using  a 
Micromass 602D mass  spectrometer  at  the  Isotope 
Laboratory,  Department of Earth  Sciences, 
University  of  Waterloo.  The  results  are 
expressed  as  parts  per  thousand  (permil, O/oo) 
difference  between  the  sample  and  the  reference: 

differences  are  referred  to  as 6 values  and  a 
negative  value  describes  a  concentration  less 

analytical  error In 6 for l8O is  less  than 
0 .2 ' /00 ,  while  the  error  for 2H is  less  than 
2.0°/00. 

to  Standard  Mean  Ocean  Water  (SMOW).  These 

number  of  boreholes,  a  detailed  investigation  was  than  that of the  reference  standard.  The 
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DISCUSSION OF RESULTS 

Shallow  Groundwater 

Throughout  the  area  of  study,  shallow 
groundwaters  have  been  sampled  for  isotope 
analyses. l80 contents  are  consistently  within 
the  range  of  -20  to -23'/00 (Michel  and  Fritz 
1982b).  During  the  preliminary  examination of 
core  material  by  Michel  and Fritz  (1982b),  the 
water  within  the  uppermost  permafrost  was 
generally  found  to  have  6l80  values in the  range 
o f  -19  to  -22'/00.  The  uniformity  of  6l80  values 
within  a  relatively  narrow  range  for  groundwaters 
and  upper  permafrost  waters  is  indicative  of  the 
average  annual  composition o f  modern  precipitation 
and  this  provides  a  reference  with  which  to 
compare  the  isotopic  composition of other 
permafrost  waters. 

Eagle  Plain - Northern  Ogilvie  Mountains  Region 
Previous  studies  by  Michel  (1982)  and  Michel 

and  Fritz  (1978)  were  undertaken  in  areas  which 
were  glaciated  during  the  late-Wisconsinan. As a 
result,  it  is  impossible  to  determine  whether  the 
&l80 values  of  -29  to -31'/00 reported  in  these 
studies  represent  waters  which  infiltrated  from 
melting  glaciers,  or  directly  as  precipitation. 
Glacier  ice  could  have  formed  from  snow  which  fell 
tens or hundreds  of  kilometres  away  from  the  point 
of  melting  and,  therefore,  would  not  be 
representative  of  the  local  climate  at  the  time  of 
melting  and  recharge. 

The  Eagle  Plain,  lying  between  the  Richardson 
Ifountains  to  the  northeast  and  the  Ogilvie 
Mountains  to  the  south,  is  an  area  which  was  not 
glaciated  during  the  Wisconsinan,  The  northern 
edge of the  Ogilvie  Mountains  was  subjected  to 
localized  alpine  glaciation,  but  the  cores 
examined  during  the  study  were  from  beyond  the 
limit  of  glaciation.  Therefore,  it is possible 
within  this  region  to  examine  isotope  profiles 
with  groundwater  recharge  which  was  not  derived 
from  glacier  ice.  However,  when  examining  cores 
from  low-lying  areas,  such  as  valley  floors,  it is 
necessary  to  recognize  the  possible  existence of 
meltwaters  from  alpine  glaciers.  Four  cores  from 
the  region  have  been  examined  during  the  present 
study. 

Dempster  Highway  just  south  of  where  the  highway 
crosses  the  Eagle  River.  The  borehole  was  drilled 
approximately 10 m from  the  edge of  the  bank  along 
the  Eagle  River  valley.  This  bank  rises  several 
tens  of  metres  above  the  valley  which  served  as a 
major  glacial  spillway  during  the  late-Wisconsinan 
period.  Work  by  Hughes  et  al.  (1981)  indicates 
that  deglaciation  of  the  Peel  River - Bonnet  Plume 
Basin  area  to  the  south  was  underway  by  16,000 
years ago, 

The l80 profile  shown  in  Figure  2  reveals  the 
presence  of two distinct  water  masses.  Within  the 
silt  and  clay  units  below 10 m,  the l80 contents 
are  slightly  le56  negative  than  modern  groundwater 
values  (6l80 - -21.5"/00) for  the  area.  The 
waters  are  considered,  therefore,  to be 
representative o f  a  slightly  warmer  time 

Borehole  78-165 is located  adjacent  to  the 

period.  The l8O contents  of  water  within  the 
organic  silts  vary  between -26 and  -27.5'/00  and 
are  approximately 6'/0o more  negative  than  modern 
waters  in  the  area. A temperature  estimate  based 
on these  data  would  indicate  that  these  waters 
were  recharged  during  a  period  when  the  annual 
air  temperature  was  at  least 9'C lower  than 
today. If such  an  estimate is correct,  then  the 
waters  would  have  to  be  late-Wisconsinan  in  age, 
The  deeper  permafrost  waters  are  considered  to  be 
part  of  a  groundwater  flow  system  active  during 
the  Holocene.  Crampton (1979) has  reported  the 
existence  of  a  thick  interpermafrost  talik  within 
the  Eagle  River  valley  near  this  site  and  water 
encountered  in  the  talik  was  under  pressure. 

was  drilled  on  gently  sloping  ground 
approximately 3 km east  of  the  Ogilvie  River. 
The  stratigraphy  at  this  site  consists  of  peat 
and  organic  silt  to  a  depth o f  2  m  underlain by 
4.5 m o f  silt  which  overlies  at  least 3.3 m of 
gravel.  Core  samples  available  for,  study  do  not 
include  the  gravel  unit  at  depth. 

As can  be  seen i n  Figure '3, the l80 profile 
displays  a  shift  from  modern  values  near  surface 
(-20  to - 2 2 " / 0 0 )  to  more  negative  values  (-26  to 
-27'/00) at  depth.  The  6l80  values  in  the  range 
of -26 to - 2 7 ' / 0 0  are similar  to  those  in  the 
organic  silts  of  borehole  78-165.  These  values 
would  yield  a  similar  temperature  estimate  as 
previously  described  for  borehole 78-165 and 
these  waters  are  assigned,  Kherefore,  to  a 
late-Wisconsinan  age. 

It is  unlikely  that  the  shift  to  less 
negative  values  toward  the  surface  is  the  result 
of  mixing  between  modern  groundwaters  and 
late-Wisconsinan  groundwaters,  since  such an 
effect  would  tend  to  produce  a  smoothed  profile. 
Variations  formed  as  a  result  of  freezing  could 
have  a  magnitude  of up to 2.8'/00 for  l80,  if  the 
isotopic  fractionation  occurred  under  equilibrium 
conditions  (Michel 1982). In the  profile  of 
Figure 3,  variations  at  a  depth  of 4 m exceed  the 
2 .8" /00  value  and  cannot  be  explained  solely  by 
fractionation  during  freezing.  Therefore,  this 
gradual  shift  is  probably  representative  of 
changing  climatic  conditions  since  the 
late-Wisconsinan. 

The  lowermost  sample  analysed  in  this 
borehole  has  a  much  higher l80 content  than  the 
sample  immediately  above  and is several  permil 
less  negative  than  modern  water  in  the  area. 
Examination  of  the  2H  vs. l80 plot  in  Figure 4 
reveals  that  this  sample  has  not  been  altered  by 
secondary  processes.  The  thick  gravel  unit  only 
0.5 m  below  this  sample  could  represent a former 
interpermafrost  talik  through  which  isotopically 
heavier  Hypsithermal  waters  have  migrated. 
Exchange  with  such  waters  could  result  in  the 
present  isotopic  composition.  Unfortunately, 
without  a  sample  from  the  gravel  it  is  impossible 
at  present  to  determine  if  this  was  the  case. 

Boreholes  78-141  and  78-142  are  located 
further  upstream  along  the  Ogilvie  River  (see 
Figure I ) .  Core  material  recovered  from  borehole 
78-141  consists  primarily  of  organic  silt  with 
some  segregated  massive  ice  zones.  The  borehole 
is  located  near  the  river on gently  sloping 

Further  to  the  southwest,  borehole  78-148 
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ground;  a  mountain  is locate' d immediate ly t o  1 :he 
north..  The  isotope  profile  for  this  core  (Figure 
5 )  is  devoid  of  any  major  shifts  throughout  the  6 
m section.  The  minor  fluctuations  which  do  exist 
are  characteristic  of  fractionations  resulting 
from  freezing  as  described  by  Michel  (1982).  The 
lack  of  major  variations  in  this  core  could be due 
either  to  the  formation  of  permafrost  in  this 
setion  during  a  period  of  constant  climatic 
conditions, o r  it  could  reflect  the  destruction of 
previously  existing  isotopic  variations  by 
groundwater  migration. 

Borehole  78-142  is  located  on  a  hillside 
sloping 3' westward  toward  the  Ogilvie  River. 
During  drilling,  a  total  of  16.45  m  of  massive 
segregated  ice  was  encountered  between  a  depth of 
1.25  and 19.0 m. Peat  and  organic  silt  overlie 
most  of  the  massive  ice  (Figure 6) .  Between  the 
two  main  ice  sections,  a 0.9 m  zone  of  silty  sand 
was  encountered.  Drilling  was  .terminated  after 
0.5 m of  silt  was  cored  beneath  the  largest  ice 
section.  Unfortunately,  no  samples  of  the  ice 
were  retained  during  the  drilling  program. 
Therefore,  all  isotopic  determinations  reported 
are  for  waters  from  the  sediment-rich  horizons. 

the  massive  ice  can be seen  to  have  a  relatively 
constant  oxygen-18  composition  similar  to  modern 
water.  The  silty  sand  layer  at  a  de  th  of  5.2 - 
6.1 m  contains  ice  with  much  lower lg0 
concentrations  (approximately - 2 9 " / 0 0 ) .  The 
lowermost  silt  at  a  depth  of  19.0-19.5  m  has  a 
6l80  value  of  -14.7"/00  which  is  much  less 
negative  than  present-day  values. 

is very  difficult  to  interpret  these 
fluctuations.  The  lowermost  silt  sample i s  
characteristic of  a  warmer  climatic  period  than 
currently  exists  and  is  isotopically  more  positive 
than  would  be  expected  for  water  from  the 
Hypsithermal.  Examination  of  the 2H-180 
relationship  for  this  core  in  Figure 4 reveals 
that  the  deep  sample  lies  to  the  right  of  the 
meteoric  water  line.  If  this  is  a  result  of 
evaporation  during  storage,  the  corrected 6180 
value  would  be  approximately  -l8"/00,  which  would 
then  make  a  Hypsithermal  age  reasonable.  However, 
since  there  was  no  evidence  of  evaporation  when 
the  core  sample  was  examined  during  processing,  it 
is  doubtful  whether  such  an  adjustment  can be made 
legitimately  to  the  isotopic  value.  It  is a l s o  
possible  that  the  offset  from  the  normal  trend 
could be due  to  a  minor  fractionation  during 

In Figure 6, the  organic-rich  sediments  above 

Without  isotope  data  for  the  ice  sections,  it 

freezing  causing  a  decrease  in  the slo e o f  the 
2H-180  line.  Regardless o f  how  the 6 1E 0 value  is 
manipulated,  the  water  still  must  be  from  a 
climatically  warmer  time  period  than  currently 
exists  in  the  area. 

The  low  concentration  of l80 in  the  silty 
sand  samples  could  be  explained  in  two  ways. 
First,  the  water  may  be  representative  of 
conditions  during  the  glacial  maximum  of  the 
late-Wisconsinan.  It  should be noted  that  the I8O 
contents of these  samples  are  roughly 2'100 less 
than  the  samples  from  boreholes  78-148  and 
78-165.  This  could  be  explained  either  by  local 
variations  in  the  average  annual  isotopic 
composition of the  precipitation  or  by  time 

differences  between  the  water  masses. 
Secondly,  the  contact  between  the  lower 

massive  ice  and  the  silty  sand  unit may represent 
a  former  permafrost  table.  The  organic-rich 
sediments  accumulating  above  the  silty  sand  would 
have  been  seasonally  frozen  and  water  saturated. 
During  freezing  from  the  surface  downward,  the 
silty  sand  layer  could  have  acted  as  a  confined 
aquifer  .through  which  groundwaters  migrated. I n  
this  situation,  a  closed  system  environment of 
freezing,  similar t o  that  for  the  formation of 
frost  blisters  as  described  by  van  Everdingen 
(1978),  could  develop  once  part of the  aquifer 
was  completely  frozen.  This  would  explain  both 
the 3.3 m  of  massive  ice  above  the  silty  sand 
layer  and  the  very  low  concentration o f  l80 i n  
the  ice  of  the  silty  sand. To confirm  such  a 
hypothesis  would  require  analysis  of  the  massive 
ice  Tbove  the  silty  sand. 

CONCLUSIONS 

Four  cores  collected  from  the  un-glaciated 
Eagle  River-Ogilvie  Mountains  region of the 
northern  Yukon  have  been  examined  for  their l80 
contents. Two of  the  cores  contain  large 
fluctuations  in  isotopic  composition  which  are 
suggestive  of  paleoclimatic  variations  during  the 
past  20,000  years.  Permafrost  waters  interpreted 
as  being  late-Wisconsinan  in  age  have  6l80 
values  of  -26  to -28' Ioo and  suggest  that 
temperatures  were  on  average  9°C  lower  than 
today.  These S180 values  are  slightly  less 
negative  than  waters  in  the  Mackenzle  Delta 
region  which  have  also  been  interpreted  as 
late-Wisconsinan  in  age.  This  discrepancy  may be 
the  result  of  localized  variations  in  the 
isotopic  contents  of  precipitation  or  it  might 
reflect  the  presence  of  some  glacial  meltwater  in 
the  Mackenzie  Delta  samples. 

8180  values  similar  to  modern  precipitation  and 
shallow  permafrost  waters (S"0 - 21.5'100). 
This has been  interpreted  a8  indicating  either 
formation  of  the  permafrost  during  a  period  of 
constant  climatic  conditions or destruction  of 
l80 evidence  for  past  climatic  variations  due  to 
groundwater  migration. 

quantitities  of  massive  ice,  but  only  samples 
from  the  sediment-rich  sections  were  available 
for  study. At depth,  the  permafrost  waters  have 
an  isotopic  composition  which  is  interpreted  as 
indicating  a  warmer  climatic  interval.  Above  the 
main  massive  ice  zone 8180 values  of -29 to 
-30°/oo were  encountered.  To  determine  whether 
these  values  are  related  to  the  late-Wisconsinan 
period  or  to  a  closed  system  fractionation  effect 
would  require  analysis of the  massive  ice  zones. 

One  core  contained  permafrost  waters  with 

The  fourth  core  encountered  large 
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Figure 1 Location map of borehole sites along the 
Dempster Highway. 
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BEHAVIOR OF CONCRETE STRIP FOUNDATIONS 
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This   paper   repor ts  on l a b o r a t o r y  and f i e l d   i n v e s t i g a t i o n s   i n t o   t h e   b e h a v i o r  o f  
thawed laye rs   o f   c l ayey   pe rmaf ros t   under   s t r i p   p la te   l oads .  The aim was t o   s t u d y  
the   load-se t t lement   re la t ionsh ips  o f  unfrozen as w e l l  as thawed s o i l   l a y e r s .  
Such relat ionships  were  found  to  be  nonl inear  and  were  expressed i n  terms  of 
a maximum l o a d  and a parameter  dependent  on  the  soi 1 layer   th ickness,   the  founda-  
t i o n  shape,  and s o i l   p r o p e r t i e s .  

INTRODUCTION 

Two- layer   so i l   systems  wi th  a weak thawed 
upper   layer   under la in   by a s t i f f   f r o z e n  base  are 
of ten  encountered i n  permafrost  regions.  Thawing 
o f  t he   upper   l aye r   o f   c l ayey   pe rmaf ros t   i s  accom- 
panied  by a decrease i n   i t s   b e a r i n g   c a p a c i t y  and  by 
i t s   t r a n s f o r m a t i o n   i n t o  a s e m i - l i q u i d   s t a t e .  
Whether a s t r u c t u r e  can  be  founded  on  such s o i l  
depends  on the  deformabi l i  t y  as w e l l  as the  bear-  
i n g   c a p a c i t y  o f  t h e   s o i l .  The l a t t e r   i s   i m p o r t a n t  
because  even a smal l   load  can  cause the  thawed 
c l a y e y   s o i l   t o  be  squeezed out  f rom  beneath  the 
foundat ion ,   caus ing   the   co l lapse o f  the  supported 
s t r u c t u r e .  

An ex tens ive   s tudy   in to   the   behav io r   o f   two-  
l a y e r   s o i l  systems  consist ing of a weak s o i l   l a y e r  
under la in   by a r i g i d  base was c a r r i e d   o u t   i n   t h e  
l a b o r a t o r y  as w e l l  as a t  an ou tdoor   s i t e .  The aim 
was to   de termine   the   se t t lement  of t he  weak s o i l  
l a y e r   c o n s i d e r i n g   i t s   n o n l i n e a r   s t r e s s - s t r a i n   c h a r -  
a c t e r i s t i c s ,   t o   e s t i m a t e   t h e  maximum load,  and t o  
asce r ta in   t he   i n f l uence   o f   so i  1 l aye r   t h i ckness  on 
bo th   the   se t t lement   and  the  maximum load. 

TEST  SETUP 

Laboratory  Experiment 

The labora tory   research  was c a r r i e d   o u t  on 
s o i l   c o n t a i n e d   i n  a mold 1940 mm long, 820 mA wide 
and  600 mm deep.  Load was a p p l i e d   t h r o u g h   s t r i p  
t e s t   p l a t e s  150, 225, and 300 mm wide. The l e n g t h  
o f  each p l a t e   e q u a l e d   t h e   w i d t h   o f   t h e  mold. Each 
segment was loaded  independently. The load  on the  
s o i l  was kept   concent r i c .  The load  on  and  the 
s e t t l e m e n t   o f   o n l y   t h e   m i d d l e  segment of t h e   t e s t  
p lates  were  considered as t e s t   r e s u l t s ,   t o   a v o i d  
the   i n f l uence   o f   t he   mo ld   wa l l s   (F igu re  1). The 
load  on t h e   t e s t   p l a t e  was i n c r e a s e d   i n   s t e p s  o f  
15 kPa u n t i l  an avera e p r e s s u r e   ( s t r i p   p l a t e   l o a d  
d i v ided   by   p la te   a rea?  of 120- 180 kPa  was a t ta ined .  
The v a l u e   o f   l o a d   a t t a i n e d  a t  the  end of a l oad  
s t e  was k e p t   s u b s t a n t i a l l y   c o n s t a n t   ( w i t h i n  & 0.25 
kPa! du r ing  measurements fo l l ow ing   t ha t   s tep .  
Set t lement  o f  t h e   t e s t   p l a t e  as w e l l  as v e r t i c a l  
and h o r i z o n t a l   d i s p l a c e m e n t s   o f   t h e   s i x   s u r f a c e  

1940 cl 820 4 
F!GURE'1 Labora tory   tes t   se tup .  1, s t r i p   p l a t e ;  

2 ,  p l a t e   s e t t l e m e n t   d i a l  gages; 3,  
surface  markers; 4, c o l d   a i r   d u c t .  

markers  ( three on  each s i d e   o f   t h e   s t r i p   a l a t e )  
were  measured w i t h  an accuracy o f  0.01 mm 5 minutes 
a f t e r  a load  increment,  10 minutes   therea f te r ,  and 
every 20 m i n u t e s   a f t e r   t h a t ,   u n t i l   s t a b i l i z a t i o n   o f  
t e s t   p l a t e   s e t t l e m e n t  was accomplished. S t r i p  
p l a t e   s e t t l e m e n t  was assumed t o  have s t a b i l i z e d  
when i t  increased by no  more than 0.02 mm i n  20 
minutes  and  by no  more than 0.05 mm i n  1 hour o f  
o b s e r v a t i o n .   O n l y   t h e   f i n a l   v a l u e   o f   p l a t e   s e t t l e -  
ment  corresoonding  to  each  load  increment was con- 
s i d e r e d   i n   a n a l y z i n g   t h e   t e s t   r e s u l t s .   C o n s i d e r a -  
t i o n  of c r e e p   b e y o n d   t h e   s t a b i l i z a t i o n   o f   p l a t e  
se t t l emen t  was excluded  f rom  th is  study. Such con- 
s idera t ion   wou ld   have  i :n te r fe red   w i th   the   puruose 
o f  t h i s   i n v e s t i g a t i o n ,   w h i c h  was t o   g a t h e r   p r i m a r y  
data on the   behav io r   o f   c l ayey   so i  1 l aye rs  from 
la rge -sca le   t es ts   (M ind ich  and  Vyalov,  1973). 

150, 300, and 450 mm i n   t e s t s   w i t h   u n f r o z e n   s o i l  
layers   under la in   by  a r i g i d  base. T e s t s   w i t h   a r t i -  
f i c i a l  l y  thawed  soi 1 o v e r l y i n g   f r o z e n   s o i  1 were 
c a r r i e d   o u t   i n   t h e  same mold. A 500 mm t h i c k   s o i  1 
mass  was frozen  by means o f   c o l d   a i r   d r i v e n   t h r o u g h  

a c o l d   a i r   d u c t  under  the  bottom  olate of t he  
mold.  Then t h e   u p p e r   p a r t   o f   t h a t   f r o z e n   s o i l  was 
a r t i f i c i a l l y  thawed. The th ickness of the  thawed 
l a y e r  was 35-40, 60-70, 130-180,  260-280,  and 430- 
440 mn. Thus, t h e   r a t i o  ( A )  o f   t h e   t h i c k n e s s   o f  
t he  weak s o i l   l a y e r   ( h )   t o   t h e   w i d t h  of t he   l oad inq  
p l a t e  (b )  was var ied  f rom 0.25 t o  3. 

The th ickness o f  t he  weak s o i l   l a y e r  was 75, 
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Fie ld   Exper iment  

I n   a d d i t i o n   t o   t h e   l a b o r a t o r y   t e s t s   d e s c r i b e d  
above, on-s i te   exper iments  were  carr ied  out  on an 
a r t i f i c i a l l y  thawed 0.5 m t h i c k   l a y e r  Of loam per- 
mafrost. The 1000 x 2400 mm t e s t   p l a t e   c o n s i s t e d  
o f   t h r e e  800 x 1000 mm sect ions.  The h o r i z o n t a l  
and v e r t i c a l   d i s p l a c e m e n t s   a t   s i x   p o i n t s ,   t h r e e  on 
each s i d e   o f   t h e   t e s t   p l a t e ,  were  measured (F igu re  
2 ) .  Hor izonta l   d isp lacements   ins ide   the  thawed 
s o i l   l a y e r  were  recorded  by means of co lo red  sand 
poured  in to   ver t i ca l   cu ts   tha t   ex tended  th rough  the  
l aye r   f rom each  measuring  point on the  surface. 
Preparatory   work  cons is ted  o f   removal   o f   vegetat ion,  
l e v e l i n g  o f  t h e   t e s t   s i t e ,  and i n s t a l l a t i o n   o f  de- 
v ices and  equipment. Two rods  wi th  e lectrothermom- 
e t e r s  mounted a t  a c l o s e   r e g u l a r   i n t e r v a l  o f  50 mm 
were embedded i n t o  s o l  1 on  two  sides o f  t h e   t e s t  
p l a t e   l o c a t i o n .  The depth t o   t h e  boundary  between 
f rozen and u n f r o z e n   s g i l   ( i   . e .   t h e   d e p t h   t o   t h e  
thermometer  reading 0 C )  was thus known a t  a1 1 
t imes.  This  depth was v e r i f i e d  by  pok ing  po inted 

P la te   se t t l emen t  was cons idered  to   have  s tab i l i zed  
when i t  d id   no t   inc rease  by  more than 0.05 mm i n  2 
hours o f  observat ion.  The t e s t   p l a t e   s e t t l e m e n t  
and  the  displacements of   the  surface  markers  were 
reg is te red   every  15 m i n u t e s   d u r i n g   t h e   f i r s t   h o u r  
a f t e r  each  load  increment  of   aparoximately 50 kPa, 
every 30 minutes  during  the  second  hour, and  ever.y 
h o u r   t h e r e a f t e r  up t o   t h e   s t a b i l i z a t i o n  o f  o l a t e  
s e t t l e m e n t .   P l a t e   s e t t l e m e n t   d u r i n g   t h e   t e s t   i s  
i l l u s t r a t e d   i n   F i g u r e  3. 

f. hours 
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FIGURE 3 Graph o f   s t r i p   p l a t e   s e t t l e m e n t   w i t h  
t ime. 

FIGURE 2 F i e l d   t e s t .  1, p o s i t i o n s  o f  h o r i z o n t a l  
s u r f a c e   a n d   o f   v e r t i c a l   s t r i p s   b e f o r e  
t e s t ;  2 ,  the same a f t e r   t e s t .  

s t e e l   r o d s   i n t o   t h e   s o i l   a t  random loca t i ons .  A t  
t he   t ime  when t h e   t e s t   p l a t e  was ready t o  be   i n -  
s t a l l e d   i n   p o s i t i o n ,   t h e   t h i c k n e s s  o f  the  thawed 
s o i l   l a y e r  was 0.3 - 0.35 m. Spec ia l   heat ing  
plates  were used to   inc rease  the   th ickness  of t he  
thawed l a y e r .   A f t e r  a few hours o f   i n t e n s i v e   p r e -  
h e a t i n g   o f  a 3.5 x 5.0 m area,  the  th ickness o f  t he  
thawed layer   equaled 0.42 - 0.45 m y  and a t   t h e  be- 
g inn ing  o f  t e s t ,   t h a t   v a l u e  was h = 0.45 5 0.01 
m. 200 hours  a f ter   the  test   begai \ fe the  average 
th ickness of the thawed l a y e r  was 0.48 m, and a t  
t he  end o f  t h e   t e s t ,  0.60 m. Cons ide r ing   t ha t   t he  
f i n a l   t e s t   p l a t e   s e t t l e m e n t  was about 0.10 m, i t  can 
reasonably  be assumed tha t   t he   t h i ckness  of t he  
thawed layer   equa led  a constant  average  value of  
0.5 m. The s e t t l e m e n t   o f   t h e   m i d d l e   s e c t i o n  of  the 
t e s t   p l a t e  as w e l l  as the 'sur face  marker   d isp lace-  
ments  were  measured w i t h  an accuracy 0.01 mm. 

SOIL PROPERTIES 

The s o i l  chosen fo r   l abo ra to ry   research  was 
s i m i l a r  t o  the  weak thawing   c layey   so i l  o f  t he  
Vorkuta  reg ion o f  t h e  USSR. Such s t r a i n  and s t r e s s  
p roper t i es   a re  commonly possessed  also b,y "young" 
and " l i g h t "   c l a y s  such as muds o f  l i t t o r a l  zones 
o f  seas,  on f l o o d   p l a i n s   o f   r i v e r s ,  and so f o r t h .  
The prooer t ies   o f   the   labora tor ,v   research   so i l  
( k a o l i n )  and o f  t h e   f i e l d   t e s t   s o i l   a r e   l i s t e d   i n  
Table 1. 

The s t r e s s - s t r a i n   r e l a t i o n s h i p s   o f   t h e   t e s t  
s o i l  w e r e   i n v e s t i g a t e d   u s i n g   B i s h o p ' s   t r i a x i a l   t e s t  
apparatus and a l s o  on compression  and  shear  devices. 
The r e l a t i o n s h i p s  Were found t o  be non l i nea r  and 
desc r ibab le  by a hyperbo l i c   func t ion   (Vya lov  and 
Mi n d i  ch, .1974). 

Table 1 Soi  1 P roper t i es  

C h a r a c t e r i s t i c  Laboratory  F i e l d  
Test  Soi 1 Test  Soi 1 

L i q u i d  limit, percen t  46.5 32.3 
P l a s t i c  1 iml't percent  28.6 17.5 
Water  content, pe cen t  36.0 21-23 
Unit weight, kgfm 1850 1990 
Speci fi c g rav i  ty 2.62  2.68 
Poros i ty , percent  48.0 39.2 
Angle o f   i n t e r n a l   f r i c t i o n , d e g .  18.0 18.5 
Cohesion, kPa 7.0 40.0 
I n i t i a l   s t r e s s - s t r a i n  modulus, 

kPa a50 2340 
P o i s s o n ' s   r a t i o  0.40 0.35 

5 



Set t lement  and Maximum Load 

The r e s u l t s   o f   l a b o r a t o r y   s t r i p   p l a t e   t e s t s  
f o r   d i f f e r e n t   v a l u e s   o f  b and h are shown 
i n  F igures 4a-d,  The r e s u l t s   o f   t h e   f i e l d   t e s t s   a r e  
shown i n  F igure 5a (curve 1). 

can  be  approximated  by  the  fol lowing  expression 
(Popov, 1950) : 

The load-sett lement  curves i n  Figures 4 and 5 

where A(mm/kPa) i s  a c o e f f i c i e n t   t h a t  depends on 
t h e   s o i l   p r o p e r t i e s ,   t h e  shape  and s i z e   o f   t h e  
p la te ,   and   t h i ckness   o f   t he  compressed s o i l   l a y e r .  
Equation (1) can  be w r i t t e n   i n  a l i n e a r  form: 

- =  - * -  
P 1 
S A P .  

A Pmax 
Parameters A and p were  determined by f i t t i n g  
l i n e a r i z e d  g raphs   maxo f   equa t ion   ( l a )   t o   t he   t es t  
data i n  coordinates  p/s  versus p. An example o f  
s u c h   c u r v e   f i t t i n g  for d a t a   f r o m   t h e   f i e l d   t e s t   i s  
shown i n   F i g u r e  5. D o t s   p l o t t e d   i n   F i g u r e  5a i n  

a. 
h = 75rnrn 

S, rnrn 

h=fOOrnrn 
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b. 
h = 150rnrn 

k Pa 
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d. h=450mrn 
n 40 00 P 
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60 
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FIGURE 4 R e s u l t s   o f   s t r i p   p l a t e   t e s t s   f o r   d i f f e r -  
e n t   p l a t e   w i d t h s  and layer   th icknesses:  
(1) b = 150, (2 )  b = 225, and ( 3 )  b = 
300 mm. 

coord inates p versus s cor respond  to   the   va lues   o f  
s t a b i l i z e d   s e t t l e m e n t   f o r  each load  increment  shown 
i n   F i g u r e  3. Then the  same dots   were  p lo t ted i n  
coordinates  p/s  versus p. L i n e a r i z a t i o n  of t h i s  
s e r i e s   o f   d o t s   b y   t h e   l e a s t   s q u a r e  method y i e l d e d  
the   equat ion  

p/S = 6.9 - 0.0075~.  (lb) 

0 

20 I, empirical 
equotion ( 1 )  

2, linear theory 
40 

60 

BO 3, equotion (50) 

100 

S,mm 

b. 

FIGURE 5 (a)  Test  data and load-set t lement  
rklatlonshlps; 
(b )  a u x i l l i a r y  graph for de te rm ina t ion  
of parameters o f   e m p i r i c a l   l o a d - s e t t l e -  
ment r e l a t i o n s h i p   ( c u r v e  1). 

From equations ( l a )  and ( l b ) ,  A = 1/6.9 = 0.145 mm/ 
kPa and p = 6.9/0.0075 = 920 kPa. Parameters 
1 / A  and pmax can  be  determined  d i rect ly  as shown i n  
Figure  5bFaxCurve 1 i n   F i g u r e   5 ( a )   i s  a p l o t  o f  
equat ion 1, w i t h   v a l u e s   o f  A and pmax as determined 
above. L inear   regress ion   ana lys is  III  t h i s   p a r t i c u -  
l a r  case  gave  values o f   r e s i d u a l   s t a n d a r d   d e v i a t i o n  
and c o r r e l a t i o n   c o e f f i c i e n t   o f  0.296  and 0.932, 
r e s p e c t i v e l y .  

The values  of A and p f o r   t h e   l a b o r a t o r \ y  
t e s t s  were  determined i n  t@hanner i n d i c a t e d  above, 
and a r e   l i s t e d   i n   T a b l e  2 .  

Parameter A 

R e f e r r i n g   t o   E q u a t i o n  (1) , s = AD reoresents 
a s t r a i g h t   l i n e   t a n g e n t   t o   t h e   i n i t i a l   o o r t i o n  of 
t he  s-n curve,  and - determi  nes  the  devi a- 

t i o n   o f   t h e  S-B c u r v e   f r o m   t h a t   s t r a i g h t   l i n e .  As- 
suming tha t   t he   t heo ry  o f  e 1 a s t i c i t . y   i s   a o p l i c a b l e  
t o   t h e   i n i t i a l   s t r a i q h t   p o r t i o n  

1 
1 - P/P,,, 

where E and v a r e   t h e   i n i t i a l   s t r e s s - s t r a i n  mod- 
u lus  an8 t h e   ~ 8 i s s o n ’ s   r a t i o  o f  t he   so i l ,   r esnec -  
t i v e l y .  and C i s  a nondimensional   coeff ic ient ,  de- 
pendent on the  shaoe o f  t h e   l o a d i n g   o l a t e   o r  founda- 
t i o n  and an h = h/b.  Gorbunov-Posadov (1946) com- 
puted and tabulated  va lues o f  C f o r   d i f f e r e n t   v a l u e s  
o f  h ranging  from 0 t o  2 5 ,  based  on t h e   l i n e a r  
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e las t ic   theory ,   For   s t r ip   foundat ions ,   these  theo-  
r e t i c a l   v a l u e s  can  be  approximated  by 

c =  1 t 0 . 4 h  * 

1.07 h 

Use o f   t h e   e m p i r i c a l   e q u a t i o n  (3 )  no t   on l y   g i ves  

TABLE 2 Parameters  Involved i n  Load-Settlement 
Relat ionship,   Equat ion (1) 

Layer 

ness 
Thick- 

mn 

75 
75 
75 

150 
150 
150 

300 
300 
300 

450 
450 
450 

500 

P l a t e  
Width 

mn 

300 
225 
150 

300 
225 
150 

300 
225 
150 

300 
225 
150 

1000 

R e l a t i v e  
Layer 

Thickness 

A. = h/b 

0.25 
0.33 
0.50 

0.50 
0.67 
1.00 

1.00 
1.33 
2.00 

1.50 
2.00 
3.00 

0.50 

r - Par 

Pmax 

kPa 

420 
302 
226 

206 
177 
155 

172 
135 
134 

163 
145 
140 

920 

- 

- 

A 
Test 
Data 

0.074 
0.072 
0.071 

0.139 
0.200 
0.169 

0.200 
0.200 
0.182 

0.298 
0.256 
0.212 

0.145 

:ters o f  Equation (1) 
mn/kPa 

" 

- 

Eq. ( 2 )  
by 

0.072 
0.069 
0.066 

0.132 
0.126 
0.113 

0.226 
0.206 
0.176 

0.297 
0.264 
0.216 

0.167 

good c o r r e l a t i o n   w i t h   t h e o r e t i c a l   r e s u l t s   ( i n  most 
cases w i t h i n  2-3%) bu t   a l so   a l l ows   de te rm ina t ion  
of t h e   v a l u e   o f   c o e f f i c i e n t  C when h + - ( i n d i c a -  
t i n g   t r a n s i t i o n   f r o m  a f i n i t e   l a y e r   t o  a semi- 
i n f i n i t e   ha l f - space ) .   Acco rd ing   t o   equa t ion  (3 )  
t h a t   v a l u e  C,,, = 2,68, whereas t h e   t h e o r e t i c a l  
s o l u t i o n   y i e l d s  C-+ and C = 2.66 f o r   t h e  maxi- 
mum value o f  h ( =  2 5 ) .  

U1 t ima te   S ta te   o f   So i l   Behav io r  

The u l t i m a t e   s t a t e   o f  a s o i l   l a y e r   s u p p o r t e d  
on a r i g i d  base was considered  by  Vyalov  (1966)  and 
Mandel  and  Salencon (1969), According  to  Vyalov,  
a d r a s t i c   r e d u c t i o n   i n   t h e   b e a r i n g   c a p a c i t y   o f  a 
weak so i l   l aye r   t akes   p lace   f o l l ow ing   t he   f o rma t ion  
o f  a p l a s t i c  zone under   the   load ing   p la te   (F igure  
6a ) .   Th i s   p las t i c  zone ac ts  as a wedge which  con- 
s o l i d a t e s  and s l i d e s   t h e   s u r r o u n d i n g   s o i l   a p a r t .  
Mandel  and Salencon assumed t h a t  a weak s o i l   l a y e r  
l oses   bea r ing   capac i t y   f o l l ow ing   t he   f o rma t ion  o f  
d i f f e r e n t l y  shaped p l a s t i c  zones which  are  exposed 
to   t he   su r face   and   co r respond   to   t he   ove r f l ow   o f  
s o i l  beyond  the  p late edges (Figure  6b).  It i s  
s t a t e d   i n   b o t h  papers   kha t   the   va lue   o f  maximum 
load  depends  on t h e   v a l u e   o f  h = h/b. 

was dug  on t h e   t e s t  ground, fo l l ow ing   t he   conc lu -  
s i o n   o f   t h e   f i e l d   t e s t .  One edge o f   t h e   d i t c h  was 
a long   t he   cen te r l i ne   o f   t he   l oad ing   s t r i p  and  con- 
nected  the  measur ing  po ints   (F igure 2) e The meas- 
urement o f  d is tances   be tween  the   ver t i ca l   s t r ips  
o f   c o l o r e d  sand showed t h a t   t h e  maximum h o r i z o n t a l  

To de termine  the   ac tua l   so i l   behav io r ,  a d i t c h  

displacements  had  taken  olace a t   t h e   i n t e r f a c e  be- 
tween the  thawed  and f rozen   so i l s ,   ra the r   t han  on 
t h e   f r e e   s u r f a c e ,   c o n f i   r m i n q   t h e   s l i d i n g   a o a r t  o f  
t he   so i  1. The pr imary mechanism o f   t h e   f a i l u r e   o f  

F igu re  6 L i m i t   s t a t e   o f  a weak s o i l  1a,yer under- 
l a i n  by a r i g i d  base  (a )   accord ing   to  
Vyalov,  (b)  accord1  nq t o  Mandel  and 
Salencon. 

a weak s o i l   l a y e r   s u p p o r t e d  on a r i g i d   f o u n d a t i o n  
bed i s   t h e   d i s l o c a t i o n   o f   s o i l   i n   d i f f e r e n t   d i r e c -  
t i o n s  caused  by   the   penet ra t ion   o f  an e l a s t o - n l a s t i c  
s o i l  wedge that   forms  under   the  loading  o la te,  A 
secondary mechanism i s   t h e   s i m u l t a n e o u s   n a r t i a l  
ove r f l ow  o f  t h e   s o i l  (more e x a c t l y ,   t h e   l i f t i n g   o f  
t h e   f r e e   s o i l   s u r f a c e )  beyond  the  Dlate edge. 

Maximum Load 

Maximum l o a d   b v   d e f i n i t i o n   i s  sunoosed t o  be 
the   l oad   t ha t   co r responds   t o   i n f i n i t e   de fo rma t ion  
or   se t t lement .   Work ing   w i th  a weak s o i l   l a , y e r   o f  
f i n i t e   t h i c k n e s s ,  i t  i s   n o t   p o s s i b l e   t o   d i r e c t l v  
determine  that   va lue  exper imenta l ly ,   because a de- 
crease i n   s o i l   l a y e r   t h i c k n e s s  due t o   p l a t e   s e t t l e -  
ment leads   to   an   inc rease i n  the  maximum l o a d  
which i s  a f u n c t i o n   o f   s o i l  1a.yer thickness. I n  
the  laboratory   exper iments  presented,   the  va lue  o f  
p l a t e   s e t t l e m e n t  was r e s t r i c t e d   n o t  t o  exceed 40- 
60 mm or 20-30 p e r c e n t   o f   t h e   s t r i p   o l a t e   w i d t h .  
The exaer imen ta l   da ta   were   su f f i c i en t   t o   es tab l i sh  
the   non l i nea r   cha rac te r   o f   t he   l oad -se t t l emen t   re -  
l a t i o n s h i p  and t o   e n a b l e   g r a o h i c a l   o r   a n a l y t i c a l  
d e t e r m i n a t i o n   o f   t h e  maximum l o a d   v a l u e   f o r  each 
tes t ,   us ing   t he  method d e s c r i b e d   e a r l i e r .  

Values f o r  pmax based on t h e   l a b o r a t o r y   t e s t s  
a r e   p l o t t e d  as a func t i on  o f  h i n   F i p u r e  7a, 
where  points 1, 2, 3, e tc . ,   Cor respond  to   the   d i f -  
f e r e n t  h and b c o m b i n a t i o n s   l i s t e d   i n  Tab le  2. It 
i s  e v i d e n t   t h a t  p decreases w i t h  an i n c r e a s e   i n  h 
and  approaches a i?h imum  va lue  equal   to   the limit 
load  of a semi - in f in i te   ha l f -space.  The t e s t   d a t a  
can  be  approximately  represented  by 

h 
Pmax = a - P  (4) 
where, f o r   t h e   t e s t   s o i l  , a = 131 kPa and p = 0.180. 
The t h e o r e t i c a l   s o l u t i o n  of Mandel  and Salencon 
(1969) shows dependence  between p and h i n   t h e  
same form as equat ion ( 4 ) .  HowevB?! as shown by 
curve I1  on Figure 7a, f o r  any A, t h e   t h e o r e t i c a l  
s o l u t i o n   y i e l d s  a lower  D than i s  g iven by 
equat ion (4 ) ,  w i t h  a andmaxp values as a iven above. 
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Figure 7 R e l a t i   o n s h i p   o f  Pmax w i t h  A, and 

genera l ized  load-set t lement   curve.  

Load-Sett lement  Relat ionship 

Combining  equations (1) - ( 3 ) ,  t h e   f i n a l  s-p 
r e l a t i o n s h i p  becomes 

Equat ion   (5a)   app l ies   to   s t r ip   foundat ions  
only.  For  foundations o f   o t h e r  shapes,  equation 
(5a)  can  be  general ized,  using  equation ( 4 ) ,  t o :  

where Y and Z are  parameters  to be determined  from 
a t e s t .  They depend on s o i l   p r o p e r t i e s  and on t he  
shape o f  t he   l oad ing   p la te   o r   f ounda t ion .   Re fe r -  
r i n g   t o   e q u a t i o n   ( 5 a ) ,  when t h e   t e s t   d a t a   a r e   p l o t -  
ted   in   the   coord ina te   sys tem  s / (Ap ) versus 
( p  /PI, t h e   r e s u l t i n g   c u r v e   i s  v!#fd f o r  any 
vaY@ o f  A. Figure 7b shows such a genera l ized 
curve ,   w i th   the   va lues   o f  E and v f r o m   t r i a x i a l  
t e s t s .  The t e s t   d a t a ,   i n c l 8 d i n g  tf?ose f rom  labor-  
a t o r y   t e s t s   w i t h   a r t i f i c i a l l y  thawed c l a y e y   s o i l  
l aye rs ,   were   co r re la ted   w i th   t he   genera l i zed   cu rve  
through  the use o f  a computer. The c o e f f i c i e n t   o f  
c o r r e l a t i o n  was a low  0.93,  demonstrating  the  re- 
l i a b i l i t y   o f   e q u a t i o n   ( s a ) .  

It was ea r l i e r   f ound   exper imen ta l l y   (M ind ich  
and  Mirenburg, 1973) t h a t   e q u a t i o n  (1) can  be  used 
f o r   e v a l u a t i o n   o f   s e t t l e m e n t  and c a r r y i n g   c a p a c i t y  
o f   d r i v e n   p i l e s ,   p a r t i c u l a r l y   t h o s e   d r i v e n   i n t o  
p lash ic   f rozen  so i l s   (w i th   tempera tures   a round 
-1.5 C). 

CONCLUSION 

The n e c e s s i t y   o f   c o n s i d e r i n g   t h e   n o n l i n e a r  

p r o p e r t i e s   o f  thawed c l a y e y   s o i l   l a y e r s   u n d e r l a i n  
by  permafrost  i s   i l l u s t r a t e d  by  Figure 5a, where 
curve 1 i l l u s t r a t e s   t h e   e x p e r i m e n t a l   l o a d - s e t t l e -  
ment re la t i onsh ip   co r respond ing   t o   equa t ion  ( l ) ,  
s t r a i g h t   l i n e  2 rep resen ts   t he   re la t i onsh ip  s = Ap 
p r e d i c t e d  by the 1 i n e a r  the0r.y w i t h   t h e   v a l u e   o f  
A as given  by  equation ( Z ) ,  and  curve 3 shows the 
r e s u l t s   o f   a n a l y t i c a l   c a l c u l a t i o n   o f   s e t t l e m e n t   b y  
equat ion  (5a).  All three  curves  are  based on a 
v a l u e   o f  h = 0.5 which  corresponds  to   the  f ie ld  
t e s t .  Curve 1, because o f   t h e  way the  parameters 
A and p o f   e q u a t i o n  (1) were  derived, i s   i n   t h e  
c losest"&-eement   wi th   the  load-set t lement   data 
f r o m   t h e   f i e l d   t e s t .  The a n a l y t i c a l   p r e d i c t i o n ,  
curve 3, o v e r e s t i m a t e s   s t r i p   p l a t e   s e t t l e m e n t  b,v 
10-15 percent .  Use of t h e   l i n e a r   t h e o r y   f o r   c a l -  
c u l a t i o n  o f  t h e   p o s s i b l e   s e t t l e m e n t   o f  a s t r i p  
foundat ion on a thawed c layey   so i  1 l a y e r  can r e s u l t  
i n   s i g n i f i c a n t   u n d e r e s t i m a t i o n   o f   t h e   p r e d i c t e d  
set t lement   and i n   u n c e r t a i n t y  as t o   t h e   r e l a t f o n -  
ship  between  the  design  load  and  the  bear ina capa- 
c i t y   o f   t h e   s o i  1 l a y e r .  

on a thawed c l a y e y   s o i l   l a y e r  and the  maximum load  
a l l owab le  on  such s o i l   ( b o t h   q u a n t i t i e s   a r e  needed 
for  design  purposes)  can  be  determined i n  two  wavs. 

The s e t t l e m e n t   o f  a s t r i o   f ounda t ion   suppor ted  

" F i e l d "  Method 

This  method  consists i n   c a r r y i n q   o u t  no l e s s  
than  two s t r i p   p l a t e   l o a d   t e s t s   d i r e c t l y   a t   t h e  con- 
s t r u c t i o n   s i t e ,   w i t h   d i f f e r e n t   r a t i o s   o f   t h e  thawed 
s o i l   l a y e r   t h i c k n e s s   t o   t h e   w i d t h   o f   t h e   s t r i p   p l a t e .  
The number o f  load  increments  should be no l ess   than 
7 o r  8. S u f f i c i e n t   t i m e   f o r   s t a b i l i z a t i o n   o f   s e t t l e -  
ment should  be  a l lowed  between  successive  load  incre- 
ments.   Test   resul ts   ( load p and  the  corresoondin! 
se t t l emen t  s )  s h o u l d   b e   p l o t t e d   i n   c o o r d i n a t e s   p / s  
versus p. The bes t  fit o f   e q u a t i o n   ( l a )   t o   t h e  
p lo t ted   po in ts   wou ld   y ie ld   t he   pa ramete rs  Ai and 

f o r  each tes t .   Hav ing  two  Dai r s   o f  Val  ues, 
and X., the  numerical  values o f  a and. p o f  

e f f i6 t ion (5b')  can  be  found f rom equat ion ( 4 ) .  Data 
P 

A., b.,  and A. from two t e s t s  can  be  used t o   f i n d  
ah adrage  va lue   o f   parameter  Y f rom  equat ion (5b) ;  
parameter Z = 0.4 f o r   s t r i p   f o u n d a t i o n s .   T h i s  method 
r e s u l t s   i n   t h e   l o a d - s e t t l e m e n t   r e l a t i o n s h i p   f o r  a 
s t r i p   f o u n d a t i o n  on a s p e c i f i c   c o n s t r u c t i o n   s i t e .  

Analyt ical   (General  ) Method 

Such s o i l  parameters as i n i t i a l   s t r e s s - s t r a i n  
modulus E , Poisson 's   ratio.^,, cohesion  c,  and 
a n g l e   o f   T n t e r n a l   f r i c t i o n  cp can  be  determined 
f rom  laboratory   tests   usual ly   accomoanying  the 
p rospec t i ng  o f  a cons t ruc t i on   s i t e .   W i th   t hese  
values,  the maximum b e a r i n g   c a p a c i t y   o f  a thawed 
s o i l   l a y e r  can  be t h e o r e t i c a l l y  computed  (Mandel 
and  Salencon, 1969). The c a l c u l a t e d  p and  the 
exper imenta l l y   de termined  va lues   o f  Eoma#nd v0 
can  be s u b s t i t u t e d   i n   e q u a t i o n  (5a )  f o r   t h e  wre- 
d i c t i o n  o f  t he   l oad -se t t l emen t   re la t i onsh ip  o f  a 
s t r i p   f ounda t ion   suppor ted  on c layey thawed soi l  
under la in  by  permafrost. 
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WELL CASING STRAINS DUE TO PERMAFROST THAW SUBSIDENCE 
IN THE CANADIAN BEAUFORT S E A .  
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Dome Petroleum  Limited,  Calgary,  Alberta,  Canada 
Acres  Consulting  Services  Limited,  Calgary,  Alberta,  Canada 

Permafrost  sediments  will  experiFnce  local  melting  and  thaw  subsidence  with 
the  prolonged  extraction  of 60 to 85O C hydrocarbons  through  production 
wellbores.  Design  concerns  include  the  settlement of topside  production 
systems  and  the  potential  detrimental  effects o f  the  displacement-controlled 
loading  of  production  casings. A total  stress  analysis,  assuming  undrained 
loading,  was  employed  in  parametric,  single-well  studies  to  assess  the 
influence  of  the  composite  thaw  subsidence  loading  mechanisms -- thaw  strain 
and  stiffness  reduction.  The  thaw  strain  results  from  the  potential 9% 
pore-ice  to  pore-water  volume  reduction  in  ice-bonded  permafrost.  The 
stiffness  reduction  strain  is  due  to  the  increase  in  the  soil's  undrained 
compressibility  with  the  melting of The  pore  ice.  The  validity  of  the 
undrained  approach  to  thaw  subsidence  analysis  has  been  supported  by a major 
field  investigation  and  monitoring  program  performed  during  the  drilling  of 
the  Tarsiut  N-44  exploratory  well  in 1981-82. 

INTRODUCTION 

In the  early 19708, Exxon, Arco,  and  BP 
pioneered  research  into  geotechnical  problems 
related to the  extraction of hydrocarbons  in  the 
Arctic  environment of Prudhoe  Bay,  Alaska.  Spec- 
ifically,  they  were  concerned  with  the  thermal 
degradation  of  permafrost  penetrated  by  "hot" 
production  casings  and  the  resulting  soil- 
displacement-controlled  loading6  of  those  cas- 
ings.  The  term  "thaw  subsidence" was coined  to 
describe  this  phenomenon. 

The  Prudhoe Bay  work  was  laudable  because 
o f  its  completeness.  It  encompassed  field 
coring, laboratory  resting,  definition  of  con- 
stitutive  mechanisms,  finite  element  modelling 
and a full-scale,  5-spot  field  thaw  test.  The 5- 
spot  test  provided  data  for  the  verification  of 
the  proposed  mathematic  model;  but,  the  calibra- 
tion  process  was  not  as  satisfying  as  it  might 
have  been.  According  to  Mitchell  (1977): 

"The  initial  model  runs  matched  the  field 
test  qualitatively  and  predicted  casing 
strains  that  were  within +/- 0.02% strain 
of  the  field  test  results. The mechanical 
properties  were  then  adjusted  to  match  the 
results  at  the  base of the  permafrost  and 
the  greatest  casing  strains  in  the  region 
of alternating  strains.  The  model  tracked 
the  measured  strains of these  specific 
joints  within  the  accuracy of the  field 
test  measurements  without  any  further 
adjustments." 

In 1978,  Dome  Petroleum  Limited  initiated a 
similar  research  program  preparatory  to  feasibil- 
ity  level  design  of  offshore  production  struc- 
tures  for  their  Canadian  Beaufort  acreage. Ex- 
ploratory  drilling  activities  in  this  region  had 
documented  the  presence o f  unbonded (no pore  ice) 

and  bonded  (pore  ice)  permafrost  sediments  up to 
600 m in  thickness.  The  basic  objective  of  the 
program  was  to  extend  the  Prudhoe  Bay  work  to  de- 
fine a  more  general, non site-specific  and  non 
material-specific  approach  to  the  thaw  subsidence 
problem.  The  "Prudhoe"  approach  was  not  felt to 
be  directly  applicable  to  the  Beaufort  regime 
because  of  the  difficulty  in  reliably  defining 
pre  and  post-thaw  pore  pressures  and  the  differ- 
ence  in  soil  types  between  the  two  areas.  The 
Prudhoe  Bay  materials  are  primarily  coarse- 
grained,  while  those  in  the  Beaufort  are  fine- 
grained. 

To  this  end,  both  single  well  and  multi- 
well  production  configurations  were  analyzed. A 
summary  of  the  single  well  study  and  the  comple- 
mentary  field  and  laboratory  testing  programs  is 
presented  herein. 

THAW  SUBSIDENCE MECHANISMS 

Two  schools  of  thaw  subsidence  analysis 
were  reviewed  prior  to  initiation  of  the  single 
well  analytical  studies:  that  of  the  Prudhoe  Bay 
researchers,  Mitchell  and  Goodman,  and  that of 
Morgenstern  and  Weerdenburg  from  The  University 
of  Alberta.  Both  teams  identified  two  soil 
straining  mechanisms  integral  to  the  thaw  sub- 
sidence  problem.  The  first  relates to phase 
change  and  the 9% pore-ice  to  pore-water  volume 
reduction  in  ice-bonded  permafrost on thaw. T h i s  
has  been  addressed  under  the  heading  of Thaw 
Strain by  the  University  of  Alberta  and Pore 
Water  Pressure  Reduction by Mitchell  and  Good- 
man. The second  soil  straining  mechanism  per- 
tains  to  the  decrease  in  load-carrying  capacity 
of the  soil as the  pore  material  changes  from  ice 
to water.  This  mechanism has been  commonly 
termed  Stiffness  Reduction. 

- 
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Phase  Change  Strain 

The  phase  change  of  pore  ice  to  water  will 
result  in a potential  soil  volume  decrease  equi- 
valent  to 9% of the  pore  ice  volume. For ini- 
tially  saturated  conditions  in  soils,  this  can  be 
accommodated  by: 

(a) a  volumetric  contraction  of  the  soil 
skeleton  (thaw  strain)  under  free  boundary 
conditions; 

(b) a reduction  in  pore  water  pressure  poten- 
tially  to  desaturation  within  the  pore 
space,  if  full  volumetric  contraction  is 
not  permitted; 

( c )  imbibition of water. 

Processes (a) and (b) take  place  without 
any  flow  of  water  into or out  of  a  representative 
element  of  the  soil  and,  therefore,  represent 
"undrained"  conditions.  In  contrast,  process  (c) 
would  be  regarded as "drained"  because  it  invol- 
ves  movement  of  water  from  high  to  low  potential. 

The  thawing  of  normally  consolidated,  fine- 
grained  materials  under  unconstrained  conditions 
will  generally  induce  a  volumetric  strain  because 
the  material  is  compressible  (process (a) ) .  In 
contrast,  dense or coarse-grained  materials under 
the  same  conditions  may  not  experience  the  full 
strain  because  of  the  restraining  stiffness  of 
the  soil  skeleton.  The  result i s  a decrease  in 
pore  pressure  that  can be permanent  (process (b)) 
or  transient  (process (c))  if  the material  pos- 
sesses a high  enough  permeability t o  allow  water 
inflow  and  satisfaction of the  reduced  pore  water 
pressure. 

Stiffness  Reduction 

The  stiffness  reduction  loading  mechanism 
can  be  conceptualized b a  two  parameter,  elastic 
spring  model  (Figure 17 . The  model  comprises a 
series Of horizontal  beams  and  vertical  springs 
to represent  the  permafrost  and  thawed  soil 
annulus  surrounding  the  well  casing. 

Prior t o  thaw,  the  soil/springs  are  stiff 
because  of  the  pore  ice and the  system  is  in 
equilibrium. On thawing,  the  stiffness of the 

- - - 
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FIGURE 1 : CONCEPTUAL  STIFFNESS REDUCTION MODEL 

water  and  the beams  deflect downward due  to  their 
soil/springs is  reduced as the  ice changes  to 

self-weight.  The  full  downward  deflection  is 
prevented  by  the  end  restraint  at  the  casing  and 
the  permafrost,  resulting  in  stress  transfer 
(arching)  to  these  boundaries.  This  causes  a 
reduction in vertical  load  at  the  base  of  the 
permafrost  and  the  "springs"  in  the  basal,  un- 
frozen  material  expand. This results  in a 
compressive  straining of the  casing  within  the 
frozen  zone  and  its  tensile  straining in the 
underlying  unfrozen  material  (Figure 3a). 

PARAMETRIC  SINGLE WELL STUDIES 

Basic  Approach 

The  undrained  total  stress  methodology  was 
selected  for  use  in  the  majority  of  the  Dome 
analyses on the  basis of the  predominantly  fine- 
grained  nature  of  the  Beaufort  materials  and 
concern  over  the  general  validity of the  pore 
pressure  reduction  approach  to  phase  change  load- 
ing.  The  pore  pressure  reduction  concept  was 
questioned on the  basis  that  the  establishment of 
pore  pressures in the  ice  and  subsequently  in  the 
thawed  ground on an a priori  basis  was  highly 
contentious. 

Finite  Element  Modelling 

The  finite  element  program NONSAP was 
chosen  for  analysis of the  thaw  subsidence 
phenomenon  because of its  linear  and  non-linear 
capabilities.  The  structured  model  was axi- 
symetric with  a  fixed  base and rollered  side. A 
permafrost  thickness o f  600 m was  selected  in 
light  of  recorded  Beaufort  conditions, and the 
external  lateral  boundary  was  set at' a radial 
distance  of 500 m  to  meet  the  zero  displacement 
criterion  (Figure 2) .  The  modelled  casing  was 
500 mm in  diameter,  and  any  structural  contribu- 
tion of a grouted  annulus  was  conservatively  neg- 
lected. A no-slip  condition  at  the  casing/soil 
interface was assumed  during  preliminary  analysis. 

The  thaw  strain  and  stiffness  reduction 
loading  mechanisms  were  treated  separately  and 
then  superimposed  for  the  linear  elastic  anal- 
yses.  The  elasto-plastic  analyses  required  that 
both  loading  mechanisms  be  combined  and  incre- 
mentally  applied  during  modelling. 

FlOURf 2 0  : FINITE ELEMENT MOM1 FIGURL 2 b I SINOLE W I L L  PARAUETRIC 

CONFIGURATION  QEOMlfRV 



The  desired  thaw  strains  were  input as 
initial  strains  into  the  finite  element  model. 
The  volumetric  thaw  strain  was  distributed 
equally  in  three  orthogonal  directions, i.e., E~ 

vation of initial  strain  loads  is  presented  in 
Appendix A. 

The  casing  stresses  and  strains  resulting 
from  the  stiffness  reduction  mechanism  were 
assessed  by  comparing  the  pre-thaw  and  post-thaw 
regimes (i.e. ETROZKN vs ETHAWED). Deriva- 
tion of the  constltutlve  laws for the  stiffness 
reduction  mechanism  is  presented  in  Appendix B. 

Parametric  Runs 

- Ez = €6 = EV 13 . A brief  discussion  and  deri- 

Two basic  deposit  geometries  were  investi- 
gated  in  the  single  well  parametric  study  package: 

(a) a  homogeneous  soil  stratigraphy  with 
variable  thaw  radius,  and 

(b) a layered  stratigraphic  sequence  with  a 
fixed  12 m thaw  radius. 

X CASING STRAIN $CASING STRAIN 

HOMOGENEOUS I UNIFORM 
PERMAFROST DEPOSIT 

NON-HOMOGENEOUS I LAYEREO 
PERMAFROST DEPOSIT 

FIGURE W FIGURE 38 

peak  casing  strains  occurred  at  the  base  of  the 
With  a  homogeneous  soil  Stratigraphy,  the 

permafrost.  Maximum  compressive  casing  strains 
occurred  adjacent  to  the  thawed  soil,  while  peak 
tensile  casing  strains  were  found  directly  below 
and  adjacent  to  the  unfrozen  soil  (Figure 3a). A 
summary of the  homogeneous  geometry  results  is 
presented  in  Figure 4 ,  along  with  the  basic 
design  parameters. 

Deep  coring o f  Beaufort  sediments  revealed 
a  layered  stratigraphy  made  up of materials  with 
sharply  varying  mechanical  properties;  therefore, 
layering  effects  were  investigated  using  a  re- 
peating  stiff  and  soft  material  couplet.  The 
"layered"  casing  strains  followed  similar  mean 
trends  to  their  homogeneous  counterparts,  but  the 
interbedding  induced  minor  strain  variations  that 
locally  amplified  the  general  trends  (Figure 3b). 
The  worst-case  layer  configuration  was  a  thin, 
soft-soil  layer  located  below a thick-stiff 
layer. A summary  of  the  layered  sequence  results 
is  presented in Figure 5 .  

. 58 MPa 

m e  general  conclusion o f  the  parametric 
work  was  that a layered  sequence  represented  the 
critical  design  scenario,  ceteris  paribus,  and 
that  changes  in  compressibility  within  inter- 
bedded  sequences  most  significantly  affected  the 
casing  strains.  Cursory  elasto-plastic  analysis 
marginally  reduced  the  strains  predicted  from  the 
elastic  model,  but  did  not  alter  this  basic 
conclusion. 

TARSLUT N-44 CASE HISTORY 

General 

A major  field  investigation  and  thaw  sub- 
sidence  monitoring  program  was  performed  during 
the  drilling  of  the  Tarsiut N-44 well  in  1981-82 
to  latterly  aid  in  model  verification. A pre- 
liminary  calibration run had  been  made  using 
Prudhoe  Bay  results,  but  this,  in  spite  of  good 
agreement  between  field  and  model  results 
(Figure 61, did  not  represent  an  objective  veri- 
fication  of  the  approach  because  of  the  lack of 
original  laboratory  data  in  the  literature,  The 
Tarsiut  program  included  field  drilling,  sampl- 
ing,  logging,  and  testing;  field  casing  instru- 
mentation  and  monitoring;  laboratory  testing;  and 
back-analysis of the  measured  casing  strains 
through  finite  element  modelling. FlOUllE 4 : 4 X I A L  CASINO  ITRAINS 4s 4 
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Field  Investigations 

The  geotechnical  field  investigation  at 
Tarsiut  "piggy-backed''  the  well  drilling  opera- 
tion to the 650 m depth  level.  The  first  phase 
of  the  program  was  carried  out  between 20 m and 
170 m below  the  island/seabed  contact,  and  was 
effectively a standard  geotechnical  investigation 
with  pseudo-continuous  sampling of the  formation 
at 1 metre  intervals  and  local  in-situ  testing. 
The  retrieved  samples  were  subjected  to  simple 
index  testing  in  the  field  (i.e.,  density,  temp- 
erature,  strength,  total  and  frozen  moisture 
contents, etc.)  and  then  preserved f o r  shipment 
south  in  thermostatically  controlled  freezers. 

Operational  and  schedule  constraints  pre- 
cluded  geotechnical  coring  in  the  lower  portion 
of  the  permafrost  zone. As a result,  the  second 
phase  of  the  investigation,  which  related  to  the 
170 m to 650 m depth  range,  involved  the  infer- 
ence  of  lithology  from  drill  bit  cuttings,  drill- 

cores. 
ing  performance,  geophysical  logs,  and  sidewall 

The investigations  revealed  that  the 
Tarsiut N-44 foundation  stratigraphy  was  char- 
acterized  by  interbedded  silts  and  clays  with 
isolated  sand  stringers.  Bonded  permafrost  soils 
existed  between 60 m and 410  m  below the  island/ 
seabed  contact  and  contained  little  or  no  visible 
ice.  Temperatures  measured  downhole  and  in  core 
samples  indicated th!t minimum  ground  tempera- 
tures  approached -3.5 C .  The  consistencies  of 
cohesive  units  ranged  between  firm  and  very  stiff 
when  thawed,  and  test  results  indicated  that 
these  soils  were  moderately  compressible  and 
normally  consolidated. 

Casing  Instrumentation 

In-situ  temperatures,  pore  pressures,  and 
casing  strain  data  were  considered  to be crucial 
to  the  successful  verification o f  a thaw  subsi- 
dence  model, and a downhole  instrumentation sys- 
tem  was  designed  to  effect  the  retrieval  of  such 
data  during  the  drilling  and  testing  period  at 
Tarsiut N-44. Integral  to  the  system  was a moni- 
toring  casing  joint  that  housed  two  temperature 
transducers,  three  pore  pressure  transducers,  and 
nine  strain  gauges (3 hoop  and 6 axial).  These 
instruments  were  sensed  by  downhole  data  acquisi- 
tion  units  and,  subsequently, a topside  wellhead 

data  concentrator  and  processing  unit  (Figure 7 ) .  
Six,  30-inch  diameter  and  eight,  20-inch 

diameter  monitoring  joints  were  installed  within 
the  permafrost  zone  at  Tarsiut . Specific 
locations  were  selected  to  obtain  casing  strain 
data  representative  of  material  type (i.e. 
located  in  the  middle of massive  deposits)  and 
facies  changes (i.e.,  located  at  layer 
boundaries). 

Laboratory  Testing  Program 

Previous  research  showed  that  the  primary 
design  variable  in  the  thaw  subsidence  analysis 
was  the  modulus o f  deformation (E  ) and  that 
small  design  changes  in  elastic  properties  were 
more  important  than  increased  sophistication  in 
modelling  technique. As a  result,  Dome  Petroleum 
Limited  commissioned EBA Engineering of Edmonton 
to  evaluate  the  frozen  and  thawed  deformation 
moduli (E  p 1, Poisson's  ratios ( u 1, and  thaw 
strains ( E of  the  retrieved  Tarsiut  cores. 
A complete  description of the  temperature  and 
stress  path-controlled  testing  program  is 
documented  in  the  referenced  report. 

While  detailing  of  the  testing  program 
results  is  not  possible  herein  due  to  their 
proprietary  nature,  the  following  qualitative 
statements  can  be  made  concerning  the  program 
findings: 

(a)  the  measured  thaw  strains were  compatible 
with  the  mineralogy,  pore water  salinity, 
and  in  situ  temperatures of the  samples; 

(b) the  measured  thaw  deformation  properties 
agreed  well  with  those  of  normally  consoli- 
dated  "southern"  materials; 

(c) the  measured  frozen  deformation  properties 
were  generally  lower  than  those  reported  in 
the  literature  because of their  "warm" 
nature,  but  were  compatible  with  the  min- 
eralogy,  pore  water  salinity,  and in situ 
temperatures  of  the  materials. 
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( d )  the  thaw  strain  treatment  of  phase  change 
loading  appears  to  be  justified. 

Tarsiut  Back-Analysis 

Casing  strain  data  for  the  Tarsiut  back- 
analysis  was  selected  from  the  January  to  April 
1982  time  period.  All  mechanical  drilling-  and 
testing-related  strains,  such  as  casing  hanging 
and  tensioning,  were  subtracted  from  the  pup 
joint  gauge  data on the  basis  of  drilling  re- 
cords.  The  remaining  strains  were  felt  to  be 
attributable  to  the  thaw-induced,  soil 
displacement-controlled  loading  of  the  casing 
and,  therefore,  represented  the  datum  for  model 
verification. 

The  amount o f  thaw  generated  by  the  N-44 
exploratory  well  was  obtained  through  the  use  of 
a  finite  element  thermal  program.  Input  para- 
meters  included  pre-drilling  measured  formation 
temperatures,  external  wellbore  temperature 
variation  with  time  measured  by  the  in  situ  temp- 
erature  sensors, and  the  thermal  conductivities, 
volumetric  latent  heats,  and  volumetric  specific 
heats of composite  soil  layers.  The  thaw  radius 
for  the  Tarsiut  scenario  was  thereby  predicted  to 
be  1.75  m. 

Due  to  the  low  measured  casing  strains  and 
small  thaw  radius,  the  thaw-induced  strains  were 
modelled  using  the  linear  elastic  portion  of  the 
finite  element  program.  Input  moduli  and  thaw 
strains  were  obtained  from  representative  mate- 
rial  stressistrain  curves  as  determined by EBA 
Engineering.  The  thaw  strain  and  stiffness 
reduction  loading  mechanisms  were  analyzed 
separately  and  then  superimposed  in  accordance 
with  the  methods  outlined  previously. 

As  shown i n  Figure 8, the  predicted  casing 
strains  agree  well  with  those  measured,  in  both 
magnitude  and  trend.  The  displayed  results  per- 
tain  to  the  initial  thaw  subsidence  model  run 
using  objectively  selected  material  properties. 
A subsequent  parametric  study  showed  high sen- 
sitivity  to  material  properties,  thereby  lending 
credence  to  the  laboratory  testing  procedure  and 
the  method of analysis. 

BACK ANALYSIS RESULTS 
TARSIUT FIELD AND 
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FUTURE WORK 

On the  basis o f  the  Tarsiut  N-44  validation 
study,  the  undrained  thaw  subsidence  approach  is 
being  used  to  analyze  the  more  realistic  multi- 
well/cluster  development  scenario.  The  work  will 
be  performed as a  joint  industry  sponsored  re- 
search  project (MOA 209)  and  will  include  exam- 
ination of the  influence  of  production  structure- 
induced  consolidation (i.e. negative  skin  fric- 
tion)  and  the  stability  of  deviated  well  clu- 
sters. It is  anticipated  that  this  study  will  be 
completed  by  January  1984. 
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APPENDIX A 

F i n i r e  Element  Treatment  of I n i t i a l   S t r a i n s  

1 - F i n i t e  Element  Analysis ( h i s m e t r i c )  with 
I n i t i a l   S t r a i n  Loads 

S t a r t   w i t h   t h e   r e s u l t  of  the  minimization of 
potent ia l   energy .  

IF1 = [K] {AI (1) 

This   equat ion  appl ies  t o  t h e  whole  continuum 

Where {p} = global   force   vec tor   ( loads)  

660 

The element   force  vector  {Fie i s  assembled 
i n t o  {PI . Knowing IP}and [K] , one  can  solve €or 
the   overal l   d isplacements  

{A} = LK1-l IPl ( 6  1 

The r e s u l t s  o f  (6) a r e   s u b s t i t u t e d   i n t o  ( 3 )  then 
( 4 )  t o   o b t a i n  stresses. 

APPENDIX B 

2 - Stiffness  Reduction  Loading - Undrained 

(a )  I n i t i a l   S t r e s s   S t a t e  

U * y h ; o  = K o * o  = K g  r O Z '  e o z  

Where y = t o t a l   s o i l   d e n s i t y  

h = height  of  soil  above  element 
cent ro id  

( b )   I n i t i a l  Strain - Frozen  State  

[K] = g loba l   s t ruc tu re   s t i f fnes s   ma t r ix  

{A} - unknown nodal  displacement. 

For  an  individual  element 

[K] = [B]'[n][B]dV (2 1 

w h ~  re [Kl = e lement   s t i f fness   mat r ix  

[B] = re la tes   d i sp lacements  t o  s t r a i n s .  

Also 

{el = [B] {AI 

[Dl  = cons t i t u t ive   ma t r ix   fo r  an 
axisymmetric  solid 

{ E }  = s t r a i n  from appl ied  loads 

Where E% = undrained  Young's Modulus 

 vu^ = undrained  Poisson's  Ratio 

( c )   I n i t i a l  9 < l L  - Ihnr-ed S t a t e  

( f rozen)  

( f rozen)  

{E l = i n i t i a l   s t r a i n .  Where E+ = undrained  Young's Modulus (thawed) 

With the  element  st iffness  matrices  formed, t h e  "yr = undrained  Poisson's  Ratio  (thawed) 
s t r u c t u r e   s t i f f n e s s   m a t r i x   c a n  be  assembled f o r  
t h e   e n t i r e  continuum. (d)  TO compute t h e   c h a n g e   i n   i n i t i a l   s t r a i n   d u e  

t o   s t i f f n e s s   r e d u c t i o n ,   t h e   f r o z e n   i n i t i a l  
The applied  loads  generated by t h e   i n i t i a l   s t r a i n s   a r e   s u b t r a c t e d  from thawed i n i t i a l  
s t r a i n s  are s t r a i n s .  



FROST  FEATURES IN THE KARST WGIONS OF  THE 
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The  action o f  freezing  and  thawing on limestone  near  cave  entrances  in  the  high 
mountains  of  Czechoslovakia  produces  modification  of  rock  walls,  rock  shelters, 
debris  ramparts,  and  sorted  polygons  and  stripes in the  frost-weathered  debris o f  
the  cave  floor.  Debris  ramparts,  about 1 m  high  and wide, form  near  cave  entrances. 
They  are  the  result  of  intense  frost  action  caused by the  outside  freezing  air 
entering  the  cave  and  contacting  the  moisture-soaked,  jointed  limestone  walls. 
Frost-weathering  debris  on  the  cave  floors  near  the  entrances  is  sorted  into  small 
polygons  and  stripes  by  frost  action. 

INTRODUCTION 

The  occurrence of permafrosr  is  rare  in  Czecho- 
slovakia. A special.  type of permafrost  exists  in  the 
high  mountains,  in  colluvium  and  mainly in ice  caves 
among  which  DobsinskB  Ladova  jaskyna (968 m), Sil- 
ickL  Ladnica (503 m), DemXnovskd Ladov5  jaskyna 
(837 m)  and  Ladovir jaskyna na Mur6ni (860 m) are  the 
bset known localities. The  areal  extent  of  perma- 
frost  in  ice  caves  is  only  several 1000 m2.  The  oc- 
currence of frost  stirred  soil forms can  be  expected 
on the  border  of  the  glacier  where  the  surface  part 
of sediments  partly  melts  in  summer  and  where  favor- 
able  conditions  for  typical  solifluction  arise. 
During  research of the  karst  in  the  Zspadne'  Karpaty 
(West  Carpathian)  Mountains  in  the  territory of 
Slovakia, we often  met  forms  of  relief  which  are  in- 
fluenced  by or depend  on  frost  activity.  Some  of  them 
are  due to periglacial  processes  without  the  existence 
of permafrost  (Washburn 1 9 7 3 ) .  In  winter,  when the 
air  temperature  often  alternates  below  and  above O°C, 
mostly in sunny  localities,  the  weathered  mantle of 
loose  sediments  alternately  freezes  and  thaws,  and 
gives  rise to favorable  conditions  for  frost  shatter- 
ing and  sorting  of  Soils. In our  country,  Sekyra 
(1960) has  evaluated  the  effect  of  the  frost on the 
soil  and  Demek (1972) has  suggested  the  classifica- 
t i o n  and  the  terminology of cryogenic  forms.  Some 
manifestations  of  frost  activity  are  considered  to 
be  due  to  periglacial  processes,  but  others  are 
due  to  local  ice  growth  and  exfoliation. 

We  have  directed  our  attention  partly  to  the 
effect of temperature  changes  on  the  rock  walls  of 
limestones  and  dolomites, on the  rock  walls of 
shelters,  and on the  unvegetated  entrance  areas of 
caves. 

it  is  beneath  a  great  rock  wall. 
Debris  rampalfts  have  been  found  from  a  lower 

elevation o f  about 600 rn to  the  highest  ones  at 
elevations  of 800-1000 m; they  are  the  most  wide- 
spread.  They  form  and  are  preserved in front o f  en- 
trances  oriented t o  various  cardinal p o i n t s  if  cryo- 
genic  processes  cannot  remove  the  debris  rampart, 
e.g.  Malfi jaskyna  za  Kanel'om (997 m) in  the  Nizke 
Tatry  (Figure 1)  and Lam (862 m) and  Biela  jaskyna 
(840 rn) in  the  Vel'kd  Fatra. 

Weathered  material  falls  from  the  .rock  walls 
mostly  in spring, suggesting  a  direct  relationship 
t o  frost  action.  This  area  is  in  contact with the 
outside  atmosphere as well as with the  air  in  the 
cave. In addition,  surface  water  seeping  downward 
through  minor joints in  the  rocks  and  condensation 
moisture  are  very  important  in  frost  weathering. 
Most of the  rock  shelters in the  intensely  tecton- 
ically  shattered  limestones  may  be  considered  to  be 
chiefly  a  product  of  frost  action. 

The  difference  between  the  formation  activity  of 
frost  action  and  formation  that  occurs  without 
frost  action  is  evident  in  Mali  jaskyiia za Kancl'om, 
a  horizontal  cave  about 43 m  long.  The  entrance  is 
partially  filled  by  debris  that  had  been  isolated 
from  the  inner  part  of  the  cave.  The  walls of the 
entrance  are  modified  by  frost  weathering.  The 
weathered  material  and  powder  sinter on the  floor 
of  this  part  of  the  cave  art  sorted  by  frost  action. 
The  walls  of  the  inner  part of the cave,  however, 
have  been  separated  for a long  period  of  time  from 
the  outside  atmosphere  and  they  are  smooth, with 
the  original  form  of  erosion  and  karst  formation, 
without  traces of frost  weathering.  Even  debris on 
the  floor in the  inner  part  of  the cave  is not 
frost-sorted  (Figure 2 ) .  

FORMATION OF ROCK  WALLS,  ROCK  SHELTERS,  PATTERNED  GROUND 
AND  CAVE ENTWCES 

Patterned  ground  is  a  common  phenomenon  on  rock 
The  formation of debris  ramparts  in  front of shelter  floors  and  in  cave  entrances. It forms 

cave  entrances  is  a  manifestation of frost  action. where  debris  and  powder  sinter  have  accumulated. 
The  debris  ramparts  are  about 1 m h igh  and 1 m  wide. We use  the  term  "powder  sinter"  to  indicate  a 
They  are  vertical  to  the  axis of the  cave  entrances modification of secondary  CaCO,,  which  occurs on 
and  may  extend  in  front  of  the  entire  entrance  if the  walls of rock  shelters  and  in  cave  entrances  in 
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(Photo  by P. &fitter) 
I 

MALA JASKYNA ZA KANCrOM 

MALA J A S K Y h  ZA KANCLOM 

FIGURE 2 A - part: of the  cave  connected  with exterior atmosphere  influenced by 
f r o s t  action. B - Internal part of the  cave  without  features of cryogene  modeling. 
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cold  c l imates  [Lokek (1964) used  the term "p8nitec1, 
forming  separate   crystals   on  the walls t h a t   f l o a t  
very  slowly by percolated  water  t o  t h e   f l o o r  o€ t h e  
she l te r   o r   cave .  The unconsolidated material on 
t h e   f l o o r   c o n s i s t s  of d e b r i s ,  powder s i n t e r ,  and 
the   i n so lub le   r e s idue  of  limestone,  which  holds 
water well and c r e a t e s  a very  favorable  environment 
for   f ros t   ac t ion .   There  i s  of ten   water   there ,  and 
during more humid per iods   th i s   sed iment   tu rns  
almost  marsh-like.  This  type of w e t  sediment i s  
favorable  f o r  the  formation of parterned  ground 
(Figure 3 ) .  The absence of vegetation  and humus 
substance  and  the  absence of t h e  immediate e f f e c t s  
of r a i n f a l l   e x c l u d e   t h e   p o s s i b i l i t y   t h a t   t h i s  
phenomenon is  a product of processes   other   than 
f r o s t   a c t i o n ,   a s  Panos (1973) reported from t h e  
Belanske  Tatry  Mountains. We also found small  non- 
sor ted  polygons  in   places   with  no  debris .  Our 
f ind ings   l ower   t he   a l t i t ud ina l  limit of the  occur- 
rence of patterned  ground  considerably from those 
of Jahn (1970). 

SORTED STRIPES 

Sor t ed   s t r ipes  commonly occur on i n c l i n e s   i n   t h e  
f l o o r s  of rock   she l t e r s  and in   t he   en t r ance   a r eas  
of  caves. The environment  and  the mechanism by 
which  they  are formed a re   ve ry  similar t o   t h o s e   i n  
which  sorted  polygonal  forms  occur;  however,  the 
inc l ines   p rovide   very   favorable   condi t ions   for  
sediment movement. We wish t o  emphasize  the  import- 
ance  of   these  processes   in   the  creat ion o f  rock 
she l te rs ,   smal l   caves ,  and  cave  entrances. 

In t h e  ZSpadnE Karpaty  lbunrains,   where  the mean 
annual a i r  temperature  ranges  from + 5 ' ~  t o  - 3 . 7 ' ~  
from the   lower   s lopes   to   the  t o p  ( the  highest   point  
i n  Czechoslovakia  with a me teo ro log ica l   s t a t ion ) ,  
and the   annua l   p rec ip i t a t ion  i s  900-2000 mm, 
weathered  mater ia l  and f r e e   s i n t e r   m a t e r i a l   a r e  
t ranspor ted  out of caves by a l t e r n a t e   f r e e z i n g  and 
thawing,  mainly a t   t he   beg inn ing  and t h e  end of t h e  
winter   per iod.  The t r anspor t ed   ma te r i a l  accumu- 
l a t e s   i n   f r o n t  of  the  caves, In t h e   J e l e n i a  
Jaskyza  cave (844  m), which  has a spacious  entrance 
and  permits   easy  contact   wi th  the  outs ide atmos- 
phere ,   fea tures  of cryogenic   t ransport   occur  as f a r  
as 35 m back i n   t h e   c a v e  from the  entrance.   Trans- 
p o r t e d   m a t e r i a l   i n   f r o n t  of the  Pieskovd  cave  in  
t h e  Vel'kb  FaKra,MounKains  can  be  seen in   F igu re  4 .  
In many small caves, we  have   no ted ' smal l   sor ted  
polygons,  unsorted  polygons, and sor ted  sKripe8.  

F a t r a  and t h e  Nizke  Tatry  Mountains,  examining 
seve ra l   t ens  of  small  caves  and  rock  shelters, we 
be l ieve   tha t   f ros t   weather ing  and t h e   t r a n s p o r t  
ac t iv i ty   o f   f ro s t   (F igu re  5 )  play t h e  main r o l e  
forminginthese  caves and s h e l t e r s .  A s p e c i f i c  
type of cave o r   s h e l t e r  i s  formed  where t h e   s o l u t i o n  
f e a t u r e s   a r e   g r e a t l y  subdued  and  frost-weathering 
phenomena a r e  well developed. We term  such  caves 
"slope  caves." The main f e a t u r e s  of these  caves 
are: (1)  l inear  form, ( 2 )  cave walls t h a t  are 
modelled by mechanical  Weathering, (3)  cave   f loors  
t h a t   i n c l i n e   t o   r h e   e x i t  of the  cave,  and ( 4 )  d e b r i s  
on t h e   f l o o r  of the   cave   tha t   exhib i t s   sor red   po ly-  
gons and s t r i p e s .  These  caves  can  be up t o  some 
tens  of meters long. 

Af te r  10 years  of  research on k a r s t   i n   t h e  Vel'ki 
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FIGURE 5 Development of s lope  caves with cryogene transport material 
from the cave. 
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CONCLUSIONS 

On the  exposed  parts o f  the  middle  and  high 
elevations  of  the  Zhpadn;  Karpaty  Mountains,  under 
the  existing  central  European  climate.  frost  action 

Jahn, h . ,  1970,  Najnizsze  stanowisko  czynnych 
gruntow  strukturalnych w Tatrach  i  problem 
dolnej  granicy  wystepowania  zjawisk  periglacjal- 
nych  w  gorach:  Acta  Geographica  Lodiiensiz, 
no. 2 4 ,  p .  217-224. 

is one of  the  most  important  geomorphic  factors of the Lozek, V., 1964,  Ruzovf  previs  ve  Vritne'  doline u 
karst  regions. In  front of caves,  remarkable  ramparts Turcianskd  Blatnice:  Academia,  Praha  (Prague), 
of debris form as a  result of f r o s t  action  on  the Ceskoslovensk? kras, no. 15, p. 105-117. 
exposed  rock walls. In cave  entrances,  where  there Panos, V., 1973,  The  development  dynamics of small 
is  easy,  direct  contact with the  outside  atmos- landscape  forms  in  the  weathering  and  the 
phere,  and  in  small  caves  as well, small  sorted vegetation  mantles  of  the  Belanskg  Tatry  Moun- 
polygons  and  stripes  form  in  the  weathered  debris tains  (Czechoslovakia):  Acta  Universitatis 
on the  cave f l o o r s .  Cryogenic  processes  transport Palackianae  Olomoucensis FRN, no. 42, 
the  loose  sediments on the  inclined  cave  floor Geographica-Geologica XIIL, SPN,  Praha, p. 109- 
towards  the  exit,  and  special  types of caves, e.g. 126. 
%lope  caves ,It are  created. Pulina, M., 1968,  Gleby  poligonalne  w  jaskyni 
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Ea r ly   mar ine   s e i smic   r e f r ac t ion   i n t e rp re t a t ions  on the  Canadian  Beaufort  Sea  shelf 
have  indicated  the  widespread  occurrence  of  ice-bearing  sub-seabottom  sediments. 
A l a r g e   a r e a  of t h e   s h e l f  i s  underlain by coarse  grained  high  veloci ty  (> 3000 m / s ,  
t y p i c a l  of  ice-bonded  sand  and  gravel)  Cenozoic  sediments.  Recent  data  have 
reaffirmed  the  subdivision o f  t h i s   a r e a   i n t o  two major   seismic  laycrs ,  a deep t h i c k  
cont inuous  layer   with  the  upper   surface  general ly   greater   than  100 m below the  sea- 
bottom, and a th in   d i scont inuous   l ayer   a t   depths   o f  5-50 m below the  seabottom. 
High resolut ion  mult ichannel   refract ion  seismic  surveying  has   provided  derai led 
s t r u c t u r e  of t hese   l aye r s .  

TNTRODUCTION 

The ex is tence   o f   subsea   pcrmafros t   in   the   hau-  
f o r t  Sea  shelf was predi.ctcd by Mackay (1972). 
Subsequent  studies  (Hunter and Hobson 1974,  Hunter 
e t  al. 1976,  1978, MacAulay and Hunter  1982, Morack 
and  Rogers  1982,  1983, Neave and Sellmann  1982, 
Osterkamp  and  Harrison  1982, Rogers and Morack 1980 
Sellmann  and  Chamberlain  1979) in   the  Alaskan and 
Canadian  Beaufort  Seas  have shown t h a t  ice-bonded 
sediments   ex is t   under   l a rge   a reas  of the   cont i -  
n e n t a l   s h e l f .  

Hunter e t  a l .  (1978)  employed se i smic   r e f r ac t ion  
techniques on f i r s t   a r r i v a l   e v e n t s  from o i l  
industry  records  to   determine  depths   and  veloci t ies  
of  thick  ice-bonded  permafrosf.  These  measurements 
were l i m i t e d  by the   l a rge   spac ing  of t h e  hydrophone 
groups  and  the  preferent ia l   a t tenuat ion 01 
r e f r ac t ion   even t s .   Recen t ly ,   t he   o i l   i ndus t ry   has  
been c o l l e c t i n g   h i g h   r e s o l u t i o n   r e f l e c t i o n   d a t a   i n  
some areas  of the  Beaufort   Sea  shelf .  The s h o r t e r  
hydrophone l i n e s ,  the closer   spacing of the  hydro- 
phone  groups,  and  the  higher  source  frequencies 
used   for   these   da ta   a re  much b e t t e r   s u i t e d   t o   t h e  
r e f r a c t i o n   i n t e r p r e t a t i o n   o f  ice-bonded  subsea 
permafrost .   This   paper   presents   the  analysis  of 
two such l i n e s .  

The l o c a t i o n  of t h e s e   l i n e s  is shown i n  Figure 
1. Line A t ransec ts   the   ou ter   Beaufor t   Sea   she l f  
and  Line B t he   i nne r   she l f   t o   t he   ea s t  of Mackenzie 
Bay. Also shown i n   t h i s   f i g u r e   a r c   a r e a s   u n d e r l a i n  
by shallow  and  deep  high  velocity  refractors  as 
determined  from  previous work (Hunter e t  a l .   1978) .  

SEISMIC VELOCITIES OF ICE-BONDED 
PERMAFROST 

Seismic   ve loc i t ies  of water-saturated  mater ia ls  
increase  with  decreasing  temperatures  below O0C 
responding  to   the  increase in i n t e r s t i t i a l   i c e  
con ten t .   I ce   con ten t   va r i e s   d i r ec t ly   w i th   g ra in  
s i ze   ( i . e . ,   s and   gene ra l ly   con ta ins   h ighe r  ice  
content  than  clay) and inversely  with  pore  water  

s a l i n i t y   ( s a l i n e   i n t e r s t i t i a l   w a t e r   l o w e r s   t h e  
f r eez ing   po in t ) ,  

Numerous labora tory  measurements o f  seismic 
ve1oci.tic.s of ice-bonded  permafrost  have  been made 
(Aptikaev  1964, Nakano e t   a l .  1971,  1972, King e t  
al .   1982).   Velocity  ranges  for  samples  taken in 
the  Canadian  Beaufort   Sea  are  discussed  in  detail  
in   the   paper  by King e t   a l ,   T h e i r   d a t a  show t h a t  
t h e   i n c r e a s e   i n   i c e   c o n t e n t ,  and  hence  seismic 
veloci ty ,   wi th   decreasing  temperature  below O°C i s  
less dramat ic   for   f ine   g ra ined   than   for   coarse  
g ra ined   ma te r i a l s .   Ve loc i t i e s   fo r  ice-bonded  sand 
in  the  Reaufort   Sea  range from 4,000 m/s down t o  
approximately 2,500 m/s, and may be  as  low as l ,800 
m / s  i f   t he   ma te r i a l s   a r e   on ly   pa r t i a l ly   i ce -bonded .  
Ve loc i t i e s   fo r  ice-bonded s i l t  range  from  3,300 t o  
2,200 m / s ,  while  those  for  ice-bonded  clay  range 
from  2,300  to 2,000 m/s. These ve loc i ty   ranges  may 
be a few hundred m / s  Lower i f  t he   ma te r i a l s   a r e  
on ly  par t ia l ly   ice-bonded.   These  general   veloci ty  
ranges  arc  used la ter  i n  t h i s   pape r   fo r   t he   i n t e r -  
p re t a t ions   g iven   t o   t he   r e f r ac t ion   s ec t ions .  

UISCUSSION OF HIGH RESOLUTION DATA 

De ta i l ed   s e i smic   r e f r ac t ion   da t a  ha've been 
analyzed  along two marine  survey  l ines (A  and B i n  
Figure  1)  recorded  during  the summers of 1979  and 
3.981 f o r  Dome and Gulf Petroleum. An a i r  gun ar ray  
was used a6 the  source  in   both  cases .   Line A d a t a  
were  taken  using  the  near 2 4  equally  spaced  hydro- 
phone groups  of a longer  streamer  giving  an 
e f f ec t ive   l eng th  of 767 m with a 240 m o f f s e t  from 
source  to   near   group.  The shot  points  were  spaced 
every  33.3 m f o r   r e f l e c t i o n   a n a y s i s ;  however,  only 
every  tenth  shut   point  was ana lyzed   for   re f rac ta rs  
Line B d a t a  were  collected  using 96 equally  spaced 
hydrophone  groups  along a 600 m long  streamer 
having a 1 4  m o f f s e t .  Every e ighth  shot   po in t  was 
analyzed  giving a spar-ing  of  100 m. The f i r s t  
0.80 s of the  Line A d a t a  and 0.50 s of the  Line B 
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FIGURE 1 Map of the   s tudy   a rea  showing l o c a t i o n s  
of s e i smic   l i nes .  Shaded a reas   i nd ica t e   l oca t ions  
of  upper (< 60 m) and  lower (> 100 in) ice-bonded 
sediments  as  determined  from  previous  studies. 

d a t a  were made a v a i l a b l e  for r e f r a c t i o n   a n a l y s i s .  
A typical   "wiggle   t race"  record  for   the  Line B d a t a  
i s  shown in   F igu re  2 .  The f i r s t   a r r i v a l   e v e n t s  
were  manually  picked  using  microcomputer  assisred 
d ig i t iz ing   techniques .  The d a t a  were  analyzed  for 
depth and veloci ty   information  using  s tandard 
r e f r ac t ion   t echn iques   (Te l fo rd   e t  a l .  1976). The 
d i f f e r e n t   r e f r a c t i o n   e v e n t s  were easi ly   determined 
by d isp lay ing   the   da ta   as  a reduced  travel time 
p l o t  where a r r i v a l  times were s h i f t e d  by t h e  amount 
x / V ,  where v i s  nea r   t he   r e f r ac to r   ve loc i ty .  

ISO-OFFSET TIMJ? SECTIONS 

The f i r s t   a r r i v a l   t i m e s   f o r   a l l   r e c o r d s  were 
d i sp layed   i n  a format   that  we ca l l   an   " I so-Offse t  
Time Section."  This i s  a p l o t  of shot   po in t  
loca t ions   a long   the   hor izonta l   ax is  and f i r s t  
a r r i v a l  time i n   t h e  downward d i r ec t ion .   Ar r iva l  
times a t  a given  hydrophone  group for   each  of  i t s  
shot  point  locations  are  then  connecte-d by s t r a i g h t  
l ine  segments .  The position  of  each  hydrophone 
group was s h i f t e d  by one-half i t s  distance  from  the 
shor   po in t  t o  more accura te ly   loca te   the   midpoin t  
o f  the  ray  path.  An Iso-Offset p l o t  f o r  Line A i s  
shown i n   F i g u r e  3 .  The v e r t i c a l   s p a c i n g  of t h e  
connected  l ines   decreases   as   the  seismic  veloci ty  
increases   due  to   the  shorter   interval   t ime.   Thus,  
a sha rp   ve loc i ty   con t r a s t  i s  ind ica ted  by a change 
i n   t h e   d e n s i t y  of  the  connected l ines;  areas  under- 
l a i n  by h igh   ve loc i ty   mater ia l   appear  as areas  of 
c lose ly   spaced   l ines  on the  plot .   Figure 3 shows 
a t  a g lance   the   loca t ions   a long   the   l ine  where  high 
ve loc i ty   ma te r i a l s   ex i s t .   Add i t iona l ly ,   t he  
vertical   displacement  of  the  high  density  segments 
gives  a q u a l i t a t i v e   i n d i c a t i o n  of the  depth of t h e  
veloci ty   discont inui t ies ;   those  segments   appearing 
l a t e r   i n  time occur   a t   g rea t e r   dep th .  

area  has  been  divided into severa l   geotechnica l  
divis ions  suggested by M. J. O'Conner (personal  
communication,  1983). From the  west ,   these 
d i v i s i o n s   a r e   t h e   K r i n g a l i k   P l a t e a u ,   t h e   I k i t  
Trough, t h e  Akpak Plateau,  the  Kugmallit  Channel, 
the  Tingmiark  Plain,   the   Nigl ik   Channels ,  and the 
Kaglulik  Plain.   Line A t r ave r ses   t he   ou te r   she l f  

For  the  purposes  of  discussion  here,   the  shelf  

FIGIJRE 2 Typ ica l  "Wigglc t race"  record showing 
h igh  v e l o c i t y  rc f rac- tors .  

area and crosses   a l .1   of   these  divis ions.  The west 
end  of   the  l ine  beneath  the  Kringal ik   Plateau shows 
a few sha l low  h igh   ve loc i ty   events .  The s e c t i o n  
benea th   t he   Ik i t  Trough shows a depression i n  t h e  
high  velociry  zones.  The a rea   benea th   the  Akpak 
Pla teau  i s  charac te r ized  by nearly  continuous 
shal low  high  veloci ty   mater ia ls .  The Kugmallit 
Channel a r e a  shows a shallow  layer,   having a 
se i smic   ve loc i ty   i n   t he   r ange  of 1,800-2,100 m / s ,  
underlain by a deeper   high  veloci ty  (> 2,500 m/s) 
l a y e r  which i s  v i s i b l e   f o r  most of the  rest of 
s e c t i o n  as a gradual ly  upward s lop ing   l aye r .  East 
of  the  Kugmallit  Channel  this  deep  layer i s  over- 
l a i n  by a sha l low  h igh   ve loc i ty   l ayer  which shows 
two de f in i t e   dep res s ions   a t   t he   N ig l ik   Channe l s .  
A l l  of these  high  veloci ty   segments   have  been 
i n t e r p r e t e d   a s  ice-bonded o r   i ce -bea r ing   ma te r i a l s .  
In genera l   there  i s  a good co r re l a t ion   w i th   t he  
suggested  geotechnical   d ivis ions.  

Figure 4 shows an  Iso-Offset   plot   €or  Line B 
which t r ave r ses   t he   i nne r   she l f .  Because of t h e  
l a r g e  number of sho t   po in t s  examined, t h i s   l i n e  i s  
shown in  three  segments .  The v e l o c i t y   c o n t r a s t s  
a r e  much more apparent  than  those  in  Line A because 
of the   increased  number o f  t races   per   record  and 
because   the   ver t ica l   t ime  sca le  i s  only  one-half 
t h a t  of  Line A. Beginning a t   t h e   w e s t  end  of the  
l i n e ,   s e c t i o n s  B - l  and B-2 up to  approximately 135' 
W longi tude show only  an  occasional  high  velocity 
segment,  Beneath  the Akpak Plateau an almost 
cont inuous  shal low  high  veloci ty   layer  i s  present .  
Undernearh th i s   sha l low  l aye r ,  a deeper  high 
ve loc i ry   l aye r  is  apparent  along much of t h e  
set-tion. Across  the  Kugmallit  Channel  the  shallow 
h igh   ve loc i ty   r e f r ac to r  i s  only  sporadical ly  
present ,   whereas   the   deeper   h igh   ve loc i ty   l ayer  i s  
essent ia l ly   cont inuous .  Along  segment B-3 the  deep 
h igh   ve loc i ty   l ayer   cont inues  and short   segments o f  
a shallow  layer  occur.  The r e f r a c t i o n   a n a l y s i s  
i nd ica t e s   t ha t   t he   dep th  from the  sea  surface  to  



FIGURE 3 Iso-Offset   sect ion  of   seismic  Line A .  

FIGURE 4 Iso-Offset   sect ion  of   seismic L i n e  D shown i n  three  adjoining  segments .  

the  top of the  shal low  high  veloci ty   layer   ranges 
from 20 t o  60 m, whi le   the  depth  to   the  top of t h e  
deep  high  velocity  layer i s  between 120 and 160 m. 
The se ismic   ve loc i t ies   o f   the   h igh   ve loc i ty   l ayers  
i n  segments B-2 and 8-3 a re   g rea t e r   t han  2,500 m / s  
i n d i c a t i n g  ice-bonded  materials,   while  those  in 
segment B-1 are   g rea te r   than   1 ,800  m / s  i n d i c a t i n g  
ice-bear ing  mater ia ls .   In   general   the   Iso-Offset  
sec t ion   does   no t   cor re la te  as w e l l  wi th   the 
suggested  geotechnical   d ivis ions  as   the  previously 
d i scussed   s ec t ion   f a r the r   o f f shore .  

RESULTS OF REFRACTION ANALYSIS 

A d e t a i l e d   r e f r a c t i o n   a n a l y s i s  and i n t e r p r e -  
t a t i o n   h a s  been ca r r i ed   ou t  on se l ec t ed   po r t ions  of 
both  Lines A and E .  Figure 5 shows an  Iso-Offset 
s e c t i o n  from  Line A which crosses   the  Kugmall i t  
Channel.  Beneath t h i s  i s  a p l o t  o f  t he   r e f r ac t ion  
ana lys i s   inc luding   ca lcu la ted   ve loc i t ies  and  depths 
t o   r e f r a c t o r s .  The e r r o r   b a r s  shown on t h e  
ve loc i ty   da t a   po in t s   a r e   t he   s t anda rd   dev ia t ions  of 
t h e   l e a s t   s q u a r e s   f i t s  made t o  the  t ime-distance 
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FIGURE 5 I so -Of f se t   s ec t ion  and   ve loc i ty-depth   sec t ion   for  a p o r t i o n  of  Line A. The numbers shown beneath 
the   depths  are r a n g e s   f o r   t h e   c o r r e s p o n d i n g   r e f r a c t o r   v e l o c i t i e s  in m/s. 

p l o t s .  The e r r o r s  shown f o r   t h e   d e p t h   c a l c u l a t i o n s  
are the   p ropaga ted   e r ro r s  of t h e   v e l o c i t i e s  and 
time in t e rcep t s   u sed  i n  t h e   c a l c u l a t i o n .  A water 
v e l o c i t y  of 1,420 m/s was used   for   the   depth   ca lcu-  
l a t i o n s  when a water arr ival  was not   observed on 
the   records .   This   occurs  when t h e   f i r s t   a r r i v a l s  
are generated by a sha l low  h igh   ve loc i ty   l aye r .  

a number of  discontinuous  high  velocity  zones  with- 
i n  50 m of the  seabed.   These  can  be  divided into 
t h r e e   s e g m e n t s   e x h i b i t i n g   d i f f e r e n t   v e l o c i t y  
c h a r a c t e r i s t i c s .  A t  t h e  west end i s  a dipping 
l a y e r   w i t h   v e l o c i t i e s   r a n g i n g   f r o m  2,000 to 2,500 
m / s .  Th i s  material is i n t e r p r e t e d   t o   v a r y  from 
par t ia l ly   i ce-bonded to ice-bonded  f ine  grained 

showing a sha l low  l aye r   where   t he   ve loc i t i e s  are 
from 2,600 t o  3,800 m/s. This   l aye r  is i n t e r p r e t e d  
t o  be  ice-bonded  sands.   Immediately  to  the west of  
the  Kugmalli t   Channel i s  a sha l low  layer   having  
ve loc i t i e s   r ang ing   f rom 2,200 to 2,500 m / s  which 
a r e   i n t e r p r e t e d   t o   b e   i c e - b o n d e d   f i n e   g r a i n e d  
m a t e r i a l s .  

The sect ion  beneath  the  Kugmall i t   Channel   indi-  
c a t e s  a r e f r ac to r   app rox ima te ly  25 m benea th   the  
seabed   wi th   ve loc i t ies   ranging   f rom  1 ,800   to  2,100 
m/s, and a deeper   re f rac tor   approximate ly   160  m 
below seabo t tom  wi th   ve loc i t i e s  of 2,200 to 3,500 
m/s. The uppe r   l aye r  i s  i n t e r p r e t e d  to be  
par t ia l ly   i ce-bonded o r  ice-bonded  f ine  grained 
sed imen t s   and   t he   deepe r   l aye r   t o   be   pa r t i a l ly   i ce -  
bonded o r  ice-bonded  sands. 

West of   the   Kugmal l i t   Channel   the   sec t ion  shows 

, materials. To t h e   e a s t   o f   t h i s  is a s e c t i o n  

E a s t  o f  t he   channe l   t he   s ec t ion  shows a high 
v e l o c i t y   l a y e r   l y i n g   e s s e n t i a l l y  a t  the   seabed .  
The l a y e r   e x h i b i t s   v e l o c i t i e s   i n   t h e   r a n g e  of 2,500 
- 3,700 m/s ind ica t ing   ice-bonded  f ine   sands .  Due 
t o   t h e   h i g h   v e l o c i t y  of t h i s   r e f r a c t o r ,  a hidden 
layer   p robably  exists above i t .  Its absence i n  t h e  
r e f r a c t i o n   a n a l y s i s  would make the   ca l cu la t ed   dep th  
of the  high  veloci ty   layer   too  shal low.   Beneath 
t h i s   l a y e r   t h e   c o n t i n u a t i o n  of t he   deepe r   l aye r  i s  
e v i d e n t  on the   I so-Offse t   p lo t   bu t   has   no t   been  
i n c l u d e d   i n   t h e   r e f r a c t i o n   a n a l y s i s   d u e   t o  a l a c k  
o f   i n fo rma t ion   o f   t he   i n t e rven ing   ma te r id l .  
v e l o c i t i e s .  The ampl i tude   a t tenuat ion   of   the  
s e i s m i c   s i g n a l s   i n d i c a t e s   t h a t   t h e   t h i c k n e s s  of t h e  
shallow  ice-bonded  layer i s  probably  no  greater  
than 50 m; h o w e v e r ,   a d d i t i o n a l   d a t a   i n c l u d i n g   d r i l l  
h o l e   d a t a  is needed   t o   con f i rm  th i s .  Thus a low 
ve loc i ty   zone  i s  probably   p resent   benea th   the  
shal low  ice-bonded  layer  i n  th i s   r eg ion .   Th i s  
s e c t i o n   i l l u s t r a t e s  how u s e f u l  i t  i s  to   have  a high 
r e s o l u t i o n   r e f l e c t i o n   p r o f i l e  in con junc t ion   w i th  
t h e   r e f r a c t i o n   a n a l y s i s .  The r e f l e c t i o n   p r o f i l e  
shows t h e   l a y e r i n g ,   w h i l e   t h e   r e f r a c t i o n   a n a l y s i s  
s u p p l i e s   t h e   v e l o c i t i e s   n e e d e d   t o   c a l c u l a t e   d e p t h s .  

A d e r a i l e d   a n a l y s i s   o f  a s e c t i o n  of Line B-2 
j u s t  fdest  of  the  Kugmallit  Channel is shown i n  
Figure 6 .  A n  I s o - O f f s e t   s e c t i o n  and t h e   r e f r a c t i o n  
a n a l y s i s   a r e  shown. T h i s   s e c t i o n  is c h a r a c t e r i z e d  
by d i scon t inuous   sha l low  h igh   ve loc i ty   r e f r ac to r s  
which l i e  from 20 t o  60 m beneath  the  seabed  and a 
deep   h igh   ve loc i ty   r e f r ac to r   wh ich  i s  n e a r l y  
cont inuous a t  a depth  of  approximately 125 m below 
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FIGURE 6 I s o - O f f s e t   s e c t i o n   a n d   v e l o c i t y - d e p t h   s e c t i o n   f o r  a po r t ion   o f   L ine  B .  The  numbers shown beneath 
t h e   d e p t h s   a r e   t h e   c o r r e s p o n d i n g   a p p r o x i m a t e   r e f r a c t o r   v e l o c i t i e s  i n  m / s .  

t he   s eabed .  The v e l o c i t y   o f   t h e s e   r e f r a c t o r s  i s  
approximately 3,500 m/s a n d   i n d i c a t e s   t h a t   t h e y   a r e  
ice-bonded  sands.  I n  a reas   where   the   sha l low  h igh  
v e l o c i t y   l a y e r  is a b s e n t ,   t h e   d e e p   l a y e r  i s  over- 
l a i n  by m a t e r i a l s   h a v i n g   v e l o c i t i e s  of approxi-  
mately  1 ,600 m / s  whose  upper   surface i s  e s s e n t i a l l y  
the   s eabed .  

A t h i n   h i d d e n   l a y e r  is u n d o u b t e d l y   p r e s e n t   i n  
t h e   c a s e   o f   t h e   s h a l l o w   h i g h   v e l o c i t y   l a y e r s ,   a n d  
c o n s e q u e n t l y   t h e   c a l c u l a t e d   d e p t h s   a r e   s l i g h t l y  
shallow.  Again  from  the  amplitude  behaviour of t h e  
s e i s m i c   s i g n a l s ,   t h e   t h i c k n e s s  of  these   sha l low 
ice-bonded  layers  is e s t i m a t e d   t o   b e  less t h a n  50 
m. A sho r t   s egmen t   o f   t he   deep   l aye r  i s  a l s o  
appa ren t  on the   I so -Of f se t   s ec t ion   benea th   t he  
sha l low  l aye r   nea r   t he   wes t   end .  It  i s  on ly  
s l i g h t l y   " p u l l e d  up" above   t he   deep   l aye r   l y ing  
j u s t   t o   t h e   e a s t ,   a g a i n   i n d i c a t i n g   t h a t   t h e   u p p e r  
l a y e r  is t h i n .  An apparent   gap i n  the   deep   l aye r  
i s  p r e s e n t  near t h e   e a s t   e n d  of t h e   s e c t i o n .  The 
a n o m a l o u s   v e l o c i t y   v a l u e s   t h a t   o c c u r  a t  each  end  of 
t h e   g a p   a r e   e x p l a i n e d  by r e c a l l i n g   t h a t   t h e   h y d r o -  
phone l i n e   e x t e n d s   a c r o s s   s e v e r a l   s h o t   p o i n t s .  
T h e s e   i n c o r r e c t   v e l o c i t y   v a l u e s   a r e   r e s p o n s i b l e   f o r  
t h e   n a t u r e  of t h e   d e p t h s  shown. 

COMPARISON OF ;RISFLECTION AND 'Iso-amsm 
SECTIONS 

The p rev ious   s ec t ions   have  shown t h a t   t h e  Iso- 
O f f s e t   d i s p l a y   a l l o w s  a qu ick   de t e rmina t ion   o f   t he  
l o c a t i o n  of h i g h   v e l o c i t y   m a t e r i a l s   a n d   g i v e s  a 
q u a l i t a t i v e   i n d i c a t i o n  of t he i r   dep ths ,   Ano the r  
u s e   o f   t h i s   d i s p l a y  i s  f o r   t h e   i d e n t i f i c a t i o n  of  
s h a l l o w   h i g h   v e l o c i t y   m a t e r i a l s  on h i g h   r e s o l u t i o n  
r e f l e c t i o n   s e c t i o n s ,   F i g u r e  7 shows a Common- 
d e p t h - p o i n t   s t a c k e d   r e f l e c t i o n   s e c t i o n   o f   L i n e  E-2 
and the   co r re spond ing   I so -Of f se t   s ec t ion ,  The h igh  
v e l o c i t y   l a y e r s   h a v e   b e e n  marked on t h e   r e f l e c t i o n  
s e c t i o n   a n d   t h e   c o r r e l a t i o n   b e t w e e n   t h e  two 
s e c t i o n s  i s  g e n e r a l l y   e x c e l l e n t .  The sha l low  h igh  
v e l o c i t y   e v e n t  on t h e   r e f l e c t i o n   s e c t i o n   u s u a l l y  
o c c u r s   a s  a b r i g h t   s p o t .  Where i t  is not   obvious ,  
t h e   I s o - O f f s e t   s e c t i o n   c o n f i r m s  its occur rence .  
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FIGURE 7 I so -Of f se t  and r e f l e c t i o n  (firs? . 4  s )  sec t ion   o f   L ine  B - 2 .  
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THE UTILITY OF REMOTELY SENSED DATA FOR PERMAFROST STUDIES 

Leslie A. Morrissey 

Technicolor  Government  Services, Inc., NASA/Ames Research  Center, 
Moffett  Field,  California 94035 USA 

The  presence  of  permafrost  determines  to a large  degree,  the  capability or 
suitability of land for development.  Many  environmental  factors  which 
influence  permafrost  can be studied  through  the  analysis  of  remotely  sensed 
data. This paper discusses  the  utilization  of  remotely  sensed  data  in  the 
development  of  derivative  maps and data  layers based on  associations  among 
vegetation and terrain  factors  and  permafrost conditions. An  approach  will 
be presented for deriving  data  layers from  an existing  data  base  to 
illustrate  their  potential  contribution  to  predictive  permafrost modeling. 

INTRODUCTION 

Land  cover  maps  derived  from 
satellite  data  have  been  utilized 
extensively by natural  resource managers. 
However, land cover  information  alone 
provides  only  one  piece  of the  puzzle. 
The  utility  of  such  information  can be 
greatly  extended  when  remotely  sensed  data 
is integrated  with  other  data  to  provide 
resource  managers  with  derivative  maps 
specifically  tailored  to  complex 
environmental issues. For example,  in 
Alaska  the  presence  of  permafrost  may 
determine the capability and suitability 
of  land for  development. Many 
environmental  factors  which  influence or 
reflect  permafrost  conditions  can be 
studied  through  the  analysis of  remotely 
sensed data. It is the purpose  of  this 
paper  to  demonstrate  the  utility of  
remotely  sensed  data in the  development  of 
derivative  maps for integration  into 
predictive  permafrost  models  through 
illustration  with a select number of  
examples. 

Scientists at NASA/Ames Research 
Center and the Alaska  Department  of 
Natural  Resources (ADNR) have  conducted a 
cooperative  effort to test  the  feasibility 
of using  LANDSAT  digital  data in 
conjunction  with  topographic  data  to  map 
forest  cover  types in a study  area 
northwest of Fairbanks  (Morrissey and 
Ambrosia 1982). The  primary  objective  of 
this  demonstration  project  was  to  test and 
evaluate a technique  combining  multi-date 
LANDSAT  data  with  digital  terrain  data  to 
provide  forest  resource  information -- 
specifically  stand size, crown  cover 
density, and species  composition -- in a 
cost  effective and timely manner.  A 
multivariate  clustering  approach,  using 
multispectral  waveband  combinations  from 
both August and September (1979) dates, 
provided the basis for an initial land 

cover  classification.  This  preliminary 
product  was  refined  using  elevation, 
slope, and aspect information. 

Digital  elevation  data  were  acquired 
and registered  to  the  LANDSAT  satellite 
data. Slope and aspect  data  were 
calculated  from  the  elevation  data  (Figure 
1): In addition,  statistical  tests  were 
utilized  to  determine  significant 
relationships  between  forest  cover  types 
derived  from  LANDSAT and terrain. The 
results  of  these  tests  provided  the  basis 
for grouping and reassigning  spectral 
classes  within  specific  topographic 
gradients  during  the  final  classification 
process and resulted  in a detailed  timber 
type  map  encompassing  the  Fairbanks, 
Livengood, and Minto  Flats regions. 

The  use  of  an  existing  data base, 
such  as  the  Tanana  data base, will be used 
to  illustrate the development  of 
derivative  maps  based  on  select  vegetation 
and terrain  factors  that are associated 
with  permafrost  distribution.  The 
potential  utility  of  this  existing  data 
base for permafrost  mapping  will  be 
demonstrated by a number  of examples. 

Existing  maps of  permafrost 
distribution  are  general,  primarily 
because of a lack of more  extensive and 
detailed  information  (Pewe 1966). The 
delineation oE permafrost  boundaries  from 
conventional  aerial  photography is 
difficult and requires  extensive and 
costly  work for confirmation. Moreover, 
photo- interpretation  does not lend  itself 
to  convenient or accurate  mapping of 
extensive areas. However,  an  alternative 
approach  that  acknowledges  the  close 
interaction  of  landscape  factors  within a 
region is based  on  the  development  of 
predictive  environmental models. Such 
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Figure 1 Aspect and slope  derivative  data 
layers  generated from digital  terrain 
data. 

models, based on known relationships among 
permafrost and biotic and terrain factors, 
have great  potential for providing 
increased understanding of the character 
and distribution of permafrost Over large 
regions. 

Mapping  permafrost is a much more 
difficult task than  mapping  vegetation 
because underlying permafrost interacts 
with the  landscape in a myriad of ways. 
Understanding the interrelationships among 
the various factors  that affect the 
distribution and character of permafrost 
is the key to developing predictive 
permafrost models. Brown (1969) provides 
a  thorough  review of factors  which 
influence discontinuous permafrost. 
Figure 2 illustrates  the  development  of 
environmental models designed to predict 
the occurrence  of  permafrost based on the 
integration of derivative maps. 
Initially,  this  model would require a 
systematic  collection of ground data 
relating to a wide range of vegetation and 
terrain factors, together with their 
spatial correlation. The  correlations 
would permit the determination oE 
environmental  associations  that  constitute 
the basis for the predictive model. A 
data base could be devised which 
integrates those  environmental  factors (or 
surrogate  factors) that are highly 
correlated  with the occurrence  of 
permafrost. Three  environmental factors, 

vegetative  cover,  topographic data and 
snow cover, and their corresponding 
derivative maps are shown in Figure 2. 
This data base could be compiled from 
available  maps, photo-interpretation of 
low and high  altitude and satellite 
imagery and digital  classification of 
satellite imagery. The kesulting 
predictive model could then be used to 
generate regional maps for testing and 
refinement as appropriate. The next 
section  will  discuss the environmental 
factors in Figure 2 in more detail and 
illustrate their contribution to a 
permafrost model. 
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Figure 2 The development of a permafrost 
model based on  the integration of 
derivative maps. 

ENVIRONMENTAL FACTORS 

Creation of a  permafrost  model 
involyes  the  development of derivative 
maps to  be utilized as surrogates for 
other factors  indicative of the  presence 
or absence of permafrost. For instance, 
vegetation  alone  does not  indicate  the 
existence  of permafrost. However, it  is 
well known that permafrost indirectly 
affects  vegetation by controlling 
drainage, by maintaining  low  temperatures 
in the root zone, and by providing an 
impervious substrate that restricts the 
extent of root growth (Price 1972). 
Consequently, it is possible to develop 
correlations between vegetation  types and 
the probability of permafrost occurrence. 
In this way, knowledge of the reciprocal 
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relationship  between  vegetation  types and 
permafrost  can  be  utilized in the 
development of  a predictive model. 
Similarly,  other  vegetative and terrain 
factors  can be integrated and modeled  to 
predict  permafrost  conditions. A close 
correspondence  between  vegetation  types 
and the  presence or absence  of  near 
surface  permafrost  in  the  uplands  of  the 
discontinuous-permafrost  zone  of  central 
Alaska  has  been  noted by numerous 
investigators  (Stoeckeler 1949, Rieger  et 
al. 1963,  P6we 1966, Dingman and Koutz 
1974). In  general,  black  spruce  scrub 
forests and shrub  bogs  are  indicative  of 
underlying  permafrost  close  to  the 
surface,  while  white  spruce,  birch  and 
aspen  forests  occur  on  slopes  which  are 
free  of  near  surface but which  may  have 
permafrost  below  the surface. On  the 
basis  of  these  relationships,  classes 
within  the  detailed  timber  type  map 
(referred to above)  can  be  reclassified  to 
reflect  the  probability  of  permafrost 
occurrence  based  on  vegetation type. 

Forest  stand  structure  indirectly 
affects  permafrost by influencing  near 
surface  conditions.  Trees  shade  the 
ground  from  solar  radiation and intercept 
some  of  the  snowfall in  winter. 
Furthermore,  the  density and height  of 
trees  influence  the  micro-climatic  effects 
of  ground  surface  wind  velocities  (Brown 
and  Pdwd L973), wind  speeds  being  lower in 
areas  of  dense  growth  than in areas  where 
trees  are  sparse or absent. Tree  height 
and  density,  as  well  as  other  timber 
factors,  have  been  derived  from  satellite 
imagery  using  multistage  sampling 
techniques  (Morrissey  and  Ambrosia 1982) 
and could be utilized  as  individual  data 

permafrost 

ions  have 
growth  and 

1 .  Surface 
permafrost 
amount  of 

solar  radiation  receivei by the ground. 
In  the  discontinuous  zone,  permafrost  may 
occur  only  on  north-facing  slopes,  which 
receive  Less  solar  radiation; in the 
continuous  zone , permafrost  on 
north-facing  slopes  may  be  thicker  with a 
thinner  active  layer  than  south-facing 
slopes. Relief  also  influences  snowfall 
accumulation and vegetative  cover,  which 
in turn  affect  permafrost  thickness. 
Digital  topographic  data  (slope,  aspect, 
and elevation)  can  provide  the  basis  for 
modeling  permafrost  based  on  terrain 
conditions -- for instance, in the 
discontinuous  zone,  north-facing  slopes 
have  the  highest  probability  of  permafrost 
occurrence,  south-facing  slopes  have  the 
lowest  probability,  with  other  slopes 
having  intermediate  probability values. 

layers  to  further  refine 
models. 

Various  terrain  condit 
important  effects  on  pe5mqfrost 
thickness  (Brown  and  Pewe  X973 
relief  directly  influences 
formation bv controllina  the 

In  addition,  solar  illumination 
information  can be derived  from  slope and 
aspect: data  to  measure  incoming  solar 
radiation  through  time  for an additional 
refinement  of  the model. Dingman and 
Koutz  (1974)  found  that  the  distribution 
of vegetation and permafrost is closely 
related  to  the  influx of solar  radiation. 

Snow  cover  influences  permafrost 
distribution and thickness by controlling 
heat  transfer  to  the  ground  through 
insulation  from  the  atmosphere  (Gold and 
Lachenbrunch  1973,  Grandberg 1973, Thomas 
et al. 1978). Snowfall  conditions and the 
length  of  time  that  snow  is  on  the  ground 
are  important  factors.  While  early,  heavy 
snowfall in winter  effectively  insulates 
the  ground  from  the  severe cold, 
preventing  permafrost  aggradation,  thick 
snow  cover  that  lasts  late  into  spring 
delays  thaw and has  the  opposite effect. 
Even in the  discontinuous  zone,  snow  cover 
can be a critical  factor in the  formation 
ana  existence  of  permafrost  (Brown and 
Pewe 1973). The  thickest and moat 
extensive  permafrost and thinnest  active 
layer  exist in areas  of  minimal  snow 
cover. A comparison  of  satellite  images 
throughout  spring and fall  can  provide 
locational  information  concerning  the 
accumulation  of  snow , length  of  time on 
the  ground, and depth  (Figure 3). 
Measurements in the  microwave  region not 
only  provide  an all weather  capability but 
have  been  shown  to  have  potential for 
determing  snowpack  properties,  such  as 
snow  depth and snow  water  equivalent, 
which  cannot be determined in other 
portions  of  the  spectrum  (Barnes 1981). 

MAY 8.1979 JUNE 5.1979 

NORTHWEST OF F ~ I R ~ A N K ~ .  ALASKA 
SAWTOOTH M O U N T A I ~  

Figure 3 Snow  cover  monitoring  from 
sequential LANDSAT satellite  imagery 
(note: the  May  scene is cloudfree  while 
partially  snow  covered,  while  the  June 
scene is free  of  snow  but  partially  cloud 
covered). 



87 5 

Permafrost  maps  based  on  vegetative 
cover,  terrain  conditions,  and  snow  cover 
can be integrated  with  other  information 
such  as  soils,  climatic,  hydrologic, and 
geologic  data  to  further  refine  the model. 
However,  the  effect  of  additional  data 
layers  to  the  models  predictive  accuracy 
is not clear. The  addition  of  increasing 
layers of information  in  the  modeling 
process yay increase  the  likelihood of  
error  In  the  model itself. The 
inaccuracies  of  each  data  layer  may  be 
compounded  when  combined  with  other 
layers. Conversely,  the  errors in one 
data  layer  may  counterbalance  those in 
other  layers,  increasing  the  models 
overall  performance.  In  general,  each 
model  must be examined  on a case  specific 
basis and subjected  to  empirical 
verification. 

SUMMARY 

The  immense  size,  lack  of  ground 
transportation  and  harsh  climatic 
conditions  in  arctic and subarctic  regions 
make  remote  sensing  techniques and 
satellite  derived  information  well  suited 
for reconnaissance  mapping of permafrost. 
The  availability  of  satellite  data at 
various  spatial  resolutions and  in various 
portions  of  the  electromagnetic  spectrum 
provides  both a baseline  and a periodic 
updating  mechanism  for  use in 
environmental  studies.  Future  satellite 
sensors,  with  increased  spectral  and 
spatial  resolution,  will  enhance  the 
utility  of  remotely  sensed  data for both 
regional and site  specific  studies. 
Bowever,  before  this  data  can  be  fully 
exploited,  two  fundamental  areas  of 
research  must  be  addressed.  Initially, 
the  spatial  interrelationships  between  the 
various  vegetation  and  environmental 
factors  and  the  Occurrence  of  permafrost 
require  further study. This  type of 
research has been  continuing for a number 
o f  years and the  complexity  of  the  task 
requires  additional  study.  Second, 
systematic  research  is  required  to 
evaluate  the  utility of present and future 
remote  sensor  data for information 
extraction  relevant  to  arctic and 
subarctic regions. In  addition,  there i s  
a need €or fundamental  research  to 
identify  spectral,  spatial, and temporal 
resolution  requirements for specific 
features. For example , the  spatial 
resolution  that is required  to  identify 
polygonal  ground  patterns  on  the  Arctic 
Coastal plain. 

A tremendous  potential  exists  for  the 
utilization o f  remotely  sensed  data  to 
provide  meaningful  resource  information 
for  permafrost studies. The  integration 
of  this  remotely  derived  data  with  other 
ancillary  data in  a geographic inforriiation 
system  context  is  the  next.lagica1  step in 

the  process  of  mapping  permafrost  in  harsh 
and  inaccessible  arctic and subarctic 
reg ions. 
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THEl ROLE OF PRE-EXISTING, CORRUGATED TOPOGRAPHY 
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An experiment was conducted to  explore   the  role of small-scale topography  in t h e  
development of s t o n e   s t r i p e s .  The sur face  of a silt  loam with a homogeneous 
admixture of g r a v e l  was shaped in to   s inusoida l   cor ruga t ions  w i t h  wavelengths 
ranging from 0.05 to  0.8 m. The soil was then subjected to  ba th  d i u r n a l  and 
storm-length  freeze-thaw  cycles.   .Surface  heave and subsurface  temperature  were 
moni tored   e lec t ronica l ly .   Sor t ing  was measured by displacement of marker  stones 
and  changes  in  gravel  concentration  in so i l  samples. The volume concentration  of 
g r a v e l  increased i n  t h e  sail underlying  troughs. Marker stones  tended to m v e  
toward t h e  nearest   trough.  Stones close to t h e  su r face   i n  more s t eep ly   i nc l ined  
reg ions   t rave led  t h e  g r e a t e s t  la teral  d i s t a n c e  w i t h  severa l   s tones  moving a s   f a r  as 
40  mm. Sor t ing   re la ted  to  topography was apparent   on ly   under   the   l a rger   mrruga-  
t ions .  Heave records i n d i c a t e  t h a t  s ign i f icant   heave   occur red   in   t roughs   dur ing  
t h e  thaw p r t i o n  of  the  temperature  cycle.  Residual  differences  in  heave  between 
t h e  crests and t roughs of sinusoids  on the order of 1 mm per  storm-length  freeze- 
thaw cycle  tended to  accentuate   re l ief   through time. 

INTRODUCTION 

The development of sorted  patterned  ground  re- 
q u i r e s  both l a t e r a l  and v e r t i c a l  components of 
s o r t i n g  of c o a r s e   p a r t i c l e s   i n  t h e  soil. A s  a so i l  
f reezes ,   coarse   par t ic les   t end  to move i n  the 
d i r e c t i o n  of ?oca1 h e a t  flow r e l a t i v e  to t h e  soil 
matrix (Corte 1966). The combination of l a te ra l  
and v e r t i c a l  components o€ sor t ing   can   on ly  occur 
then,  when a f r e e z i n g   f r o n t  is nonplanar  a8 it 
p e n e t r a t e s  a soil. T h i s  may r e s u l t  from l a t e r a l  
v a r i a t i o n s   i n  soil-moisture Content ,   sor t ingr  
vege ta t ion ,  or relief (Schmertmann.and  Taylor  1965, 
Nicholson 1976).  A laboratory  experiment was 
designed to s tudy t h e  sor t ing   involved   in  t h e  
formation of s t o n e   s t r i p e s   i n  a so i l  w i t h  an 
ini t ia l ly   corrugated  topography  comparable  to r i l l s  
on a h i l l s l o p e .  Such topography has been  implicat- 
ed i n  t h e  development of s t o n e   s t r i p e s  ( B r c c k i e  
1968) . 

EXPERIMENTAL DESIGN 

S i l t  loam was mixed w i t h  a b o u t  15% by volume 
of   g rave l  (volume of g r a v e l / t o t a l  volume of  sa tur -  
a ted  so i l  p l u s   g r a v e l ) .  The g r a v e l   c o n s i s t s  of  
c l a s t s   r a n g i n g  from 10 to 30 mm i n  diameter ob- 
ta ined  from a q u a r r y   i n   g l a c i a l  outwash deposits. 
The soil was then  placed  in   a   container  wi th  length  
of 3.6 m and width of 2.5 m to  an  average  depth of 
about 0.2 m (Figure 1 ) .  Underlying  the soil and 
separated  from it by a sheet of muslin was a 20  mm 
t h i c k  l a y e r  of sand. Perforated pipes  running 
through  this  layer  were  connected by pipes  (water 
headers)   r is ing  through  the soil to an   ex terna l  
water supply  system. Water could be added to  t h e  
soil through these p i p e s  a t  any time. The con- 
t a i n e r  is located i n  a cold room capable  of  achiev- 
ing  tempera,tures as low as -5O'C and h a s  c o n t r o l s  

for automatic  cycling  of  temperature. 
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FIGURE 1 Plan  view of the experiment  showing the 
loca t ions  of thermocouple  piles (TP) , ind iv idua l  
thermocauples (T) , and  water  headers (WW. A l s o  
shown a r e  the three marker s tone   t renches  A, B, and 
C. 

Pa ra l l e l   co r ruga t ions  were formed on t h e  sur- 
face of the so i l  t o  produce  f ive sets of s inusoids  
w i t h  wavelengths of 0.05, 0.1, 0.2,  0 .4 ,  and 0.8 m 
(Figure 2 ) .  The amplitude of each  sinusoid was 
one-tenth t h e  wavelength. Three f l a t - f l o o r e d  
t renches were c u t  to d i f f e ren t   dep ths   pe rpend icu la r  
to the t rend  of the s inusoids   (F igure  2 ) .  Glit ter 
was spread  in   a   thin  layer   over  the floor of each 
t rench  to funct ion  as a marker horizon. One 
hundred  twenty-eight  painted marker s t o n e s  were 
emplaced i n  t h e  side w a l l s  of the  t renches.  Their 



p o s i t i o n s  were  surveyed  and  the  trenches were back couples  and two verticle  groupings  of  thermocouples 
f i l l e d .  ( thermocouple   p i les ) .  
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FIGURE 2 (Top) Cross-sectional view  of  the  experi-  
ment showing  water  headers  (heavy  line),  thermo- 
c o u p l e   p i l e s   ( l i g h t  l ines  extending t o  the  base  of 
t h e  so i l ) ,  and t h e  wooden s t r u c t u r a l   s u p p o r t s   f o r  
ind iv idua l   thermocouples   ( l igh t   l ines   t e rmina t ing  
a t  t h e  so i l  s u r f a c e ) .  Note the  sinusoidal  topog- 
raphy. (Bottom) Cross-sectional  view  of  one set of  
s inusoids  showing the   depth  to  marker  horizons A, 
B, and C r e l a t i v e  to the  amplitude A of topography. 
SS m a r k s  t h e  20-mm th ick   sand   subs t ra te .  

Soil samples  taken  prior to  shaping  the  topog- 
raphy  had a volumetr ic  moisure content  of 0.40. 
The grave l   concent ra t ion  was 14.0 f 3.6% by volume 
(volume  of gravel /bulk volume of  sample)  and showed 
no s i g n i f i c a n t  variation with  depth.   Additional 
samples were taken  after  the  topography was cre-  
a ted ,   bu t   on ly  t o  an  average  depth  of 78 mm. The 
mean concentrat ion  of   gravel  in these  samples was 
8.5% by volume. Therefore ,   the   processes  by which 
the  original.   topography was formed  caused  substan- 
t i a l  downward mvement   of   gravel ,   leaving  the 
near -sur face   reg ion   re la t ive ly   deple ted   in   g rave l  
at t h e   s t a r t   o f   t h e   e x p e r i m e n t .  The same processes  
were used to  re-create  the  topography over marker 
s tone   t r enches   a f t e r   t hey  were back f i l l e d  and it 
is in fe r r ed   t ha t   t he  marker stones were s i m i l a r l y  
displaced.  Independent  experiments show t h a t  
n e g l i g i b l e  ( <  1 mm) l a t e r a l  movement accompanied 
th i s   ve r t i ca l   d i sp l acemen t .  Thus, a t   t h e   s t a r t  of 
the   exper iment ,   the   g rave l  and  marker  stones  had 
random h o r i z o n t a l   d i s t r i b u t i o n s ,   b u t  were  concen- 
t r a t e d  a t  depth. 

The soil  was then  subjected t o  a series of 
freeze-thaw  cycles,   including 100 d i u r n a l  and 12 
storm-length ( 2  to  10 days of f reeze)   cyc les .  
During t h e  thaw port ion  of  a cycle ,   the   ambient  
temperature   in   the  cold rmm was raised  f rom -5" C 
to between 12' and 20' C i n  8 hours. The maximum 
temperature  depended on whether  and how long 
i n f r a r e d   h e a t e r s  were used t o  accelerate thawing. 
The temperature was then  lowered  in  4 hours  back to 
-5 '  C, where it remained u n t i l  the   next  thaw. 

Heave was monitored  continuously  with  l inear 
displacement  heave  transducers.   Soil   temperature 
was recorded by a network  of  isolated  thermo- 

RESULTS 

Sor t ing  

Following  the  conclusions  of  the  experiment,  
t h e  so i l  was d r i e d  t o  prevent   gravel  movement 
during  excavation.  Twenty-eight sites were exca- 
vated  with 2 to 3 samples  taken  every 40 t o  50 mm 
ver t ica l ly   th roughout   the  soi l  column a t  each site. 
Each sample was analyzed  for  bulk  density,   poros- 
i t y ,  and concentrat ion  of   gravel .  

these  samples was 23.3 f 3.3% (volume of gravel /  
volume of s o l i d   c o n s t i t u e n t s  of soil). As t h e  
minimum sample  width was 100 nun, the  sampling 
discriminated  between  gravel  concentrations  under 
c r e s t s  and t roughs  only i n  t h e   t h r e e   l a r g e s t  sets 
of   s inusoids .  The mean concent ra t ion   of   g rave l  was 
22.1 f 3 . 8 %  for crest sampling s i t e s  (12  samples) 
and 24 .8  f 2.6% for   t rough sites (8  samples). A t 
test comparing d a t a  from crest and  trough  samples 
shows t h a t   t h e y   r e p r e s e n t   s t a t i s t i c a l l y   d i s t i n c t  
populations  with a s ign i f i cance   l eve l   g rea t e r   t han  
97.5%. Thus, l a t e r a l   s o r t i n g   o c c u r r e d   i n   t h e  
la rger   s inusoids ,   wi th   c las t s   converg ing   on  
troughs. 

During  periods af thaw, s o l i f l u c t i o n   t r a n s -  
€er red  material from t h e  crests to the  t roughs,  
p a r t i c u l a r l y   i n   t h e   l a r g e r   c o r r u g a t i o n s .  As f i n e  
m a t e r i a l  was p re fe ren t i a l ly   t r anspor t ed ,   t he   deg ree  
of sor t ing  implied by the   da t a   unde r s t a t e s   t he  
a c t u a l   l a t e r a l   m v e m e n t  toward  troughs. 

The la teral  displacements  of marker s t o n e s  
a r e  shown in   F igure  3 .  A l m o s t  a l l  s t o n e s  showing 
l a t e r a l  displacement moved toward t h e   n e a r e s t  
t rough.   Stones  located  near   the  surface  in   regions 
o f   s t eep   s lope   expe r i enced   t he   g rea t e s t   l a t e ra l  
displacement ,   wi th   several   s tones moving a s   f a r   a s  
40 mm. 

Throughout the  experiment ,   there  was a d is -  
t i n c t  soil-moisture g r a d i e n t   p a r a l l e l  t o  t h e  
co r ruga t ions   w i th   so i l  misture inc reas ing   i n   t he  
p o s i t i v e  x d i r ec t ion .   In   t he   l a rge r   s inuso ids ,  
t h i s   r e s u l t e d  i n  a marked change i n  small-scale 
mass-wasting  processes  along  the  length  of  corru- 
g a t i o n s .   S o l i f l u c t i o n  on t h e   d r i e r  end of a 
cor ruga t ion  was charac te r ized  by debris   f lows,  
whereas   the   re la t ive ly  wet end commnly  experienced 
t h i n  mud flows.  Although  differences in soil 
moisture may have a f f e c t e d   t h e   p a t t e r n  and magni- 
tude o f  heave  along a cor ruga t ion ,   the   degree  of 
s o r t i n g  was unaffected  (Table 1 ) .  The absence  of a 
d i s t i n c t  change in   so r t ing   a long   t h i s   g rad ien t  
during a pe r iod   i n  which s i g n i f i c a n t   s o r t i n g  
occurred  suggests   that   topography  control led 
s o r t i n g  more e f fec t ive ly   than   d id   so i l -mois ture  
g r a d i e n t s   p a r a l l e l  to the   cor ruga t ions .  

Marker s tones   i n   t he  B and C trenches  under 
corrugations  with  wavelengths  of 0.2 m or less were 
not systematically  displaced  toward  troughs.   These 
s t o n e s   a l l  moved i n   t h e  same l a t e r a l  d i r e c t i o n ,  
perhaps  in  response to  a soil-moisture g r a d i e n t  
or ien ted   perpendicular  to  the  corrugat ions,   wi th  
increasing moisture i n   t h e   d i r e c t i o n  of t h e   l a r g e r  
s inusoids .  

The mean concent ra t ion   o f   g rave l  by volume €or 



B 0.800-1.500  0.108-0.127 a 3.8 f 14.9  12.5 2 

A 0.940-1.365 0.061-0.081 9  -2.8 ? 21.0 16.1 ? 

B 0.850-1.350 0.064-0.092 6 0.8 f 23.5 19.2 * 
The groups of stones  in  each  cornpatison come from equivalent  positions with respect to the 
soidal  topography,  but from marker s tone   trenches   on   oppos i te   s ides   o f  t h e  experiment. 

These r e s u l t s  may be considered  using  data  This may be rearranged to 
from t h i s  experiment  in  conjunction  with  a simpli- 



l ength ,  t h e  experiment is in  reasonable  compliance  structure,   probably  cracks,  to  p e n e t r a t e  beyond t h e  
w i t h   t h i s   r e s t r i c t i o n .  thaw f ront .  The v a r i a b i l i t y  of trough  heave  during 

The d e p t h   a t  which t h e  ra t io  of   a t tenuat ion thaw m y   r e f l e c t   s t r o n g   c o n t r o l  of l o c a l  crack 
R (amplitude  of  isotherm/amplitude  of  topography)  sys tems . 
reaches a p a r t i c u l a r   v a l u e  is 

z = ( I n  R/2s) A ( 4 )  

Lateral displacement  should occur then,  a t  g r e a t e r  
depths  under  larger  corrugations  than  under  smaller 
ones.  Depths  associated w i t h  va lues  of R for t h e  
range  of  wavelengths  in t h i s  experiment are shown 
i n   F i g u r e  4.  
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FIGURE -4  Values  of t h e  a t tenuat ion  ra t io  R with 
t h e  associated depths  for t h e  range of wavelengths 
i n  the  experiment. 

The relative s i z e  of clasts t o  corrugat ions 
may a l s o  be an  imporant  factor  in  reducing t h e  
importance of topography  in  sorting  under  small 
corrugat ions.   In   this   experiment ,  the  s i z e  of t h e  
ave rage   c l a s t  was within  one  order  of magnitude of 
t h e  wavelengths of t h e  0 . 1  and 0 . 0 5  m s inusoids .  
Clasts under   these  s inusoids  were subjected to  a 
range of heav ing   d i r ec t ions   t ha t ,  t o  some exten t ,  
were competing  with  each  other. This probably  in- 
h i b i t e d  la teral  displacement   re la ted t o  topography. 

Surface Heave 

Heaving of t h e  trough  during thaw was common 
(sites T1 and T2 i n   F i g u r e  5 ) .  The Largest  measur- 
ed heave was 1.1 mm a t  si te T1. The r e l a t i v e  
timing, rate, and  magnitude of trough  heave  varied 
greatly,   both  geographically  and  temporally.  

s o n a l  thaw a t  a number of sites i n  t h e  Canadian 
Arctic. One s i t e  (Carry  Island, N.W.T.) heaved 
14.4  mm i n  one summer. He argues  that   heave  during 
thaw occurs  when water   f lows  into a zone of perma- 
frost a t  sub-zero  temperatures  and  refreezes. 
Local soil s t r u c t u r e  seems to be important  in 
increas ing  t h e  permeabi l i ty  of permafrost. 

The r a p i d i t y  w i t h  which  heaving  began a f t e r  
t he   onse t  of thaw (TI in Figure 5 )  imp l i e s   t ha t  
water   Elowed. into  f rozen  ground  ut i l iz ing soil 

Mackay (1983)  has  measured  heave  during sea- 
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FIGURE 5 (Top) Ambient temperature  versus time 
for October 28-29,  1981. INF denotes  t h e  time i n  
which the  in f r a red   hea t e r s  were turned  on. (Bot-  
t o m )  Surface  heave  versus time f o r  October 28-29, 
1981,  at: four  sites. The pos i t i on   coord ina te s  of 
the measurement sites are as follows: T1 (x = 0.6, 

1-65.), and C2 (x = 1 . 9 ,  y = 1 . 2 5 ) .  Data is i n  
meters. 

y = 1 . 6 5 ) ,  C1 ( X  = 0-6, y * 1 . 2 5 ) ,  T2 (X = 1-9 ,   y  = 

Crests g e n e r a l l y  heaved  only when ambient 
temperatures were sub-zero (C2 in   F igure  5 ) .  A t  
t h e  end  of  storm-length  freeze-thaw  cycels,   there 
was a  residual  change  on t h e  order of 1 mm i n  
r e l i e f  between the crests and t roughs   in  t h e  0 . 8  m 
s inusoids .   This   d i f fe ren t ia l   heave   tended  t o  
accentuate   re l ief   through time. Washburn (1980) 
has summarized t h e   r e s e a r c h   d e s c r i b i n g   d i f f e r e n t i a l  
heave  in  patterned  ground.  This  process  tends to  
e leva te   reg ions  of f i n e   m a t e r i a l   r e l a t i v e  t o  
regions of coarser   mater ia l .  

I n  t h i s  exper iment ,   d i f fe ren t ia l   heave  seems 
to have a r i s e n  from t h e  f low of water   in to   reg ions  
a t   d e p t h  below crests during thaw and its subse- 
quent  freezing. The inc rease   i n  basal temperature 
beneath a crest to a  magnitude  approximating  that  
a t  t h e  surface (between 1900 and 2300 h o u r s   a t  a 
depth   g rea te r   than  0.2 m under  the crest in   F igure  
6) probab ly   r e f l ec t s   an   i n f lux  of melt water from 
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FIGURE 6 The upper graph represents ambient temperature  versus time for June 26-27, 1981. 
INF denotes  the time interval i n  which the  infrared  heateFs were turned on. The lower pair of 
graphs represents  subsurface  temperatures through time  measured w i t h  ,the two thermocouple 
piles.  The heading (e.g., 1400-1700) above  each pair of graphs is the time interval i n  which 
the measurements were  made. Temperatures were recorded a t  one-hour intervals. For  each group 
of four temperature profiles,  the  solid  line corresponds to  the temperature w i t h  depth at  the 
s t a r t  of the time interval. Succeeding measurements are  indicated by successively more broken 
lines. The dashed l ine shows the second temperature measurement i n  the time interval,  alter- 
nating  dots and dashes represent  the  third measurement, and the  dotted  line i s  the fourth. 

the  surface. The thermal signal of a forming ice 
lens is l ikely  to  be  an  anomalous local  increase i n  
temperature due to  the  release of latent heat i n  
regions w i t h  temperatures of 0' C or lower. The 
increase i n  temperature under the  crest  at  depths 
of 0.1 to 0.17 m between 2300 and 2400 i n  Figure 6 
may be due to  t h i s  pracess, though the change i n  
temperature (0.1'  C )  i s  at  the limit of resolution 
f o r  the thermocouples employed i n  t h i s  experiment. 

may have  been  due not only to   f ros t  heave and  thaw 
consolidation, b u t  to  other  factors  as  well, such 
as changes i n  soi l   misture  or thermal expansion 
of the  soil. The  component of  change  due to  

Changes i n  the  surface  elevation of the so i l  

thermal expansion as the  soil  thawed may be est i -  
mated i n  the following way.  The average increase 
i n  temperature i n  the  soil  mer  the depth of the 
so i l  under the  crest was about 2. C (Figure 6 
between 1400 and 2000 hours). The soil  thickness 
under the  crest is about: 0.3 m. Horiguchi (1978)  
reported  a  value of 4.8 x 10-5 'C-' for  the 
linear  coefficient of thermal expansion of ice. 
This value is much larger than that  for most 
s i l i ca te  rocks (Lachenbruch 1966).  Using t h i s  
value to ensure that  the magnitude of change of 
length due to  thermal expansion is not underesti- 
mated yields  a value for the maximum increase i n  
surface  elevation because of thermal expansion as 



soi l  thawe d o  mf 2.9 x m. whir :h is nea _li- 
g i b l e .  The comparable  value for sites i n  troughs 
would be as l i t t l e  a s   o n e   t h i r d   t h i s  number because 
o f   t h e  lesser th ickness   o f  soil there .  

Thermal  expansion  of  the steel heave trans- 
ducers  may be  computed as follows. The change  in 
ambient  temperature  during  a  temperature  cycle was 
approximately 20' C  (-5' C to +15' C ) .  A t  maximum 
extension,  which occurred when t ransducers  were 
loca ted   in   the   t rough  of   the  0.8 m s i n u s o i d ,   t h e  
length   o f   the   t ransducers   d idn ' t   exceed  0.3 m. The 
l inear  coeff ic ient   of   thermal   expansion  for  steel 
in   t h i s   t empera tu re   r ange  is 1.1 x 10-5' 
C-l (Resnick and Hal l iday 1966) .  The maximum 
expansion  of a heave  transducer  during a tempera- 
t u re   cyc le   t hen ,  is 6.6 x m. This   mount  
is a l so   neg l ig ib l e .   Va lues   a t   o the r  sites range  up 
t o  50% less, since the   t r ansduce r s   weren ' t   f u l ly  
extended. The sense of movement, a s  recorded by 
t h e  heave  transducers, is equiva len t  to a heave  of 
t h e  soi l  sur face .  

A simple  experiment was performed t o  determine 
whether the   hydra t ion   of   c lay  minerals by melt 
water during  per iods of thaw would produce  surface 
heave. Water was poured  on  a  thawed, dried  sample 
o f   t he  soi l  used  in  the  experiment  and  the  change 
i n  sur face  elevation was measured.  Instead  of 
heaving,   the   surface was lowered  about one mm. 
Apparent ly ,   changes  occurred  in   the soil s t r u c t u r e ,  
such   as   the   e l imina t ion  of void spaces, which 
tended to  dec rease   t he  soil volume. Thus, measure- 
ments  of  heave  during  thaw  probably  underestimate 
t h e   a c t u a l  amount of ice lens growth  taking  place.  

Marker Hor izons 

Some of t he   ho r i zons  were  deformed  such t h a t  
they  appeared t o  conform t o  the  topography  (Figure 
7 ) .  This may be a r e s u l t  of structure imposed on 
t h e  soi l  by the  formation  of ice lenses .  Any 
volumetric  expansion  of  the soil will be perpen- 
d i c u l a r  to  t h e  local o r i en ta t ion   o f   t he   f r eez ing  
f r o n t  as ice l e n s e s  form.  After  thawing, a remnant 
p o r o s i t y  may exis t  as an  expression  of   this ,  which 
records  the  deformation  of  the soi l .  This  defor- 
mation  should  have  the same wavelength as and  be i n  
phase  with  topography. I n  other  words, it "mimics" 
the  topography. Local v a r i a t i o n s   a r e   l a r g e  enough, 
though,   that  most horizons show deformation  that  
has  no d i s c e r n i b l e   r e l a t i o n s h i p  to topography. 

CONCLUSIONS 

Freeze-thaw c y c l e s  i n  soils with  corrugated 
topography  can  induce  sorting  analogous to t h a t  
found i n   s t o n e  stripes, i f   t h e   c o r r u g a t i o n s   a r e  
l a r g e  enough.  Small   stone  stripes  probably  do 
not form i n  t h i s  way, because  temperature vari-  
a t ions  induced by the  presence  of  topography  die 
o u t  so quickly  beneath  corrugat ions of small 
wavelength. 

by instances of  trough  heave  during  thaw  and 
r e s idua l   d i f f e rences   i n   heave   t ha t   accen tua ted  
topogr aphy  through time. 

Frost   heaving  under   s inusoids  is charac te r ized  
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F o s s i l s   i n   l a t e - g l a c i a l   d e p o s i t s  o f  Ber ing ia   sugges t   t ha t  a d ry   g ra s s l and   o r  
s t eppe  was a fundamental   part  of t he   pe r ig l ac i a l   vege ta t ion   mosa ic .   Th i s  is 
c o n s i s t e n t   w i t h  the expected effect of t he   Be r ing  Land Bridge on climate dur ing  
g l a c i a l  maxima: co lde r  and d r i e r   o v e r a l l ,   p o s s i b l y   w i t h   s h o r t e r  and warmer 
summers when deeper   seasonal  thaw c r e a t e d   c o n d i t i o n s   s u i t a b l e   f o r   s t e p p e   p l a n t s  
but   inimical   to   the  dominant   taxa  found  here   today.  Remnants o f  t h a t   v e g e t a t i o n  
may p e r s i s t   t o d a y   i n   S i b e r i a  and t h e   c o n t i n e n t a l   i n t e r i o r  o f  Alaska and ad jacen t  
Yukon on s t eep ,   d ry   sou th - fac ing   b lu f f s  and terraces. We r e c o n n o i t e r e d   t h e  
s t e p p e   f l o r a  and its communities  on  bluffs  and terraces a long   t he  Yukon, Tanana, 
Copper,   and  Porcupine  r ivers,   examining  both  glaciated  and  unglaciated areas and 
s u r f a c e s  of Te r t i a ry ,   gua te rna ry ,  and  Holocene  ages.  These  steppes are compa- 
r a b l e   t o   t h o s e  of the  upper   to   middle  Yana and  Indigirka  drainages  and  the  upper  
Kolyma River   in   wes te rn   Ber ingia .   S teppe   vege ta t ion  of Alaska and Yukon is t o  a 
s i g n i f i c a n t   d e g r e e  composed o f  v a s c u l a r   p l a n t s   t h a t  are e i t h e r   t h e  same s p e c i e s  
o r   c l o s e  relatives ( v i c a r i a n t s )  of S ibe r i an   spec ie s .   O the r s  are American taxa 
e i t h e r  endemic t o   e a s t e r n   B e r i n g i a   o r   t h e  same as o r   v i c a r i a n t s  of taxa found i n  
cont inenta l   wes te rn   Nor th  America. The mosses  and  l ichens are most ly  members of 
a wide ly   d i s t r ibu ted ,   a l t hough   o f t en   d i s junc t  and rare, f l o r a   o f   a r i d  and semi- 
a r i d   r e g i o n s .  The As ian   t axa   p re sumab ly   a r r ived   i n   ea s t e rn   Be r ing ia   v i a   t he  
Bering Land Bridge, some perhaps as e a r l y  as late T e r t i a r y .  The American con- 
t r i b u t i o n   t o   t h e  modern s teppes   might   be   bo th   anc ien t   and   recent ,   s ince  the 
p resen t  mix o f  s p e c i e s   c o u l d   a l s o   r e f l e c t   c o n t r i b u t i o n s  from a pos t -g l ac i a l  warm 
in terva l .   These  taxa became r e s t r i c t e d   t o   t h e i r   p r e s e n t  sites d u r i n g   t h e  
Holocene  by  the  expansion  of  taiga  and  mires.  

INTRODUCTION 

Numerous f o s s i l s  of a g raz ing  megafauna domi- 
nated  by mammoth, b i son ,   and   horse   (bu t   a l so  
inc lud ing   s a iga )  and p o l l e n   i n d i c a t i n g  a r e l a t i v e  
abundance of sage  (Artemisia   spp.) ,   grasses ,   and 
willows  (and  an  absence of spruce,   b i rch,   and 
alder)   have  been  recovered from l a t e - g l a c i a l  
d e p o s i t s   i n   e a s t e r n   B e r i n g i a   ( A l a s k a  and Yukon). 
Reconstruct ing a g r a s s l a n d   o r   s t e p p e  from t h i s  
evidence  has   been  considered  consis tent   with  and 
necessa ry   fo r  the support  of t h i s   f a u n a .  The 
a p p a r e n t   s h i f t   t o  a v e g e t a t i o n   r i c h   i n   b i r c h ,  
sp ruce ,  and alder during  the  Pleis tocene-Holocene 
t r ans i t i on   p rov ides   one   exp lana t ion   fo r   t he   r ap id  
e x t i n c t i o n  of the   g razers   (Guthr ie   1968) .   S ince  
the   po l l en   r eco rd   fo r   rough ly   t he  same time 
period  f rom  places   widely  separated  f rom  each 
o t h e r  is similar, the   concept  of a widespread, 
fu l l -g l ac i a l   Be r ing ian   s t eppe  emerged.  Since 
s t u d i e s  of  modern p o l l e n   h a v e   f a i l e d   t o   i d e n t i f y  
a modern a n a l o g   f o r   t h i s   s t e p p e ,  some have 
assumed that bo th   t he   p l an t  and  animal communi- 
t ies were reduced by ex t inc t ions   i n   t he   Ho locene  
(Matthews  1976, c f .  Hopkins et al .  1982). 

Young (1976a,b)  and  Yurtsev  (1963,  1972, 
1981), on the other   hand,   have  suggested  that  
l a t e - g l a c i a l   s t e p p e   r e m n a n t s   p e r s i s t   i n  areas of 
n o r t h e a s t e r n  Asia and northwestern America--on 
s t eep ,   d ry   sou th - fac ing   b lu f f s  and terraces. 
St imulated by t h e   d a t a  from s t u d i e s  by  Hanson 

(1951),   Gjaerevoll   (1958-1967).   Shacklette 
(1966), Young (1976a,b),   and  Batten et a l .  
(1979), we have  begun a m u l t i y e a r ,   i n t e r n a t i o n a l  
p r o j e c t   t o   s t u d y   t h e   s t e p p e   f l o r a   i n   t h e s e   l o c a l ,  
a z o n a l   h a b i t a t s  of Alaska and Yukon where the 
zona l   vege ta t ion  is t a i g a .  Our o b j e c t i v e s  are t o  
d e s c r i b e   t h e   f l o r a  and vege ta t ion   and   t o  compare 
and c o n t r a s t   o u r   r e s u l t s   w i t h   t h o s e   f o r  similar 
l a n d s c a p e s   i n  Chukotka  and e a s t e r n   S i b e r i a .  
Through a s t u d y   o f   f l o r i s t i c s  and t h e   s y s t e m a t i c s  
Of t h e   t a x a  we c a n   o b t a i n   i n d i r e c t   e v i d e n c e   w i t h  
which t o  assess t h e   v a l i d i t y  o f  re l ic t  s t a t u s   f o r  
t h e  modern p l a n t  community. 

VASCULAR  PLANTS 

The relict n a t u r e  of t h e  modern s t eppe  is 
i n f e r r e d  from (1) t h e   g e n e r a l   f l o r i s t i c  similar- 
i t y  o f  the  p r e s e n t   v a s c u l a r   v e g e t a t i o n   t o   t h e  
la te-glacial ,   herb-r ich  pol len  assemblage  and 
( 2 )   t h e   s p e c i f i c   f l o r i s t i c   s i m i l a r i t y  of t h e  
v e g e t a t i o n   i n  two d i s t a n t  areas of the Beringian 
re fugium  tha t   today   share   an   ex t remely   cont inen-  
t a l  c l ima te  and are i s o l a t e d  by environments 
i n imica l   t o   exchange   o r   d i spe r s ion .   Exp lana t ion  
f o r   t h e   d i s j u n c t i o n  is the  Holocene  separat ion 
and  reduct ion of a once   cont inuous   d i s t r ibu t ion  
for   these  plant   communit ies   that   developed when 
Beringia  was h y p e r c o n t i n e n t a l   i n  climate and the 
Bering Land Br idge   enabled   the   migra t ion   of   As ian  
taxa t o  America. 
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Steppes were examined Over a wide  geographic 
area, and on sur faces  of la te  Ter t ia ry  (Yukon and 
Tanana r l v e r s )  , la te  Pleistocene  (Porcupine 
River), and e a r l y  Holocene (Copper River)  ages. 
In   t hese   r i ve r   va l l eys ,  a f a i r l y   p r e d i c t a b l e  set 
of  xerophilous  herbs,  sage  (predominately 
Artemisia f r i g i d a ) ,   l i c h e n s ,  and msses occupies 
the  south-facing  slopes and terraces over sec- 
t i o n s  of tens  of meters up to   severa l   k i lometers  
and over a ve r t i ca l   ex t en t   o f  200-300 m. These 
s teppes are comparable to   t he  montane  steppes  of 
the  upper  to  middle Yana and Indigirka  drainages 
of northeastern  Yakutia and the  upper Kolyma 
River. Major d i f fe rences  are the  absence  in  
Alaska and Yukon of t rue   t u f t ed   g ra s s   spec ie s  of 
Festuca and Hel ic to t r ichon and the lower f lo-  
ristic d i v e r s i t y  of the   vascular   taxa,   suggest ing 
tha t   po r t ions  of the   As ian   s teppe   fa i led   to  
expand  eastward.  Nevertheless,  to  Yurtsev who 
has  experience  in  both  countries  the  impression 
of overall s i m i l a r i t y  was remarkable. 

Preliminary  analysis shows t h a t   t h e   f l o r a  is a 
composite of several   elements.  Some of the  prom- 
inent   taxa  such as Calamagrostls  purpurascens, 

Potent i l la   hookeriana are common 
s u b a r c t i c   s t e p p e   p l a n t s  of bo th   eas te rn  and 
western  Beringia and a l so   occu r   i n   d ry   hab i t a t s  
i n  arctic and a lp ine  areas. Other taxa such as 
Rosa ac icu lar i s ,   So l idago  decumbens,  Galium 
boreale, and Zygadenus elegans are derived  from 
open  woodlands  nearby. Some such as Amelanchier 
a l n i f o l i a  and Apocynum androsaemifolium are 
spec ies  of temperate  woodlands and grasslands 
t h a t  are r e s t r i c t e d  a t  the i r   no r the rn  limlts t o  
these   genera l ly  warmer sites. But there  are, 
however, severa l  taxa g e n e r a l l y   r e s t r i c t e d   t o  
b l u f f s ,  terraces, cutbanks,  and  outcrops. Some 
of these  can be found a l s o  growing on a c t i v e  
f loodpla in   g rave ls ,  and others   can  inhabi t  screes 
and similar a l p i n e   h a b i t a t s  where limestones 
predominate.  Notable are endemics t o   t h e  con- 
t i n e n t a l   i n t e r i o r  of Alaska and Yukon &r&a 

- Pea g lauca ,  and 

_I_ 

m r r a y i ,  Penstemon  gormanii,  and  Podistera 
yukonensis) ,   d is juncts  and v i c a r i a n t s  from 
similar cont inenta l  areas of northeastern Asia 
(e.g., Alyssum americanum,  Plantago  canescens, 
S i lene  Artemisia alaskana) ,  and d i s j u n c t s  
and endemic v i c a r i a n t s  from the   h igh   p la ins  and 
continental   intermontane  valleys of  western  North 
America (Cryptantha  shackletteana,  Erysimum 
angustaturn, Erlogonum flavum  var.  aquillnum, 
Townsendia hookeri) .  

Table 1 shows the  vascular   taxa mre or  less 
re s t r i c t ed   i n   t he   suba rc t i c   t o   s t eppe   b lu f f s .  
The arctic-alpine  cryophyte  element is omitted. 
Data are from Hansen (1951)  and Gjaerevol l  (1958- 
1967) f o r   t h e  Copper River,  from  Shacklette 
(1966). Young (1976a,b), and Bat ten et al .  (1979) 
for   the   upper  Yukon River  region, and our own 
observat ions on the  Copper,  Tanana,  and Yukon 
r i v e r s  (D.  F.M. , B.A.Y. ) and on the Porcupine 
River (R.H.). Comparative  data  from  steppes i n  
c e n t r a l  and  southwestern Yukon (YT) are from 
Pors l ld  (1951, 1966),  Johnson and Raup (1964), 
Hoefs e t  a l .  (1975). N i m i s  (1981a),  HultLn 
(1968).  and D. Murray  (unpublished). 

repens, 
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TABLE 1 Vascular Taxa General ly   Restr ic ted In 
Subarct ic  AlasEEa and Yukon to  Steep, D r y  South- 
Facing  Bluffs, Terraces, Cutbanks, and Outcrops. 

Taxon 
Porcu- 
pine Yukon Tanana Copper YT 

Agropyron  spicattnn 
A. yukonense 
Alyssum  americanum 
Amelanchier 

a l n i f o l l a  
Apocynum 

androsaemifolium 
Arabis   divar icarpa 
A. h o l b o e l l i i  
Artemisia alaalcana 
A. f r i g i d a  
A. l a c i n i a t i f o r m l s  
A. r u p e s t r i s   s s p .  

Carex  duriuscula 
C. f i l i f o l i a  
C. sabulosa 
C .  suplna  ssp.  

spaniocarpa 
Chamaerhodos erecta 
Cryptantha 

Draba  murrayi 
Erigeron 

caespi tosus 
E. compositus 
Erigeron  sp. (? 

pumilus of Hulten) 
Eriogonum f lavum 

var.  aquilinum 
Erysimum angustatum 
Eurot ia   l ana ta  
Halimolobus  mollis 
Haplopappus 

macleanl l  
Juniperus communis 
J. h o r i z o n t a l i s  
Lesquerel la  arctica 
Linum lewisii 
Oxytropis  splendens 
Papaver  nudlcaule 

s sp .  americanum 
Penstemon  gormanii 
Phacel la  sericea 
Phlox  hoodii 
Plantago  canescens 
Podis te ra  yukonenois 
P o t e n t i l l a  

hookeriana 
P. pensylvanica 
P u l s a t i l l a   p a t e n s  
Se lag ine l la  

s i b i r i c a  
Sl lene  menzlesi i  

Sllene  repens 

wood11 

shackle t teana  

s s p .  williamsii 

*Townsendia hookeri 
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America, and six represent   s ign i f icant   range  
extensions  (Table 2 ) .  Five  of   the  for ty   l ichens 
reported  here  are a l s o  new t o  Alaska  (Table 3) 
(B. M. Murray unpublished). Thus the  cryptogamic 
s t eppe   f l o ra  is of great  phytogeographic  inter-  
est. 

The azonal   s teppe  f loras  of nor theas t  Asia 
(see  Yurtsev 1981)  and Alaska are only   recent ly  
becoming known, but when t h e s e   f l o r a s  are com- 
pared  with  each  other and with  those of zonal 
s teppes of Middle and Central Asia and  even 
d e s e r t s  of  North America, g r e a t   a f f i n i t i e s  are 
apparent. 

Several  species  have a cosmopolitan  distribu- 
tion.  Indeed most of the  important  taxa  found  on 
Alaskan  steppes are wide ly   d i s t r ibu ted ,   occur r ing  
i n  Europe,  Central  and  Northeast Asia, and o t h e r  
p a r t s  of North America; some also  occur   in   North 
Afr ica  and South America. Some are widespread i n  
these  areas; o thers  are very  dis junct   or   occur  
only in a port ion of this  general   range.  For 
example,  the mss, Indus ie l la   th ianschanica ,  
found at  one  unglaciated site on t h e  Yukon River 
where  several  endemic  vascular  plants  occur, is 
known otherwise  only  from  mountain  steppes i n   t h e  
Caucasus,  Middle and Central Asia, and adjacent  
S i b e r i a  and one l o c a l i t y   i n  North  Africa (B. M. 
Murray unpublished). The l ichen,  Fulgensia 
desertorurn,  found i n   t h e  Copper River  valley,  is  
known otherwise  from  Eurasia and Colorado  (Poelt 
1971).  

Mosses  and l ichens  both  have  generally  wider 
d i s t r ibu t ions   than   vascular   p lan ts  and o f t e n  
demonstrate less endemism. Whereas long  dis tance 
d i s p e r s a l  may account  for  such  patterns,   the 
large,   dramatic   dis junct ions and the  presence of 
a repea ted   su i te  of s p e c i e s   i n   s t e p p e  sites argue 
for   pers i s tence   over  a long  period of time, and 
lack of endemism a rgues   fo r   g rea t   gene t i c   s t ab i l -  
i ty .   There  is no quest ion of t h e   c a p a b i l i t y  of 
mosses and l i c h e n s   t o   p e r s i s t .  They very w e l l  
f i t  Hoffmann's (1981) p r i n c i p l e s   f o r   s u r v i v a l  (of 
mammals) i n   r e f u g i a :  (1) be adapted   to   the   r igh t  
h a b i t a t ,   t h a t  is, one tha t   can   surv ive   per iods  of 
change; (2) be small; ( 3 )  l i v e   i n  a large  refu-  
gium;  and ( 4 )  avoid  competitors. The h a b i t a t  o f  
most s teppe mosses and l ichens  is t h e   f i n e   s o i l  
between t h e  above-ground p a r t s  of vascular  
p lan ts .  

It is l i k e l y   t h a t  many of the   xerocont inental  
bryophytes and mosses w i l l  be shown to  have  wider 
and more continuous  ranges as azonal  steppes and 
o the r   a r id   hab i t a t s  become b e t t e r  known and 
comparisons are made with  Asian and North Ameri- 
can material. Unti l   recent ly ,   Caloplaca  tomini i  
w a s  known only from Eurasia ,   but  it is now known 
a l s o  from Yukon T e r r i t o r y  (Nimis  1981b),  and, 
based on re - ident i f ied  material, from  Northwest 
T e r r i t o r i e s  and Saskatchewan,  Canada; Montana, 
Utah, S .  Dakota,  Utah,  Washington, and Wyoming, 
USA; and Peru (Thomson 1982)--and now Alaska. 

In add i t ion   t o   t he   h i s to r i ca l   ( age )   d i f f e r -  
ences  between sites, edaphic  differences  deter-  
mined by l i t h o l o g y   a f f e c t   t h e   d i s t r i b u t i o n  of 
taxa. Coarse s o i l s  and rubble  slopes  tend  to 
have a grea te r   p ropor t ion  of  vascu la r   p l an t s  and 
cryptogams  from t h e   a r c t i c - a l p i n e   f l o r i s t i c  
element;   thus  the  bluff 6 of the  Copper River, 

The upper Yukon River  has  the mst extensive 
system  of  steppe  bluffs and a l so   t he   l a rges t  
a r ray  of endemic and dis junct   taxa.  The s teep  
s lopes   i n   t h i s   r eg ion  were never  glaciated or re- 
worked by r iver ine  processes   in   the  Quaternary.  
The phys ica l   i so l a t ion  of vascular  endemics  from 
the i r   c loses t   morphologica l   re la t ives  and t h e  
disjunct  bryophytes  discovered  here  suggest  an 
anc ien t   o r ig in   fo r   t hese   t axa .   C lea r ly  some of 
t he   d i s junc t s   a r r ived  a t  the i r   p re sen t   pos i t i ons  
i n   t h e  Holocene  (e.g.,  Carex f i l i f o l i a  at  
Chit ina) ,  and  although  associated  with  arid 
grasslands,  they  cannot be in te rpre ted  a8 late- 
g l a c i a l  relicts. Eriogonum - flavum  var. 
aquilinum, Erysimum angustatum, and Cryptantha 
shacklet teana are endemics  only  weakly  differen- 
t i a t e d  from spec ies  mre widespread i n   a r i d  
regions of western  North America; therefore  it is 
tempting  to  imagine  the  migration of these   s tocks  
northward  during  early  to mid Holocene warm 
in te rva l s   v i a   t he   no r the rn   . p ra i r i e s  and i n t e r -  
mountain  dry  grasslands  into  southwestern and 
c e n t r a l  Yukon and a d j a c e n t   i n t e r i o r  A l a s k a .  
I s o l a t i o n  was soon  effected by development  of 
bo rea l   fo re s t  and mires and the  concomitant rise 
in  the  permafrost  table,  reducing  steppe  environ- 
ments t o   h a b i t a t s  where strong  topographic and 
geomorphic controls  maintain  steppe-like  condi- 
t i o n s .  That r e l a t i v e l y  complex steppe communi- 
ties can  form  within  postglacial  time is evident  
from the vegeta t ion  a t  Chi t ina on the  Copper 
River and the  extensive  well-developed  steppes i n  
the   reg ion  of Kluane Lake in  southwestern Yukon. 

MOSSES AND LICHENS 

The mss and l i chen   f l o ra   s tud ied  (by B.M.M.) 
c o n s i s t s  of a l a r g e  group of xerocont inental  
spec ie s   t ha t   fu l ly   suppor t   t he   no t ion  of present- 
day steppe. They are p a r t  o f  a widely  dis t r ib-  
uted,  though of ten   h ighly   d i s junc t ,   a r id   l ands  
f lo ra   o f   f ami l i e s  and genera  showing  great 
s p e c i a l i z a t i o n ,  presumably t o  enhance  survival   in  
extremely  hot  and/or  dry  conditions.  In t h i s  
regard,  the  composition of the  s teppe mss f l o r a  
is p a r t i c u l a r l y   s t r i k i n g .  Although  analysis is 
prel iminary,  30 s p e c i e s   i n  13 f a m i l i e s  have  thus 
f a r  been ident i f ied   (Table   2 ) .  Of these,  21, or 
213 of t h e   t o t a l ,  are members o f  j u s t  two 
fami l ies ,   Pot t iaceae  and Grimmiaceae, both  of 

The l i c h e n   f l o r a  i s  composed of about 15 
f a m i l i e s   i n  which the  genera and species  are more 
evenly  dis t r ibuted,   but  many of the  genera are 
c h a r a c t e r i s t i c  of s teppe and other   ar id   land-  
scapes.  Especially  important on x e r i c ,   f i n e  
s o i l s  are the  genera  Dermatocarpon,  Diplo- 
s c h i s t e s ,  Endocarpon,  Fulgensia,  Psora,  Toninia, 
and  Squamarina  and  on c o a r s e r   s o i l s  Xantho- 
parmelia. Among other  important  genera of sub- 
arctic Alaskan  steppes are Acarospora,  Aspicilia, 
Caloplaca,   Candelariella,  and Collema  (Table 3 ) .  

Of t h e  twenty-one . t axa   i n   t he  two mss 
f ami l i e s   t ha t  are important on the  s teppes,  
Pot t iaceae  and Grimmiaceae, f i v e  are new t o  
Alaska, including one t h a t  is new to North 

1 which show many xer ic   adapta t ions .  
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TABLE 2 Mosses. 

Taxon  Yukon  Tanana  Copper 
(Family  in  order of im- 
portance  in  vegetation) 

Pottiaceae 
Aloina  brevirostris 

Aloina  unidentified 
Barbula  convoluta 
Bryoerythrophyllum 

recurvirostrum 
*B.  recurvirostrum  var. 

latinervia 
+Didymodon  cf.  rigidulus 
Molendoa  sendtnerianum 
*Phascum  cuspidaturn 
+Pterygoneurum  lamellatum 
+P. watum 
+P. subsessile 
Tortella  fragilis 
+Tortula  caninervis 
Tortula  ruralis 
Trichostomum  or  Weissia 
Stegonia  latifolia 
S. pilifera 

*A.  rigida 

Grimiaceae 
+Coscinodon  cribosus 

*Grimmia  teretinervis 
Grimmia  anodon 

**Indusiella  thianschanica 
Schistidium  apocarpum 

Bryaceae 
Bryum  argenteum 
Bryum  unidentified 

Encalypta  rhaptocarpa 
Encalypta  unidentified 

Hypnum  vaucheri 
Hypnum  unidentified 

Encalyptaceae 

Amblystegiaceae 

Leskeaceae 
Rhytidiaceae 
Rhytidium  rugosum 

Bedwigiaceae 
Hedwigia  Ciliata 

Polyttichaceae 
Polytrichum  piliferum 

Thuidiaceae 
Thuidium  abietinum 

Fissidentaceae 
Fissidens 

Hylocomiaceae 
Hylocomium  splendens 

Orthotrichaceae 
Orthotrichum  speciosum 

X 
X 
X 
X 

X 

X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 

X 
X 

X 
X 
X 

X 

X 

X 

X 

X 

x 

X 
X 

X 

X 
X 

X 
X 

X X 
X  X 

X 

X 
X 

x 

X X 
X X 

X 
X 

X X 

X 

x 
X 

*New  to  Alaska 
**New to  North  America 
+Significant  range  extension  in  Alaska 

TABLE 3 Lichens. 

Taxon 
(alphabetical) 

Yukon  Tanana  Copper 

Acarosporaceae X 
Aspicilia  unidentified X 
Buellia  unidentified X 
Caloplaca  stillicidiorum  X 

Caloplaca  unidentified X 
Candelariella  aurella 
Candelariella  unidentified X 

*C. tominii 

Cetraria  nivalis 
Cladonia  pyxidata  (incl. 

pocillum) 
Cladonia  squamules 
"Collema  coccophorum 
Collemataceae 
Cornicularia  aculeata 
Dermatocarpon  (incl. 

Diploschistes  bryophilus 
Endocarpon  pusillum 
*Fulgensia  desertorum 

F. sp.  (sterile) 
Lecanora  cf.  frustulosa 
L .  cf.  palanderi 
Lecanora  unidentified 
Parmelia  sulcata 
Peltigera  aphthosa 
P .  cf . lepidophora 
Peltigera  cf.  malacea 
P.  rufescens 
P. spuria 
Phaeophyscia  constipata 
P.  sciastra 
Physcia  caesia 
Physciaceae  unidentified 
Physconia  muscigena 
P.  cf.  perisidiosa 
Psora  decipiens 
Psora  unidentified 
*Psorula  rufonigra 
Rhizocarpon  disporum 
Rhizoplaca  chrysoleuca 
R. melanophthalma 
Rinodina  roscida 
Rinodina  unidentified 

Squamarina  lentigera 
Staurothele  perradiata 
Stereocaulon  sp. 
Toninia  caeruleonigricans 
Toninia  unidentified 
Verrucaria c f .  leightonij. 
Xanthoparmelia  taractica 
X. wyomingica 
Xanthoria  elegans 
Xanthoria  unidentified 

hepaticum) 

*Spilonema  revertens 

X 
X 

X 

X 
X 
X 

X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

X 
X 

X 

X 
X 

X 

X 
x 
X 

X 
X 

x 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 

X 

X 

x 

X 
X 

X 
X 
X 

X 
X 

X 
X 

X 
X 
X 

X 

X 

X 
X 
X 
X 
X 

x 
X 

X 
X 

X 

X 
X 
X 

X 
x 

X 

X 
X 

X 

X 
X 

X 
X 

X 
X 
X 

X 

*New  to  Alaska 



where the  bedrock is deeply  mantled by calcareous 
loess ,  are d i f f e r e n t i a t e d  from the  upper Yukon 
and  Tanana river  regions  where  carbonate-rich 
so i l s   can   ove r l i e   bo th   ac id  and basic   parent  
material. A t  C h i t i n a   s o i l   l i c h e n s   c h a r a c t e r i s t i c  
of ca l ca reous   c rus t   so i l s   t yp ica l  of s teppes are 
common: Caloplaca  tominii,  Fulgensia  desertorum, 
Psora  decipiens,  Squamarina len t igera ,  and 
Toninia  caeruleonigricans.  These  steppes show a 
grea t   a f f in i ty   to   those   in   southwes tern  Yukon 
( N i m i s  1981a) and t o   t h e  Canadian p r a i r i e s  
(Looman 1964), and severa l  are found on loess  on 
end  moraines of present  day g l a c i e r s   i n  Yukon and 
Alaska (B. M. Murray  unpublished).  Since  bedrock 
is abundantly  exposed a t  t h e  Yukon and  Tanana 
sites, saxicolous  taxa  such as Lecanora  spp., 
Rhizoplaca  spp.,  Psorula  rufonigra, and Spilonema 
rever tens  are found there, The less b a s i c   s o i l  
and the   coarser   t ex ture   accounts   for  the presence 
a l s o  of the  genus  Xanthoparmelia.  Consequently, 
more information on soi l   chemistry will be 
gathered as f i e l d  work progresses. 

FLORISTICS AND PALEOECOLOGY 

What re la t ionship  is there  between t h e   f l o r a ,  
vege ta t ion ,  and physical  environment of t h e  
s teppe  bluffs   today and those of  Beringia  during 
la te -g lac ia l  time? I f  the steppe  communities 
were in   fact   widespread and dominant, well- 
d ra ined   so i l s  had t o  be f a r  more common than  they 
are today. It would follow  that  the  permafrost  
t a b l e  was below p resen t   l eve l s ,   ye t   no t   t o   t he  
extent  of precluding  the growth of i c e  wedges o r  
t he   p re se rva t ion   i n   f rozen  ground of faunal  
remains * 

I f  we take  the  view of Cwynar and Ri tch ie  
(1980) tha t   po l l en   i n f lux  was very low f o r  a l l  
taxa and tha t   t he   i n f lux  of Artemisia did  not  
change  during  the  Pleistocene-Holocene  transi- 
t ion,   then  the  protracted  drought  of an in tense ly  
cont inenta l  climate coupled  with  broad, more 
extensive  braided  f loodplains  and  sand sea5 might 
have  provided  sufficient  trophic  support   for a 
modest  grazing  megafauna and allowed  for  the 
vegetat ion mosaic t h a t  seems appropr ia te  
(Schweger  and Habgood 1976). 

I f  we adopt  another  proposal by Cwynar and 
Ri tch ie  (1980) tha t   the   sage   respons ib le   for   the  
pol len   in   the   l a te -g lac ia l   record  was A. arctica, 
and not  A. f r i g i d a  as has  been  assumed,  then  an 
image of herb-rich  communities more similar t o  
f e l l f i e l d s  emerges. The permafrost   table  need 
not  be  lower, and as Pew: (1975)  has  suggested, 
it might  have w e n  been  higher.   Their  points are 
persuasive,   but  the abundance o f  arc t ic -a lp ine  
c ryophytes   in   the i r   po l len   spec t ra  is n o t   f a t a l  
to   the  idea o f  a s teppe-l ike  vegetat ion,   for  we 
would expect  with  the  lowering of tree l i n e  
during  cooler times tha t   t he  mountain and s teppe  
spec ies  would mingle.  Indeed,  cryophytes are 
found on s t eppe   b lu f f s  today.  While i t  is t r u e  
t h a t   t h e i r  lists of taxa  include  genera  that  are 
well d i s t r i b u t e d   i n   t h e  Arctic and do occur  on 
f e l l f i e l d s ,   c e r t a i n   s p e c i e s  of those  genera are 
def in i te ly   res t r ic ted   to   t empera te   d ry   g rass -  
lands and reach   the i r   nor thern  limits at  s teppe 
sites i n  Alaska. 

Our da ta  show that  occurxence of a complex of 
xerophilous  temperate woodland  and s teppe   spec ies  
and  cryophilous  arctic-alpine  species is deter-  
mined by topography and s o i l s .  Such large  gaps 
i n   d i s t r i b u t i o n   e x i s t  between these  communities 
and o thers   in   As ia  and western America t h a t  
normal  methods of dispersa l   cannot  create them 
today. Long d is tance   d i spersa l  of such a complex 
f l o r a  i s  less l ike ly   than   the   format ion  of these 
communities by reduct ion of formerly more wide- 
spread  ranges.  These  plants  could  only  have  been 
more widespread  under  conditions  different  from 
today ,   condi t ions   tha t   be t te r  match the  cold,   dry 
f u l l - g l a c i a l   i n t e r v a l s  when the  Bering Land 
Bridge was in   p l ace .  These p l an t s   d id   no t   a r r ive  
simultaneously as a s i n g l e  community, but a t  
i n t e rva l s   s ince   t he   Te r t i a ry  when appropr ia te  
condi t ions  prevai led.  

The f l o r a  of these  s teppes is anc ien t ,   bu t  the 
communities  they  form are not   necessar i ly  relicts 
of any one spec i f ic   per iod .  More l i k e l y   t h e s e  
steppes  have  received  migrants  from Asia begin- 
n ing   in  la te  Ter t ia ry  and inc lud ing   a r r iva l s  as 
recent ly  as mid-Holocene. The immigrant  taxa 
share a n   a b i l i t y   t o   d i s p e r s e  and a to l e rance   t o  
drought.  Rather  than a process of s teady accre- 
t i o n  of taxa,   local   ext inct ions must  have oc- 
curred  through the mil lennia  of climatic changes. 
We have more than a depauperate  version of a 
la te -g lac ia l   s teppe;  we have the cur ren t   vers ion  
of what, on a timescale of geologic   his tory,  is 
probably a continually  changing community. 

Steppes are restricted today   to   b luf fs  and 
terraces where  extremes of summer drought  occur. 
These si tes also  experience  extremes of summer 
warmth, and carbonate- r ich   so i l s  are common. The 
s teep   s lopes  show s u r f a c e   i n s t a b i l i t y  from mass 
wasting.  This  combination o f  phys ica l   fea tures  
r e su l t s   i n   t he   fo rma t ion  of open p lan t  communi- 
ties f o r  which bare  ground is an  important 
aspect .  An i n a b i l i t y   t o  compete wi th   o the r  
p l a n t s  is usual ly  presumed as a reason  these 
p l a n t s  are not  found  elsewhere. 

The in t roduct ion  of t he   l a t e -g l ac i a l   s t eppe  
into  paleo-reconstructions was s t imu la t ed   i n  
l a r g e   p a r t  by the  need to   provide a s u i t a b l e  
t rophic   base   for   the   g raz ing  megafauna. Uncer- 
t a i n t i e s  remain: are the  mammalian f o s s i l s  
contemporaneous and do they  s ignify a d iverse  and 
abundant  fauna? Is a t rue   s teppe   cons is ten t   wi th  
such a fauna?  Furthermore,  although  an  herb-rich 
pol len  zone i s  cons is ten t ly  a p a r t  of late- 
g l ac i a l   po l l en   spec t r a   t aken  from many areas of 
Alaska and Yukon, how geographically  prominent 
was th i s   vege ta t ion?  Could the  pol len  record 
have  been  produced i f  we invoke  only  the expan- 
s i o n  of x e r i c  si tes under a hypercont inental  
c l imate? It i s  c r u c i a l   t o  know whether o r   n o t  
t h e  amount of  Artemisia and g ras s   i n   t he   vege ta -  
t i o n  changed d rama t i ca l ly   i n   t he  Holocene. 
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SOIL-WATER DIFEVSIVITY OF UNSATURATED SOILS AT SUBZERO TEMPERATURES 

Y. Nakano, A. R. Tice, J. L. Oliphant , and T. F Jenkins 

U . S .  Army Cold  Regions  Research  and  Engineering  Laboratory 
Wanover, New Hampshire 03755 USA 

The so i l -wa te r   d i f fus iv i t i e s  of so i l s   con ta in ing  no ice were determined at  -1'C by 
an  experimental method recently  introduced. The t h e o r e t i c a l  basis of t h e  method 
is  presented. The  measured d i f f u s i v i t i e s  of three kinds of  s o i l s  are found t o  
have a common f e a t u r e   i n   t h a t  the d i f fus iv i ty   i nc reases   w i th   i nc reas ing  water 
con ten t ,   a t t a ins  a peak, and increases   aga in  as the water content  increases.  This 
common f e a t u r e   o f   t h e  soils at the  subzero  temperature i s  d i scussed   i n  comparison 
with  unfrozen  Soils.  The experimental   data   appear   to   indicate   that  the b a s i c  
t r a n s p o r t  mechanism o f  water i n   s o i l s   c o n t a i n i n g  no ice a t  the  subzero  temperature 
is e s s e n t i a l l y   t h e  same as t h a t  in unfrozen   so i l s   conta in ing  a small amount of 
water. 

It has long  been  recognized that accura te  
knowledge of water movement i n   f r o z e n   s o i l  i s  very 
important fo r  many prac t ica l   appl ica t ions .   For  
example,  the  freezing of water t r anspor t ed   t o   t he  
f r eez ing   pa r t  of s o i l  i s  known to   p rovide   the  
l a rges t   con t r ibu t ion   t o   f ro s t   heav ing  (Anderson e t  
a l .  1978), and the damage of f r o s t  heave is of major 
concern to   eng inee r s .  

e t  al .  (1982, 1983a-c) inves t iga ted   the  rate of 
water t ranspor t   in   unsa tura ted   f rozen   c lay   under  
isothermal   condi t ions and  found t h a t  the rate of  
water t ranspor t  is propor t iona l   t o   t he   g rad ien t  of 
t o t a l  water content, which is  genera l ly   the  sum of 
the  unfrozen water content  and t h e  ice content.   In 
p a r t i c u l a r ,  when ice is  absent ,  the f l u x  of water F 
i n  one d i r e c t i o n  is given as 

Introducing a new experimental  method, Nakano 

a e  F = -  D ( e )  ( 1 )  

where 8 is the  weight  of  unfrozen water per weight: 
of d r y   s o i l ,  x the space  coordinate,  p the dry  den- 
s i t y ,  and D t he   so i l -wa te r   d i f fus iv i ty .  

EXPERIMENT 

The two kinds of 6011 se l ec t ed   fo r   t h i s   s tudy  
were Fox Tunnel s i l t ,  obtained  from  Fairbanks, 
Alaska, and Regina  clay from Saskatchewan, Canada. 
The s p e c i f i c   s u r f a c e  area of Fox Tunnel s i l t  de te r -  
mined by e thylene   g lycol   re ten t ion  is 31 m2/g and 
that  of  Regina  clay 291 m2/g. In a previous  study 
(Nakano e t  al. 1982, 1983b) te conducted  experiments 
similar t o   t h i s  by using a marine-deposited  Morin 
clay from Maine with a s p e c i f i c   s u r f a c e  area of 60 
m2/g. We will use   the   exper imenta l   da ta   for   Wrin  
c l a y   i n   t h i s  work f o r  comparison. 

The unfrozen water contents  0 of t h e  three 
kinds of s o i l s  at  var ious  temperatures   in  a warming 
cycle  are presented i n  Figure 1. Measurements were 
made  by the pulsed  nuclear  magnetic  resonance method 
descr ibed .   in   T ice  e t  al .  (1978). The t o t a l  water 
content w and the   d ry   dens i ty  p of Fox Tunnel s i l t  
were 21.0% and 1.24 g/cm3,  respectively.  For  Regina 

FIGURE 1 Unfrozen water content e(%) vs 
temperature - T('C) in a warming cycle   for  Fox 
Tunnel s i l t  (w = 21.0%, p = 1.24 g/cm3),  Regina  clay 
( w  = 22.6%, p = 1.45 g/on3), and  Morin clay (w = 
20.0%, p = 1.42 g /m3) .  

clay w = 22.6% and p 1.45 g / m 3   w h i l e   f o r  Morin 
c l a y  w = 20.0% and p = 1.42 g / d :  The t h r e e   l i n e s  
in Figure 1 are the approximate  analyt ic   expressions 
of da t a   po in t s   fo r   each   so i l .  

The experiment  consisted  of  connecting two long 
columns of s o i l  o f  the  same s i z e  (0.80 cm i n  
diameter  and 20.33 llfn long) and t h e  same spec i f ied  
dry  densi ty .  One of them was uniformly  dry with a 
n e g l i g i b l y  small t o t a l  water content b, while the  
o ther  w a s  uniformly wet with a s p e c i f i e d   t o t a l  water 
content  a. A t  time t = 0 we connected  the two 
columns t o  make a s ingle  column 40.66 m i n   l e n g t h .  
While we maintained  the column a t  -l°C, water was 
t ranspor ted  from the wet pa r t   t o   t he   d ry   pa r t   ac ross  
the  contact  surface  between  the wet and d r y   s o i l  
columns. Af te r  10 days  passed, the s o i l  column was 
quick ly   sec t ioned   in to  a t o t a l  of 64 equa l   t h in  
column segments. The water content and the   d ry  
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TABLE 1 Ettperimental  Conditions. 

Dry d e n s i t y  
Time ( d m 3 1  

I n i t i a l   c o n d i t i o n   d u r a t i o n   S t a n d a r d  
Exp. No. Soil a( %) b(%)  (day) Mean d e v i a t i o n  

1 Fox Tunnel s i l t  6.75 0.29 10  1.24 0.112 

2 Fox Tunnel silt  6.80 0 -35 10 1.23 0.105 

3 Regina  clay 18.1 0.49 10 1.45 0.150 

4 Regina  clay 17.9 0.52 10 1.45 0.141 

d e n s i t y  of each  segment were determined  gravimetr i -  
ca l ly .  

We used 10-L g r a d u a t e d   p l a s t i c   p i p e t t e s   t o  
enc lose  the soi l  columns. The d i spens ing  end  of 
e a c h   p i p e t t e  was cu t   o f f  and sea l ed   w i th  a s topper .  
For the prepa ra t ion  of w e t  columns, we thoroughly 
mixed water and s o i l  and  allowed  the  mixture t o  set 
f o r  a t  least t h r e e   d a y s   t o   a t t a i n   m o i s t u r e   e q u i l i -  
b r ium  pr ior   to   the   packing .  For the   p repa ra t ion   o f  
d ry  columns,  oven-dried s o i l  was packed i n t o  a 
p i p e t t e   w i t h   s l i g h t l y   g r e a t e r   c o m p a c t i v e   f o r c e .  
Dur ing   t he   pack ing ,   so i l   i n   t he   d ry  columns u s u a l l y  
gained a small amount of water from  the a i r ,  while 
s o i l  in the wet columns l o s t  a small amount of water 
t o  the a i r .  We weighed  each s o i l  column after pack- 
ing so thar any g a i n   o r   l o s s  o f  water   dur ing   the  
packing was accounted   for  when the i n i t i a l  water 
content  was determined, All wet columns were f r o z e n  
t o  -16'C and then warmed up t o  -1'C before   each  ex- 
periment so t ha t   t hey  were i n  a warming c y c l e   a t  
t = O .  

We conducted   four   exper iments   wi th   the   in i t ia l  

where u = 0 - b, a and b are real numbers wi th  a > 
b 2 0,  and s o i l  columns i n   t h e   e x p e r i m e n t  are 
approximated  to be in f in i t e .   Th i s   app rox ima t ion  
should   remain   accura te   un t i l   the   t ime when column 
end e f f e c t s  become s i g n i f i c a n t .  We a l s o   i n t r o d u c e  
a f u n c t i o n  +(m) de f ined  as 

$(m) = I D(u) u-' du 
m 

0 
(3) 

where m is some p o s i t i v e  number. It should  be 
mentioned that t h e  commonly used  method (Brum  and 
K l u t e  1956) fo r   t he   expe r imen ta l  measurement of 
d i f f u s i v i t i e s   u t i l i z e s  the mixed i n i t i a l  and 
boundary  value  problem  of  Equation  2a. 

d i f f e r e n t i a l   e q u a t i o n  by in t roduc ing  a s i m i l a r i t y  
v a r i a b l e  5 = x ( t  + c)-1/2  where c is a p o s i t i v e  
real number. The s i m i l a r i t y   s o l u t i o n  u(x,t)  I h( 5 )  
shou ld   s a t i s fy   t he   equa t ion :  

Equation 2a  can  be  t ransformed  into  an  ordinary 

condi t ions   g iven  i n  Table 1, Experiments 2 and 4 
were repeat experiments   under   near ly   the same ( 4 4  [D(h)h'] '  + 2 Eh' = 0 , -- < E < +m 1 

i n i t i a l "   c o n d i t i o n s  as Experiments 1- and 3 ,  respec- 
t i v e l y ,  Since the   equi l ibr ium  unf rozen  water con- 
t e n t s  for Fox Tunnel silt and  Regina  clay at -1'C 
are 8.62% and 20.6%, r e s p e c t i v e l y ,  no ice was ex- 
pected t o  be p resen t  in a l l  these  experiments  a t  t = 
0. The uniform  packing of s o i l   i n t o  a p i p e t t e  w a s  
q u i t e   d i f f i c u l t .  We examined t h e   u n i f o r m i t y  o f  t h e  
s o i l  columns by using  the  measured  dry  densi ty  of 
a l l  segments after each  experiment.  The mean and 
s t anda rd   dev ia t ion  of d ry   dens i ty  are given in Table 
1. Al though  these   va lues   a re   a f fec ted  by e r r o r s  
involved in s e c t i o n i n g  the s o i l  columns i n t o   t h i n  
columns w i t h   i d e a l l y   e q u a l   l e n g t h   i n  a r e l a t i v e l y  
s h o r t  time, they   s e rve  as a n   i n d i c a t o r  o f  un i fo rmi ty  
in packing   and   accuraq   in   sec t ion ing .  

Theory 

When Equation 1 holds   t rue,   our   experiment  can 
be   desc r ibed  in mathematical  terms by the   fo l lowing  
i n i t i a l   v a l u e  problem on t h e  set S = I(-=,-) x 
(0 ,T)  ; DO} : 

on S (2a)  

u(x,O) = uo(x) = a - b x < 0 
- 0   x 2 0  

where   p r imes   deno te   d i f f e ren t i a t ion   w i th   r e spec t   t o  
5 .  We w i l l  seek a s o l u t i o n  of Equat ion   4a   sa t i s fy-  
ing  the  boundary  condition,  given as 

h(--) = a - b, h(+m) - 0 (4b) 

Ole in ik  e t  al. (1958)   inves t iga ted  the i n i t i a l  
value  problem o f  Equa t ion   2a   fo r   t he  case in which 
i n i t i a l   d a t a  UO(X> is cont inuous,   Introducing a 
class of weak (gene ra l i zed )   so lu t ions ,   t hey   p roved  
t h e   e x i s t e n c e  and un iqueness   o f   so lu t ions   i n   t h i s  
class. These s o l u t i o n s  can  be c l a s s i f i e d   i n t o  two 
types  depending  upon  whether or not  +(m) is f i n i t e .  
When 4 1s i n f i n i t e  the s o l u t i o n s  are cont inuously 
d i f f e r e n t i a b l e ,  However, when i s  f i n i t e ,   E q u a t i o n  
2a is p a r a b o l i c   n e a r   p o i n t s  where u > 0, b u t   n o t  
n e a r   p o i n t s  where u = 0. Equa t ions   o f   t h i s   k ind   a r e  
o f t e n   c a l l e d   d e g e n e r a t e   p a r a b o l i c .  BecauB'e Of t h i s  
degeneracy ,   the   t rans i t ion   be tween a p a r t  > 0 and 
a p a r t  u = 0 is not  smooth,  and the s o l u t i o n s  
sa t i s fy   Equa t ion   2a  in the   sense   o f   d i s t r ibu t ion .  

~n soil phys ic s   t he   ex i s t ence  of a s t e e p  
we t t ing   f ron t   w i th   f i n i t e   p ropaga t ing   speed   has   been  
recognized f o r  some time, based  upon  experimental 
observations  (Swarztendruber  1969).  A new t h e o r e t i -  
cal i n t e r p r e t a t i o n  o f  a w e t t i n g   f r o n t  was r e c e n t l y  
advanced  (Nakano  1980a-c,  1981, 1982, 1983a-b) by 
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app ly ing  mathematical theorems of degenerate  para- 
bo l i c   equa t ions .  A w e t t i n g   f r o n t ,   d e f i n e d  as t h e  
i n t e r f a c e  between a p a r t  u > 0 and a p a r t  u = 0 in 
t h e   s o l u t i o n s  of Equation  2a for f i n i t e  4, is a 
s i n g u l a r   s u r f a c e   i n   t h e   s e n s e  of T ruesde l l  and 
Toupin  (1965),   and  propagates  with  f inite  speed, It 
is well e s t a b l i s h e d   t h a t   t h e   f l o w  of water through 
unsaturated  porous  media i s  d e s c r i b e d   a c c u r a t e l y  by 
Equation 1 when t h e   i n e r t i a l   f o r c e  is n e g l i g i b l y  
small i n  comparison t o   t h e   v i s c o u s  force (Raats and 
Klute  1968).  Recently Nakano (1983a-b) has  shown 
t h a t   t h e   f i n i t e n e s s  of 4 defined by Equation 3 i s  
e q u i v a l e n t   t o  a p h y s i c a l   c o n d i t i o n   t h a t   t h e   i n e r t i a l  
f o r c e  i s  n e g l i g i b l y  small a t  9 = b and D(b) = 0. 
S ince   in   phys ica l   p roblems D( e )  t e n d s   t o   v a n i s h  as 9 
approaches  zero,  i t  is  expec ted   t ha t  Ip i s  f i n i t e  
when b is n e g l i g i b l y  small, and that under  such 
cond i t ions  a w e t t i n g   f r o n t   w i t h   f i n i t e   p r o p a g a t i n g  
speed  appears. 

Van  Duyn 1979) t h a t   t h e  problem o f  Equations 4a and 
4b a l s o  has two types of solutions,   depending  upon 
whether   or   not  .$ i s  f i n i t e .  When .$ i s  i n f i n i t e ,  
h( 6) > 0 f o r  a l l  5 ,  and h approaches  zero as E; t ends  
t o   i n f i n i t y .  When 4 is f i n i t e ,   t h e r e   e x i s t s  a 
number c o  s u c h   t h a t  

h( E )  = 0 , fo r  5 0  5 

It has been shown (Van Duyn and Pe le t i e r   1977a ,  

> o  9 f o r  -m < E < E o  ( 5 4  

We w i l l  consider  a s i m i l a r i t y   s o l u t i o n  o f  Equation 
2a  with a s i m i l a r i t y   v a r i a b l e  of n - xt-1/2, The 
s i m i l a r i t y   s o l u t i o n   u ( x , t )  I f(0) s h o u l d   s a t i s f y  the 
equa t ions :  

[ D ( f > f ' ] '  + llf' = 0 , -00 < rl < m 1 
(6a )  

E(-=) = a - b,  f(+-) = 0 (6b) 

We may consider  f ( q )  as a limit of  h( 5 )  when c 
approaches  zero.  

s o l u t i o n s  are n o t   o n l y   p a r t i c u l a r   s o l u t i o n s ,   b u t ,  
in many ins t ances   (Ba renb la t t  and Zel'dovich  19711, 
are a l so   a sympto t i c   so lu t ions  t o  a wide c l a s s  of t h e  
Cauchy  problems o f  t h e   o r i g i n a l   p a r t i a l   d i f f e r e n t i a l  
equation,  There  has  been  marked  interest  in the 
v a l i d i t y  of t h i s   p ropos i t i on   app l i ed   t o   p rob lems  of 
porous  media  equations  (Peletier  1971, Van Dum  and 
P e l e t i e r  1977b, Gilding  1979, Aronson and P e l e t i e r  
1981). Van  Duyn (1979) showed that s i m i l a r i t y   s o l u -  
t i o n s  o f  Equations  4a  and 4b are   indeed   asymptot ic  
s o l u t i o n s  of the i n i t i a l   v a l u e   p r o b l e m s  of Equation 
2 a   w i t h   c o n t i n u o u s   i n i t i a l   d a t a .  

d i s c o n t i n u i t y  in i n i t i a l   d a t a   s u c h  as Equation 2b 
causes a serious  complication.  Applying Van Duyn's 
theorem  (1979)   and  res t r ic t ing  the  problem  to   the 
case i n  which the d i s c o n t i n u i t y   i n   i n i t i a l   d a t a  
d i sappea r s  i n  some f i n i t e  time, Nakano e t  al .  
( 1 9 8 3 ~ )  have r e c e n t l y  shown t h a t  the s o l u t i o n  of  
Equations  2a  and b asymptot ical ly   converges upon the 
s o l u t i o 0  of Equations  6a and  6b. The ex tens ion  of 
Van Duyn's  theorem  (1979) t o   t h e  case of discont inu-  
ous i n i t i a l   d a t a  may not  be mathemat ica l ly   exac t ,  
but  should be an  accurate  approximation,  from a 
phys ica l   po in t  of view. We w i l l  u s e   t h e   s i m i l a r i t y  
s o l u t i o n  of Equations  6a  and  6b t o   a n a l y z e   t h e  
experimental   data  below. 

A p r e v a i l i n g   p r o p o s i t i o n   s t a t e s   t h a t   s i m i l a r i t y  

From a s t r i c t l y   m a t h e m a t i c a l   p o i n t  of  view, the 

When t h e   s o l u t i o n  of  Equations  6a  and  6b 
d e s c r i b e s   t h e   a s y m p t o t i c   p r o f i l e ,  we i n t e g r a t e  
Equat ion   6a   to   ob ta in  

where n o  > 0 is t h e   l o c a t i o n  of a w e t t i n g   f r o n t  when 
$ is f i n i t e ,  and n o  is  i n f i n i t e  when + is i n f i n i t e .  
Once f (  n) is determined   exper imenta l ly ,  D ( f )  can be 
evaluated by Equatioa 7. 

ANALYSIS AND DISCUSSION 

The time d u r a t i o n  of  each  experiment  should be 
long enough f o r   a n   i n i t i a l   p r o f i l e  t o  converge  upon 
i t s  asympto t i c   p ro f i l e ,   bu t   shou ld   no t   be   excess ive -  
l y   l o n g  so t h a t  column end e f f e c t s   a r e   n e g l i g i b l e .  
According  to  Van Duyn's  theorem  (1979),  the  devia- 
t i o n  of a deve lop ing   p ro f i l e  from the   asymptot ic  
p r o f i l e  is p r o p o r t i o n a l   t o  t-112.  Based  on 
expe r imen ta l   da t a   fo r  Morin c l ay  (Nakano et a l .  
1982,  1983a-c)  and some prel iminary  experiments  On 
Fox Tunnel s i l t  and  Regina  clay, we set t h e  time 
dura t ion  of 10 days. The r e s u l t s  of the   exper iments  
are p resen ted  in Figure 2 and  Figure 3 ,  where t h e  
average water contents  of the s o i l s  from two 
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FIGURE 2 Average water contents  of two r epea ted  
experiments  e ( % )  vs   d i s t ance  x(cm) for   Regina   c lay ,  
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FIGURE 3 Average water contents  of two repeated 
experiments  e ( % )  vs   d i s t ance  x(cm) f o r  Fox Tunnel 
silt. 
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FIGURE 4 D i f f u s i v i t i e s  D(crn2/day) vs  water  content 
e ( % )  f o r  Fox Tunnel s i l t ,  Regina clay,  and  Morin 
clay. 

repeated  experiments are p lo t t ed   ve r sus   t he   d i s t ance  
x (a). 

As discussed   in   the   p receding   sec t ion ,  a 
wet t ing   f ront  i s  expected  to  appear when D(b) i s  
negligibly  small .  A wet t ing   f ront  i s  clear ly   iden-  
t i f i a b l e   f o r  Regina  clay  (Figure 2 ) ,  but it is not  
easy   t o   p inpo in t   fo r  Fox Tunnel s i l t ,  For tuna te ly ,  
t h i s   d i f f i c u l t y  i s  of no ser ious  concern  in  
evaluating  Equation 7 because no s i g n i f i c a n t  amount 
of e r r o r  i s  introduced by using a value o f  rl t h a t  i s  
l a rge r   t han   t he   ac tua l   l oca t ion  of a wet t ing   f ront  
no f o r  a s t a r t i n g   p o i n t  of the in tegra t ion .  Hence, 
one  should select a s t a r t i n g   p o i n t  of l a r g e  enough 
so t h a t  0 = b i n  the neighborhood of t h i s   p o i n t .  
Numerical d i f f e r e n t i a t i o n  is general ly   considered  to  
be a d i f f i c u l t   o p e r a t i o n .  It is  d e s i r a b l e   t o   u s e  
formulas that  include  several   neighboring  data  
poin ts  so that the   va r i a t ion  of data  points  due t o  
experimental   errors  is smoothed  over.  Actual  calcu- 
l a t i o n s  of d e r i v a t i v e s  of f ( rJ   in   Equat ion 7 were 
made by the   s t anda rd   f i n i t e   d i f f e rence  method in 
which six  neighboring points were used f o r   i n t e r i o r  
p o i n t s  and three f o r  end  points (Nakano e t  a l ,  
1983~). 

The calculated  values   of  D ( e )  were p l o t t e d  
versus  8 in Figure 4 where broken  curves were drawn 
by v i s u a l   i n s p e c t i o n   t o  show the   t rend  o f  d a t a  
points  of Fox Tunnel s i l t  and Regina  clay.  For  the 
sake of comparison the d i f f u s i v i t y  o f  Morin clay 
with p = 1.42 g/an3 at -1'C (Nakano e t  al. 1983~) i s  
also presented as a sol id   curve  in   Figure 4. The 
common f e a t u r e  of these three  kinds of s o i l  i s  t h a t  
D increases   with  increasing 8 ,  a t t a i n s  a peak,  and 
increases   aga in  as 9 increases .  

It has   been  recognized  that   the   greatest  amount 
of vapor  diffusion  occurs  near  the water content 
e,, when a monolayer of l i q u i d  water forms  over 
s o i l  sur faces ,  and tha t   vapor   d i f fus ion   l eve l s   o f f  
rap id ly  as the  water content   increases  from t h i s  
cr i t ical  value  (Jackson 1965, Nakano e t  al. 1982). 
Assuming the area of a water molecule to be 1.08 x 

and 8.05% f o r  Fox Tunnel s i l t ,  Morin clay,  and 
Regina  clay,  respectively. On the other  hand, from 
Figure 4 we Eind the  water  content em a t  which t h e  
measured D ( 0 )  a t t a i n s  a peak  of  about 0.8X,  1.2%, 
and 4.5% f o r  Fox Tunnel s i l t ,  Morin clay,  and Regina 
clay,  respectively.   Although 8 ,  does  not  coincide 
with e,, t h e   s o i l   w i t h   t h e   g r e a t e r   s p e c i f i c   s u r -  
face area has   the   g rea te r   va lue   o f  water content a t  
whlch D( 0) a t t a i n s  a peak. From Figure 4 we a l s o  
f i n d   t h a t   s o i l   w i t h  less s p e c i f i c   s u r f a c e  area has 
the g r e a t e r  peak.  This i s  a l so   the  case €or 
Jackson' 6 d a t a  (1965). 

We have  found that the   spec i f i c   su r f ace  area i s  
an  important  parameter  affecting D( e ) .  However, the  
s p e c i f i c   s u r f a c e  area does  not seem t o  be d i r e c t l y  
l i n k e d   t o  the mobi l i ty  of water. Despi te   the   d i f -  
ference i n  the   spec i f i c   su r f ace  area, the d i f f u s i v -  
i t y  of Fox ' hnne l  silt  is c l o s e   t o   t h a t  of b r i n  
c lay .   In   addi t ion ,   the   d i f fus iv i ty  o f  Regina  clay 
i s  much less than  those of the   o ther  two except  a t  
water contents  ranging from 3% t o  5%. 

general  behavior of D( 9) of s o i l s   a t   t h e   s u b z e r o  
temperature i s  q u i t e  similar t o   t h a t  of unfrozen 
s o i l s .  Our da t a   appea r   t o   i nd ica t e   t ha t  the b a s i c  
t r a n s p o r t  mechanism of water i n   s o i l   c o n t a i n i n g  no 
ice at the subzero  temperature is e s s e n t i a l l y   t h e  
same as t h a t   i n   u n f r o z e n   s o i l   c o n t a i n i n g  a small 
amount of water, a l though   k ine t i c   f ac to r s  of t rans-  
p o r t  are af fec ted  by the  temperature. 

cm2, we ca lcu la ted  B C  t o  be 0 , 8 6 % ,  1.66%. 

Although  our  experimental  data are l imi t ed ,   t he  
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SEISMIC VELOCITIES AND SUBSEA  PERMAFROST I N  THE BEAUFORT SEA, ALASKA 
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The d i s t r i b u t i o n  of h igh-ve loc i ty   mater ia l  was used a s   an   i nd ica to r  of i c e -  
bonded permafrost .   Observat ions  f rom  ice   survey and  marine  seismic 
records,   coupled  with  control  from a small number of d r i l l   h o l e s ,   s u g g e s t  
that   ice-bonded  permafrost  is extremely  widespread  in  the  Beaufort   Sea.  
Large areas of h igh -ve loc i ty   ma te r i a l  at  shal low  depths ,  10-40 m be low, the  
seabed, were observed  near  Prudhoe  and  Harrison Bays. I n  some cases   these  
zones  extended up t o  35 !a from  shore. It was a l s o  common t o  f i n d   t h a t  
dep ths   t o   t he   h igh -ve loc i ty   ma te r i a l   i nc reased   w i th   d i s t ance  from t h e  
shore.  Observed  depths were as g r e a t  as 150-230 m below the   seabed.  
V e l o c i t i e s   a l s o  commonly decreased  with  dis tance  f rom  shore  to  a point  
where i t  was no l o n g e r   p o s s i b l e   t o   i d e n t i f y  ice-bonded  horizons.  Reflec- 
tion ana lys i s   r evea led   s eve ra l   deep   nea r -ho r i zon ta l   r e f l ec to r s   t ha t   r e -  
curred  along  segments of the   coas t l ine   f rom  Harr i son  Bay to   the   Canadian  
border .   Ref lec tors   a t   approximate ly  200 m and 450 m could  be  permafrost- 
r e l a t ed ,   a l t hough  no c o n t r o l   e x i s t s   f o r  an eva lua t ion  of t h i s   i n t e r p r e t a -  
t i o n .   L o c a l l y   t h e s e   r e f l e c t o r s  may extend   ou t   to   the   she l f   edge   to  
approximately  the 100- water  depth. 

Pe t ro leum  indus t ry   se i smic   da ta  were used t o  
ob ta in  an improved  understanding of t h e   r e g i o n a l  
d i s t r i b u t i o n  of subsea  permafrost. Our observat ions 
i n   t h e  U.S. Beaufort  Sea are based on data   f rom 
Harr ison Bay east to   the  Canadian  border .  The most 
de t a i l ed   i n fo rma t ion  is f rom  the  coast   out   to  a 
water   depth of approximately 15 m, w i th   t he   g rea t e s t  
d e t a i l  from  the  Prudhoe  and  Harrison Bay regions 
(Figure 1). 

It has   been  demonstrated  that   refract ion  analy-  
sis of the  upper   par t  of deep  seismic  records  can be 
u s e f u l  i n  loca t ing   h igh-ve loc i ty   zones   tha t  may be 
ice-bonded  permafrost  (Hunter et al. 1976,  1978). 
However, not a l l  f rozen   ma te r i a l s   can  be loca ted ,  
due t o   t h e i r  low v e l o c i t i e s ,  which a re   caused  by 
warm subsea  permafrost   temperatures,  saline pore 
water ,   gas   in   vo ids ,  and t h e   c o a r s e   r e s o l u t i o n  of 
th i s   t echnique .  

acqui re   in format ion  on pe rmaf ros t   d i s t r ibu t ion   and  
s t ruc tu re ,   bu t   t he   l ack  of v e l o c i t y   d a t a   u s u a l l y  
makes t h e s e   i n t e r p r e t a t i o n s  more specu la t ive   t han  
those  from r e f r a c t i o n   a n a l y s i s .  Beyond t h e  15-m 
water   depth,   out   to   the  shelf   edge,   our   only  infor-  
mation is from r e f l e c t i o n   a n a l y s i s .  

R e f l e c t i o n   i n t e r p r e t a t i o n s   c a n   a l s o  be  used t o  

METHODS 

The e a r l y - r e t u r n   d a t a   u s e d   f o r   t h i s   s t u d y  
included  nonproprietary  records  from  Western Geo- 
phys i ca l  Company, Geophysical   Service  Inc. ,   as  w e l l  
a s   d a t a   r e l e a s e d  by Brit ish  Petroleum.  Records from 
the   l and - sea   t r ans i t i on  were acqui red   dur ing   the  
win ter   over   the  sea i ce .  Examples of marine  and  ice 
survey  records  showing  high-veloci ty   zones  inter-  
p re t ed  as ice-bonded  permafrost  can be found i n  
Neave and Sellmann  (1982)  and  Hunter et al .   (1976).  

Con t ro l   fo r   t hese   obse rva t ions  is  very   l imi t ed  
and it is  v i r t u a l l y   n o n e x i s t e n t  beyond t h e  l5-m 
water   depth and in   sha l lower   wa te r   ou t s ide   t he  
Harr ison and  Prudhoe Bay regions.  The e x i s t i n g  
c o n t r o l  is from sha l low  d r i l l i ng ,   pene t romete r  
obse rva t ions ,  and h igh - re so lu t ion   s e i smic   s tud ie s  
(Osterkamp  and  Harrison 1976,  1980,  1981;  Harrison 
and  Dsterkamp  1981;  Blouin e t   a l .  1979;  Sellmann  and 
Chamberlain  1979; Miller and  Bruggers 1980; Rogers 
and  Morack 1980, 1981). Observat ions in t h e  
Canadian  Beaufort   Sea  provide  indirect   control  with 
a range of p e r m a f r o s t   v e l o c i t i e s ,   h o r i z o n t a l  limits, 
and  thicknesses  (Hunter et a l .  1976). 

t i c a l  methods  and  measurements  (Neave  and  Sellmann 
1982). The cons i s t ency  of r e s u l t s  from d u p l i c a t e  
coverage ,   o f ten   acqui red   dur ing   d i f fe ren t   years   and  
seasons ,   a l so   he lped   deve lop   conf idence   in   the  
r e s u l t s .  

A model and appropr i a t e   equa t ions  are required 
t o   i n t e r p r e t   t h e   r e c o r d s   a n d  ohtain depth  and  veloc- 
i t y   d a t a   f o r   t h e   c o n s t r u c t i o n  of maps and sec t ions .  
The model  used was a simple  plane homogeneous l a y e r  
over a half   space,  and our   equa t ions   a re   der ived  
from those  provided by Grant  and West (1965). Minor 
mod i f i ca t ions   t o   t hese   equa t ions   a r e   r epor t ed   i n  
Neave and  Sellmann  (1982). 

A s impl i fy ing   assumpt ion  was used for   the   re -  
f r ac t ion   dep th   de t e rmina t ions :   t he   wa te r   l aye r  was 
combined with  the  low-velocity  bottom  sediments t o  
make a s ing le   upper   l ayer .  An upper- layer   ve loc i ty  
of 1.8 h / s  was u s e d   f o r   a l l   p r o f i l e s   o u t  to the 15- 
m water depth. In t h i s  zone, the  upper- layer  
v e l o c i t i e s  were observed  to  range from 1.6 t o  2 
h / s .  In   deeper   water   an   upper - layer   ve loc i ty  of 
1.5 h / s  was used. 

The s p a t i a l   r e s o l u t i o n  of d a t a  from t h i s   s t u d y  
i s  obviously not as g r e a t  as could be obtained from 

Er ro r  estimates were made t o   v e r i f y   t h e   a n a l y -  
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a seismic i n v e s t i g a t i o n   s p e c i f i c a l l y   d e  
studv  offshore  nermafrost .  In neneral ,  

s igned   to  
- . the   hori-  

zontal   extent  of a fea ture   tha t   can  be detected 
should be a minimum  of three  detector   spacings.  
This means that the minimum s i z e  of a t a r g e t   t h a t  
can be resolved w i l l  vary from 150 t o  300 m, depend- 
ing on the source of t he   da t a  used in   t h i s   s tudy .  
The minimum ve r t i ca l   t h i ckness  of a detectable  high- 
v e l o c i t y   l a y e r  is usually  determined by the  wave- 
length  of the   re f rac ted   s ing le .   Resolu t ion  is 
poss ib le  t o  approximately 112 wavelength,  or  about 
50 m f o r  most of these data (Shemood  1967). How- 
ever ,   shal low  layers   less   than 30 m t h l c k  may a l s o  
be  detectable .  

OBSERVATIONS 

Our observat ions are inf luenced by a number of 
fac tors ,   inc luding   the  amount of da ta  examined f o r  a 
region, i t s  qual i ty ,  the type of ana lyses   tha t  were 
poss ib le ,  and t h e   a v a i l a b i l i t y  o f  cont ro l   requi red  
to   suppor t   the   in te rpre ta t ions .  

c o r r e l a t i o n  between high-velocity  zones and ice- 
bonded permafrost.  Nearly a l l   t h e   r e c o r d s   i n   t h e  
reg ion   have   h igh-ve loc i ty   re f rac tors   (grea te r   than  2 
h / s ) ,  but  they  are  found  at   different  depths.  This 
g r e a t   v a r i a b i l i t y  in the d i s t r i b u t i o n  of high- 
v e l o c i t y  material prompted us  to   ou t l ine   coherent  
blocks o f  data that   could be analyzed  separate1 
(Figure 1). The boundaries of t h e  zones (A1, A , 
e t c . )  were es tab l i shed  by examining  our  seismic 
s e c t i o n s  and i so la t ing   the   segments   wi th   s imi la r  
propert ies .  The fo l lowing   resu l t s  of our seismic 
ana lys is  show t h e   v a l i d i t y  of these  zones. It 
should be poss ib l e   t o   f i nd  a geological   explanat ion 
f o r  t h e  zones. 

I n   t h e   c o a s t a l  zone, control   has   es tabl ished a 

s 

I n  ar ea A', j u s t  n 
de l t a ,   r e f r ac to r s   r ange  

.orth of the  Sagavanirktok 
from 0-40 m below sea l e v e l  

(Figure 2), with  an  average  velocity of approximate- 
l y  3 b / s .  This  area is par t  of  a much l a r g e r  
sha l low  h ighveloc i ty   pa tch ,  C1, that   extends  north 
and east of Reindeer  Island (Neave  and  Sellmann, i n  
press).  Rogers  and Morack (1980)  were the f irst  t o  
make observat ions on the   southern edge of t h i s  zone, 
based on seismic da ta .   Dr i l l ing  and penetrometer 
observat ions  confirm  that   shal low ice-bonded perma- 
f r o s t  is present  north o f  Reindeer  Island and a t  
s e v e r a l   o t h e r   l o c a t i o n s   i n  area A1 near  the 
Sagavanirktok  del ta   (Mil ler  and  Rruggers  1980, 
Sellmann and Chamberlain  1979,  Blouin et a l .  1979). 

I n  area A L ,  which s t r e t c h e s  from Foggy Is land  
Bay t o  Flaxman Is land  with the  exception o f  par t  of 
Mikkelsen Bay (Figure I ) ,  high-veloci ty   refractors  
are found in the  range of 60-130 m below sea   l eve l .  
Veloc i t ies   assoc ia ted  wi th  this r e f r ac to r   a r e   s een  
i n  Figure 3. The average  veloci ty   a long this  
r e f r ac t ing   l aye r  is approximately 3 h / s .  

high-velocity  refractors  occur  between 160-230 m 
below sea leve l .  The r e f r a c t o r   v e l o c i t i e s  in t h i s  
zone  range  from 2.5-4.5 h / s  with  an  average of 
approximately 3.5 hn/s (Figure 4). The pos i t ion  o f  
t h i s   r e f r a c t o r  i n  Prudhoe Bay is supported by logs 
from  an  offshore well (Osterkamp and Payne  1981). 
The re f rac tor   depth   in  this case  corresponds  to  the 
top of the  ice-bonded  permafrost ,   and  the  structure 
appears  to  continue  seaward  in some parts of the 
study  area  as a r e f l e c t o r .  

In addi t ion  t o  the  deep  refractor  that occurs 
i n  the  200- depth  range,   refractors   are   a lso  found 
i n   a r e a  A3 a t  depths of 10-70 m (Figure 4 ) .  These 
shallow r e f r a c t o r s  have  an  average  velocity of 
approximately 2.5 h / s ,  and may co r re l a t e   w i th  
Horizon B reported by Reimnitz e t   a l .  (1971) around 

I n  area A 3 ,  i n  Prudhoe and Mikkelson  Bays, 

I FIGURE 1 Index map showing the   s tudy  area and  zones  with similar se ismic   ve loc i ty   and   depth   s t ruc ture .  ~ ." 
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FIGURE 2 Histogram of r e f r a c t o r   d e p t h s   a n d   v e l o c i t y   d e p t h   p l o t  fo r  area A l .  
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FIGURE 3 Histogram of r e f r a c t o r   d e p t h s   a n d   v e l o c i t y   d e p t h   p l o t   f o r  area A2. 
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FIGURE 4 Histogram of r e f r a c t o r   d e p t h s   a n d   v e l o c i t y   d e p t h   p l o t   f o r  area A3, 

Pingok  Is land.  It was p a r t  of t h e i r   r e f l e c t i o n  70 m range. Most of t h e   s h a l l o w   h i g h l r e l o c i t y  
survey,  which  covered  the  region  between area A2 and r e f r a c t o r s   a r e  west of At iga ru   Po in t   i n   a r ea  B1 
t h e   C o l v i l l e   d e l t a .  (Figure 1). The s h a l l o w   r e f r a c t o r s   i n   t h i s  area a r e  

The depth   h i s togram  for   the   Harr i son  Bay d a t a  lower  veloci ty ,   approximately 2.2 h / s ,  i n  c o n t r a s t  
(Figure 5 )  is ve ry  similar t o  the one f o r   a r e a  A3 i n  t o  3 h / s  f o r  the sha l low  re f rac tors   in   the   P tudhoe  
Prudhoe  and  Mikkeleon Bays (Figure 4 ) .  There is a a rea .  This c h a r a c t e r i s t i c   h a s   b e e n   r e p o r t e d   e a r l i e r  
peak a t  the   depth  of 210 rn and a g roup ing   i n   t he  10- by Rogers  and  Morack (1981), and  they  suggest i t  may 
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FIGURE 5 Histogram o f  r e f r a c t o r  FIGURE 6 Histograms of r e f l ec to r   dep ths   fo r   deepwa te r   da t a .   ( a )  Area C, 
depths for areas B1 and B2. west o f   t he   dashed   l i ne  i n  Figure 1. (b) Area D, east o f   t he   dashed   l i ne  

in   F igu re  1. 

be r e l a t ed   t o   t he   occu r rence  of f ine r   g ra ined  
material in   Harr i son  Bay. The deep r e f r a c t o r s ,  a t  
around the 210-m depth, are from the   ea s t e rn  two- 
t h i r d s  of Harrison Bay (area $). The average 
v e l o c i t y   f o r   t h i s   r e f r a c t o r  is approximately 3.5 
h / S .  

On the   l i nes   no r th  of t h e   b a r r i e r   i s l a n d s ,  the 
r e f r a c t i o n   p a r t  o f  the  records has a low signal-to- 
noise   ra t io   a long  with low veloci ty   readings.  The 
only  obvious  high-velocity zone is t h e   l a r g e  area 
C1, beyond Reindeer  Island that appears   to  be a n  
extension of a rea  A' off the Sagavanirktok  del ta  
(Figure 1). This zone is d iscussed   in   g rea te r  
d e t a i l   i n  Neave and  Sellmann ( i n   p r e s s )  and  Rogers 
and Morack (1980). 

Other  zones are r e s t r i c t e d   t o   i n t e r m i t t e n t  
s t r i p s  of margina l ly   h igh   ve loc i ty ,   in  some cases  
ju s t   g rea t e r   t han  2 h / s .  These  zones  can be found 
near  shore  and  near  the  shelf  edge. Ref lec t ion   da ta  
f o r   t h e   l i n e s  west of Foggy Is land  Bay i n   a r e a  C 
(F igure   6a)   def ine   th ree   d i s t inc t   hor izons ,   a t  200 
m, 450 m, and 750 m. The 200711 r e f l e c t o r s  may be 
correlated  with  nearshore  refractors   in  area B2 and 
both   par t s  of area A3. A t i e  seems l i k e l y  between 
the  200-111 r e f l e c t o r  and the  nearshore 200-111 r e f r a c t -  
o r   t ha t   can  be connected  with  onshore  permafrost. 
This   cor re la t ion ,  as well as that of the 450-m 
r e f l ec to r   w i th   t he  bottom o f  ice-bonded  permafrost, 
is  d i scussed   i n  Neave and  Sellmann ( in   p re s s ) .  

The r e f l e c t i o n   d a t a  from t h e   l i n e s  east of 
Foggy Is land  Bay (a rea  D) are not of the  same 
q u a l i t y  as the western  l ines.  The r e su l t i ng   h i s to -  
gram f o r  t he   ea s t e rn   l i nes   on ly  shows the 450-111 peak 
clear ly   (Figure  6b) ,   but   there  are zones  within  this 
area t h a t  show shallower  and  deeper  horizons. We 
therefore  assume t h a t   t h e s e   h o r i z o n t a l   r e f l e c t o r s  
are common t o  the she l f  from Harr ison Bay t o  t h e  
Canadian  border. 

records  occurs   just  beyond t h e  edge of the  shelf .  
North of the  300-m water   depth  there  is a not iceable  
inc rease   i n   t he   qua l i t y  and r e s o l u t i o n  of the 
r e f l ec t ion   da t a .  

The most d i s t inc t   t r ans i t i on   obse rved   i n   t hese  

CONCLUSION 

The d i s t r i b u t i o n  of high-veloci ty  material and 
poss ib l e   r e l a t ed   r e f l ec to r s   sugges t s   t ha t  ice-bonded 
permafrost is  extremely  widespread  and  in some loca- 
t i o n s  may even  extend  out  to the shelf edge. It 
a l so   i nd ica t e s  the v a r i a b i l i t y  of the   mater ia l s   in  
the  permafrost  zone. 

The evidence  for  high-velocity  zones  in water 
depths   less   than 6 m being  ice-bonded  permafrost is 
good because of their   connection  with  high-velocity 
mater ia l  on shore .   Dr i l l i ng   i n  the Prudhoe Bay 
region  supports   the  conclusion  that   extensive 
shallow  high-velocity material in   t h i s   r eg ion  i s  
ice-bonded. This high-velocity zone is la rge  
(Figure 1) and may extend as much as 35 km from 
shore. A similar shallow  zone (10-40 m below sea 
l e v e l )   a l s o   e x i s t s   i n   t h e   w e s t e r n   p a r t  of  Harrison 
Bay. Other  extremely  shallow  high-velocity  zones 
may ex is t ,   bu t  may not  have  been  detected  due t o   t h e  
reso lu t ion  of th i s   t echnique ,   the  low v e l o c i t i e s  
associated  with warm ice-bonded mater ia l ,  and insuf-  
f ic ient   coverage.  I n  areas where  shallow  high- 
v e l o c i t y  zones were not  found,  deeper  high-velocity 
zones up t o  230 m deep were observed.  These  zones 
bere  also  thought  to  represent  ice-bonded  sediments,  
and i n  some cases the  high-velocity material could 
be t raced,   with  decreasing  depth,   back  to   shal low 
high-velocity material at  the   coas t l ine .  

15-m water depth is specu la t ive ,   s ince  no c o n t r o l  
e x i s t s  beyond this  poin,t .  However, deep r e f l e c t o r s  
a t   dep ths  of approximately 200 m and 450 m m y  
i n d i c a t e  that  ice-bonded ma te r i a l s   ex i s t  w e l l  out  
onto  the  shelf .  The l ike l ihood o f  the deep  struc- 
t u r e s  on the  shelf   being  re la ted  to   permafrost  may 
be  supported by similar observat ions i n  t h e  Canadian 
Beaufort  Sea, where deep layers   thought   to  be ice- 
bonded permafrost   pers is t  more than  100 km from 
shore  (Hunter et al. 1976). Addit ional  weak evi- 
dence  that  permafrost may ex i s t   ou t   t o   t he   she l f  
edge is  suggested by a not iceable  improvement in 
record   qua l i ty  beyond the  shelf   margin,   indicat ing a 
considerable  change  in material propert ies .  

Information on ice-bonded  permafrost beyond t h e  
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PIWEVENTING  FROST DAMAGE TO RAILWAY TUNNEL DRAINAGE DITCHES IN COLD REGIONS 

Ne1 Fengming 

The Third  Survey  and  Design  Inst i tute  of the Min i s t ry  of Railways 
Tianj ing,   People 's   Republ ic  of China 

Cold weather and  permafrost   usual ly  have an   adverse   e f fec t  on the  drainage  system 
of a ra i lway  tunnel .  Based on seve ra l   yea r s '   expe r i ence   i n   r a i lway   cons t ruc t ion  
and  operation  in  the  Great  Xingan  Mountains of China ,   the   au thor   d i scusses   the  
e f f e c t  of drainage  ditches,   deeply  buried  seepage  ditches  below  tunnels,   thermo- 
in su la t ed   d ra ins ,   hea t ed   d ra ins ,  etc., on the   p revent ion  of f r o s t  damage by using 
actual engineering  examples. Hi5 conclusion is tha t ,   i n   co ld   r eg ions   where  
underground  water i s  presumed t o   e x i s t  i n  win te r ,   t he   d ra inage   d i t ch  is s t i l l  
preferable ,   even  though it  is d i f f i c u l t   t o   c o n s t r u c t  and i n c r e a s e   p r o j e c t   c o s t s .  
The seepage   d i tch  is  app l i cab le   on ly  i n  regions h e r e  t h e   f r o s t   d e p t h  is 2.7-4.8 
m, b e c a u s e   t h e   d i t c h   c a n   a f f e c t   t h e   s t a b i l i t y  o f  the s i d e w a l l s   i f  it is buried 
too  deeply below the c e n t e r  of the   tunnel .  The thermo-insulated  di tch and t h e  
h e a t i n g   d i t c h  are more convenient and cheaper   to   cons t ruc t ,   bu t   should  be  used on 
only an experimental  basis u n t i l  mote r e sea rch  can be  done. 

Beaemse of qsld  weather and permafrost  the 
drainage aysteu in , tha   ra i lway  tunnr l   usua l ly  
does  not work well. Baaed on ~ x p e x h a u e s  i n  
railway  construction  and  opsration itl the Great 
Khingan Mountains for nary yaws ,  the author has 
in t roduced   the   a f fec t  of the drainage  di tch,   the  
sempags ditch  buried deep in the   centre  of tw- 
n e l  bottom, the  therm@-isolated  drain aad the 
heating drair, #to., ma t he  preventim of f r o s t  
danags by using  actual   engineer ing examples. 
The de ta i l ed   s t rua tu re  of the  dra inags   d i tch  arrd 
the  seepage  ditch end t h e i r   e f f e c t  arm prssenfad 
wi th  observed data. 

PREVENTING FROST DAMAGE TO RAILWAY TUNNEL 
DRAINAGE DITCHES I N  FOREIGN COUNTRIES 

The heating of railway  tunnels in a8me 
places  is provided by e l e c t r i c  PQWV using tubu- 
lar heaters,  while heat presorvation in the   d i t -  
ah is e f f ec t ed  by using modern and e f f i c i e n t  
thermal Elamlation  materials, such as hard Toam- 
ed plastics, cal l t r lar  glass, p e t t e r y  alay, etc .  
In same placas ,   the   di toh is wrrrmd by the use 
of hot water or  vapor. 

M w w q  

Beatiag cables  are  i n s t a l l a d  in tlPs tuua.1 
drainage ~ystem.  Some tunnels  are oquippad  with 
frost-prevention  double  doors, whiuh automati- 
c a l l y  open when t h e   t r a i n  apprsaaherr and alms. 
after it passes througth. 

U.S.A. 

The primary measwa admpted is t o  chock 
carefully on avefy drainage ditah  bafore   tho on- 

of winter and irrstaI.1 beat   preservat ion ma- 
terial@ 011 ths ou t l e t .   sat IS preserved in th* 
dra inage   d i tch  by using foamed materials and 
heat ing  oables  are Smstallod i n   t h e  drainage 
p & p d h b 5 .  

&!'E?& 

Two in-situ srperimoats wore uadertaL.n 
ilr t he  Kamiwehorcr tunnel at H@kkaid@, whero the  
mothod used was t o  o w e r   t u m r l  lining aurfaco 
with thermal in su la t ion   ma ta r l ab ,  80 as t e  re- 
duce  releasm ef ground haa t ,   i n  order t o  kssp 
t h r   t m n d   l i n i n g  sarfaaa at a tenparatare  abova 
the freezing pQint. 

Type A t  Use polyethylene  corrugated 
plates i n s t a l l e d  on lining srzrface as wator- 
prooi plates8 a gap of 18 mar between plates i e  
l e f t  for drainage.  Waterproof  plates are coated 
with a 35 mm th ick   insu la t ion  layer o f  foamed 
urethane. 

Type B I  The concrete surface l i n i n g  is 
coated directly with I 3  h thick  waterproof mor- 
tax t o  serve as a waterproof  layer, and then 
covered wi th  35 a thick foamed urethane as &n 
insulation  laytlr ,  

Results obtained from the  Japan experi- 
ments are! I) I n  the 5evere aold  region where 
the lowest  temperature  *rahes -20'C and the 
year ly   curnJat ive  total  negative temperature 
exceeds 5lO Cs the  nininum Burface temperature 
o f  the   goncrete   l ining of Type A can be kept a t  
about J C; 2) The minimum surfacte temperature of 
the   congre te   l in ing  of Type B can ba kept a t  
about 4 C $  3) The minimum surface  temporature of 
t he   l i n ing  in t h e  region where a8 h a r t  prrraerva- 
t i o n  measures are  adopted i s  -11 C, a d  the 
frsezing  per iod at tho lining lasts 4 months. 

899 
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Figure 1 ( a ) .   Dra inage   d i t ch   t ype  A (cm). 

F igu re  1 (b) .   Dra inage   d i tch   type  B (cm). 

Figure 2. The d ra inage  system of  the d ra inage  
d i t c h  (m). 

Figure 3. The s e e p a g e   d i t c h   b u r i e d   i n   t h e  
bottom. 

Figure 4. St ruc tu ra l   d i ag ram of the   deep 
bu r i ed   s eepage   d i t ch  (cm). 

Figure 5. The t h e m - i s o l a t e d   d r a i n  (cm). 

Signs o f  drawings 

grade 140 c o n c r e t e  
t o  roadbed 
r a i l  s u r f a c e  
v e r t i c a l   b l i n d   d r a i n   o u t l e t  
sub-di tch 
d r a i n a g e   d i t c h  
back f i l l  ballast 
deep-buried  seepage  di tch 
rail  s u r f a c e  
g l a s s   f i b r e   f i l l i n g  
waterproof   l ayer  
water t rough 
foamed concrete   thermo-isolated w a l l  
grade 100 conc re t e   p re fab r i ca t ed   b lock  

PREVENTING FROST DAMAGE TO TUNNEL 
DRAINAGE DITCH I N  COLD REGIONS 

Dra inage   d i t ch  

fie d r a i n a g e   d i t c h   l o o k s   l i k e  a small 
tunnel   and i s  cons t ruc ted   benea th   the   ra i lway 
tunne l ,  The water t a b l e   a r o u n d   t h e   t u n n e l  may 
be  reduced by t h e   u s e  of the shaft ,  d r i l l i n g   o r  
cracks,   thus   prevent ing  l ining from the effect 
of trxpansioa oapoed by the f rees ing  OS th. nur- 
rorndiag medium. Experiments show t h a t  the 
drainage d i t c h  is a comparatively good drainage 
system In cold regions and is p a r t i c u l a r l y   s u i t -  
able  fo r   r eg ions   where   t he  mean monthly 
temperatwo ita below -20°C and roak freezing 
depth i a  about 5-6 meters. A sec t ion  of t he  
drainage d l t a h  is Shown In Fig. ?. The sea t ion  

of Type A, constructed  with  close-cut method, 
i s  s u i t a b l e   f o r   t h e  sector inside the tunnel;  
the   sec t ion  of Type B, Constructed  with open- 
cut methoa, is suitable for  the  sleator  outside 
the  tunnel,  

To make f u l l  use o f  the drainage capaai tg  
of t he  drainage d i t ch ,  a t  t h e   t i r e  when it i s  
being built, it is necessary t o  build an auxi- 
l iary  drainage  system,  including P v e r t i c a l  
blilrd  drain, drain d r i l l i n g  and s u b d i t c h ,  ar 
nhown i n  Fig. 2. 

Periarmanae of the Drainage Dltahz Two 
kinds o f  drainage  dltohes -8 used i n  t he  rail- 
way tunnels  i n  the permafrost  region of the 
Great Khingan  Mountains - those  which  pass  
through  permafrost ,   and  those  which  pass 
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through  non-permafrost s o i l ,  These  drainage 
ditches  have  been i n  operat ion for many years  
with good e f f e c t .  

The drainage  di tch  in   the mountain-top 
tunnel on the  Takin  railway l ine has a sec t ioa  
(abont 190 n) passing  through the permafrost 
s o i l  (of  the  linking-up type, with mem ground 
temperature avex many years at  - l ° C ) ,  thus re- 
s u l t i n g  in f reezing  inside  the  drainage  di tah 
each year. Acaoxding to   t he   su r r ey   da t a  of 
July 1977, t h i ckes t  ice i n  tbs   d ra inage   d i tah  
is found in   the   permafros t   so i l   reg ion ,  and the 
thicknese measures ap t o  80 ca. The freeze da- 
aags caused t o   t h e  two kinds o f  drainage  ditch- 
es which partly  pass  through  permafrost  soil is 
analyzed as followst The drainage  di tch  passing 
through  the  permafrost   soil  and t h a t  passing 
through  non-permafrost s o i l  w e  located i n  dif-  
ferent  environs.  The former is one form of 
heat  source  occurring i n  the frozen s o i l .  
Since  the  water  temperature of the  thawing re- 
gion-through  which  the  tunnel  passes is Lower 31 
(1-3'C). the   inner   potent ia l  of t h i s  h e a t  
P O U X U ~  is very small. There occurs heat ex- 
chalrge i n  the fora of transmission  between wa- 
ter at  certain  temperature and the  surrounding 
frozen rocks, with   the   resu l t   tha t   the   inner  
p o t e n t i a l  of water, i.e., tempeFatUXe drops. 
Besides, in the  coursa o f  ground  water  flawing 
Prom the thawing  region t o  the frozen soil re- 
gion, the water temperature  also drops gradual- 
l y  and when the vaCer reaches  the  f reezing 
point and releases a l l  its potent ia l   heat ,   then 
freezdng will occur. 

Cuilihg  tunnel No. 2, SQP example, has a l l  
its d ra in  ditches on permafrost   soi l .  I n  Febra- 
ary 1973 these  vere  ioe-bound, causing f r eez ing  
i m i d e  the tunnel and a f f e c t l u g  traff io  safety.  
It wan necessary t o  use a steam loaomotive t o  
thaw the  ice and manpower t o   e r c a v a t a  it. In 
the  winter of 1973# though measures had been 
strengthened,   f reezing still occurred when i c e  
thickened up t o  70 ea. The a f f e c t  of thawin$ 
by e l e a t r i a   s t o r e  was neglible.  In '1977, 75 kY 
v e n t i l a t o r s  were used t o  blew hot air (Prom 
outside  the tunnel) i n t o   t h e   d r a i n   d i t c h ,  and 
I t  took seven daysl and n i g h t s   t o  melt t h e   i a e  
o f  more than 4-00 m i n s ide  it. The Paat   that  
freezing  occurred in .Aoth cases  shows t h a t   t o  
prevent frost d m g e  it  i~ necessrary t o  take 
e f f e c t i v e  measures  regardless  whether the d ra in  
d i t ahes  pass wholly o r  partly  through  the perma- 
f r o a t   s o i l .  

The seepage  ditah  buried at  cen te r  o f  tunnel 

bottom 

3 

- 
The seepage d i t e h  is buried  deep i n  the  

d i t c h  under the  tunnel a t  P ce f t a in   f r eeze  
depth  with the aim of prevent ing  f rost  damage 
by t h e  use of ground  temperatum. The Chaoyang 
l a .  I tunnel i s  t h e   f i r 5 t   t u n n s l  whiah has  
adapted  the  deep  buried seepage ditch.  The 
QveralL  length o f  t h i s  tunnsl i B  420 m. The 
l o d s t  mean temperature of the  region $6 -27.8' 
C (in 1969)" and aatrral rea temperature -3.2 C 

{in 1969). Its elevation  drawing is given i n  
Fig. 3. I ta   bur ied   depth  (from roadbed t o  flow 
sarfaca of the  seepage ditoh) ranges fro* 3.5m 
t o  rt.5 mr and the   a6 tus l  fremte dapth insid.de 
the  tunnel  is 5 m (wham t h e  rocks tare rough- 
grained  granite).   Therefore,   freezing occurs 
i n s ide   t he   d i t ch   i n   w in te r  SOBSOP.   ow ever, 
sitroe t h i s  kind of drainage syatea has a good 
axailrage  effect ,  frost damage i s  not liable t o  
occur. In mmmer, when the  oovering slab o f  
the inspec t ion   shaf t  is taken  off,  l a e  i n   t h e  
seepage  ditoh will thaw wi th in   severa l  dags, 
and normal operation i s  not  affected.  The see- 
page d i t a h  is in Fig. 4. 

The therm-iso la ted   d ra in  

The thermo-isolated  drain may generally 
reduce  the  ditch  depth and r a i s e   t h e   f o o t  o f  
the  sidowall,  thus making the coat  cheaper and 
construct ion  easier .  For t h i s  reason, the 
thermo-isolated  drain was constructed and test- 
ed i n   t h e  Baikaet tunnel.  There t h e  freeze 
depth of the  rock (Anshan rock)  outside  the 
tunnel is 7.4 ID, y d  the minimum mean monthly 
temperature is -32 C ( i n  1973). Fig. 5 ahow@ 
the   sec t ion  o f  the   therm-isolated  drain.  By 
t e s t i n g  the Baikaer  thermo-isolated  drain, we 
mado the following  observationst  (I) The therm+ 
i so l a t ed   d ra in  c o s t s  l o s e  and Is e a s i e r   t o  
construct.  Thus it should be the objeat  of ra- 
searah on the type of tunnel  drainage i n  
savere cold and permafrost soil regions: ( 2 )  I f  
tunnels  are  provided  with  therno-isolated 
drains, it i s  necessary t o  build such  drains 

abole to   cause   f ros t  damage$ (3) ft i s  naoes- 
saxy t o  have therm- iso la t ion   mater ia l s  well 
t r e a t e d   t o  be drampproof, beeause the   hea t  con- 
duct ion  aoaff ic isnt   inoraaseg  with the increase 
of dampness; (4) It is d e o  necessary t o  pro- 
v ide   therm- iso la ted   l ager  a t  the  bot ton of the 
tbermo-isolated  drain. Only in t h i s  way is it 
possible t o  proteat  thermo-isolated  drain from 
frost damage; (5) I n  construct ion it is necas- 
s a y  t o  reduae, ae fax QB poss ib le ,   tho   e f fec t  
af air convectioa in the ditoh, in orde r   t o  
minimize thermal Loss dum t o  t he   e f f ec t  o f  air  
coweat ion.  

Heatina drain 

on both  Sides, beaawe one-sided drain is li- 

To prevent fZIost damage to' the d r a i n ,   i n  
some tunne l s   d i f f e ren t  methods are wed, such 
as hot a i r  veat i la t ion ,   ho t  wind ven t i l a t ion ,  
and s tove  heat ing.   In   the Aer Mountain funnel 
hot a i r  is used  to raise t he  temperature. This 
tunnel  has a t o t a l   l e n g t h  o f  3215 m and is  
s loped   in  the shape o f  an inverted V. The drain 
has a buried  depth of 0.7 m inside it and 1.5 m 
a t  the opening, The mean annual  temperature in 
the  region is -3,5OC, and thg minimum mean 
monthly  temperature is -25.7 C ( in  Yanuary), 
Optgide  the  tnnnel,  the minimum temperature 18 
4 8  C and maximum freezing  depth is about 2.4 m. 
About 200 IP inside  the  north end of the   tunnel ,  
the   d ra in  is provided  with  heat ing  faci l i t ies ,  
placed  betweea  the  upper and lower  covering 
slabs. The end o f  tha  heating  pipe has a dia- 
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This is i n s t a l l e d  a t  the tunnel opening 
for the purpose of preven t ing  cool a ir  from en- 
t e r i n g   i n t o  tbe tunaol,   preventing  the drain 
i x o n  f r eez ing  and r e d w i n g  f r o s t  dpplagr. The 
ttzrhola whiob equipp&  with  therm-isolated 
door-screen should  have 1 watohnsln on du ty   t o  
eomuniaafe   with tha railway s t a t i o n  by meam of 
s i g ~ a l s .  This method w w k n  be t t e r   bu t  i s  unfa- 
vorable far a a t u r a l  ventilation. It i o  appli- 
oable  only whsn few trains pass through in oppo- 
s i te  d i r ea t ions  m a  when thtl tunnel is ~orrpwa- 
t i v e l y  long. The a f f e c t  of t he rm- i so la t i ad  
door-screen used In   t he  Xinan tunnel i r  as fo l -  
lowet the  wintar season I n  t h i s  tunnel lasts as 
lomg as Beverb months. Tb8 mean temperature i n  
the ooldegit months is -26 C, and the ninimum 
temperature i s  -!%OC. The wind d r a f t   i n  winter 
blows d i r e c t l y   t o   t h e  door, at a ve loc i ty  o f  4.5 
m/sec. on the  average and I O  m/sea. at thg maxi- 
mum. Because it i~ o. singltr slope  tunnel,   the 
difference in height  be twen  the  two ends a f  the  
tunnel is 37 m. Therefore,  there, is consider- 
abls air comeation insids the  tunnel. When t p  
temperature at the tunnel  opening is below -15 
C without  tho  therm-isolation  door-screen, i c e  
is forwd along t he  entire 3000 meter length of 
the  tunnel. With the   therm- iso la t ion  door- 
Bicxeen, six convetrtion is grea t ly  reduoed. The 
m i n i p  temperature in t h e   r i d d l e  of the  tunnel 
is 2 C, usual ly  ret 5 C. The range o f  f reezing 
is 500 PL at one end, and 800 m a t  the other  end. 
Sometimes, rhea   the   in te rva ls  between t r a i n s  
are short ,  and the door-scree8 i 8  open for 30 
minutes i n  om atsotch,  the raage of  f r eez ing  
is 800 m and 1000 m respectively. After the 
thermo-isolated door-sareen is i as ta l led ,   tho  
amount o f  ice excavated is groatkg  reduced, hi0 
t h a t  laaintoaaoe work a m  be undertaken insido 

Pone o f  the  t y p w  o f  drainage discussed 
is per fec t ,  and any appliaatioa should be made, 
according t o  spooi f ic  conditions in a f l e x i b l e  
and aorprehenaaive mallbier f Q F  purpose o f  sconomy 
and sa fe ty ,  Since the  thermo-liolation door i s  
ques t ionable   in  terms o f  mfe ty ,  it i s  seldom 
used. Even though  the drainago di tch  has pro- 
blems srah as d i f f i a u l t  coas tma t ion  and high 
c o s t ,  it is st i l l  advisable t o  mako preferen- 
t i a l  use of the d r a i n a g e   d i t c h   i n   c o l d   r e g i o n s  
where underground water l a  presumared to o r i s t  i a  
winter. Tha seepage  ditah, i f  buried t o o  deep 
in the center ,  w o ~ l d  a f f e c t  t h e   s t a b i l i t r  ofthe 
s i d e w a s ,  ana is thtsrafore  applicable  only io. 
regions where the freexing dapth o f  FO&B is 
2.7 - 4.8 m. The t h e m - i s o l a t e d   d i t c h  and t h e  
hea t ing   d i tch  ape more oonvanient ami oheaper 
to construct,  end should be asad on aa experi- 
mental basis. tbre researah should be done on 
these two types of tolvlsrl drainago in t he  C Q M  
regione. 
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DYNAMICS OF THE CRYOLXTHOZONE IN THE  NORTHERN 
HEMISPHERE DURING THE  PLEISTOCENE 

I. A. Nekrasov 

Permafrost  Institute,  Siberian  Branch, 
Academy of Sciences,  Yakutsk, USSR 

During  a  study  of  deep  freezing of the  lithosphere  in  various  parts  of  the  Earth, 
the  concept of an  extremely  old  cryolithozone  (namely 2 mil.  years  old)  was  adopted. 
It  was  shown  that  the  last  phase  of  deep  freezing  of  the  lithosphere  in  the  moun- 
tains of Northern  Siberia  and  Alaska  started  in  the  Early  Pleistocene  (600-700 
thousand  years BPI and  has  continued  from  that  time.  During  the  last 50 thousand 
years  four  stages  can  be  identified  in  the  development  of  these  frozen  strata; 
during  these  stages  the  dynamics  of  the  cryolithozone were closely  linked to the 
progress  of  glacial  events.  Summarizing  the  information on traces  of  the  past 
distribution o f  permafrost,  the  author  has  compiled  a  map  of  its  maximum  distribu- 
tion. On the  basis of the  trends  derived  from  this,  a  prognosis  of  the  evolution 
of  the  cryolithozone  for  the  next 100 years  has  been  attempted.  However,  it  is 
emphasized  that  man's  industrial  activities  are  starting  to  exert  a  critical  impact 
on the  course  of  natural  processes. 

A problem of geocryology  is  to  determine  the 
beginning  of  freezing  of  the  upper  levels  of  the 
lithosphere  in  various  regions of the  globe. 

It is generally  recognized  that  deep  freezing 
o f  the  Earth's  crust  has  been  a  recurrent  phen- 
omenon.  This is suggested by numerous  traces o f -  
the  old  glaciations  which  are  found  within  deposits 
ranging  from  Archean t o  Cainozoic in age.  Glacial 
periods  alternated with warmer  periods,  during 
which  most of the  Earth  was  dominated  by  sub- 
tropical  climates.  During  the  latter,  the  perma- 
frost  that  had  formed  in  previous  glacial.  ages 
degraded  completely.  Present-day  permafrost 
commenced  forming  during  the  Cainozoic  fall  of 
temperature, 

The  earliest  ideas o f  the  mechanism  for  deep 
freezing  of  the  lithosphere  are,  in  principle, 
correct. As early  as 1886 Voeikov  formulated  the 
principle of equilibrium  thermal  state  of  the 
Earth's  crust  by  demonstrating  that  heat losses 
of  a  crust  layer  with  yearly  varying  temperatures 
are  in  equilibrium with the  heat  input  from  the 
Sun  and  from  deeper  layers  of  the  lithosphere. 
The  equilibrium  between  soil  and  atmosphere is, 
according  to  his  view,  represented  by  the  annual 
average  temperature  at  the  depth  of zsro annual 
fluctuations  (Voeikov 1952, p .  378). 

formation  of  "permafrost"  starts when  a  soil  layer, 
once  frozen  during  winter,  does  not  thaw  out  in 
summer,  and  a  layer with subzero-temperature 
remains.  One  year  later  the  phenomenon  occurs 
again  and  the  frozen  layer  grows  in  thickness. 
With  every  winter,  the  thickness  of  a  frozen 
layer  will  increase  until  the  freezing  reaches 
the  depth  where  the  penetrating  subzero- 
temperatures  are  in  equilibrium with the  warmth 
of deeper  soil  layers,  Thus,  the  formation  of 
permafrost is a  current  phenomenon,  readily 
accounted for by  existing  conditions.  Permafrost 
starts  to  form  in  conditions  of  ever-decreasing 

Later,  Shostakovich  (1916)  pointed  out  that  the 

he at  input when the  annu a1 average  magnirude of 
the  radiation  balance  decreases to less  than 30-35 
kcal/cm2  per  year.  It  is  at  such  values  that  the 
annual  average  ground  temperature  falls  below O"C, 
i.e.  annual  heat  storage  takes  place  at  the  subzero- 
temperature  at  the  bottom o f  a  layer of zero annual 
fluctuations. 

General  laws  governing  the  permafrost  history  of 
the  Earth have  been  subject  to  study by  many 
researchers.  These  conclusions  are  summarized  by 
Nekrasov (1976). 

Sher  (Sher 1971, Arkhangelov  and  Sher 1973). By 
identifying  deposits  of  the  Lower-Kolyma  lowland 
(Olyorskaya  suite)  containing  pseudo-morphs of 
wedge  ice,  and on the  basis  of  faunal  remains  he 
attributes  their  formation to early  Pleistocene. 
Sher  believes  that 'I... we feel  that  all  these  data 
taken  together  remove  all  doubts  that  in  the  early 
Pleistocene,  in  the  formative  stage  of  Olyorskaya 
suite  deposits  there  existed on the  Kolyma  lowland 
conditions o f  severe  continental  climate  that 
initiated  the  development of permafrost ...'I (p. 
63). Sher  attributes  the  formation o f  the  perma- 
frost  to 2 million  years  ago. 

critically  reviewing  all  earlier  concepts  (includ- 
ing  that  proposed  by  Sher),  Velichko  believes  that 
"the  permafrost  zone in  Eastern  Siberia ... formed 
not at  the  end  of  the  Pliocene  but  at  least  at  the 
beginning  of  the  second  Pleistocene  glacial  stage" 
(Velichko 1973, p. 1081, or about 700 thousand 
years  ago. As  far as  Europe  is  concerned, he 
claims  that  "the  first  broad  general-climatic  wave 
of development  of  permafrost" (p. 47)  is  traceable 
only  back  to  the  beginning o f  the Wiirm,  i.e. only 
60-70 thousand  years  ago. 

to  approximately  the  same  time,  about 600 thousand 
years  ago,  the  initiation  of  the  permafrost in 
Central  Yakutiya  (Agadzhanyan  et  al. 1973, p. 174). 

The  concept  of  permafrost  has  been  suggested  by 

Another view  is  proposed  by  Velichko.  By 

Explorers  of  the  "Mamontova  Gora"  area  attribute 

903 



904 

"Once  formed  in  lower  Pleistocene,  subterranean 
glaciation  had  existed  throughout  the  entire 
Pleistocene,  increasing  simultaneously  with  in- 
creasing  continentality of climate  and  vice  versa." 

Bavsky  (1972)  attributes  the  initiation of 
permafrost i n  Eastern  Siberia  to  the  Samara  glaci- 
ation,  which,  according  to  Ravsky,  started  about 
200 thousand  years  ago.  Later,  throughout  the 
Messov  inter-glacial  period  "the  permafrost ... 
degraded  completely  south  of  the  polar  circle  but 
remained,  similar  to  present-day  extent,  north of 
it"  (Ravsky  1972,  p. 293). Then, during  the 
Tazovsky  stage  permafrost  aggraded  and in the 
Kazantsevo  interglacial  degradation  occurred  over 
considerable  territory  of  Inner  Asia (p. 295). 
The  present  times  (Holocene),  according  to  Ravsky 
remains  a  period  of  permafrost  degradation (p. 304) .  

The  difference  in  dating  of  the  start  of  deep 
freezing o f  the  lithosphere  in  Eastern  Siberia  is 
nearly  two  million  years.  But  if we take  into 
account  the  latitude  and  altitude  variation  these 
differences  are  largely  apparent.  It  should  be 
emphasized  that  the  data  reported  by  Sher  refer  to 
the  Kolyma  lowland (70" N), those  by  Velichko  and 
explorers  of  Mamontova  Mountain to Central  Yakutiya 
(63'N) while  Ravsky  refers  to  southern  Siberia (52- 
54' N). The  difference in latitude  reaches  nearly 

It  is  known  (Nekrasov  1976)  that  as  one  moves 
from north to south  ground  temperature  increases 
by 0.7'C by  every  degree  of  latitude.  Therefore, 
if we assume  that  this  relationship  still  remained 
during  the  Pleistocene one can  calculate that 
while on the  Kolyma  lowland  the  rock  temperature 
had  already  dropped to -2, -3"C,  it  was  still 
above  +lO°C in  southern  regions  of  Siberia  in 
areas  close  to  sea  level.  Exceptions  were  the  high 
mountains of the  southern  part of Siberia.  Owing 
to  altitude  variation  the  rock  temperature  decreas- 
ed  with  height  and  therefore  at  altitudes  in  excess 
of 2000 m  the  permafrost  formed  simultaneously with 
that of the  Kolyma  lowland  while  at  lower  altitudes 
its  development was  close  to  that  in  Central 
Yakutiya. In depressions of Baikal-type  its  evolu- 
tion  was  comparable  to  the  history  outlined by 
Ravsky. 

southward  beyond  the  boundaries of its  present 
position. For  example,  during  the  Samara  glaci- 
ation  of  Siberia  "perennial  freezing  covered  the 
entire  area  of  the  Mongolian  People's  Republic, 
including i t s  souther  regions,  the  Gobi"  (Gravis 
et  al. 1973,  p. 4 5 ) .  

On summarizing  all  data on the  boundaries  of 
maximum  development of permafrost  in  Asia,  Europe, 
and  North  America  (Novoselskaya  1961,  Popov  and 
Kostyaev 1962,  Flint  1963,  Zeiner  1963,  Brown  and 
P6w6  1973,  Buges  1973,  Lorenzo  1969,  Williams  1969) 
we  have  generated  a  map,  showing  the  limits  of 
maximum  development  of  early  permafrost  within  the 
northern  hemisphese,  by  combining it with  the  one 
produced  earlier  (Nekrasov  1971)  for  present-day 
permafrost  (Figure I ) .  

We  have  carried  out  paleogeographical  recon- 
structions  for  the  entire  Quaternary  era  and  more 
detailed  reconstructions  for  the  Upper  Pleistocene 
and  Holocene,  including  rock  temperature  fluctua- 
tions  at  the  surface.  The  analysis of strati- 
graphical  data on precipitation  storage  within 

20° * 

During  the  colder  epochs,  the  permafrost  spread 

mountain  depressions  and  an  evaluation  of  neotec- 
tonic  up-liftings  and  the  modelling  of  deep  freez- 
ing of the  lithosphere  (Nekrasov  1976)  permit  the 
following  conclusions: 

(1) The  permafrost of the  northern  hemisphere 
started  to  form  about 2 million  years  ago  on low- 
lands  along  the  Arctic  Ocean  and in watershed  areas 
of the  highest  altitudes  of  the  temperate  zone. 
The  permafrost  of  the  southern  regions  originated 
only  200  thousand  years ago,  with its  repeated 
complete  or  partial  degradation  during  warming  and 
new  formation  during  colder  periods.  The  latter 
was  simultaneous with the  formation  of  powerful 
cover  and  mountain-valley  glaciers. 

( 2 )  During  colder  periods  there  was  an  expan- 
sion of permafrost so that  its  maximum  advance in 
Europe  reached 45' N, in  North  America, 35' N, and 
in Asia, 25" N. 

(3) The  evolution  of  permafrost of the  northern 
hemisphere  can  be  reconstructed  with  maximum 
reliability  only  since  the  Karginskoye  interglacial 
age, i.e. for  about  the  last 50-40 thousand  years. 
During  that  period  one can identify  four  stages, ' 

differing  significantly  from  each  other with 
respect to heat  exchange  between  the  lithosphere 
and  the  atmosphere: 

(a) The  first  stage  (Karginskoye  interglacial) 
was  from 50 to  25  thousand  years  ago.  The  Zyryan- 
skoe  glaciation,  which  had  lasted for over 50 
thousand years, terminated  about 50 thousand  years 
ago. Of course,  by  the  beginning  of  the  Karginskoe 
interglacial,  permafrost  was  widespread  within 
Eurasia  and  North  America  and  probably,  its  extent 
exceeded  that o f  today.  With  the  advent of the 
Karginskoe  interglacial,  together  with  a  substan- 
tial  warming,  degradation  of  permafrost  started. 
Permafrost  degraded  completely  over  most  of 
Southern  Siberia,  and  remained  only on highlands. 
North of 60' N degradation  in  Western  Siberia  con- 
tributed  to  partial  thawing  of  permafrost. In 
Eastern  Siberia,  this  led  to  an  increase  of  tempera- 
ture  and  a  substantial  decrease of thickness.  The 
coldness  of  the  permafrost zone  in near-polar 
regions  is  suggested  by  mammoth  carcasses,  found 
with  well-preserved soft tissues,  whose  age, 
according  to CI4, reaches 40 thousand  years. 

(b) The  second  stage  (Sartanskoe  glaciation) 
was  from 25 t o  12  thousand  years  ago.  About 25 
thousand  years  ago,  a  cold  period  recurred,  which, 
according  to  Velichko  (1973b),  was  the  coldest  one 
in the  Quaternary  era.  Glaciers  in  the  mountains 
were reactivated. In Siberia  that  glaciation  was 
presented  at  high-altitudes while the  maximum 
length  of  glaciers of northern  slopes  reached 120 
lan, with  ice  up to  500-700  m  thick.  Uplands  and 
large  depressions  in  between  mountains  remained 
free  from  glaciers. 

In the  course of the  fall of temperature, 
intense  freezing  occurred  with an increase  of 
thickness o f  permafrost  in  the  mountains,  particu- 
larly in watershed  areas  at  high  altitudes  where 
its  maximum  thickness  reached  1400-1500  m  about 
16-18  thousand  years  ago.  Maximum  thickness 
exceeded  600-700  m  on  uplands  and  over 1000 m  in 
valleys  in  Arctic  regions. 

As the  thickness  and  size  of  glaciers  increased, 
there  was  a  decrease  in  the  rate  of  freezing  of 
rocks  within  the  bottoms of glacier  trough-valleys. 
Where  the  thickness  of  cover  glaciers  was  at  a 
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maximum,  partial  degradation  of  permafrost  started. 
In the  period  of  maximum  development  of  glaciers 

the  high-altitude  regions  were  covered  by 70-80% 
with ice. On tablelands,  periglacial  steppes,  and 
tundras,  sparse  growth of birch  trees  was  dominant. 

(c) The third  stage,  from 12 to 5 thousand 
years  ago,  was  associated  with  a  warming  of  climate 
and  a  retreat o f  glaciers.  Thawing  gave  rise to 
discharge  carrying  huge  amounts  of  suspended 
materials  from  high-altitude  regions  into  depres- 
sions  and  valleys of uplands.  These  processes 
occurred  most  intensively  along  northern  slopes of 
ridges,  where  glaciers  were  large. For example, 
in  Trans-Baikalia  sediment  washed  from  the foot- 
hills  of  the  Upper-Angara,  Delyun-Uransky,  North- 
Muisky  and  Kodarsky  Ranges  and  the  Longdor  Mountain 
massif  was  carried  away  through  the  Patomsky  and 
North-Baikal  uplands.  Outwash  material  from  glac- 
iers  on  the  southern  slopes of ridges  generally 
did  not  move  as  far  from  the  glacier  edge  because 
water  discharges  were  less  intensive. 

of  the  permafrost  zone  occurred  in  Europe  and  the 
mountains  of  Southern  Siberia.  Within  the  North- 
Baikal  and  Patomsky  uplands  and on the  Selenga 
tableland  a  complete  degradation  of  the  permafrost 
occurred  within  river  valleys  and  partial  degrada- 
tion in watershed  areas. In Western  Siberia  deep 
thawing  of  permafrost  occurred  (Baulin  et  al. 1981). 

that  stage  infill  the  valleys  and  masses  of  mid- 
Pleistocene  sands  dominate  their  bottoms.  Perma- 
frost  within  the  valleys  also  degraded  partially. 
In most  of  the  north-eastern  part  of  Siberia,  in 
association with  a  general  warming  of  climate  there 
was  a  gradual  increase i n  temperature  of  the  perma- 
frost  and  a  decrease  of  its  thickness. 

We  associate  the  termination  of  this  period with 
the  warming  maximum  during  a  climatic  optimum when 
glaciers  had  ablated to nearly  their  present-day 
dimensions. 

duration,  is  characterized  by  a  gradual  fall  of 
temperature  and  establishment of the  present-day 
climate  and  by an expansion  of  permafrost. 

In high-altitude  regions,  the  taliks  within 
river  valleys  which were  formed in the  third 
period  and which attained  their  maximum  dimensions 
in the  period  of  climatic  optimum,  start to con- 
tract.  The  higher  parts  freeze  but  their  area 
still  remains  insignificant.  There  is  the  commence- 
ment  of  deep  freezing  in  the  bottom  of  glacier 
valleys  (troughs)  and  small-size  ice-collecting 
hollows.  Intensive  freezing  of  deposits  also 
occurs  within  river  valleys  that  drain  depressions 
between  the  mountains, with the  formation o f  ice 
wedges. 

The  permafrost zone  within the  tablelands  and 
uplands o f  the  north-eastern  part  of  Siberia  remains 
unaltered. In Southern  Siberia  the  permafrost 
penetrates  again  farther  south,  into  regions  from 
which  it  had  disappeared  during  the  climatic 
optimum. An upper  layer  of  permafrost  was  forming 
in  Western  Siberia  at  that  time. 

What  are  the  main  features  of  the  present  ther- 
mal  equilibrium?  Paleogeographical  analysis  shows 
that  the  present  epoch  refers  to  the  fall  of 
temperature  that  started  about 5 thousand years 
ago  after  the  climatic  optimum. On the  other  hand, 

Again,  the  most  essential  changes  in  the  extent 

Within  depressions  fluvio-glacial  deposits  from 

(d) The  fourth  stage, of  about  5  thousand  years 

we are  witnessing  a  warming  epoch  that  started 
following  the  "small  glacial  period"  (the  period 
of  fluctuations  of 1850 AD.  During 500 years  there 
has  been  an  irreversible  increase  of  annual  average 
temperatures.  This  is  complicated  by  short-term 
fluctuations.  The  glaciers on a  world-wide  scale 
are  retreating  and  such  a  retreat  of  glaciers  and 
the  warming of climate  has  continued  since  at 
least 2300-2400 with a maximum  meso-oscillation  at 
a  period  of  1850 AD. Of  course,  owing  to  the 
general  fall of temperature (of 40,000 years  recur- 
rence),  the  temperatures  during  the maximum period 
will  be  considerably  lower  than  those at  a maximum 
of the  preceding  stage  that  occurred  in  the  111-VI 
centuries AD. 

It  is  these  basic  trends  in  the  thermal  develop- 
ment  of  the  Earth  that  should  be  used in evaluating 
the  present-day  extent  of  permafrost.  But we 
should  not  omit  the  large  inertia  of  the  permafrost 
in  comparison with the  variations  of  thermal 
balance on the  surface.  Thus,  with  climatic  fluc- 
tuations o f  a  period of 40,000 years  a  time  delay 
of 6-8 thousand  years  is  present  for  permafrost 
1000 m  thick. 

can  abruptly  change  the  picture  presented  above 
(Nekrasov  and  Balobaev 1982). Very  hazardous  is 
the  increase  of  aerosols  and  carbon  dioxide  in  the 
atmosphere.  According  to  Budyko  et a l  (1978), who 
made  a  prediction of climate  changes  for  the  coming 
50 years,  fuel  burning  will  increase  the  atmos- 
pheric  concentration  of  carbon  dioxide  by 30-40% 
by  the  yesr 2000 and 200% by 2025. 

. & L  the  annual  average  air  temperature  by 0.5"C by 
1990  and  by 10-15'C  by 2025. This  means  that  the 
Arctic  Ocean  will  be  free  from  ice  and  its  impact 
on climate will change.  The  predicted  climatic 
changes  are  gigantic  and  at  times  provoke  scep- 
ticism. 

However,  estimations  made  by  American  scientists 
(Energy ... 1977)  are  close to inferences  of  Soviet 
investigators.  Objection  may  be  caused  only  by  the 
under-estimation  of  the  self-regulating  role o f  
nature  which  must  activate  the  mechanism  of  carbon 
dioxide  absorption  by  plants  and  the  ocean,  which 
will  greatly  hinder  the  thawing  of  ice  of  the  Arctic 
Ocean 

If we assume,  however,  that  the  predicted  changes 
of  climate  are  possible,  then  permafrost  will  be 
faced with  a  disastrous  situation.  In  the  greater 
part  of  its  present-day  range,  an  irreversible 
process of permafrost  degradation  will  start.  Thus, 
at  temperate  latitudes  [the zone of the  Baikal-Amur 
Railroad (BAM)] the  thickness  of  the  upper  unfrozen 
layer  will  be  10-15  m  by 2025. Farther  to  the 
north  and  at  higher  altitudes  the  thawing  will  be 
smaller.  Where  conditions  still  remain  for  the 
persistence  of  permafrost,  the  depth  of  seasonal 
thawing of soils  will  increase  by  0.5-1.0  m. In 
turn,  this will lead  to  an  intensification  of 
solifluction  and  thermokarst.  Conditions will 
exist  where  structures  supported  by  piles,  construc- 
ted  following  the  principle  of  a  frozen  foundation, 
will  fail. 

Deformations  will  occur  in  subgrades,  and 
beneath  roads  and  railroads  wherever  soils with 
high  ice  contents  and with ice  masses  are  present. 

Since  the  process o f  phase  transitions  of  ice 

At  the  same  time,  interference of man  in  nature 

C.: ;liar to the  past,  this  leads  to an increase 
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FIGURE 1 Extent of permafrost  distribution in the  northern  hemisphere  during  different  periods of 
the  Quaternary: 1 - region of present-day  permafrost; 2 - region  of  maximum  development of perma- 
frost; 3 - boundaries  of  sea  basins  during  maximum  development  of  permafrost. 

into  water  proceeds  slowly,  mining  structures, 
except  for  open  cast  operations,  will  not  deteri- 
orate  in  the  near  future.  The  principles  of 
extracting  deep ore deposits will not  be  altered 
within  the  next  one  hundred  years. 
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A FROST INDEX  NUMBER  FOR  SPATIAL  PREDICTION  OF  GROUND-FROST  ZONES 

Fritz  Nelson  and Sam I. Dutcalt 

Department  of  Geological  Sciences,  University  of  Michigan 
Ann  Arbor,  Michigan 48109 USA 

Recent  investigations  of  the  relationship  between  the  minimum  and  maximum  mean 
monthly  air  temperatures  along  the  trans-Alaska  pipeline  route  indicate  that  good 
estimates  of  freezing  and  thawing  degree  days  at  a  site  can  be  obtained  from  these 
two  extreme  monthly  mean  values.  The  dimensionless  ratio  between  the  Stefan 
solution  fox  the  annual  frost  and  thaw  depths  at  a  site  can be obtained  from  the 
degree-day  estimates,  winter  snow-cover  data,  and  estimates  of  site  thermal  prop- 
erties.  The  ratio  of  Stefan  estimates  of  frost  to  thaw  depths  is  termed  the 
"frost  number."  Its  value  is  much  larger  than  unity  in  regions  of  continuous 
permafrost  and  descends  to  unity  at  the  equatorward  limit  of  the  discontinuous 
permafrost  zone.  A  preliminary  mapping  of  the  frost  number  in  northwestern  North 
America shows a  very  high  spatial  correspondence  with  observed  permafrost  dis- 
tribution.  The  frost  number  can also be  mapped  using  climate  data  in  successive 
years,  which  yields  information  useful  for  correlation  with  such  geomorphic 
processes  as  palsa  growth  and  thermokarst  developnent. 

INTRODUCTION  thickness  (Osterkamp  and  Payne 1981). 
Of  more  relevance  to  this  paper  is  a  second 

Although  numerous  attempts  have  been  made  to group,  which  employs  environmental  information to 
regionalize  permafrost  through  compilation of  make  what  are  essentially  "educated  guesses"  about 
field  observations  and  by  means o f  computations spatial  patterns  of  frost  and/or  permafrost.  The 
involving  climatic  data,  little  effort  has  been major  problem  of  such  regionalization  is  treating 
made  to  incorporate  calculations  involving  cli- the  complex  interactions  between  various  factors 
matic  data,  substrate  properties,  and  snow  cover such  as  snow  and  vegetation  cover,  terrain  climate, 
into  an  easily  computed  "permafrost  index." Use substrate  heterogeneity,  soil  moisture,  and  vari- 
of above-surface  climate  data  alone  can  result  in ations  of  geothermal  heat  flow,  all  of  which  can 
only  a  crude  approximation of permafrost  distribu- be  quite  variable  within  small  areas.  These  prob- 
tion,  since  the  very  large  influences  of  snow, lems have  been  addressed  in  a  number  of  ways, 
microclimate,  and  the  thermal  properties  of  the ranging  from  ignoring  most of the  complicating 
substrate  are  ignored.  This  paper  presents  a factors  to  statistical  analysis  of a large  number 
method  which  can  incorporate  spatial  variations of variables. 
in  some of these  variables.  Using  this  technique, Geographical  scale i s  a  critical  consideration 
an  initial  attempt is made  to  regionalize  perma- because  the  influence of local  ground-cover,  micro- 
frost  patterns  in  northwestern  North  America  by climate,  and  substrate-property  variations  is  less 
combining  degree-day  estimates,  winter-precipita- discernible  at  smaller  scales.  For  example,  Brown 
tion  data,  and,  as  a  first  approximation,  simpli- (1967)  used  the -1 .lo  and  -8.3OC  mean  annual  air 
fied  assumptions  about  subsurface  thermal  prop- isotherms to delimit  the  equatorward  boundaries  of 
erties,  topography,  and  vegetation  cover. the  discontinuous  and  continuous  permafrost  zones 

in  areas o f  Canada  where  field  measurements on 
permafrost  were  lacking.  The  resulting  document 
is  very  useful  for  showing  spatial  variations  of 
permafrost  at  the  continental  scale,  but  at  Large 

PREVIOUS  STUDIES 

Many  investigators  have  attempted  to  estimate  scales  significant  deviations  from  these  boundaries 
and/or  regionalize  soil-frost  conditions  and appear,  as  shown by Zoltai (1971). 
permafrost  distribution;  these  studies  span  a More  recently,  Harris  (1981a, b) attempted  to 
broad  range of methods  and  scales  but  share  the correlate  freezing  and  thawing  indices  derived  from 
common  objective  of  determining  the  nature  and screen-level  climate  data  with  permafrost  occur- 
spatial  or  temporal  extent of freezing  conditions rence  and  selected  periglacial  landform  elements. 
in  the  ground.  Methods  can  be  divided  into  two His method  consists  of  plotting  freezing  against 
broad  groupings.  The  first  utilizes  direct  field- thawing  degree  days  and  superimposing  classes  of 
based  observations on permafrost  obtained  from observed  ground-frost  conditions  or  landforms  for 
borehole,  remote  sensing,  or  geophysical  methods, the  same  approximate  locations on the  resulting 
as  reviewed  by  Ferrians  and  Hobson  (1973).  Trends graphs.  Although  this  procedure  has  revealed  some 
can  be  extrapolated  through  time,  as  when  fluctua- interesting  relationships,  it  is  limited  in  its 
tions  in  a  temperature  profile  are  used  to  infer usefulness  by  its  neglect of snow-cover  effects  and 
climatic  change  (Lachenbruch  and  Marshall 1969), because  the  inherently  spatial  nature of the  perma- 
and  through  space  by  delimiting  ground-frost  zones frost-distribution  problem  was  largely  ignored. 
(e.g., Ferrians  1965),  or  mapping  permafrost Many  other  investigators  have  attempted  to 
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predict  v arious  frost  and  permafrost  ch lar acteris- 
tics  and  their  spatial  variations  by  means  of 
calculations  involving  environmental  data,  but  the 
topics  of  many  of  these  papers  are  only  marginally 
related to those  addressed in  this  investigation 
and  will  not  be  considered  here. 

DERIVATION OF THE FROST  NUMBER 

In  this  paper  we  develop  an  easily  computed 
index  of  frost/permafrost  conditions  which  reflects 
geographically  variable  climatic  conditions,  in- 
cluding  snow  cover,  but  which €or present  purposes 
is  independent  of  variations  in  subsurface  proper- 
ties  or  conditions.  The  technique  we  propose  could 
incorporate  planimetric  variations  in  the  geo- 
thermal  gradient,  substrate  thermal  properties,  and 
soil-moisture  content  although  these  variables  are 
treated as constant in  this  study,  Future  studies 
could  consider  spatial  variations  in  subsurface 
variables  if  reliable  data  become  widely  available 
for  locations  at  which  climate  information is also 
collected. 

terpolation  known as "lattice  tuning,"  which  takes 
maximum  advantage  of  the  spatial  autocorrelation 
inherent in geographically  distributed  climatic 
data,  the  frost  number can be  used to predict 
ground-frost  conditions  over  large  areas  in  which 
common  climatic  data  are  available.  Information 
yielded  by  the  frost  number  pertains to permafrost 
conditions  in  equilibrium  with  the  climatic  data 
used as input;  relict  permafrost  cannot  be  pre- 
dicted  by  the  method.  Application  of  the  frost 
number i s  restricted to  sites  experiencing  thermal 
regimes  in  which  the  annual  temperature  amplitude 
exceeds  that  of  the  diurnal. 

The  well-known  Stefan  formula  for  predicting 
frost  and  thaw  depths  in  soils  has  received  wide 
use  by  engineers,  agronomists,  and  geomorphologists 
(see,  for  example,  Jumikis  1977  chapters 14-15). 
Although  in  unmodified  form  it  can  overestimate 
the  depth of frost  penetration  because  it  ignores 
sensible  heat,  the  Stefan  formula  provides  an 
easily  computed  approximation  of  frost  and  thaw 
depths  that  is  especially  useful  when  little  is 
known  about  site  properties.  The  ratio  of  Stefan's 
frost  and  thaw  estmates,  modified  for  the  effects 
of  winter  snow  cover, can be  used as  an  index  of 
permafrost  occurrence  (cf.  Lunardini 1981 p. 551). 
When  used  in  conjunction  with  a  simple  method  for 
abstracting  climatic  data  and  an  efficient  method 
of  spatial  interpolation,  this  frost  index  has 
potential  for  mapping  permafrost  distribution at 
small  scales. 

In  conjunction  with  a  technique  of  spatial  in- 

Analysis  of  the  monthly  mean  air-temperature 
records  of 19 stations  in  northern  Alaska  showed 
that  their  thermal  regimes can be  abstracted  by 
three  parameters: 1) mean  annual  temperature  (Tm), 
2) annual  temperature  amplitude (A), and 3 )  the 
phase  angle ( 4 )  in  radians.  Mean  annual  tempera- 
ture  and  thermal  amplitude can be  approximated 
through  simple  manipulation of the  mean  tempera- 
tures of the  extreme  months  (Haugen  et al, 1983): 

T = (Th + Tc)/2 m (1) 

908 

A (Th - Tc 

where  T  and T are  the  mean  temperatures of the 
"hottesb and  :oldest  months,  respectively.  These 
equations  preserved  97.3 5 1.6% of the  variance 
in  the 19 series  analyzed.  The  air  temperature 
T(d)  for  any  day  of  the  year can be  estimated as  a 
function of Julian  date (d)  by 

T(d) = Tm + A COS { (2 71 d/365) - $ } -  ( 3 )  

In  the  absence  of  phase  change,  the  solution  for 
penetration  of  a  periodic  surface  thermal  distur- 
bance  into a homogeneous  medium  is  given  by 

T(Z, d) = T, + A exp (-z/z,) cos I ( 2  TI dp.65) 

- $ + (-Z/Z,) 3. ( 4 )  

where Z is depth  and 2, is the  damping  depth  in  the 
substrate  (Ingersoll  et  al.  1954).  The  latter  par- 
ameter is a  function of the  thermal  diffusivity 
( a )  of  the  substrate  material  and  the  wavelength 
(P) of  the  cyclic  disturbance,  expressed  by 

2 ,  = ( a  P/T) * 
+ 

(5)  

Decrease  of  amplitude  with  depth  is  given  by 

A ( Z )  = A exp ( - Z / Z , ) .  (6) 

The  division  between  summer  and  winter  occurs 
at  the  point on the  cosine  curve  where  the  temp- 
erature  crosses O°C. This  "frost  angle" ( B )  is 
defined  as 

where  Tf  is  the  freezing  point.  When  the  tempera- 
ture  curve  is  symmetric,  the  mean  summer (Ts) and 
winter  (T ) temperatures  can  be  estimated  by  in- 
tegration  over  only  half  the  annual  cycle (a rad- 
ians) : 

W 

1 
T W = T m + A -  

n - P  R 
J cos 0 d0 

= T - - sin 6. A 
a-p 

However,  the  winter  temperature  amplitude  is 
compressed at the  ground  surface  due  to  snow  cover 
of  "average"  thickness Z . The  winter  surEace 
amplitude  A can  be  foun8 by 

A = A  exp (-Zs/Z,s). 

The  mean  winter  surface  temperature  must  also  be 
modified  to  reflect  snow-cover  effects;  the  mean 
summer  surface  temperature i s  for  present  purposes 
taken as the  mean  summer  air  temperature. This 
approximation  could  possibly  be  refined in future 
applications  by  Lunardini's  (1981 p. 559-575) 
"surface  n  factor"  using  a  surface-cover  category 
representative  of  the  vicinity o f  a  station.  In 
the  equations  that  follow,  the  subscript (+) indi- 
cates effects  attributable  to  snow  cover.  The 
mean  winter  surface  temperature  (Tw+)  is  given  by 

(8b) 

W 

W (9) 



Tw+ = Tm - - *W 

n- B 
sin B ,  
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and  the  lengths  of  the  summer  and  winter  seasons 
in  days  can  be  calculated as functions  of  the 
frost  cycle  by 

Ls = 365 (B/a) (lla) 

Lw = 365 { ( a  - B)/a]. (Ilb) 

A  set  of  degree-day  values  adjusted  for  snow- 
cover  effects  can  now  be  calculated  as 

DDT  Ts Ls 

DDF = ITw  LwI 

where  the  degree  days  of  thaw  (DDT)  and  frost  (DDF) 
are  the  time-temperature  integrals  above  and  below 
the  freezing  point  and Ts, Ls,  Tw,  and  Lw  are  the 
mean  summer  temperature,  length o f  summer  (days), 
mean  winter  temperature,  and  length of winter, 
respectively. 

Finally, by means  of a formulation  similar  to 
that  of  Lachenbruch  (1959),  the  mean  annual  surface 
temperature  can  be  adjusted  for  snow  cover: 

Phase  change,  which  cannot be easily  incorpora- 
ted  into  equations  for  periodic  thermal  disturb- 
ances  in  semi-infinite  solids,  is a very  important 
consideration  in  frost/permafrost  problems.  The 
depth to which  frost  extends  can  be  approximated 
by  considering  the  thermal  conductivity / A )  of the 
substrate,  its  volumetric  water/ice  content  (xw), 
the  latent  heat  of  fusion  (L),  and  the  degree 
days  of  thaw  and  frost.  Frost  and  thaw  depths  can 
be  obtained from 

Zf = ((2 A S DDF)/(xw L) 1 , 
where Z and 2 are  the  thaw  and  frost  depths, 
respectlvely, farid S is  a  scale  factor  representing 
the  appropriate  units of  time  for  the  metric  system 
employed. 

If the  seasonal  differences  in  thermal  proper- 
ties  {h/(xw L)) are  small,  the  ratio  of  frost  to 
thaw  depths  at  a  site  may  be  calculated  with  and 
without  snow-cover  effects,  yielding  a  dimension- 
less ratio.  These  ratios  are  termed  the  air (F)  
and  surface (F ) frost  numbers: 

F = Z / Z  

's (14b) 

t 

+ 

f t  (15a) 

F+ = z /z f+ t' 

Note  that  the  surface  frost  number  will  always  be 
equal  to  or  less  than  the  value  calculated  for  air 
temperature  because  snow  cover  increases  the  mean 
annual  surface  temperature.  If  for  mapping pur- 
poses  substrate  properties  are  assumed  homogeneous, 
equations (14) and  (15)  reduce  to 

F = (DDF/DDT)'5 

F+ = (DDF+/DDT) + . 
INTERPRETATION AND MAPPING 

Interpretation  of  the  frost  number  is  straight 
forward.  At  locations  where F+ 1, only  seasonal 
frost  is  possible.  Where F+  is approximately 
unity,  equilibrium  permafrost  should  be  near  its 
climatic  limit,  and  this  value  can  be  used  to  map 
the seasonal-frost/discontinuous-permafrost 
"boundary."  Although  delimitation of the  contin- 
uous  permafrost  zone is always  somewhat  arbitrary, 
comparisons  with  empirical  mappings  indicate  that 
a  reasonable  value  for  its  equatorward  limit  may 
be  taken  as  1.5,  which  corresponds to a  ratio of 
DDF+ to DDT equal  to 2.25. 

frost  number F+ was  performed  for  northwestern 
North  America  using  climatic  data  from  Alaska 
(Searby 1978, Rieger  et  al.  19791,  and  the  Yukon 
and  Northwest  territories  (Hare  and  Thomas  1979, 
Canada  1967).  The  station  records  are o f  variable 
length  but  all  represent  at  least  part  of  the 
period  1941-1970. All but  two of the  records con- 
taining  less  than 10 years  of  observations  are  from 
D m  line  stations  and  have  been  edited  to  eliminate 
extreme  values  (Canada  1967). 

Four  parameters  were  used  as  input:  mean  annual 
air  temperature,  the  annual  temperature  amplitude, 
"average"  snow  depth,  and  a  binary  variable  which 
indicates  whether  the  snow  cover  is  $'packed" or 
"fresh"  to  facilitate  calculation  of  the  snow's 
thermal  influence.  The  substrate  was  for  prelim- 
inary  purposes  assumed  to  consist of a homogeneous, 
moderately  wet  silt. 

The  most  problematic  variable  with  respect  to 
data  availability  was  "average"  snow-cover  depth. 
Since  such  summary  statistics  are  not  readily 
available  for  a  large  number of stations, a surro- 
gate  method  of  obtaining  such  information  was 
necessary. Our solution  was  to  calculate an aver- 
age  snow  depth Zs by  the  formula 

A preliminary  mapping  (Figure 1) of  the  surface 

zs = 0.67 (Pi/D) (K - (i-l))}/K (17) 

where  P is water-equivalent  precipitation  in  those 
months i (i = 1,2.*.k)  in  which  the  mean  tempera- 
ture  is zO°C and D is  average  snow  density at the 
site  (Bile110  1969  Figure 6). This  procedure 
yields  snow-depth  estimates  which  are  probably  too 
low  in  the  northern  part  of  the  study  area  and  too 
high  in  the  southern  part.  Nevertheless,  thedevia- 
tions  are  not  extreme  in  cases  for  which  average 
snow-depth  data  were  available,  and  even  this  crude 
approximation  is an improvement  over  ignoring  snow- 
cover  effects,  as  has  been  done  in  some  other 
studies. 

1. The  sites  are  largely  restricted to coastal 
locations  and  a  cluster  of  points  in  interior 
Alaska  and  Yukon,  making  some form of  spatial  inter- 
polation  necessary. A 34 x 24  grid (65-km mesh) 
was  set up over  the  mapped  area,  and a technique 
known  as  "lattice  tuning"  (Tobler  1979)  was  employ- 
ed to create  a  regular  point  lattice  from  the  orig- 
inal  irregularly  spaced  data  points.  Lattice 

Locations of the  data  sites  are  given  in  Figure 
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tuning  is an iterative  procedure  in  which  estimated 
values  at  nodes  lacking  observations  are  adjusted 
to  the  original  observations  until  successive  oper- 
ations  yield  no  effective  changes.  The  result  is 
a  smooth  surface  that  interpolates  correctly  to  the 
original  data  points  from  surrounding  lattice  nodes; 
in  this  respect  the  procedure  is  superior  to  more 
common  gridding  techniques  which do not  strictly 
preserve  the  integrity  of  the  original  values.  The 
resulting  lattice  was  then  contoured  and  superim- 
posed on a  map of t-he  study  area  (Figure 1). 

A very  strong,  smooth  increase  in  values of the 
frost number  is  apparent from south  to  north,  and 
is  consistent  with  trends of mean  annual  air  temp- 
erature  in  the  study  area.  The  southward  contour 
flexure  in  western  Alaska  is  a  response to reduc- 
tion  of  thawing  degree  days  near  the  Bering  Sea 
coast.  The  southern  boundaries of the  discontinu- 
ous  and  continuous  permafrost zones, delimited  by 
the 1.0 and 1.5 contours,  are  well  placed  when  com- 
pared  with  empirical  delimitations  (cf.  Brown  1967, 
Ferrians 1965, P6w6 1975 Figure 2 3 ) .  The  slight 
southward  displacement of the  continuous/discon- 
tinuous  "boundary"  relative  to  those  of  other 
authors'  maps  is  a  reflection  of  the  simplifying 
assumptions  made  in  this  study  about  substrate 
properties,  surface  cover,  and  the  lack  of  climate 
data  in  this  part  of  the  study  area.  The  overall 
smoothness  of  the  map  and  its  lack  of  local  peaks 
and  pits  show  the  importance  of  regional  climate 
for  permafrost  distribution. If subsurface  infor- 
mation  was  incorporated,  the  smoothness  might  be 

reduced,  but  local.  sources of deviation  could  be 
treated  analytically  by  trend-surface  or  map- 
comparison  methods. 

DISCUSSION 

In  addition  to  the  difficulty  of  calculating 
good  estimates  of  "average"  snow  cover,  our  method 
of obtaining  degree-day  estimates  yields  values 
for  the  thawing  season  which  are  somewhat  low  in 
northerly  coastal  locations.  Values  of  the  frost 
number  in  the  northern  part  of  the  mapped  area 
are  therefore  slightly  higher  than  they  would  be 
if  empirical  values  of DDT and DDF were  used, 
although  comparison  with  values  obtained  using 
data  contained  in  Haugen (1982) indicates  that  the 
deviation  is  not  extreme  for  the  stations  used 
here.  For  obvious  reasons,  the  frost  number  can 
become  very  large  when  applied  to  locations  with 
few thawing  degree  days,  In  such  cases  the  values 
of DDT used  must  be as accurate  as  possible  or 
gross  errors  in F+ can  result. An extreme  example 
is Alert, N. W. T.; using  the  degree-day  estima- 
tion  techniques  outlined  in  this  paper,  a  value of 
nearly  27.0 is obtained  for  the  surface  frost 
number,  whereas  the  value  is  about 5.5 if  empiri- 
cal  degree-day  values  are  used  (data  from  Taylor 
et  al. 1982). This  is  nearly as extreme  an  exam- 
ple as could  possibly  be  found,  however,  and  such 
large  discrepancies  are  not  possible  at  most  low- 
land  locations.  However,  this  example  does  point 
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out  the  dangers o f  indiscriminate  application  of 
the  estimation  techniques  employed  in  this  paper. 
The  frost  number  can  be  accurately  computed  only 
when  reliable  estimates of freezing  and  thawing 
indices  are  employed. 

this  paper,  the  frost  number  has  some  potential 
for  use  with  annual  climatic  data  at  individual 
sites.  Annual  values  of  the  number  can  fluctuate 
in  response  to  variations  in a wide  range  of  nat- 
ural  and  anthropogenic  environmental  influences, 
including  snow  depth,  temperature,  and  soil  mois- 
ture.  Studies  dealing  with  thermokarst  developnent 
and  palsa  formation  would  be  particularly  appropri- 
ate  for  such  applications.  However,  the  frost 
number  probably  achieves  its  greatest  utility  in 
a  spatial  context)  its  simplicity  and  minimal 
input-data  requirements  make  it an effective  tool 
for  mapping  permafrost  over  large  areas  in  which 
data  lack  detail  or  uniform  spatial  coverage. 
Mapping  its  variation  in  other  parts  of  the  earth 
may pint to  interesting  environmental  relation- 
ships  recognizable  only  in  a  spatial  context. A 
possibility  not  explored  in  this  paper  is  use of 
statistical  spatial-analytic  techniques for com- 
paring  different  years  and/or  the  various  environ- 
mental  parameters  involved  in  computation  of  the 
frost  number. 

In  addition  to  the  use  to  which  it  was  put  in 
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T H A W  STRAIN DATA AND THAfQ SPlTLEMENT PREDICTIONS FOR ALASKAN SOILS 
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To aid  design of the  trans-Alaska  pipeline,  a method was developed to   p red ic t  thaw 
s t r a i n  from correlations  with  simple  frozen  soil  index  properties.  Laboratory t h a w  
consol idat ion  tes ts  were made on about  1,000  representative  soil  samples  recovered 
during  subsurface  exploration programs along  the  pipeline  alignment. The test re- 
s u l t s  were then grouped by sample s o i l  type and landform profile.  Various  relation- 
ships among the  soi l   index  propert ies   ( f rozen  dry  densi ty  and moisture  content, 
specific  gravity,   gradation) and thaw s t r a i n  measurements of samples  within  each 
category were examined to empirically  determine a "bes t   f i t "   equa t ion  by multiple 
variable  regression  analysis of the  data. A computerized  analysis  procedure  deter- 
mined the s e t  of regress ion   coef f ic ien ts   to   y ie ld  a unique  equation  for  each so i l  
category  to   predict  thaw s t r a i n  o f  a  f rozen  soi l  sample  with  only  borehole  index 
property  values. These estimated thaw s t r a i n  values  could be multiplied by stratum 
thickness and summed over an anticipated thaw depth to   p red ic t  thaw settlement. 

INTRODUCTION 

Ground set t lement   resul t ing from thaw of perma- 
nently  frozen  ground is a problem often  associated 
wi th   c iv i l   cons t ruc t ion   in  areas of discontinuous 
and continuous permafrost. One such  construction 
project  exemplifying a var ie ty  of thaw-inducing 
fea tures  is the  trans-Alaska 1.22-m-diameter o i l  
pipeline,  constructed ,from 1914 t o  1976, and i n  
operation  since its completion. Heat t r ans fe r  
from h o t   o i l  flowing  through  a  buried  pipe  causes 
a  generally  cylindrical  volume of permafrost  sur- 
rounding  the  pipe to  thaw. Disturbance of the 
natural   vegetative regime by s t r ipp ing  of the  or- 
ganic mat from the  pipeline right-of-way, con- 
s t ruc t ion  equipment a c t i v i t y  on the mat, and 
placement of embankment atop  the  organic mat a l -  
ters the  thermal and heat   t ransfer   propert ies  of 
the ground surface,   thereby  effecting  gradual 
thermal  degradation  (thaw) of the permafrost. 

This paper presents  laboratory t h a w  consolida- 
t i on  test r e s u l t s   t h a t  were the  basis   for   pre-  
d i c t ing  thaw settlement  along  the  entire 1,300-km 
pipeline  alignment. These results were used i n  a 
multiple  variable  regression  analysis  with  readily 
measured frozen  soi l   index  propert ies  as the  re- 
gression  variables,  ultimately  producing  a series 
of empirical  equations  used  to  predict thaw s t r a i n  
from those  index  properties. Once the thaw strain 
of  a p a r t i c u l a r   s o i l  stratum was predicted, it was 
a  simple matter to   mult iply the stratum  thicknese 
by the thaw s t r a i n  to a r r i v e  a t  the stratum's thaw 
Settlement. A summation of thaw sett lements  for 
the various s t r a t a  encountered i n  a borehole   to  
the   to ta l   an t ic ipa ted   depth  of thaw yields   the 
total   sett lement  for  the  borehole.  

The analyses and procedures  detailed  in  the 
following  paragraphs were used t o  make borehole- 
by-borehole thaw sett lement  estimates-for  borings 
with  permafrost from among the  approximately 2,000 
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borings  located  along  the  pipeline  centerline. A s  
the  boreholes were s i t e d   a t  an average  spacing of 
about 0.5 km in  permafrost   sections oi the align- 
ment, settlement e s t ima tes   fo r   a l l  barings along  a 
short   design  section  within a particular  geologic 
landform  (Kreig  1977) were considered  together  to 
express the range of anticipated  settlements. 
Thaw sett lement estimates were then  used i n  such 
pipeline  design  functions  as  construction mode 
selection,  elevated  pipeline  support   design, and 
gravel workpad thickness  requirements. 

LABORATORY TESTING 

Samples 

Permafrost  samples used in   the  laboratory test 
programs were col lec ted   in   the   f ie ld  and handled 
in   t ranspor t  and preparation  with a t ten t ion  t o  
maintaining  their   f rozen  s ta te .  Boring8 were made 
ua ing   re f r igera ted   d r i l l ing   f lu id .  The samples 
were cored  with  various d r i l l   b i t s  of approxi- 
mately 76-mm inside  diameter  (i.d.).  Field  geolo- 
g i s t s   c l a s s i f i ed   t he  samples  according t o  
Pihlainen and Johnston  (1963) f ie ld   descr ip t ion  of 
permafrost and the  Unif ied  Soi l   Classif icat ion 
system, and identified  the  geologic landform i n  
which each  boring was located as well. The sam- 
p les  were then  transported  under  refrigeration 
from t h e   f i e l d   t o   t e s t i n g   l a b o r a t o r i e s   i n  
Fairbanks,  Alaska, and Oakland, California. 

i n  a cold roam. Index properties of the still- 
frozen  samples--dry  density,  moisture  content, 
specif ic   gravi ty ,  and gradation--were measured f o r  
each. Samples were generally 7-8 cm i n  diameter 
with  a 2-2.5 height-to-diameter  ratio,  though some 
fine-grained  samples w i t h  diameters as small as 4 
cm were tested.  

There,  sample  ends were cut   with a diamond saw 
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MULTIPLE VARIABLE REGRESSION ANALYSES Thaw Consolidation Test Procedure 

Thaw consolidation  testing was done by RGrM 
Consultants (R&M) in  their   Fairbanks  laboratory 
and by  Woodward-Clyde Consultants (WCC) i n   t h e i r  
Oakland laboratory. Though the test procedures 
used by these two organizat ions  differed  s l ight ly ,  
for   the   l a rge  magnitudes of thaw s t r a i n   t y p i c a l l y  
measured, the  axial   s t ra in   did  not   appear  to be 
influenced by test method. 

RhM implemented a  uniaxial  technique i n  per- 
forming thaw consolidation tests, using  an 8.9-cm 
i.d. p las t ic   cy l inder  to  confine  the  samples. The 
frozen  samples were f i r s t  sheathed  with a rubber 
membrane and f i t  with  porous  stones and f i l t e r  pa- 
per on t h e i r  ends. As the  samples  typically were 
not   perfect ly   cyl indrical  nor of  a s ingle  diam- 
eter, the  plast ic   confining  cyl inder  was s l i g h t l y  
oversized, and any gap between the sample membrane 
exterior and the   i n t e r io r  of the   p las t ic   cy l inder  
was f i l l ed   w i th  rounded clean (Ottawa) sand. An 
ax ia l  stress equivalent to the  overburden  load a t  
the  sample's  depth was maintained on the sample 
during thaw. Axial s t r a i n  was recorded u n t i l   a l l  
measurable deformation had ceased; however,  where 
post-test diameter measurements denoted any la- 
t e r a l  deformation,  those values were then  used to 
cor rec t  measured ax ia l   s t ra in  to   a  value corres- 
ponding to ze ro   l a t e ra l  strain.  

WCC tests employed both  uniaxial  and t r i a x i a l  
techniques. Uniaxial t e s t s ,  performed on clays,  
silts, and sands, were made i n  a  standard 5-cm 
odometer  device; t r iax ia l  tests, performed on 
coarse-grained  sands and gravels, were made on 4- 
t o  8-cm-diameter samples  with  height-to-diameter 
ratios of 2-2.5. Addit ional   detai ls  of these 
tests are presented  in  Luscher and Afifi  (1973). 

Laboratory Test Results 

The 1,024 thaw consolidation tests for   the  
pipel ine  project  were grouped into  the  fol lowing 
soi l  categories  with  the  indicated  Unified  Soil 
Classifications:  

( 1 )  Upland S i l t  - Upland Landforms (ML) 
( 2 )  Lowland S i l t  - Lowland Landforms (MI,) 
(3) Organic S o i l  (OL, OH, Peat) 
( 4 )  High P l a s t i c i t y   S i l t  and Clay (CH, MH) 
( 5 )  Low P l a s t i c i t y  Clay (CL) 
( 6 )  S i l t y  Sand (SM, SM-SC, SC) 
( 7 )  Clean Sand (SW, SP, SW-SM,  SP-SM,  SW-SC, 

( 8 )  S i l t y  G K a V e l  (GM, GM-GC, GC) 
(9 )  Clean  Gravel (GW, GP, GW-GM, GP-GM, GW-GC, 

SP-sc ) 

GP-GC 

Test resul ts   for   these  nine  soi l   type  categories  
a re   p lo t t ed   a s   ax i a l  strain  versus frozen  dry den- 
s i t y   i n   F igu res  1-9 in   the   o rder  of the above 
l is t ing.   Axial   s t ra in   includes any consolidation 
due to d iss ipa t ion  of excess  pore water premures 
in   t he  thawed s ta te ;   typical ly ,   consol idat ion 
while   in  the thawed state was considered  a small 
proportion of t h e   t o t a l  measured thaw s t ra in .  
Also shown in   the   f igures   a re  thaw s t ra in   p red ic-  
t ion  equations and the resultant  curves,   data 
produced by procedures to be  discussed  further. 

Large  geotechnical  projects  often make use of 
relationships between simple so i l   index   proper t ies  
and complex engineering  property test r e s u l t s   f o r  
certain design aspects, par t icu lar ly  when ex- 
tremely  variable  subsurface so i l  conditions make 
prohibit ive  the time and cos t  of performing many 
complex tests. The  more than 2,000 borings 
dril led  along  the  trans-Alaska  pipeline  centerline 
showed so i l  conditions a t  some locations variable 
i n  so i l  composition and in d i s t r ibu t ion  of mois- 
ture   content  and dry  density  within a single  bore- 
hole as well. Use of correlations,  then,  proved a 
practicable  geotechnical method, exemplified by 
the  correlat ion of thaw consolidation tests with 
simple so i l  index  properties. 

Thaw Strain  Prediction  Equation 

Thaw consolidation tes t  results and associated 
frozen  index  properties were used as   input  to  a 
multiple  variable  regression  analysis. An 
equation of the form 

Et = A1n2 + A p  + A  & +  A4 : + A s  " + A 6  ( 1 )  
3 s  W 

where 

E t  = predicted t h a w  s t r a in ,  
n - porosity of  frozen  sample ( 1 -(frozen 

dry  density / (specif ic   gravi ty  o f  so i l  
pa r t i c l e s  x u n i t  weight of w a t e r ) ) ) ,  

(weight of water / weight of d r y   s o i l ) ,  

(specif ic   gravi ty   x  w x (1-n) / n ) ,  and 

W - moisture content: of frozen sample 

s = degree of sa tura t ion  of frozen  sample 

A, ... As = regression  coeff ic ients ,  

was used as the thaw st rain regreasion  equation. 
After an extensive  parametric  study of laboratory 
data and a number of empirical computer trials of 
different   equat ion forms, Equation 1 was estab- 
l ished as that  algebraic  expression,yielding  the 
most representative  prediction. 

A computerized  mathematic  analysis  procedure 
determined the set of regression  coeff ic ients  that  
made a  predicted thaw s t r a in ,  Et, most nearly 
equivalent to measured thaw s t r a in ,  Em. The 
mathematic  procedure was s imi la r  to a l e a s t  
squares f i t  of a   l inear   re la t ionship  w i t h  the 
except ion  that  a nonlinear  regression  equation 
(Equation 1 )  was used,  thereby  allowing  nonlinear 
d a t a   f i t s  of several   variables.  Thaw s t r a i n  was 
then  predicted by this  equation  with  only  such 
simple  index  properties as frozen  dry  density, 
frozen  moisture  content, and s p c i f i c   g r a v i t y  of a 
pa r t i cu la r   so i l   ava i l ab le .  

Display of Thaw Strain  Predict ion Equation 

The t h a w  s t r a i n  ( E t )  predicted for any  given 
combination of moisture  content,  dry  density, and 
spec i f i c   g rav i ty  is not  obvious from examination 
of Equation 1 using  the  appropriate  coefficients 
for each soil category.  Therefore,  the results of 
the  regression  analysis have been superimposed on 
the data  displays i n  Figures 1-9 as  curves  based 
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on a representative  specific  gravity  value and 
saturation  values of 80% and loo%, bounding values 
for   the   sa tura t ion  of most samples  recovered from 
the  f ie ld .  A specif ic   gravi ty  of 2.70  was used 
for all   display  curves  except  those for lowland 
s i l t  and organic   soi l ,  which were plot ted  for  
specif ic   gravi ty  of 2.65 and 2.30, respectively. 
The solid  l ines  are  curves  calculated from the 
prediction  equations shown i n  each  figure. The 
short-dashed  lines  are  linear  extensions of the 
regression  curves i n  high and  low density  ranges; 
these  extensions  are  based on engineering judgment 
in the  ranges where laboratory  data are scarce. 

Discussion of Prediction  Curves  Versus  Laboratory 
Data - 

Each prediction  curve  resulting from the  multi- 
ple  variable  regression  analysis is drawn through 
a rather wide sca t t e r  of data  points.  Examination 
of a typical  plot,  such  as  Figure 1,  then  indi- 
cates   that   the  thaw strain  predict ions may be i n  
e r ro r  by as much a s  10% from what was measured i n  
the  laboratory. However, as   no t   a l l   da ta   po in ts  
on the  f igure have the same specif ic   gravi ty   or  
saturation  range as for the  curves drawn  on the 
f igure,   the   actual   predicted  s t ra in  may be closer 
t o  some of the  outlying thaw s t ra in   resu l t s   than  
t h a t   s t r a i n  shown by the  curves. The standard er- 
ror of estimate  (analogous  to  the  standard  devia- 
t ion  of the  predicted  versus measured e r ro r )  and 
the  multiple  correlation of each of the  nine thaw 
strain  predict ion  equat ions  are   l is ted on Table 
1. In  the  higher  density  ranges,  the  standard 
e r ror  of estimate  decreases from this  value, 
while, a t  the lower densi t ies ,   the   s tandard  error  
o f  estimate is magnified. 

TABLE 1 Prediction Error. 

Primary  Standard  Error 
Soi l  Number of Multiple of Estimate 
Type Samples Correlation ( %  Thaw S t ra in )  

The following  procedure was  then used to   ca l -  
cu la te  thaw settlement. The representative  align- 
ment borings were chosen from the  complete  align- 
ment boring program as those  proximate to   the  
pipel ine  center l ine and generally  containing  the 
most de ta i led   so i l s  and geologic  data. A typical. 
boring and the  associated  tabulation of its pre- 
dicted thaw settlements are used i n  explanation 
both of the  assignment of f rozen  soi l   propert ies  
t o  each stratum and of  the  output from a thaw 
settlement  prediction  routine.  Figure 10 i l l u s -  
trates  typical  information  available  for an align- 
ment borehole, and Table 2 presents  the thaw 
settlement  predictions  for  that  boring. 

Frozen soil  index  properties were assigned t o  
each  meter of  alignment  borings  according t o  #e 
following  systematic  procedure. Though most bore- 
holes were d r i l l e d   t o  a depth of 15 m, thaw se t -  
tlement  estimates were extrapolated to a 30 m 
depth. The total  borehole  depth was generally 
subdivided by stratum  thicknesses o f  approximately 
1.5 m, corresponding  closely  to  field  sampling  in- 
te rva ls ,  or a t   n a t u r a l  changes i n   s o i l  type.  In- 
dex properties were then  determined.  Laboratory 
test r e su l t s  were used when possible as the  basis 
for  designating  index  properties; however, as an 
exhaustive  testing program was  not   feasible ,   soi l  
properties were sometimes estimated  for a stratum 
(data on Table 2 followed by an "E") by  making 
comparisons  with  tested  samples o f  similar   soi ls .  

The f i r s t  two columns of Table 2 give  the 
identifying number ("SAMP I D " )  and sampling  depth 
( "SAMPLE INTERVAL" ) o f  a sample tes ted   to  
determine  index  properties. Frozen dry  density, 
frozen  moisture  content,  frozen  saturation, and 
specif ic   gravi ty  of s o i l   p a r t i c l e s  of each stratum 
are  entered  to  the  r ight  following "STRATA 
INTERVAL." The degree of saturation was calcu- 
la ted  from the  other  three  index  property  values 
(neglecting  the  9%  volumetric  expansion of ice a s  
discussed by Crory ( 1 9 7 3 ) ) .  

Once the  frozen soil properties of dry  density, 
moisture  content, and specif ic   gravi ty  were deter- 
mined and the  Unified  Soil   Classification  soil  
type  assigned,  these  values were entered  into a 
computer subroutine  that   calculated t h a w  s t r a i n  
and thawed soi l   propert ies .  The calculation rou- 
t i n e   f o r  each so i l  type  includes  the thaw s t r a i n  
prediction  equation  as shown in  the  appropriate  
one of Figures 1-9, as W e l l  as similar equations 
predicting thawed water  content from the  frozen 
s o i l  index  properties. 

The thaw strain  prediction  equation  (Equation 
1 )  was not  used over an en t i r e  range of frozen  dry 
densit ies;   rather,   l inear  extrapolations from the 

a UP 
ML low 
OL, on 
CHI MH 
CL 
SM, SC 

sw, SP 
GM, GC 
GW, GP 

336 
44 
67 
41 

122 
196 

90 
59 
69 

0.951 
0.949 
0.771 
0.818 
0.886 
0.890 
0.829 
0.921 
0.91 3 

5.7 
5.5 

13.3 
2.9 
5.1 
5.3 
2.1 
3.8 
3.0 

The regression  analysis   resul ts   in  a prediction 
equation  that  merely  "averages"  the  data shown i n  
the  figures.  Specific  design  problems a t  d i scre te  
locations may necessitate a more detailed examina- 
t ion  of soi l   condi t ions and laboratory thaw con- 
sol idat ion  resul ts  from a spec i f i c   s i t e .  

Coarse-grained s o i l s   a r e  subdivided into  clean 
and s i l t y   f r a c t i o n s ,   f o r  each  displays a d i s t inc-  
t i v e  thaw consolidation  behavior.  Clean  sands and 
gravels (less than 12% si l t )  exhib i t  some 

measurable strains,  though of generally lower 
value  than  those shown  by s i l t i e r  sands and grav- 
e l s .  Because the  data   are   scarce  in   the law den- 
s i t y  range for   c lean soils, the  short-dashed  line 
fo r  Low density  extrapolation is substantial .  
However, as few samples  have low density and the 
estimated  prediction  curves  roughly  correlate  with 
the lower density  portion of t h e   s i l t y  so i l  
prediction  curve,  the  prediction  curves shown i n  
Figures 7 and 9 are  considered  as  representative. 

BOREHOLE THAW SETTLEMENT ESTIMATES 
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TABLE 2 Typical  Thaw  Settlement  Prediction,  Boring 84-3. 

FROZEN FROZEN ACCUM 
SAMPLE STRATA DRY MOISTURE FROZEN THAW  THAW  THAW 

SAMP INTERVAL  INTERVAL  DENSITY  CONTENT  SAT SPM: SOIL STRAIN  SETTL  SETTL 
ID (m)  (m) ( kg/m3 ) ( % I  GRAV  CLASS ( %) (cm) (cm) 

1 
4 
6C 
7B 
8 
9 

1 1  

1 3A 
13B 

16 
11 

0 - 0.6 
1.5-  2.4 
3.5-  3.8 
4.6-  5.3 
5.5- 6.7 
7.0-  7.5 

8.5-  9.8 

11.3-11.6 
1 1  -6-12.6 

13.4-13.9 
14.6-15.4 

0.0-  0.9 
0.9-  2.4 
2.4- 4.0 
4.0- 5.5 
5.5- 7.0 
7.0- 1.5  
1.5-  8.5 
0.5-10.1 
10.1-10.8 
10.8-11  e3 
11.3-11.6 
11.6-1  2.6 
12.6-13.1 
13.1-14.6 
14.6-16.2 
16.2-19.2 
19.2-30.4 

1492 
1591 
1482 
1436 
1331 
1431 
1218 E 
1029 
1029 E 
657 E 
1202 
1631 
2131 E 
2228 
21  91 
2452 E 
2452 E 

22.0 
21.2 
26.7 
30.2 
34.1 
30.1 
40.0 E 
54.4 
54.4 E 
105.0 E 
32.2 
23.0 
10.0 E 
8.1 
8.9 
3.0 E 
3.0 E 

I1 .I 
86.4 
91.6 
96.3 
93.4 
95.3 
85 .I 
88.1 
88.1 
89.9 
67.4 
89.0 
97.2 
98.0 
98.6 
67.8 
61.8 

2.15 E 
2.61 
2.61 E 
2.61 E 
2.61 
2.61 E 
2.82 E 
2.82 E 
2.82 E 
2.82 E 
2.82 E 
2.82 E 
2.73 E 
2.13 E 
2.73 
2.75 E 
2.75 E 

MI. 
SM 
SM 
SM 
SM 
SM 
ML 
ML 
ML 
MLICE 
ML 
ML 
WB 
WB 
WB 
WB 
BD-RK 

9.1 
1.6 
9.5 
10.4 
12.2 
10.4 
14.4 
23.7 
23.1 
50.5 
18.6 
3.8 
0.9 
0.1 
0.4 
0.0 
0.0 

a 
1 1  
15 
16 
18 
5 
14 
38 
17 
25 
6 
4 
1 
0 
1 
0 
0 

8 
19 
34 
50 
68 
73 

125 
142 
167 
173 
171 

a7 

178 
178 
179 
179 
179 

low  density  data  to 100% strain at 0.0 kg/m 
(melting of pure  ice)  and  from  the  high  density 
data  to  a  maximum  dry  density for each  soil 
grouping  were  extended  from  the  prediction  curves 
as  shown  in  Figures 1-9. These  extrapolations 
were  necessary, for the  data  were  insufficient at 
the  extremes of the  density  spectrum.  After  a 
stratum's  thaw  strain  had  been  predicted,  thaw 
settlement and thawed  soil  properties  for  that 
interval  were  calculated  from  the  thaw  strain  and 
thawed  moisture  content  predictions.  The  thaw 
settlement  value  for  each  stratum  (thaw  strain 
multiplied  by  the  stratum  thickness)  is  listed  as 
"THAW SETTL" on Table 2. A  cumulative  sum of 
these  settlement  values,  commencing at the  ex- 
isting  ground  surface,  is  included i n  the  table  as 
the  entry  under  "ACCUM  THAW SETIZ"; those  values 
represent  the  total  ground  surface  settlement  when 
thaw  has  advanced  to  each  stratum's  base. 

3 

CONCLUSIONS 

1. Complete  index  properties  (frozen  dry  den- 
sity,  frozen  moisture  content,  specific  gravity, 
gradation)  of  thaw  consolidation  samples  were  used 
in  multiple  variable  regression  analywes  to  relate 
measured  thaw  strain to each  sample's  index  prop- 
erties.  After  extensive  trials,  an  equation  was 
developed  for  each  soil  category  that  would  pre- 
dict  representative  thaw  strain  for  the  density 
range  in  which  data  were  available. The predic- 
tions  had  a  standard  error  of  estimate  generally 
within  about 5% strain. 

2. Thaw  strain  prediction  equations  can  be 
used to estimate  thaw  settlement  over  an  antici- 
pated  thaw  depth  using  simple  index  properties  of 
the  frozen soil. 
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FROZEN DRY DENSITY. KG/H3 

FIGURE 1 Thaw s tra in  o f  upland silt (ML) .  

L EGFNU 

LI R & H DATA-- 44 RESULTS 

STRAIN - 308.5 m a  * 27.7 n 

-0.6 na r/S -8457. E nlS 
* 8097.8 n/v -178.4 

FROZEN  DRY DENSITY, KC/M3 
1 

FIGURE 2 Thaw strain of.lowland silt (MI,). 

FROZEN  ORY DENSITY, KWH3 

FIGURE 4 Thaw stra in  of hsgh p l a s t i c i t y   c l a y  (CH 
and MH) * 

1m % M I . .  

FROZEN DRY DENSITY, KC/Mg 

1 

$01 I 

FIGURE 5 Thaw s t r a i n  of l o w  p las t i c i ty  c lay  (CL). 

X YCC DATA-- 128 RESULTS 

FROZEN. DRY DENSITY, .KG" 
0 

FIGURE 6 Thaw strain of s i l t y  sand (SM, SM-SC, 
and SCl . 
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0 

FIGURE 7 Thaw strain of clean sand (SW, SP, SW-SM, 
SP-SM. SW-SC, and SP-SC) * 

R P H DATA-- 37 RESULTS 
K C  DATA-- 22 RESUCTS 

STRAIN - 320.4 ni -112.9 n 
-105.0 n ' d 5  -1387.2 n/ 
+ 120.4 n/* * 12.5 

0 2 
FROYEN DRY DENSITY, K G / P  

! 50 
0 

F I G U R E  8 Thaw strain of s i l t y  gravel (GM, GM-GC, 
and w ) .  

100 ['..-""-""I 
LEGEND 

FROZEN DRY DENSITY. K W H 3  

T.H. 84-3 
3-9-?2 

SAND w/TR. GRAVEL 
GRADING TO SILTY SAND 

""" - IS' (4.0) 

SAND wJSOME SILT 

34.1 %, 83.4 pCf #, SY 

X).IoA,IlS,3pcl (1431) 

54.4%.64.2pCf,ML 

SILT w/TR SAND 

8.l%, 139.OPCl (2228) 

ANDESITE 

content (%),frozen 
Blow count, moisture 

dry densltv (pcf)(kg/m3) 

.$oil type change 
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FIGURE 10 Typical boring log 84-3 from 100 km 
north of Yukon river pipeline crossing. 

FIGURE 9 Thaw strain of clean gravel (.GW, GP, 
GW-GM, GP-GM, GW-GC, and GP-GC). 



SHORELINE EROSION AND RESTABILIZATION IN A PERWFROST-AFFECTED  IMPOUNDMENT 
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In  1976, an 850 m 1 s  river  diversion  was  constructed  through 300 km of  permafrost- 
affected  landscape  in  northern  Manitoba. The diversion  was  accomplished  by  rais- 
ing  the  level of a 1,977 km2 riverine  lake on the  Churchill  River  (Southern  Indian 
Lake)  until  the  water  spilled  across  a  terrestrial  drainage  divide  into  a  series 
of  small  valleys  tributary  to  the  Nelson  River.  Over 400 km2 of  permafrost- 
affected  backshore  area  surrounding  the  lake  were  flooded.  The  mean  annual  temp- 
erature  in  the  Southern  Indian  Lake  region  is -5OC.  Three  repeated  phases of shore- 
line  erosion  in  permafrost  materials  were  observed;  melting  and  undercutting  of  the 
backshore zone, massive  faulting  of  the  overhanging  shoreline,  and  removal  of the 
melting  and  shunping  debris.  At  erosion  monitoring  sites  in  fine-grained  frozen 
silts  and  clays,  representative of over  three-quarters of the  postimpoundment  shore- 
line.  rates  of  retreat of up  to 12 m/yr were measured.  The  index of erosion  based 
on the  wave  energy  impinging on the  shoreline  was  0.00035  mZ/tonne.  After 5 years 
of  erosion,  restabilization  of  the  shoreline  has  occurred  only  where  bedrock  has 
been  encountered on the  retreating  backshore.  Clearing  of  the  forested  backshore 
prior  to  flooding  did  not  affect  the  erosion  rates.  The  rapidly  eroding  shore- 
lines  have  increased  the  suspended  sediment  concentration  in  Southern  Indie I Lake 
water  and  have  triggered  degradation  of  the  commercial  fishery. 

3 

INTRODUCTION 

Southern Indian Lake  lies  in  shallow  irregular 
Precambrian  bedrock  depressions on the  Churchill 
River  in  northern  Manitoba  (latitude 57'N, long- 
itude 99OW) (Figure 1). The  climate  of  the  region 
is  continental,  with  long  cold  winters  and  short, 
cool  summers.  Average  mean  monthly  temperatures 
vary  from - 2 6 . 5 O C  in  January  to  +16OC  in  July. 

FIGURE 1 The  2,391  km2  Southern  Indian  Lake  rc- 
servoir  is  located on the  Precambrian  Shield  in  the 
discontinuous  permafrost  zone of central  Canada. 
The  lake  lies on the  northern  boundary  of  the 
glacio-lacustrine  deposits of Lake  Agassiz, 

The  mean  annual  temperature  is - 5 O C .  One  third of 
the  annual  precipitation  of 430 mm occurs  as snow- 

fall  during  the  average  200-day  mid-October  to  late 
May snow  cover  period.  The  average  accumulated 
depth  of  snow  is 60 cm.  Black  spruce (- 
mariana  (Mill,)B.S.P.),  jackpine  (Pinus  banksiana 

Koch)  are  the  principal  tree  species  of  the  boreal 
forest  that  covers  the  upland  surrounding  the  lake. 
A  layer of decaying  mosses  and  lichens  varying  in 
thickness  from  a few cm  to 5 m has  accumulated 
since  the  final  glacial  retreat  from  the  region 
7,000 to 9,000 BP. During  the  deglaciation  period, 
eskers,  kames, and  other  proglacial  landforms  were 
deposited on the  bedrock  surface  in  the  northern 
third of the  region  surrounding  the  lake.  The 
deposits  form  a  rolling  upland  with  a  local  relief 
seldom  exceeding 20 m.  The  uplands i n  the  southern 
two-thirds o f  the  basin  lay  within  the  area  covered 
by  glacial  Lake  Agassiz,  a  large  proglacial  lake 
that  extended  southward  to  the  northern  United 
States.  Deposits  of  laminated  silty  clays  up  to 
20 m  thick  occur  throughout  the  region. In the 
southern  region,  the  upland  relief is greater  and 
more  abrupt,  with  exposed k n o l l s  and  ridges  of bed- 
rock  separated  by  poorly  drained  wetlands. 

Permafrost  is  widespread  in all terrain  types 
surrounding  the  lake  with  the'exception of the  pro- 
glacial  deposits  in  the  northern  region.  The 
depth of  rbe active  layer  varies  from 0 , 5  t o  2 m, 
depending  upon  local  topography  and  the  thickness 
of  peat  deposits.  The  temperature  of  the  perma- 
frost ranges from -0 .2O to -0.8Oc. Landforms 
associated  with  permafrost  such as palsas,  collapse 
scars,  and  peat  plateaus  occur  frequently  in  the 
southern  glacio-lacustrine  region.  Although  the 
permafrost  exceeds 10 m  in  depth  in  the  upland 
areas  (Brown  1973),  it  does  not  exist  under  the 
lake  or  under  rhe  narrow  valleys  of  major  tribu- 
taries. 

Lamb.),  and  tamarack  (Larix  laricina  (D&oi)K. 

9 18 
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In 1966, a  program of hydroelectric  development 
began  in  northern  Manitoba  to  supply  electrical 
energy  to  southern  Manitoba  and  the  central  United 
States.  A 927 km direct-current  transmission  line 
was  constructed  from  southern  Manitoba  to  hydro- 
electric  dams  at  Kettle  Rapids (1,272 MW capacity) 
and  Long  Spruce  Rapids (980 IN capacity) on the 
lower  Nelson  River, 200 km southeast of  Southern 
Indian  Lake.  Rather  than  extending  the  trans- 
mission line to  potential  dam  sites on the  Chur- 
chill  River,  a  license  was  granted to Manitoba 
Hydro t o  divert 850 m3/s  (about 85%) of  the  Chur- 
chill  River  waters  southwards  across  a  drainage 
divide,  through  a  long  series  of  small  channels 
and lake basins  in  the  Rat  and  Burntwood  River 
valleys  tributary t o  rhe  Nelson  River  above  the 
power  dams. In June 1976, a  dam  was  completed 
across  the  natural  outlet  of  Southern  Indian  Lake 
at  Missi  Falls,  and  the  mean  lake  level  was  raised 
3 m to  divert  the  flow  across  the  drainage  divide 
at  the  southern  end of  the  basin  (Figure 2). The 
area  of  the  lake  was  increased  from 1,977 t o  2,391 
km2. Flooding  extended  beyond  the  sub-lake  thawed 
zone into  the  permafrost-affected  upland. 

Research S t a t i o n .  
3 Debartrnent of Fisheries and Oceans 

Indian Lake tomnunltv 

FIGURE 2 Southern  Indian  Lake  is  a  series  of  bed- 
rock-controlled,  riverine  basins on the  Churchill 
River.  The  basins  have  been  numbered  to  facili- 
tate  limnological  studies.  Erosion  monitoring  sta- 
tions  in  granular  deposits  and  fine-grained  perma- 
frost  materials  are  located  at 2 0  sites  of  varying 
exposure  throughout  the  lake. 

Preimpoundment  studies  of  the  effects  of  flood- 
i cg  on shoreline  stability  predicted  qualitatively 
that  erosion  and  solifluction  of  the  shoreline 
materials  would  occur  (Underwood-McLellan 1970, 
Lake  Winnipeg  Churchill  Nelson  Rivers  Study  Board 
1975). Quantitative  estimates of the  rates  and 

extent of shoreline  erosion  were no t  made, as 
analogous  conditions  had  not  occurred  or  had not  
been  reported  for  such  a  large  impoundments i n  
permafrost. 

METHODS 

The  study  reported  in  this  paper  began  in 1975, 
1 year  prior  to  the  impoundment.  Erosion  monitor- 
ing  sites  were  selected  and  surveyed  at 20 locat- 
ions  having  different  exposures  to  wave  conditions. 
The  rates of erosion  in  the  initial  year of impound- 
ment  and  the  relative  resistance  to  erosion  of  the 
permafrost  materials  have  been  previously  reported 
(Newbury  et  al. 1978).  The  resistance t o  erosion 
was  based on an  index  of  erosion  reported  by 
Kachugin (1966) as  a  "washout  coefficient,  Ke," 
which  expressed  the  volume  of  backshore  material 
eroded  per  unit  of  wave  energy  dissipated on the 
shareline.  Kachugin's  units o f  the  washout co- 
efficient  of  m2/tonne  are  derived  from  the  quotient 
of  cubic  meters  of  eroded  materials  per  meter of 
shoreline  length  divided  by  the  perpendicular  com- 
ponent of the  wave  energy  acting on the  backshore 
expressed as tonne-meters  per  meter  of  shoreline 
length  (m3/m) / (tonne-m/m) . Eroded  volumes  have 
been  surveyed  annually  since  impoundment  at  erosion 
monitoring  sites.  Wave  energies  have  been  hindcast 
from  wind  speeds  and  directions  recorded  at 2 sites 
adjacent  to  the  lake  (Figure 2) using  the  modified 
Sverdrup-Munk  procedure (U.S. Army  Coastal  Engineer- 
ing  Research  Center 1966).  

(Figure 2), for  which  the  contribution  of  shoreline 
materials  to  the  lake  after  impoundment  was  estimat- 
ed.  The  washout  coefficients  determined  from  the 
monitoring  sites  were  combined  with  the  hindcasr 
wave  energies  acting on 331 reaches  of  shoreline  to 
determine  the  total  erosion  in  each  basin.  The 
actively  eroding  shoreline  reaches  were  mapped  by 
aerial  and  boat  reconnaissance of the  whole  lake  in 
1976 and 1978. 

The  lake  was  divided  into  eight  sub-basins 

RESULTS  AND  DISCUSSION 

Erosion  Processes 

Representative  textures  and  ice  contents of 
shoreline  deposits  at  the  monitoring  sites  are 
given in Table 1. An  example  of  surveyed  profiles 
showing  annual  erosion  and  nearshore  deposition  of 
lacustrine  clay  at  a  relatively  high  wave  energy 
site  is  shown  in  Figure 3 .  The  erosion of frozen 
fine-grained  materials on shorelines  surrounding 
the  larger  basins o f  the  lake  was  observed to  pro- 
ceed  in  a  repeated  sequence  of  melting,  slumping 
and  removal  phases. In the  initial  phase,  melting 
occurs  below  and  slightly  above  the  water  surface. 
In the  second  phase,  the  partially  thawed  materials 
flow  out  to  form  a  silty-clay  beach  strewn with 
scattered  frozen  blocks. In  some  cases,  caverns or 
melt  niches  are  formed  that  are  up to 1 m  in  height 
and  extend  up  to  3  m  into and under the frozen 
backshore  materials  (Figure 4 ) .  In this  situation, 
the  overlying  cantilevered  block  splits  away  from 
the  main  land mass and  falls onto the  foreshore 
(Figure 5 ) .  I n  the  final  phase,  wave  erosion  re- 
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TABLE 1 Texture  and  Ice  Content of Mineral.  Mater- 
ials  at  Shoreline  Monitoring  Sites.  (Dashes  in- 
dicate  samples  were  not  analysed.) 

Textural  analysis  of  Ice 
parent  materials ( X )  content 

Site  Sand  Silt  Clay  weight) 

1 1 15 a4 43 
2 0 16  84 - 
3 1 34 65 - 
4 0 15 85 64 
5 1 26 - 

6 
73 

1 34 65 64 

7 0 49 - 
8 

51 
19 16 65 - 

9 1 17 82 I 

10 35 46 19 I 

11 10 45 45 47 
12 1 19 80 - 
13 a 39 53 56 
14a 2 36 62 92 
15 98 0 2 - 
1 6a 9 33 58 - 
1 7a 4 37 59 43 

( X  of dry 

18b - - - - 
19 1 34 65 - 
20 - + - - 

aSamples  analyzed  were  of  backshore  lacustrine 
deposits.  To  date,  erosion  at  these  sites  has  been 
predominantly of former  sandy  beach  materials. 

bPredominantly  fine to coarse  sand  with  some  silty 
beds. 

moves  the fallendebris and  the  warm  lake  water  is 
again  brought in contact  with  frozen  backshore 
materials. In the  silty-clay  glacio-lacustrine 
materials,  the  form  of  the  slumping  and  eroding 
shorelines  does  not  change  substantially as the 
backshore  retreats  inland.  If  bedrock or coarse 
granular  materials  are  encountered  at  the  eroding 
face,  the  inland  movement a t  the  water  level  ceases 
but  erosion of the  backshore  continues  until  a  wave- 
washed  bedrock zone or a  stable  beach  is  established. 

posits  (Sites 15 and 1 8 ) ,  erosion  and  deposition 
processes  agreed  with  those  reported  by  Bruun 
(1962) for  similar  materlals. 

Erosion  Rates  at  Monitoring  Sites 

A t  non-permafrost  sites  in  coarse  granular  de- 

The  total  volume  of  annual  erosion  and  the  wash- 
out  Coefficient, K,, at  each of the 20 monitoring 
sites  surrounding  the  lake  are  summarized  for 4 
years  of  impoundment  in  Table 2 .  Where  bedrock  was 
not  encountered,  the  mean  washout  coefficient  for 
the  permafrost  materials  was  generally  one-half  of 
that  reported  by  Kachugin (1966) for  similar  mat- 
erials  in  the  unfrozen  state.  Although  this 
suggests  that  permafrost  conditions  may  retard 
erosion,  no  data  are  supplied  with  the  Soviet  Union 
observations,  and  the  magnitude  of  the  washout  co- 
efficient  may  have  been  based on a  different  method 
of determining an index  of  the  wave  energy. 

There  was  a  wider  range o f  Ke  values  observed 
during  the  first  year  of  impoundment  than  in  the 
following 3 years.  At  sheltered  sites  exposed  to 
low wave  energies,  several  open  water  seasons  were 
required t o  destroy  the  protective moss and  root 
cover  at  the  water's  edge.  At  exposed  sites,  large 
volumes  of  peat  were  quickly  removed  from  the flood- 
ed  foreshore,  producing  high  Ke  values  in  the  first 
year.  Because of the  variability  of  early  years, 
general Ke values  were  calculated  using 1978-1980 
data  only. Also excluded  from  the  general Ke deter- 
minations  were  values  at  sites  after  bedrock  had 
been  encountered  at  the  eroding  face  (Sites 6 ,  8 ,  
10, and 1 1 ) .  Based on the 16 shoreline  sites  which 
extend  over  the  range of materials  and  fetches  en- 
countered  on  Southern  Indian  Lake,  the  general  Ke 
value  found  by  linear  regression  was 0.00035 m2/ 
tonne  (r2 = 0.71, n = 4 2 ,  Figure 6 )  ~ 
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FIGURE 4 The sequence  of  erosion i n  permafrost FIGURE 5 A s  rhe thawfng  and  eroding  niche  proceeds 
materials begins  with  the  thawing  and  rercoval of under   the ~ a c ~ s ~ ~ r e  zone, t h e   l e n g t h  of t h e  can- 
backshore materia3.s a t  the r e s e r v o i r  water l e v e l .  r i l e v e r e d  b h c k  o f  f rozen  mater ia ls   overhead  in-  
Deep niches  and  caverns may be formed under   the creases u n t i l  the ent i re   backshore  zone  spl i ts   and 
bac~ghore   zona  as shown here a t  an i s l a n d   i n  rumbles   onto  the  foreshore,  The block is then 
region 4 ,  The portfon o f  the  survey  boat protrud-  thawed and removed by waves,  and the  formation of 
ing   in to   the   cavern  i s  5 rn i n   l e n g t h .  a new niche ~ ~ ~ e ~ ~ e ~  under the freshly  exposed 

f rozen  bank. 

TABLE 2 Tota l  Volumes of Material Eroded  Annually From Monitored  Shoreline S i tes  on  Southern  Indian  Lake 
(m3 p e r  m of s h o r e l i n e ) .  

S i t e  1977  1978  1979  1980 

1 23.4 ( 0 . 7 7 )  15.7 ( 0 . 4 8 )  1 0 . 1  ( 0 . 6 1 )  15.3 ( 0 . 6 6 )  
2 1 . 8  (0 .18)  1.7 ( 0 . 1 6 )  1.3 ( 0 . 2 7 )  0.8 ( 0 . 1 2 )  
3 8 . 9  ( 0 . 3 5 )  7 .5  ( 0 . 2 9 )  3.0 ( 0 . 2 4 )  8 . 4  ( 0 . 5 0 )  
4 7 . 0  ( 0 . 6 7 )  4 .3  ( 0 . 3 4 )  1.3 ( 0 . 1 5 )  2 . 9  ( 0 . 3 5 )  
5 0 . 9  (0.71) 0.6 ( 0 . 3 8 )  0.9 ( 0 . 7 4 )  0.5 ( 0 . 5 6 )  

7 9.4  (0.48) 4 . 4   ( 0 . 1 9 )  0 .9   (0 .04 )  5.1 ( 0 . 2 6 )  

9 0.0 (0.00) 1 . 2   ( 0 . 1 9 )  1.5 (0 .38)  3 .1   (1 .70 )  
10 0.0 (0.00) 0.2 (0.06) 0.1 (0 .07 )  0.5 ( 0 . 2 1 )  

11  17.4 (0 .54)  4 .3   (0 .11 )  0.7 ( 0 . 0 3 )  not  surveyed 
12  4.8 ( 0 . 9 8 )  2 . 1   ( 0 . 3 3 )  2.6 (0.51) 
13  1.4 ( 0 . 3 5 )  - 2.0 (0 .14)  
14  2.0 (0 .34)  3.5 ( 0 . 4 7 )  1 .4   (0 .27)   3 .5   (0 .66)  
15 0.0 (0.00) 0 .1  (0.56) 0.2 (1 .32)  0.1 ( 0 . 5 1 )  

16 8.6 (0 .94)  - 14 .6   (0 .32 )  
17 

not  surveyed 
2 . 2  (1 .35)   2 .7 (0.55) 4 . 2   ( 0 . 4 2 )  

18 1.0 (0 .16)  1.5 ( 0 . 1 6 )  6.3 (0 .40 )   4 .3   (0 .44 )  

6 21 .0   (1 .32 )  14 .4   (0 .90)  1 . 6   ( 0 . 1 4 )  4 .5   (0 .28)  

8 1 . 9   ( 0 . 8 4 )  0 . 6   ( 0 . 2 6 )  0 .2   (0 .13 )  0 . 4   ( 0 . 1 7 )  

11  11  

II II 

II 11 

19  2 .1  ( 0 . 3 2 )  0 .1   (0 .03 )  0.1 ( 0 . 0 5 )  0.2 (0 .08)  
20   1 .3  ( 0 . 2 9 )  0.4 (0 .14)  0.3 ( 0 . 2 2 )  0 .4  (0 .20)  

The erosion  index,  Ke, i s  shown in   paren theses   for   each   per iod  (x 1 0 - 3  rnzltonne). Arrows i n d i c a t e  curnula- 
t i v e  erosion at  shorel ines   not   surveyed  in  1978. 
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FIGURE 6 The l i n e a r   r e l a t i o n s h i p  between  eroded 
materials and wave energy f o r  t h e  1978-1980 per iod 
on Southern  Indian Lake fs s imi la r   to   tha t   p roposed  
by Kachugin  (1966) f o r   r e s e r v o i r s   i n   t h e   S o v i e t  
Union. The sca t t e red   da t a   po in t s  and  wide con- 
f idence limits (95%) a t  high  erosion  and  high en- 
ergy sites sugges t   t ha t   t he   r e l a t ionsh ip  may be 
c u r v i l i n e a r .  

Sediment  Contributed by Shoreline  Erosion 

The to t a l   d ry   we igh t  of minera l   mater ia l s   e roded  
i n   t h e   y e a r s  1976,  1977,  and  1978 for   each   bas in  
exc luding   the   l imi ted   exposure   shore l ines  of region 
7 of t h e   l a k e ,  is summafized i n   T a b l e  3 .  Estimates 
were not  extended beyond 1978, as t h a t  was t h e  las t  
y"ar i n  which a reconnaissance  survey was under- 
taken  to   determine  the  port ions o f  t h e   t o t a l   s h o r e -  
l i ne   i n   ove rburden  and  bedrock  materials.   Post-  
impoundment bank eros ion   dramat ica l ly   increased  
t h e   t u r b i d i t y   o f   t h e   l a k e  (Hecky and McCullough 
1983). The long-term  preimpoundment  sediment in- 
pu t   t o   t he  whole lake,   estimated  from  Churchill  
River  inflows, i s  200 x lo6 kg/yr .  The sediment 
input  from eroding  shorel ines   fol lowing impound- 
ment exceeds  4,000 x 106 kglyr .  

Time Required  for   Shorel ine  Hestabi l izar ion 

Tn t h e   f i r s t  5 years  of  impoundment on  Southern 
Indian   Lake ,   res rab i l iza t ion  i n  permafrost-affected 
f ine-grained  mater ia ls   has   occurred  only  on  shore-  
l i n e s  where  bedrock  underlying  the  backshore  zone 
was exposed a t  the  water ' s   edge.  Where bedrock was 
not  encountered,  there  has  been no change i n  t h e  
melting,  slumping and eroding  sequence  of   shorel ine 
migrat ion.  The annual   erosion  indices  a t  monitor- 
ing  si tes in   f ine-gra ined   mater ia l s   have  shown no 
d imin i sh ing   t r end   fo l lowing   t he   f i r s t   yea r  o f  im-  
poundment (Table  2).  The c l e a r i n g  of  shorelines 
up t o   t h e  impoundment Level   d id   no t   a f fec t   e ros ion  
r a t e s ,  

Because  sub-surface  exploration of the  bedrock 
topography  surrounding  the  lake i s  p r o h i b i t i v e l y  
expensive, the time requ i r ed   fo r   sho re l ine  re- 
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TABLE 3 Estimated  Total Dry Weighta  of  Mineral 
Mater ia l s  Eroded From t he   Shore l ines   o f   t he  Major 
Basins of Southern  Indian Lake fo r   t he   Pe r iod  1976- 
1978 (106 kg)b 

Region  1976 1977 1978 

0 122 117 166 

1 528 672 615 

2 238 311 290 

3 478 668 608 

4 1594 2099 1916 

5 207 275 229 

6 190 273 247 

Whole Lake 3357 4475 4071 

aThe  volume of dry  mineral  material eroded was cal- 
culated  using  an  average water content  of  the  per- 
enn ia l ly   f rozen   s i l t y -c l ays  of 58%  dry  weight  and 
assuming a bulk  dry  densi ty  of 2600 kg/m3. 

bAfter  Hecky and McCullough (1983). 

s tabi l izat ion  can  be  es t imated  only  f rom  the  f re-  
quency of occurrence of bedrock a t   t he   mon i to r ing  
sites scat tered  throughout  the lake.   Eighteen of 
the  monitoring sites occur   in   f ine-grained materials . 
which are r e p r e s e n t a t i v e  o f  ove r   t h ree   qua r t e r s  
(2,841 km) of t h e  postimpoundment shore l ine .  In 
t h e   i n i t i a l  4 years  of impoundment, bedrock was 
encountered i n  the   re t rear ing   backshore   o f   the  4 
most exposed  monitoring sites. Assuming t h a t   t h e  
bedrock   d i s t r ibu t ion  is similar a t  l e s s  exposed 
s i t e s , t h e  rate of bedrock  encounters  should de- 
crease,   because more time w i l l  be   requi red   to  re- 
move the  overburden.  I f  t h e   r a t e   d e c a y s  geo- 
metr ical ly ,   4 /18  of   the  remaining  eroding  shore-  
l i n e  w i l l  s t r ike   bedrock   every  4 y e a r s   u n t i l   t h e  
preimpoundment condi t ion  i s  r e s t o r e d .  

P r i o r  t o  impoundment,  76% of t he   sho re l ine  was 
bedrock  controlled.  Following impoundment, bed- 
rock was exposed on only  14% of t he   sho re l ine .  Be- 
cause  the wave ene rgy   d i s t r ibu t ion  on t h e   l a k e  and 
the  bedrock  topography were nor  changed by t h e  
impoundment, t h e  same proport ion of shore l ine  w i l l  
u l t i m a t e l y  be  bedrock  controlled. A t  t h e  assumed 
geometric  recovery  rate  of  the  sample  shorelines,  
i t  would take  35 y e a r s   t o   r e s t o r e  90% of t h e   f i n e -  
g ra ined   pe rmaf ros t   sho re l ines   t o   t he i r  preimpound- 
ment condi t ion.   Al though  this  is an  approximate 
estimate, i t  i s  l i k e l y   t h a t   t h e   i n s t a b i l i t y  of t h e  
Southern  Indian Lake shore l ine  w i l l  not  change  for 
several   decades.  The discharge of  bank  sediment 
i n t o   t h e  lake w i l l  con t inue   t o   d i s rup t   t he   f i she ry  
resources  upon which t h e   l o c a l   r e s i d e n t s  are depend- 
ent  (Bodaly e t   a l .   1983a ,b ) .  
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GEDTBEFMAL DESIGN OF INSULATED FOUNDATIONS FOR T H A W  PREVENTION 

J.F. Nixon 
Hardy Associates (1978) Ltd.,  221-18  St. S.E. ,  Calgary,  Alberta, Canada T2E 6J5 

As development in the North American Arctic proceeds to more northerly remote 
regions, the demand  for  reliable  and  thermally acceptable foundations for 
heated structures on permafrost will increase. In subarctic areas, or regions 
where the  permafrost  ground temperatures are close to melting, some method  of 
ventilation or heat removal i a  necessary to provide a  stable, frozen subsoil 
condition for support of the structure.  However,  in more northerly  areas, 
communities or new  energy deglopments are  located where the mean grouna 
temperatures are  colder than -5 C or so, and  another foundation alternative is 
available to the designer. It is possible using insulation alone, to retain 
the melting  isotherm  above the thermally unstable permafrost layer. In some 
cases, a  distinct economic advantage may exist (particularly for smaller 
structures) to placing the foundation on a  thicker  layer  of  insulation,  and 
omitting any active  form  of  heat removal altogether. In this  way, the capital 
costs of an elevated structural floor, or costs for ventilation or other heat 
removal systems can be  omitted. In many remote northern areas,  regular  main- 
tenance cannot be relied  upon,  and the use  of  a  pure  insulated foundation 
system does not  require  any  long-term  maintenance, and may  have more than 
simply economic  advantages. A thermal analysis for rectangular  insulated 
structures is  reviewed,  and  a  new solution for  a  heated  circular  insulated 
structure is  presented. A convenient chartoallows the  designer  to  select the 
insulation thickness that will prevent the 0 C isotherm (or any  other  isotherm) 
from entering  the permafrost subsoil. In addition, an available solution for 
an insulated  buried  pipe in permafrost is  reviewed for comparison. 

INTRODUCTION 

Foundations for heated structures on permafrost 
have tradionally  employed  ventilation  as  well as 
insulation to preserve the frozen condition beneath 
the structure. (See for  example Tobiasson (1973) 
or Nixon (1978) .) This i s  likely the most econom- 
ical method  of  preserving permafrost beneath  a 
building  placed on grade  in  areas  where  the mean 
ground temperatures are within a  few degrees of the 
melting point. Industrial and community develop- 
ment has proceeded  further  north  into  remoter  and 
colder areas  of  the North American continent. In 
such areas, the requirement for essentially  main- 
tenance free foundation systems becomes more acute. 
In addition, the mean ground temperatures may be 
several degrees colder  than  some  of the subarctic 
or discontinuous areas  where development has  been 
traditionally more active in  past  decades.  There- 
fore, the use  of a foundation system  involving 
insulation alone  as  a means of permafrost protect- 
ion becomes m r e  attractive, where it is necessary 
to place  a structure directly on grade. This re- 
moves the  need  for  pile  placement  equipment  and  a 
costly structural slab, or the installation  and 
maintenance of costly subfloor  ventilating  systems. 

This paper  reviews an existing thermal solution 
for  insulated  rectangular  structures,  and  intro- 
duces a  new  solution  for  circular  heated  areas 
placed on grade. It is assumed  that  thawing of the 
subgrade must  be completely prevented in the  long 
term,  and  the  thaw  line  maintained  within  the 
insulation layer, or layer  of  stable  granular fill 
beneath the structure. It is stressed again that 
such foundation systems are  only attractive for 

areas where the mean ground temperature is several 
degrees below the melting  point,  and  become  parti- 
cularly useful where the lateral dimension of the 
heated area is  not  large. 

GE(TPHERMAL SOLUTIONS FOR THAW PREVENTION 

Porkhaev (1963) has  presented charts for  the 
calculation of thaw depth beneath  a  two-dimensional 
heated strip area on permafrost.  Based on a  later 
review by Tsytwich (1975), the solution for zero 
thaw depth can be written as: 

a = 0.5 cotan 

where p = k  (T -T )/ku (Ts-Tf) 
f f g  

a -  k h./B ki, a dimensionless insulation 
parameter U l  

(Ts-Tf) = structure temperature in C above 

(Ts-Tf) * mean ground temperature in C below 

0 

melting  point 

melting  point 

0 

hi = insulation thickness (m) 

B .I total width of foundation (m) 
and k i t  k, and k f  arc the conductivities of insul- 
ation, unfrozen and frozen ground in  W/m C. 

This solution provides the  required  insulation 
thickness to prevent thaw  beneath  the center of a 
Long strip heated area on permafrost of  width B. 
Porkhaev (1963) provides further approximate 
methods of  modifying this two-dimensional solution 

0 
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for square or rectangular shaped Structures. The 
basis for these is not apparent and the following 
solution handles the three-dimensional case more 
accurately. 

For heated circular areas such as tanks (or 
approximation to square areas), a similar method to 
Porkhaev's "quasi-static" method can be  used to 
obtain the temperature field and thaw depth beneath 
a circular area. Although physically a three- 
dimensional problem, it  is made simpler by con- 
sidering it as a two-dimensional case in radially 
symmetrical coordinates. The author has based this 
solution  on the work of Ruckli (1948) and  others. 
It is beyond the scope of this paper to present the 
complete derivation of this new solution for circu- 
lar heated structures. For zero thaw depth, the 
thickness of insulation can be written in  non- 
dimensional form as 

with the same notation as before. 
Equations (1) and  (2) can then be plotted as 

shown in Figure 1, and  may  be  used to  obtain the 
insulation requirements beneath the center of a 
long rectangular or circular structure. 

v. I 
0.1 

- NOTE CGf4DVCflVlTlES OF INSULATION, 
FROZEN SOIL AND  THAWED SOIL 
ARE k i  , kf AND ky ESPECTIVELY. 

FIGURE 1 Required Insulation  Thickness For 
No Thaw  Beneath Heated Building 
On  Permafrost - General  Solution 

DISCUSSION 

It is of practical interest to note that the 
thickness of insulation increases in direct pro- 
portion with the minimum lateral dimension of the 

structure. The foundation requirements are also 
heavily dependent on the ratio of the structure 
temperature to the ground temperature, as one would 
expect. A circular or square area will require 
somewhat less insulation than a long heated strip 
area, other conditions being equal. This is due  to 
the differences between heat flow in  two- and 
three- dimensions. 

Figure 2 shows a specific solution for a 
typical set of soil thermal properties, and for a 
typical polystyreng insulation. As an example, a 
tank heated to +15 C continuously, and founded on a 
permagost subsoil having a mean ground temperature 
of -8  C, would require 20 cm of insulation for a 
tank 20 m in  diameter. At first sight this may 
appear to be a large insulation thickness, but may 
be economically attractive when one considers the 
great reduction in complexity during construction, 
and the significantly reduced maintenance effort 
during operation, as compared with a ventilated or 
piled foundation. 

The insulation requirements toward the edge of 
the heated area might be reduced somewhat, and more 
detailed thermal analysis using a two-dimensional 
thermal simulator could be carried out to optimize 
the insulation thickness across the structure (see 
Nixon and Halliwell (1982) for a description of a 
two-dimensional thermal program operating in radial 
symmetry). 

Figure 2 shows a specific solution for circular 
and rectangular heated areas, where typical or re- 
presentative values for the thermal conductivity of 
frozen  soil and insulation have been selected. The 
insulation conductivity is a recommended design 
value for rigid polystyrene insulation used in such 
applications. When the ratio of the structure 
temperature  to the ground temperature becomes 
greater than about 2:l, the figure illustrates the 
sharp rise in insulation thickness that would be 
required to prevent thaw beneath the centre of the 
structure. 

Experience with thermal analyses of  this  nature 
shows that thermal equilibrium is usually approach- 
ed or reached within about 20 years. However, 
structures that are designed to  function for much 
less than this might employ less insulation, dep- 
ending on a more detailed time dependent thermal 
analysis, i.e., Porkhaev (1963) or Nixon and 
Halliwell (1982). 

The freezing temperature, Tf, given in equat- 
ions (1)  and (2) is normally assumsd to be the 
melting point of bulk fresh water , 0 C. However, 
for this foundation type, it would be pru$,ent to 
adopt a somewhat lower temperature (say, -1 C) for 
the maximum temperature at the underside of the 
insulated pad. This allows some safety factor to 
be incorporated in the design, and reduces some Of 
the  frozen  soil strength or creep  problems that 
might result if the subsoil remained too  close  to 
its melting point for much of its design life. 
Design in saline soils would require the use  Of a 
lower freezing temperature, Tf. 

Cross-drainage and the flow of meltwater 
through the granular pad beneath the insulation 
pose a major hazard for the success of this 
foundation type, and steps must be taken  to limit 
or prevent this completely using surface grading or 
placement of impervious layers. 
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FIGURE 2 Specific  Solution €or Required  Insulation  Thickness 
to Maintain  Permafrost  Frozen 

This form of foundation  design  allows a large 
depth of soil beneath the loaded areas of the 
structure  to warm up close to the melting point. 
Large, persistent  structural or live  loadings may 
introduce time-dependent bearing capacity or soil 
creep problems. Granular  pads should normally 
underlie the insulation layer to distribute con- 
centrated  surface loadings, and should be of a 
sufficient thickness that soil creep, in parti- 
cular, does not progress  on a continuing basis. 
Normally, surface  loads imposed by a hanger , tank, 
or warehouse  on a ventilated or piled foundation 
might not induce stresses that would cause  creep or 
time-dependent bearing capacity problems. For 
these insulated foundation types, a large "bowl" of 
permafrost  has been subjected to increasing temper- 
atures in the long term. Unfortunately,  the  region 
of highest stresses  coincides  with  the  region of 
warmest temperature, and the designer must be very 
conscious of the foundation  design issues (such  as 
creep  settlement)  that remain. 

No documented case  histories of this  foundation 
type are available to the author, and it will 
become a high priority  to instrument foundations 
constructed using this  design  method  to  obtain  some 
field  verification  of  the  design  approach  presented 
here. However, the above relationships  will  be  of 
value  to the design engineer as no  straightforward 
chart exists , to the author's knowledge, that sum- 
marizes the geothermal  design €or heated found- 
ations using insulation alone to prevent thaw. 

INSULATED  PIPES 

Finally, a solution  given  originally by 
Thornton (1976) has been reworked to  obtain  the 
insulation  thickness for no  thaw beneath a buried 
pipe. His  solution  can be rearranged  into a 
similar  format as previous  solutions for heated 
structures  to become: 

where B is now  the  pipe diameter, D is the  depth of 
burial  to  the  pipe axis, and r o  is the  radius of 
the insulated pipe. 

The insulated pipe radius is related to  the 
pipe  diameter and insulation  thickness by 

The function expressed by equation (3) is plotted 
in Figure 3. 

The solution is only weakly  dependent  on  the 
ratio D/ro, and  the  insulation  thickness  can be 
obtained explicity from  equation (3) as long as the 
approximate  ratio D/ro is known. 
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For p greater  than  about 0.3 , equation (3)  can 
be  greatly simplified to 

0.c 

1.0 

NOTE I CONDUCTIVITIES OF INSULATION, - FROZEN  SOIL  ANDTHAWEO  SOIL 
ARE kI , k t  ANOku RESPECTIVELY. 

ABOVE IS BASED  ON  SOLUTION FOR 
INSULATED  PIPE BY THORNTON(1976) 

FIGURE 3 Required Insulation Thickness for 
No Thaw Beneath Heated Pipe in 
Permafrost-General Solution 

I For  example,  with a burial depth ratio, D/r, of 
3, the natural log function is 1.763, and the 
insulation thickness is simply obtained from 
a =  0.88l/p (6) 

This function has  therefore a similar  form  to the 
circular heated  area on the  ground  surface. 

Replacing a and p by their usual represent- 
ation, the equation for insulation thickness is 

hi - =  0,881 5;- (z::) - for D/r, * 3 
B 

If  ki/kf = 1/65, then 

hi - t 0.014 - B (:;I;;) 
0 

For a 60 C pipe buried  in -6 C permafrost, the 
required  insulation thickness i s  about 14% of the 
pipe diameter. 

It appears,  as  for the heated structures con- 
sidered  earlier, that insulation on its own may 
provide a viable  design  option,  provided the perma- 
frost is cold,  and the structure is not  excessively 
hot. It is  also  worth  noting  that  with all other 
things being  equal, the required insulation thick- 
ness goes up in direct proportion to the pipe 
diameter. 

Finally, it: should  be  noted  as before that 
these sections should be used only as a rough guide 
to insulation requirements,  and  detailed numerical 
analysis accounting  for actual soil stratigraphy 
and surface  heat  transfer conditions should  be 
undertaken to refine these  preliminary  predictions. 

Tt is further  noted  that all of the solutions 
presented here can be  used equally well for deter- 
mining  insulation requirements for  chilled  struc- 
tures on unfrozen  ground,  provided  the subscripts 
for frozen and  unfrozen soil are interchanged. 

0 
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DRIVEN PILES I N  PERMAFROST:  STATE OF THE ART 
Dennis Nottingham  and  Alan B. Christopherson 

Peratrovich,  Nottingham & Drage,  Inc.,  Anchorage, Alaska 99503 USA 

P i l e   d r iv ing   t echn iques   i n   pe rmaf ros t  have  developed  rapidly  over  the last  5 
y e a r s ,   t o  a poin t  where t h e   d r i v e n   p i l e  method using  thermally  modif ied  dr i l led 
p i l o t   h o l e  now o f f e r s  a fas t  and  economical  solution  to many frozen  foundation 
problems. Most types of p i l e s ,   i nc lud ing  H-shape, pipe,  and s h e e t   p i l e s ,  now can 
be dr iven ,   assuming  tha t   there  is a knowledge o f   s o i l   c o n d i t i o n s  and t h a t   t h e  
correct   procedure is followed.  Presented i n   t h i s   p a p e r  are t h e  latest research ,  
t e s t i n g ,  and  production  pile  driving  developments  in  Alaska.   Current  proposed 
pi le  design  approaches will be  discussed as r e l a t e d  to short-term  loading  and 
long-term  creep. The scope  of   this   paper  is based  Largely on a c t u a l   p r a c t i c a l  
experience  with  about 5,000 p i l e s   m c e n t l y   d r i v e n   i n   c o l d  and warm permafrost 
s o i l s ;  as well as recent   l abora tory  work and f i e l d   t e s t i n g   e x p e r i e n c e  on a l a r g e  
number of d r iven   p i l e s .  The proposed cri teria p resen ted   i n   t h i s   pape r  are 
p r imar i ly   add res sed   t o   t he   p rac t i c ing   des ign   eng inee r ,   i nc lud ing   des ign   and  
oons t ruc t ion   cons idera t ions .  As more research  and  experience  accumulate,   factors 
p re sen ted   i n   t h i s   pape r  may change. 

INTRODUCTION 

I n   t h e   p a s t ,   p i l e s   u s e d  as s t r u c t u r a l   s u p p o r t  
i n  permafrost   have  consisted  primarily  of  the 
d r i l l e d  and s l u r r y   b a c k f i l l   t y p e .   E a r l y   p i l e  
d r i v i n g  efforts i n  Alaska by t h e  U.S.  Army Corps 
of Engineers ,   the   S ta te  of Alaska, o i l  companies, 
and o t h e r s  had varying  success .   Al though  pi les  
had been  driven i n   p e r m a f r o s t ,   t h e  methods  used 
were no t   en t i r e ly   r e l i ab le   o r   economica l .  
Conversely,  development of s l u r r y   b a o k f i l l   p i l e  
placement was advanoed  through  extensive  use on 
t h e  Trans-Alaska  Pipeline  and  North  Slope 
o i l f i e l d   p r o j e c t s .  

Pile dr iv ing   in   permafros t   us ing   thermal ly  
modi f ied   p re-dr i l led   p i lo t   ho les   has  now 
developed to the point  where p r e d i c t a b i l i t y ,  
r e l i a b i l i t y ,  and economy make it a v i a b l e  method 
i n  most appl icat ions.   Current  research e f i o r t s  
have   he lped   def ine   charac te r i s t ics   assoc ia ted  
with  the  general  s o i l  types  encountered. 
Cont rao tors   a l so  are becoming aware of  these 
methods  and  advantages,   particularly after reoent  
exper ience   wi th   p i les   d r iven   in to   permafros t   on  
the  North  Slope  and  other   locat ions  in   Alaska.  

Driven  pi le   placement   requires  less equipment 
and  support. When proper ly   p lanned ,   ins ta l la t ion  
placement rates of   poss ib ly  2 to 3 times t h e  rate 
for s l u r r y   p i l e s   c a n  be achieved.  Driven piles 
can  be  loaded after placement much sooner  than 
slurry b a o k f i l l   p i l e s .   P r i n c i p a l  limftations of 
dr iven   p i l e s  are l o c a t i o n   t o l e r a n c e s  and  present 
lack  of   ref ined  dr iving  equipment ,   a l though many 
good components do e x i s t .  

This  paper is d i r ec t ed   p r imar i ly  toward  design 
engineers  who must apply the r e s u l t s  of knowledge 
g a i n e d   t o   d a t e   i n  a p r a c t i c a l  manner. A design 
concept is presented   tha t   uses   shor t - te rm  loading  
criteria t o   d e f i n e  maximum adfreeze limits under 
any oondition  including  long-term,  followed by 
long- te rm  loading   to   es tab l i sh   long- te rm  p i le  
ad f reeze   s t r eng th  limits based on creep  def lec-  
tion. This  approach clarifies a pas t  area of 
confusion to  many engineers   concerning  the 
appropriate   values   to   use  for   long-term  s t rength.  

DRIVEN PILE PLACEMENT  METHODS 

P i l e s ,   i nc lud ing  H-shape, pipe  and  sheet,   can 
be,  depending on so i l   oond i t ions ,   d r iven   w i th  
both  impaot  and  vibratory hammers and t h e  more 
s o p h i s t i c a t e d   s o n i c  hammers. Where extremely 
hard  dr iving is encountered, an impact hammer and 
cast-steel p i l e   d r i v i n g   t i p s  are necessary. 
Experience  has shown t h a t   e v e n   w i t h   r e l a t i v e l y  
easy   d r iv ing ,   p i le   t ips   should   p robably   be   used  
with an  impact hammer t o  prevent t i p  damage. 
P ipe   p i l e s  are p a r t i c u l a r l y   s u b j e c t  t o  t i p  
ova l ing   and   f la t ten ing   dur ing  impact d r i v i n g   i n t o  
p i l o t   h o l e s .   P i l e   t i p s  on p ipe   p i l e s   shou ld  be 
of   the  open,   f lush  exter ior   type,   and  H-pi le  t i p s  
should be f l u s h  on t h e  exterior. Vibratory 
hammers are p a r t i c u l a r l y  good in   f ine-gra ined  
s a t u r a t e d  thawed s o i l s   o r  weak f rozen   so i l s ,   such  
as those  produced by the   thermal ly   modi f ied   p i lo t  
ho le  method.  They have been  used  for slow 
d r i v i n g   i n  warm frozen silts without   the use of  
p i lo t  holes .   Vibratory hammers may have 
d i f f i c u l t y   d r i v i n g  piles in to   oo ld   dense   f rozen  
s o i l s  o r  where there is a predominance o f  coarse  
g r a v e l s  and cobbles ,   o r   hard   l ayers .  It should 
be   no ted   tha t   d r iven   p i les  made of  mild steel 
(i.e.,  A36, A252, etc.)  have  not  been  observed t o  
f a i l  due to   f rac ture   whi le   d r iv ing   wi th   impact  
hammers in  extremely  cold  environments;  however, 
they may fa i l  from  improper s t r u c t u r a l   d e s i g n  
cons idera t ions  or d r i v i n g  methods. To more 
c l e a r l y   i d e n t i f y   v a r i o u s  hammer types   su i t ab le  
fo r   u se   i n   co ld   wea the r  and  permafrost, the 
io l lowing   d i scuss ion  is presented. 

Impact Hammers 

Impact hammers r e l y  on falling mass t o  produoe 
energy  and  have many forms  and  types.  Praotioe 
i n  Alaska now canters pr imar i ly  on d i e s e l s ,   w i t h  
air hammers and hydraulic  impact hammers a l s o   i n  
use. Diesel hammers work well if kept  warm, and 
meet r e s i s t a n c e   t o   d r i v i n g  t o  a s s u r e   i g n i t i o n .  
When used  with  pilot   hole  thermal  modification 



929 

and s h o r t  piles, d r i v i n g  is of ten   too   easy  for 
e f f i c i e n t   d i e s e l   o p e r a t i o n .  Air hammers o f f e r  
very   cont ro l lab le   d r iv ing ,   bu t   dur ing   -co ld  
weather   l ine  deicers or h e a t e r s  may be  needed t o  
prevent  freezeup.  Hydraulio  impact hammers are 
small, fast-hitting devices t h a t   o f f e r  tremendous 
p o t e n t i a l  for dr iv ing  small pi les ,   such  as f o r  
remote building  foundations.  Mounted on t racked 
vehio les ,   they  are h i g h l y   e f f i c i e n t  and  mobile 
machines. As with a l l  hydrau l i c   sys t ems   i n   co ld  
weather ,   a t ten t ion  must  be  given to   u se  of proper 
f l u i d s  and to  keeping  oomponents warm and 
protected  from  the  environment. 

Typical   dr iving rates in   pe rmaf ros t   fo r  
properly  s ized  impact  hammers are 300 mm (1 f t )  
per   minute   in  warm f ine-grained soils, 300 mm 
(1 f t )  per  minute i n  dense warm g r a n u l a r   s o i l s  
with the use  of a p i l o t   h o l e ,  and up t o  1524 mm 
( 5  f t )  per  minute by use  of  thermally  modified 
p i l o t   h o l e s   i n  most s o i l   t y p e s  and  temperatures. 

Vibratory Hammers 

Vibratory hammers are e i the r   hydrau l i c  or 
electric and opera te  on a p r i n c i p l e  which uses  
two counter-rotat ing  eccentr ic   weights .  Even the 
largest v ibra tory  hammer has  dr iving  energy  only 
equ iva len t   t o  a small impact hammer, and will 
perform  the same s h o u l d   d i f f i c u l t   d r i v i n g  be 
encountered  due to   ooa r se   g ranu la r  or dense 
material. They are p a r t i o u l a r l y  good i n  
f ine-grained  saturated soi ls  or under  conditions 
where so i l  par t ic les   can   be   d i sp laced .  As a 
r e s u l t ,   v i b r a t o r y  hammers are h i g h l y   e f f i c i e n t  
when used with thermal ly   modi f ied   p i lo t  holes. 

Proper ly   s ized   v ibra tory  hammers have  achieved 
dr iv ing  rates in   permafros t   o f  less than 150 mm 
(0.5 f t )   p e r   m i n u t e  a t  best i n  some warm f ine-  
grained  soi la ,   but   approximately 6 m (20 f t )   o r  
more per  minute i n  most oold permafrost soils 
when the  thermally  modified p i l o t  hole  method is 
used  properly. 

Sonic Hammers 

Often  confused with v i b r a t o r y  hammers, sonic  
hammers and d r i l l s  are inherent ly   capable  o f  
tremendous  driving rates. These high  frequency 
d e v i c e s   o f f e r   g r e a t   p o t e n t i a l ,   b u t  at  the   p re sen t  
time they are expensive, few i n  number and  have 
many s igni f icant   opera t iona l   p roblems,  
pa r t i cu la r ly   i n   co ld   wea the r .   In  most f rozen 
f ine-gra ined   so i l s   wi thout   p i lo t   ho les ,   d r iv ing  
rates comparable t o  v i b r a t o r y  hammers using 
thermally  modified p i l o t  holes  have  been 
achieved. To date, f rozen   granular  soils have 
p r e s e n t e d   d i f f i o u l t   d r i v i n g   f o r   t h i s   t y p e  of p i l e  
hammer and thermally  modif ied  pi lot   holes   have 
been  used  under  these  conditions t o  speed   p i l e  
ins ta l la t ion .   Wi thout  the use of thermally 
modified  pilot   holes,   voids  have  been  noted 
a round   t he   p i l e   nea r   t he  ground surface, and 
t y p i c a l l y   p i l e  embedment is increased   to   account  
for loss of s t r eng th   i n   t hese   uppe r   s ec t ions .  

DRIVEN PILE INSTALLATION  TOLERANCES 

Designers   specifying  dr iven  pi les   must  
recognize  that   p lacement   tolerances are t o  be 
expected,  and  plans  must  be  detailed  accordingly.  
Hor izonta l   to le rances   o f  piles i n s t a l l e d  with an 
impaot hammer oan  be 2 50 mm ( 2   i n ) ,   w i t h   a n  
extreme  of f 76 mm (3 i n )   i n   p l a n ,   w h i l e  
var ia t ion   f rom plumb may be up t o  2%. Vibratory 
hammers aP8 somewhat b e t t e r   i n   t h i s   r e g a r d ,  and 
can   u sua l ly   d r ive   p i l e s  t o  within a 12 m (0.5 
i n )   h o r i z o n t a l   t o l e r a n c e  and v i r t u a l l y  plumb. 
This  is because  pi les   oan  be  vibrated up and down 
t h e  thawed p i l o t   h o l e   u n t i l   d e s i r e d   t o l e r a n c e s  
are achieved. Piles dr iven  by impact hammers 
oannot be a d j u s t e d   i n   t h i s  manner. An important 
f a c t o r  i n  ach iev ing   spec i f i ed   des ign   t o l e rances  
i f  p i l o t   h o l e s  are used is to  d r i l l   a n   a c c u r a t e  
p i l o t   h o l e ,   s i n c e   t h e  p i l e  follows  hole  alignment 
dur ing   dr iv ing .  A t  times it may be d e s i r a b l e   t o  
d r i l l  the p i l o t   h o l e  0.5 - 1 m ( 1 - 2 f t )  deeper 
t h a n   p i l e   t i p   e l e v a t i o n ,   p a r t i c u l a r l y  i f  d r i v i n g  
to  close v e r t i o a l   t o l e r a n c e s .  

To reduce  potent ia l   accumulat ions o f  s o i l  and 
water p res su res   w i th in   d r iven   p ipe   p i l e s ,  
placement of a small diameter weep h o l e   i n   t h e  
p i l e  wall p r i o r   t o   d r i v i n g   j u s t   a b o v e   f i n a l  
ground l i n e   e l e v a t i o n  is recommended. From t h e  
au tho r s '   expe r i ence ,   t h i s   ho le  need  not  be 
g rea t e r   t han  25 mm ( 1  i n )   i n   d i a m e t e r .  It has 
been  noted  on  several   dr iving  jobs  that  water 
w i l l  spray   ou t   o f  these weep holes  many feet as 
t h e   p i l e   n e a r s   g r a d e ;  when welded pi le  cap is 
a t t a c h e d   t o   p i l e   t o p .  

EXPERIMENTAL TESTING 

S p l i t  Spoon Frozen  Soi l   Penetrat ion 

Experiments  using  standard  penetration tests 
(SPT) i n   f r o z e n  ground are shown i n  Figure 1. 
Analysis of these  data  and  subjeotive  comparison 
to   pas t   p i l e   d r iv ing   and   so i l   s ampl ing   expe r i ence  
show tha t   su i tab ly   des igned   p i les   p robably   can  be 
d r iven   i n   P ine -g ra ined   so i l s  as cold as -3OC 
(26.6OF) and i n  coarse-grained s o i l s  of   poss ib ly  
-1OC (30.2'F) us ing   p i lo t   ho les .  Piles probably 
cannot be d r iven   e f f i c i en t ly   w i thou t  i l o t  holes  
i n   f r o z e n   s o i l s  much co lder   than  -0.5 t o  -1. O°C 
(31.1' to  30.2'F), depending  on s o i l   t y p e .  With 
th i s   in format ion ,   parameters  are e s t a b l i s h e d  for 
p o t e n t i a l   d r i v a n  pile f o u n d a t i o n s   i n  
permafrost .   Obviously,   in  permafrost   colder  than 
these temperatures ,  soma method such as p i l o t  
hole  thermal modification  must  be  used t o   a c h i e v e  
s u i t a b l e   s o i l   t e m p e r a t u r e   i n   t h e  immediate p i l e  
area during  dr iving.  

8 

Pilot  Hole  Thermal  Modification 

The technique of modifying  permafrost 
temperature by use of  a small p i l o t   h o l e  and non- 
c i rou la t ed   ho t  water allows  easy pi le  d r i v i n g  
where previously i t  seemed impossible. A p i l o t  
ho le  is a d r i l l ed   ho le   gene ra l ly   ex t end ing  t o  t h e  
d e s i r e d   p i l e   t i p   d e p t h .   P i l o t  hole thermal 
modif icat ion has proven t o  be a more r e l i a b l e  and 



c o n t r o l l a b l e  method than  other  methods of 
thawing,  including  steaming,  and i f  used  properly 
affects t h e  s o i l  regime s i g n i f i c a n t l y  less than 
dr i l l  and s l u r r y  methods. 

Use of wa te r - f i l l ed   p i lo t   ho le s   i n   pe rmaf ros t  
may have  other  important  implications.  Water 
o f f e r s  a noncompressible  media  which when s u b j e c t  
t o  shock   t ends   t o   t r ans fe r   v ib ra t ions ,   caus ing  
s o i l   p a r t i c l e s   t o   t e m p o r a r i l y   l o o s e n  and  then 
dens i fy   aga ins t   the   p i le   thereby   promot ing  good 
adf reeze  bond between the   p i l e   and  soil.  Water 
a l s o   f i l l s  a l l  v o i d s   i n  material a round  the   p i le ,  
t hus   a s su r ing  a s t r o n g   p i l e / s o i l / i c e  bond. 
Regardless  of the exac t  mechanism, water - f i l l ed  
p i l o t   h o l e s   i n   g e n e r a l  allow p i l e s   t o  be dr iven 
e a s i l y  and  improves  placement  accuracy. 

Drilled pi lot   hole   diameter   can be determined 
f o r  any size p i l e  by equa t ing   t he   p i lo t   ho le  
d iameter   to   the   p i le   d iameter   and   subt rac t ing  
2d. Where d is the desired  isotherm  dis tance 
from the e d g e   o f   t h e   p i l o t   h o l e   i n  m ( i n ) .  For 
H-pi les ,   an   equiva len t   d iameter   equa l   to   s l igh t ly  
la rger   than  the sec t ion   depth  may be appropriate .  

Using  concepts  taken  from  Nottingham (1981) 
conce rn ing   ea r ly   d i scove r i e s   r e l a t ing   t o  p i l e  
d r iv ing   w i th   wa te r - f i l l ed   p i lo t   ho le s ,  and  curve 
f i t t ing   t echniques ,   the   fo l lowing   approximate  
r e l a t i o n s h i p  was es tab l i shed:  

d c k(T$'2 ( 1 )  

here : d = isotherm  dis tance from t h e  p i l o t  
ho le  edge i n  mm ( i n )  

k = cons tan t   fo r   va r ious   so i l   t ypes  and 
isotherm  desired 

T = ground  thaw time i n  minutes 

Considering a -3OC (26.6'F) i s o t h e r m   f o r   s i l t y  
s o i l s  and a -1OC (30.2OF) i so therm  for   g rave l ly  
s o i l s ,  k will be approximately 0.3 - 0.5 f o r  most 
condi t ions ,   us ing  B r i t i s h  uni t s .   For  a thaw time 
of  60 minutes, d from the  equation  above w i l l  be 
approximately 50 - 101 mm (2 - 4 i n ) .  

I n  practice, v i b r a t o r y   p i l e   d r i v i n g   t e n d s   t o  
cause so i l  to  be v ibra ted   f rom  the   s ides   o f   the  
h o l e  and  be  displaced  to   the p i l e  t i p .  T h i s  will 
cause   t he   p i lo t   ho le  water t o  rise along or i n  
t h e  pile,  depending on t y p e   a n d   r e s u l t s   i n   t h e  
following: 

1. Soil r e f r eezes   nea r   t he   p i l e  t i p  faster 
because  of  lower  heat  requirements, as v e r i f i e d  
by f i e l d  measurements. 

2. The water-soi l   mixture   created by d r i v i n g  
a c t i o n  acts t o   e f f e c t i v e l y   s l u r r y   t h e   p i l e   i n t o  
place. 

To da te ,   f i e ld   obse rva t ions   i n  -5OC (23OF) 
so i l s   i nd ica t e   P reezeback  i n  less than 2 days  and 
i n  -7OC (19.4'F) s o i l s  in about 1 day. 
S t r u c t u r a l   s t r e n g t h   f o r  most   load  appl icat ions is 
ach ieved   a f t e r   t h i s   pe r iod .  To the   au thors '  
knowledge, no s i g n i f i c a n t   f r o s t   j a c k i n g   d u r i n g  
the   re f reeze   p rocess  has been  observed or 
measured i n  the Prudhoe Bay area, 
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Based on labora tory  tests and f i e l d  
e x p e r i e n c e ,   i n i t i a l   t e m p e r a t u r e   o f   p i l o t   h o l e  
water does  not  appear t o  be critical. Water 
temperatures  between 15-27OC (60-80°F) may be 
s u i t a b l e   f o r  warmer permafrost ,   while water 
temperatures  betueen 65-1 OO°C ( 150-21 2'F) appear 
t o  be appropr ia te  for  cold  permafrost .  
Generally, water i n   a c t u a l   i n s t a l l a t i o n s   h a s  been 
p l a c e d   i n   p i l o t   h o l e s  40-60 minutes   before   pi le  
dr iv ing   wi th  good success. 

PILE LOADING CRITERIA 

Presented   in   F igure  2 is an   i dea l i zed  mode o f  
p i le   ac t ion   in   i ce- r ich   permafros t   under   cons tan t  
loading. After a load  increment is  appl ied ,  for 
a period  of a few hours   to  a few days  and 
depending  on  pi le   length,  a load  adjustment 
per iod will be required fo r  stresses t o  be 
uni formly   d i s t r ibu ted   over   the   p i le   sur face .  
This  period is o f t e n   d e s c r i b e d   i n   l i t e r a t u r e  as 
primary  creep.  Steady state creep is of i n t e r e s t  
f o r   t h e  low  long-term  adfreeze stresses normally 
used i n   d e s i g n ,  and is o f t e n   r e f e r r e d   t o  as 
secondary creep. For most s t r u c t u r a l  
a p p l i c a t i o n s ,  it is usua l ly   necessa ry   t o  limit 
long-term c r e e p  of p i l e s   t o  less than 12 - 25 mm 
(0.5 - 1 i n ) ;   t h u s   p i l e   f a i l u r e   w i t h i n   t h e  
t e r t i a r y  creep region is of less i n t e r e s t  t o  t h e  
design  engineer.  

Four s p e c i f i c   c o n d i t i o n s  are o f  importance  to 
the design  engineer:  

1. shor t - te rm  ver t ica l   loading  

2. long-term  ver t ical   loading 

3. f ros t   j ack ing   l oad ing  

4. lateral loading  

Conditions 1 and 2 are d i s c u s s e d   i n   t h i s  
paper. 

Short-Term Vertical Loadinq 

Short- term  pi le  tests in  cold  permafrost   have 
demonstrated  tremendous  adfreeze  resistance 
va lues ,   bu t   va lues   r ap id ly   dec rease   nea r  O°C 
(32OF). Short-term  has  been  conservatively  taken 
i n   t h i s   r e p o r t   t o  be  loads  of   general ly  less than 
5 hours '   duration.  This  loading  group  contains 
the   fo l lowing   ca tegor ies :  

1 .  bu i ld ing   l i ve   l oads   (o the r   t han  permanent 
loads  such as f u r n i t u r e ,  f i les,  e tc . )  

2. wind loads  

3. earthquake  loads 

4. moving veh ic l e   l oads  

5. ice impact f o r c e s  

6, other   loads   appl ied  for short dura t ion  
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By accura te ly  assessing these   loads ,   the  
design  engineer  can  reduce  pile  lengths  where 
short-term  loads are a s igni f icant   Fac tor   because  
of po ten t i a l ly   h ighe r   a l l owab le   ad f reeze  stress 
i n  most cases, and  where  creep is not an 
important factor. Figure 3 dep ic t s   t he   au tho r s  
c u r r e n t  recommended des ign   adf reeze  stresses with 
an approximate  safety factor of 3 f o r   t h e   s h o r t -  
term condi t ion.  It is important to  n o t e   t h a t   f o r  
d r iven   p i l e s   t he   ad f reeze   o f   coa r se -g ra ined   so i l s  
t o  steel is much lower  than for fine-grained 
soils. The thermal ly   modi f ied   p i lo t   ho le  
approach  helps   to  assure a k ind   o f   s lu r ry  bond; 
however,  high  allowable  adfreeze stresses are not  
a d v i s a b l e   i n  coarse soils. Tests on s l u r r y   p i l e s  
i n d i c a t e  l i t t l e  d i f f e r e n c e   i n   s t r e n g t h  compared 
t o  similar size d r iven   p i l e s   i n   f i ne -g ra ined  
s o i l s ,   b u t   s l u r r y   p i l e s   e x h i b i t   g r e a t e r   s h o r t -  
term s t r eng th   i n   coa r se -g ra ined   so i l s .  

Design  char ts  shown i n   t h i s  paper do not  
account   for  end bearing,  which may be s i g n i f i c a n t  
f o r  some condi t ions,   such as grave l .  However, 
end  bearing is ignored   in   favor  of a more 
conservative  approach at  t h i s  time. 

When designing  pi les ,   engineers   should 
d is regard  pile embedment i n   t h e   a c t i v e  zone as 
c o n t r i b u t i n g  to  pile s t rength .  

The graphs  used  here  do  not  account  for  saline 
so i l  condi t ions.  The design  engineer  confronted 
with th i s   s i t ua t ion   shou ld   pe r fo rm  add i t iona l  
tests, which are beyond the  scope of t h i s  paper. 

Long-Term Ver t iaa l   Loading  

P i l e s   i n   p e r m a f r o s t  are s u b j e c t  to 
creep-related  set t lement  when loads  are of  a 
sus ta ined   na ture .  T h i s  cannot  be  overemphasized 
in   des ign ing   s ign i f i can t   s t ruc tu res   such  as water 
tanks, heavy  machinery  supports, or o t h e r  
cri t ical  s t r u c t u r e s .  The phenomenon i s  not 
unl ike  creep,  which engineers  commonly consider  
for   des ign   of   concre te  or t imber   s t ruc tures .  

Converse ly ,   fa i lure   o f   the   des igner  t o  
separate   short- term  loads from  long-term  loads 
may lead  to   uneconomical   foundat ion  solut ions.  

Long-term creep is s e n s i t i v e   p r i m a r i l y  t o  
these aspects :  

1. sus ta ined   loading  

2. soi l  temperature 

3. p i l e  diameter 

4. so i l  type and moisture   content  

5. v i b r a t i o n s  

Pi le   displacement  rate i s  veq'   dependent upon 
the   app l i ed  shaft  shear  stress. However, t h e  
effect of temperature is a l so   c l ea r ly   impor t an t ,  
wi th   p i le   d i sp lacement  rates changing by as much 
as one  order of magnitude  for soi, temperature 
changes of a few .degrees. 

The effect of  pi18  diameter is a l so   impor t an t ,  
as found by several o ther   researchers  (Nixon  and 
McRoberts 1976, Weaver 1979). Increas ing  pile 
diameter   appears  t o  Lower al lowable stress f o r  
equal   creep rates. I n   o t h e r  words,  under  equal 
adf reeze  stress, a large d iameter   p i le  will 
settle faSt8r than a smaller p i l e .  

I n  piles suppor t ing   sus ta ined  Loads,  long-term 
deformation is h igh ly   s ens i t i ve  t o  adf reeze  
stress, and design  loads must  be h e l d   t o  low 
l e v e l s   f o r   s u p p o r t s  which are c r i t i ca l  with 
respec t  t o  d e f l e c t i o n .  

Figure 4 was constructed from t h e  best d a t a  
c u r r e n t l y   a v a i l a b l e   f o r   i c e - r i c h  soils. The 
c h a r t  is based  mainly on soil temperature  and 
p i l e  s i z e ,  and  only  general ly   considers   soi l   type 
and  moisture  content.   This  chart   can  be  used 
conserva t ive ly  for most so i l  types ,   inc luding  
g ranu la r   so i l s ,   bu t   pu re  ice will have   grea te r  
creep rates. S o i l s   w i t h  ice con ten t   g rea t e r   t han  
50% should  be  viewed with cons ide ra t ion   g iven   t o  
p o t e n t i a l l y   g r e a t e r  creep rates and  reduced 
adf reeze   s t rength .  

Long-term creep   ca lcu la t ions   should   cons ider  
ave rage   so i l   t empera tu re   ove r   t he   p i l e   l eng th ,  
exc lud ing   t he   ac t ive   l aye r .  Where average 
temperature   var ies   with  the  season,  i t  may be 
d e s i r a b l e   t o   e v a l u a t e  time inorements to reflect 
these   va r i a t ions .  Where unusual   condi t ions  such 
as heavi ly   long-term  loaded  c losely  spaced  pi les  
are used,  group  creep  action  should be given 
s p e c i a l   c o n s i d e r a t i o n ;   t h i s   a s p e c t  is beyond the 
scope   of   th i s   paper .  

Driving Methods 

The au thors  recommend the   u se   o f   d r iven   p i l e s  
i n   t he rma l ly   mod i f i ed   p i lo t   ho le s   fo r   t he  
following  reasons: 

1. Foundation sail can  be  logged  and  examined 
Eor exac t   condi t ions  a t  each  pi le .  

2. D i f f i c u l t i e s   i n   a c h i e v i n g   d r i v i n g  
to le rances  are reduced. 

3. Driving stresses and p i l e   i n s t a l l a t i o n  
time are reduced. 

4. S o i l   s l u r r y  is developed  around  the  pi le  
t hus   a s su r ing  a more complete  adfreeze bond. 

6. adf reeze  stress 5. Impact on the  permafrost  thermal  regime 
around the p i l e  is minimized, compared t o  slurry 

Long-term deformation  of ice and  ice-rich 
s o i l s  may be  approximately  represented by 

methods. 

s teady-s ta te   c reep  where the  f low law f o r  ice 6. Discontinuous  permafrost ,  t a l iks ,  and 
provides  the  upper limit fo r   i ce - r i ch   so i l .   pe rched  water t ab le s   p re sen t  few cons t ruc t ion  
Limited numbers of long-term tests an driven  problems when compared t o  s l u r r y  pi les  i n  similar 
p i l e s   i n   v a r i o u s  s o i l  types  and  temperatures  have  conditions. 
produced a series of  approximate  creep rates f o r  
various  adfreeze  values.  
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CONCLUSIONS 

Dr iven   p i les  i n  permafrost   can  offer   an 
a t t r a c t i v e   a l t e r n a t i v e  t o  many foundation 
systems.  Suitable  design  procedures  recognizing 
permafros t   pecul ia r i t i es  must  be  used,  with 
a t t e n t i o n  t o  loads ,   c reep ,   and   f ros t   j ack ing   over  
t he   des ign  l i fe .  Current ly   dr iving  procedures  
and  techniques  presented  in  t h i s  paper are being 
implemented  during  production  driving tests on 
the  North  Slope. 

For more de ta i led   in format ion   the   reader  is 
r e f e r r e d  t o  the  paper  by Nottingham  and 
Christopherson  (1983).   Additional  reference  data 
can be found i n   t h e   p a p e r  by Victor  Manikian 
(1983). 
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FIGURE 2 I d e a l i z e d  M e a  O f  P i l e  Settlement i n  
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PERMAFROST  ON MARS: DISTRIBUTION, FORMATION, AND GEOLOGICAL  ROLE 
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Temperature  data  for  Mars  suggest  the  existence  of  global  permafrost.  Due to the low 
pressure of water  vapor  in  the  Martian  atmosphere  the  frost  point  lies  at  about 198K. 
Consequently,  ground  ice  can  only  be in dffdusive equliTibriurh with the atmosphere a t  rela- 
tively  high  latitudes  (poleward  of  about 4 0 " ) .  Slow  diffusion  rates  through  fine-grained 
regolith,  however,  may  permit  ground  ice to have  existed  for  billions  of  years  anywhere 
within  the  permafrost  zone. 

The  climatic  changes  on  Mars, on time-scales  of  millions  of years, appear  to  be  directly 
controlled  by  astronomical  variables.  Climatic  changes on time-scales  of  billions o f  years 
are  probably  of  geological  nature. It appears  likely  that  an  early  phase of intense out- 
gassing could  have  produced  global  temperatures  considerably in excess of those  at  present. 

Probably  more  than 100 m  of  precipitable  water  was  released  during  this  early  phase  of  out- 
gassing.  The  water  may  have  charged  a  global  ground  water  system  which  subsequently  froze 
during  a  period  of  cooling  climate.  The  downward  progression  of  the  freezing  front  may 
have  increased  the  pressure of the  underlying  ground  water  system.  Locally,  the  artesian 
pressure  could  have  exceeded  the  lithostaric  pressure,  fractured  the  ground  ice  seal  and 
released  water  ar  enormous  discharges.  Alrernatively,  the  pressure  build-up  in  the  con- 
fined  aquifers  could  have  liquefied  subsurface  unconsolidated  materials  leadinE  to frac-. 
turing of the  overlying  ground  ice  layer.  Both  mechanisms  would  explain  the  large  channels 
as results of  catastrophic  discharge.  Smaller-scale  morphologic  features  indicative  of  de- 
terioration  of  near-surface  ground  ice  occur  over  vast  areas on Mars. 

INTRODUCTION 

The  morphology of channels,  valleys,  chaotic  and 
fretted  terrains  and  many  smaller  features on Mars, 
is  consistent  with  the  hypothesis  that  localized 
deterioration  of  thick  layers  of  ice-rich  perma- 
frost  has  been  a  dominant  geologic  process on the 
Martian  surface.  Such  ground  ice  deterioration  may 
have  given  rise to large-scale  mass  movement,  in- 
cluding  sliding,  slumping,  and  sediment  gravity 
flowage,  perhaps  also  catastrophic  floods. In con- 
trast  to  Earth,  such  mass  movement  processes on 
Mars  lack  effective  competition  from  erosion  by  sur- 
face  runoff.  Therefore,  Martian  features  due  to 
mass  movement  have grown to  reach  immense  size  wirh- 
out  being  greatly  modified  by  secondary  erosional 
processes. 

quate  measurements  of  the  relevant  physical  para- 
meters to constrain  models  for  Martian  permafrost. 
The  temperatures on Mars  suggest  thick  global 
permafrost  and  models  for  planetary  evolution  indi- 
cate  abundant  water.  Consequently,  the  most  rea- 
sonable  conclusion  based on the  probable  physics of 
the  Martian  regolith  is  that  it  does  contain  a 
thick  layer of ice-rich  permafrost,  a  conclusion 
consistent  with  the  observed  surface  geology. 

The  Viking  mission  to  Mars  in 1976 provided  ade- 

GLOBAL  DISTRIBUTION OF PERMAFROST 
Permafrost,  as  originally  defined  by  Muller 

(1947) ,  refers to  "a  thickness  of  soil  or  other 
superficial  deposit,  or  even  of  bedrock,  at  a  vari- 
able  depth  beneath  the  surface  of  the  earth  in 
which  a  temperature  below  freezing has existed  con- 
tinually  for  a long time  (from  two  years to tens of 
thousands  of  years).  Permanently  frozen  ground 

is defined  exclusively on the  basis  of  temperature, 
irrespective  of  texture,  degree  of  induration, 
water  content,  or  lithologic  character".  Unfor- 
tunately,  some  confusion  exists  in  the  planetary 
literature  regarding  the  use  of  "permafrost", 
hence  the  need  to  explicitly  state  the  above  defin- 
ition. 

view  that  O°C  is  the  criterion  for  permafrost. 
Most  workers  currently  use  this  definition  (Wash- 
burn 1980), rather  than  the  actual  freezing  point 
which  varies  with  a  number  of  factors  including 
water  content,  lithology,  and  salinity. 

Permafrost  on  Mars  plays  a  potentially  ma-jor 
role  in  the  cycling  of  volatiles  and  in  its  effects 
on crustal  geological  processes.  The  mean  annual 
surface  temperature on Mars  is  everywhere  below 
273 K. Thus, permafrost  is  global.  The  lower 
boundary  of  the  permafrost  layer is controlled  by 
the  geothermal  heat  flux.  Fanale (1976) determined 
rhe  present  rate  of  heat  production on Mars by 
assuming  that, in  bulk, the  planet  had  the same 
4oK, 232Th,  238U,  and 235U concentrations  as  chon- 
drites (a type  of  stony  meteorite  with  small  rounded 
bodies  of  olivine  and  enstatite  called  chondrules). 
Based on this  he  found  a  near-surface  heat  flux 
of 29.3 ergs/cm2/s.  Assuming  perfect  temperature 
equilibrium  with  the  atmosphere,  Fanale's  model 
showed  that  the 273 K isotherm  would  be  encountered 
at  a  depth  of 1 km at  the  equator,  at  2 km at 40' 
latitude  and  at  greater  depths  at  higher  latitudes 
(Figure 1). These  numbers  urobably  give  the  maxi- 
mum  thickness o f  the  global  permafrost.  Toksoz  and 
Hsui (1978) calculated  a  heat  flux of 35 ergs/cm2/s. 
This  higher  value  would  correspond to a  steeper 
temperature  gradient  and  somewhat  thinner  permafrost 

Muller's  definition  appears  consistent  with  the 
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FIGURE I T h e o r e t i c a l   d i s t r i b u t i o n   o f   i c e   a n d   s u b -  
f r e e z i n g  (<  273 k ) : t e m p e r a t u ~ e s  on Mars.  Ground 
i c e  is i n   e q u i l i b r i u m   w i t h   r e s p e c t   t o   t h e   p r e s e n t  
a t m o s p h e r e   i n   l e n t i c u l a r   r e g i o n s   e x t e n d i n g   f r o m  
the   po les   equa torward   to   about  40' l a t i t u d e .   I c e  
may a l s o   b e   p r e s e n t   i n   t h e   r e m a i n i n g   p e r m a f r o s t  
zone  because o f  slow water vapor   d i f fus ion   t h rough  
f ine-grained  regol i th .   Modif ied  f rom  Fanale   (1976) ,  

zone   t han   t he   one   ca l cu la t ed  by Fanale  (1976).  
Rossbacker  and  Judson  (1981)  have  computed  the 
p e r m a f r o s t   d i s t r i b u t i o n   b a s e d  on t h i s   r e v i s e d  
h e a t   f l u x   v a l u e .  

l i b r ium  wi th   t he   a tmosphe re  i s  much smaller t h a n  
the   permafros t   zone ,   because   o f   subl imat ion   of   i ce  
i n   d i f f u s i v e   c o n t a c t   w i t h   t h e   a t m o s p h e r e   w h e r e v e r  
t h e   t e m p e r a t u r e   e x c e e d s   t h e   f r o s t   p o i n t   ( t h e  tem- 
p e r a t u r e  a t  which i c e  w i l l  b e g i n   t o   p r e c i p i t a t e  
ou t  of a tmospheric  water vapor ) .  The upper  bound- 
a r y  o f  t h e   z o n e   c o n t a i n i n g   p e r m a n e n t   i c e   i n t e r s e c t s  
the   g round  sur face  a t  the   edge  of the  permanent  
i c e   c a p .  The base  i s  a t  a dep th  of 1 t o   1 . 5  km a t  
t h e   p o l e s ,  The zone of equi l ibr ium  ground  ice  
n a r r o w s   t o  r:ero a t   a b o u t  40' l a t i t u d e   ( F i g u r e  1).  

The p a t t e r n   d e p i c t e d   i n   F i g u r e  1 i s  h i g h l y   i d e a l -  
i z e d .  It a s sumes   pe r f ec t   d i f fus ive   con tac t   be tween  
the   g round   i ce  ,.and the  a tmosphere.  The s o i l ,  how- 
w e r ,  i s  p r o b a b l y   n o t   i n   p e r f e c t   d i f f u s i v e   c o n t a c t  
w i t h   t h e   a t m o s p h e r e   a t  a l l  dep ths ,  Due t o  
s l o w   d i f f u s i o n  rates of water vapor ,   ground ice 
c o u l d   e x i s t   f o r   b i l l i o n s   o f   y e a r s   a t   n e a r l y   a n y  
dep th   w i th in   t he   pe rmaf ros t   l aye r  (Smoluchowski 
1968) . 

Measurements  of  the  atmospheric  water  vapor  by 
t h e  Mars atmospheric  water d e t e c t o r  (MAW) onboard 
the   V ik ing   o rb i t e r s ,   demons t r a t ed   d iu rna l   and  sea- 
s o n a l   v a r i a b i l i t y   w i t h i n  a range  of  5 t o  40 p r e c i -  
p i t a b l e p m   i n   e q u a t o r i a l  and  mid-lat i tudes  (Farmer 
e t  a1 .1977) .   Us ing   the   equator ia l   average   o f  1 2  
pr .  P m ,  andassuming a well-mixed  atmosphere, 
Farmer  and Doms (1979)   ca l cu la t ed   t he   a s soc ia t ed  
f r o s t   p o i n t   t e m p e r a t u r e   t o   b e   1 9 8  K. F igu re  2 
i l l u s t r a t e s   t h e   r e s u l t s  of t h e i r   c a l c u l a t i o n s   o f  
t h e   d e p t h   b e l o w   t h e   s u r f a c e  a t  which  temperatures  
d u r i n g   t h e   d i u r n a l   c y c l e   n e v e r   e x c e e d   t h i s   f r o s t  
p o i n t   t e m p e r a t u r e .   I n   t h i s   f i g u r e   t h e   r e g i o n s  
l a b e l e d   " c o l d "   r e f e r   t o   r e g o l i t h   w h i c h   n e v e r  rises 
above   t he   f ros t   po in t   t empera tu re   any  time dur ing  
t h e   y e a r ,  i . e  t h e s e  are the  zones o f  e q u i l i b r i u m  
i c e .  The c e n t r a l   h a t c h e d   a r e a ,   l a b e l e d   " h o t ' '  i s  
c h a r a c t e r i z e d  by temperatures   which do exceed   the  
a t m o s p h e r i c   f r o s t   p o i n t  a t  some time d u r i n g   t h e  
day i n  a l l  seasons.  Farmer  and Doms' (1979) in- 
v e s t i g a t i o n  shows t h a t   b e t w e e n   l a t i t u d e s  35's and 
46'N t h e   n e a r - s u r f a c e   t e m p e r a t u r e s  are always  above 
t h e   f r o s t   p o i n t ,  so  t h a t  ice  can   neve r   be   p re sen t  
i n   e q u i l i b r i u m   w i t h   t h e   a t m o s p h e r e .  The n e a r   s u r -  
f a c e   r e g o l i t h   a t   t h e s e   l a t i t u d e s  i s  t h e r e f o r e  

The  zone i n  which  ground ice c o u l d   e x i s t   i n   e q u i -  
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FIGURE 2 S t a b i l i t y  of water ice  i n   t h e   M a r t i a n  re- 
g o l i t h   a 6  a f u n c t i o n   o f   l a t i t u d e .  The r e s u l t s  are 
based  on  assumed  perfect   d i f fusive  exchange  be-  
tween  the  ground  ice  and  an  average  well-mixed Mar- 
t i a n   a t m o s p h e r e   c o n t a i n i n g   1 2 p m   o f   p r e c i p i t a b l e  
water. Such an   a tmosphere   g ives  a f r o s t   p o i n t   o f  
198 K. Regions  labeled  "cold" may r e t a in   pe rmanen t  
g round   i ce ,   t ha t   l abe led   "ho t "  w i l l  n e v e r   r e t a i n  
e q u i l i b r i u m   i c e .   I n   i n t e r v e n i n g  areas water ice i s  
s t a b l e   d u r i n g   p a r t   o f   t h e   y e a r .  Numbers on t h e  
ve r t i ca l   boundar i e s   (270 ,  0, 90 ... ) r e f e r   t o   a r e o -  
c e n t r i c   l o n g i t u d e  (Ls). Ls = 0 co r re sponds   t o  
no r the rn   ve rna l   equ inox .  From Farmer  and Doms 
(Journal   of   Geophysical   Research,   v .  84 ,  p.  2881- 
2888,  1979, w i t h   p e r m i s s i o n ) .  

"des i cca t ed" ,o r   f r ee  of ice and water, a t  l e a s t  
w i t h i n   l a y e r s   w h i c h   m a i n t a i n   d i f f u s i v e   c o n t a c t   w i t h  
the  a tmosphere,  A t  l a t i t u d e s   h i s h e r   t h a n   a b o u t  45' 
t h e   r e g o l i t h  a t  a depth  of   one meter neve r   r eaches  
t h e   f r o s t   p o i n t  a t  any time of t h e   y e a r ;   t h i s  i s  
the   r eg ion   o f   po ten t i a l   pe rmanen t  ice. The  upper 
boundary of t h e  zone of  permanent ice  i n t e r s e c t s  
t h e   s u r f a c e   a t   t h e   e d g e   o f   t h e   i c e   c a p s  (-80"). 

CLIMATIC CHANGE 

The g l o b a l   p e r m a f r o s t   d i s t r i b u t i o n   d i s c u s s e d   i n  
t h e   p r e c e d i n g   c h a p t e r  is based on t h e   c u r r e n t l y  ob- 
s e rved   Mar t i an   c l ima te .  The Mart ian  temperature  
regime,  however, is v a r i a b l e .   K i e f f e r  e t  a l ' s .  
(1977)   sur face   t empera ture   model   for  Mars c a l l s  
for   wide   d iurna l   and   seasonal   t empera ture   f luc tua-  
t i o n s .  A t  e q u a t o r i a l   l a t i t u d e s   t h e   d a i l y  maxima 
range  f rom 290 K t o  260 R. Dal ly  minima  range  from 
180 K t o  170 K (F igu re  3 ) .  The e q u a t o r i a l   z o n e  i s  
warmest dur ing   southern   hemisphere  summer. Su r face  
t empera tu res   obse rved   by   t he   i n f r a red   t he rma l  mapper 

from  130 t o  290 K ( K i e f f e r  e t  a l .  1977).  
(IRTY) d u r i n g   t h e  Viking  pr imary miss ion   ranged  

a s t r o n o m i c a l   c o n t r o l   o f   p e r i o d i c   f l u c t u a t i o n s   i n   t h e  
E a r t h ' s   c l i m a t e  now appea r s   t o   have   been   f i rmly  
establ ished  (Berger   1977,   Imbrie   and  fmbrie   1980) .  
The E a r t h ' s   c l i m a t i c   h i s t o r y ,   h o w e v e r ,  i s  exceeding- 
l y  complex   because   t he   s igna tu re   o f   t he   a s t ronomica l  
v a r i a t i o n s  i s  o v e r p r i n t e d  by f a c t o r s   c o n t r o l l e d   b y  
o c e a n i c   c i r c u l a t i o n   a n d   g l o b a l   t e c t o n i c s .  Also, 
o f   t h e   o r b i t a l   p a r a m e t e r s   r e s p o n s i b l e   f o r   c l i m a t i c  
c h a n g e ,   a x i a l   o b l i q u i t y   a n d   o r b i t a l   e c c e n t r i c i t y  
v a r y   r e l a t i v e l y  l i t t l e  f o r   t h e   E a r t h .  

Af te r   decades  of con t rove r sy   t he   i dea   o f   p r imary  
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FIGURE 3 Diurnal  surface  temperature  means  and  ex- 
tremes  for  the  primary  Viking  thermal  model. (a) 
maximum  temperatures, (b) minimum  temperatures  and 
(c) mean  temperatures.  Modified  from  Kieffer  et 
al.. 1977. 

For Mars  the  situation  seems  to  favor a much 
stronger  astronomical  control  on  climatic  change, 
The absence  of  oceans  will  probably  produce  a  much 
more  stable  global  circulation  pattern,  and  orbital 
parameters  are  subject to great  change.  The  obli- 
quity of the  Mars  spin  axis  varies on a  time  scale 
of lo5 years  (Ward. 1974). The  amplitude of 
this  behavior is itself  modulated on a lo6 year 
time  scale by changes  in  orbital  inclination  (Fig- 
ure 4 ) .  Together with orbital  eccentricity  varia- 
tions and  changes in the  heliocentric  longitude  of 
perihelion of Mars' orbit,  the  obliquity  variations 
will  produce  great  changes in the  intensity  and 
distribution  of  insolation  on  Mars.  The  climatic 
response is likely  to  be  great  and  geological  evi- 
dence  should  be  discernible.  It  is  commonly 
thought  that  the  layered  terrain  near  the  Martian 
poles  preserves  a  record of cyclic  aeolian  sedimen- 

C I  I 
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FIGURE 4 Calculated  time  series  for  the  variation 
i n  eccentricity,  preceegion  Index  and  obliquity  for 
Mars.  (a)  presents  results  for  the  last 10 million 
years, (b) presents,  with  greater  resolution,  the 
variations  within  the  last 1 million  years.  Based 
on  analysis  by  Ward (1974). Figure  reproduced  from 
Cutts  and  Lewis  (Icarus, v. 50, p .  216-244, 1982, 
with permission). 

tation  probably  caused  by  periodic  changes in glo- 
bal  climate  (Pollack  and  Toon 1982, Carr, 1982, 
Cutts  and Lewis, 1982). 

A s  on  Earth,  longer-term  climatic  change  driven 
by  geological  factors  has  probably  also  occurred on 
Mars.  One  such  factor  is  possible  polar  wandering 
in  resuonse  to  a  reorientation o f  the Mars spin  axis 
following  the  growth  of  the  Tharsis  volcanic  pro- 
vince. 

gic  history  may  have  been  dramatically  different 
from  the  present  because of possible  "greenhouse 
effects"  in  the  early  atmosphere. Mars today has 
an  atmosphere  which  does  not  lead  to  appreciable 
self-enhanced  warming.  However,  if  a  primordial 

The  climate on Mars  early  in  that  planet's  geolo- 
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reducing  atmosphere  occurred,  greenhouse warming 
could  have  been  substantial   (Sagan,  1977).   Pollack 
(1979)  proposed  that  abundant water was a v a i l a b l e  
in   t he   p r imord ia l   sou rce  materials, and t h a t  Mars 
had  been  subject   to  a br ie f   per iod  of in tense   ou t -  
g a s s i n g   e a r l y   i n  its h i s t o r y .  The r e s u l t i n g  at- 
mosphere  would  have  been r i ch   i n   bo th   ox id i zed   gas  
species  (carbon  dioxide)  and  reduced  ones  (ammonia). 
Such  an  atmosphere waiild hwe.tprodnc6d  both  high 
atmospheric  pressure  and  high  temperatures. 

ponding to   these   t empera ture   var ia t ions   depends  on 
t h e  wave frequency. The da i ly   thermal  wave probab- 
ly   a f f ec t s   on ly   t he   uppe r  few cent imeters ,   the  annu- 
a l  changes  the  upper 1-10 m. These f l u c t u a t i o n s  
produce a layer  which i s  s u b j e c t   t o   a l t e r n a t i n g  
ice formation  and  desiccat ion  on  an  annual   basis .  
I n  mid - l a t i t udes   t h i s   l aye r  i s  from 10 cm to 1 m 
t h i c k ,   i n   t h e   e q u a t o r i a l  zone i t  extends down t o  
10 m (Figure  2).  Temperature  changes on time 
scales of 105-106 yea r s   shou ld   pene t r a t e   t o   dep ths  
of a few hundred meters t o  1 km. Temperature 
changes  over  geologic time s c a l e s  of b i l l i o n s  o f  
years  may a f f e c t   t h e  ent i re  regol i th   (Table   1 ) .  

The depth  penetrat ion  of   the  thermal  wave corres-  

TABLE 1 Climatic  changes on Mars: Fac tors ,  T i m e  
Scales,  and  Depths of Penet ra t ion  o f  t h e  
Associated  Thermal Wave 

T i m e  Scale  Cause Penet ra t ion  
Depth o f  

Thermal Wave 

Dai ly   Planetary  Rotat ion c m  
Year Orb i t a l   r evo lu t ion  1-10 m 

Obliqui ty  and 
10 -10 yea r s   eccen t r i c i ty   va r i a -  100 m-1 km 

t i o n s  
Polar  wandering 

Solar   luminosi ty  

5 6  t 1-4 x lo9 years  Greenhouse  effect  km 

The depth-porosi ty   re la t ionship of the   Mart ian 
upper   crust  i s  s t i l l  subjec t   to   conjec ture   because  
of the  absence  of  relevant seismic da ta .  Based on 
comparisons  with  Earth  and  the moon, Carr (1979) 
suggested  that   the   base of the  porous  layer  on Mars 
should  be i n   t h e  10-20 km range.  Pore  space  for 
t he   con ta inmen t   o f   i n t e r s t i t i a l  ice would,  there- 
fore ,   be   expec ted   to   ex is t   th roughout   the  perma- 
f r o s t  zone. Pore f lu ids   cou ld   ex i s t  down t o  con- 
siderable  depth  below  the  permafrost  boundary. 

FORMATION  OF ICE-RICH PERMAFROST 

Pr ior   to   the   Mar iner  9 miss ion   in  1971-1972 
Mars was considered a planet   great ly   impoverished 
i n  water.  Morphological  evidence  for  flowing water 
i n   t h e  form  of large  channels,   discovered by Marin- 
er 9 (McCauley e t  a l .  1972),  completely  changed 
tha t   percept ion .  A s  s t a t e d  by Pollack  (1979), "Wa- 
ter is the  only  plausible,   cosmically  abundant  sub- 
s t a n c e   t h a t  meets a l l   t he   morpho log ica l   cons t r a in t s  
imposed by t h e  many channels on Mars." Water i s  
p r o b a b l y   p r e s e n t   i n   f r o z e n   i n t e r s t i t i a l  form i n   t h e  
permafrost  zone, some is t i e d  up i n   t h e   p o l a r   c a p s ,  
and some i s  t i e d  up i n  hydrated  minerals   or  ad- 

so rbed   on to   c l ay   pa r t i c l e s   i n   t he   r ego l i th .  

r o s i t i e s  and thickness  of  the  impact-generated 
r e g o l i t h  one  could  easily  accomodate  the  equiva- 
l e n t  o f  400 m of water evenly  spread  over  the  sur- 
face  of t h e   p l a n e t .  Anders  and Owen (1977),  basing 
t h e i r   a n a l y s i s  on the  atmospheric  abundance  of  the 
pr imordial   nobel   gas   isotope 36Ar, concluded  that  
the   ou tgass ing  of Xars should  have  produced  the 
equivalent  of  9.5 m of water, d i s t r i b u t e d   g l o b a l l y .  
This  is the  lowest  estimate ava i lab le .   Pol lack  
and  Black  (1979)  predicted a Mars water inventory 
i n   t h e   r a n g e  of 80-160 m. 

One commonly he ld  model fo r   p l ane ta ry   acc re t ion  
implies  an  increasing  volati le  abundance  with  dis-  
tance  from  the  early  sun.  Presumably,   this was con- 
t r o l l e d  by the  temperature   gradient  i n  t h e   s o l a r  
nebula.  Accordingly,  one  should  expect more p r i -  
mordial water on Mars than on Earth. As we have 
seen,  however,   available estimates imply  that  Mars 
has  outgassed much less water than  Earth.  Ringwood 
(1978)  has  addressed  this  problem  in a comprehen- 
s ive   s tudy  of water i n  the   so la r   sys tem.  He argues 
t h a t  Mars probably  did  have a much g r e a t e r  amount of 
water-r ich  condensates   in  its primordial  composi- 
t i on ,   bu t   due   t o  a low accretion  energy  which  pre- 
vented   comple te   d i f fe ren t ia t ion   o f   tha t   p lane t ,   the  
water remained  trapped i n   t h e   m a n t l e .  The d i f f e -  
r en t i a t ed   Ea r th   w i th  i t s  ac t ive   t ec tonic   sys tem 
has  a mechanism fo r  e f f e c t i v e  release of  mantle 
water t o   t h e   s u r f a c e .  Such a mechanism does  not 
e x i s t  on Mars. A s  s t a t e d  by Baker  (1982), "The 
quest ion i s  not  why we see an  abundance  of water- 
r e l a t e d   s u r f i c i a l   f e a t u r e s  on Yars. Rather ,   the  
quest ion i s  why t h e r e  i s  not  much more evidence 
for   water  on the   p lane t ' s   sur face" .  The answer, 
accord ing   to  Ringwood (1978), l ies  i n   t h e  incom- 
p le te   degass ing  of t h e   p l a n e t .  

The temperatures on Mars sugges t   th ick   g loba l  
permafrost .  Models fo r   p l ane ta ry   evo lu t ion   i nd i -  
cate  abundant water. Consequently, a most  reason- 
able   conclusion i s  t h a t   t h e  Martian r e g o l i t h  con- 
t a i n   l a r g e  amounts of ice-rich  permafrost .  In a l l  
p r o b a b i l i t y ,   a d d i t i o n a l  water i s  a v a i l a b l e   i n   t h e  
l iqu id   phase   in   pore   spaces   benea th   the   i ce- r ich  
zone. 

This  layer  of  ice-rich  permafrost  could  have 
formed, as i n   t h e  terrestrial case, from downward 
percolat ion  of   meteoric  water p r e c i p i t a t e d  as t h e  
p lane t ' s   a tmosphere   cooled   a f te r   an   in i t ia l   h igh-  
temperature  stage  (Carr  1979).  This  would  be  the 
most l i ke ly   s cena r io   i f   t he   p l ane t   expe r i enced   an  
ear ly   phase o f  massive  outgassing,  with  consequent 
"greenhouse"  warming, as assumed in Pol lack ' s  
(1979)  model. 

a s  on Earth,   the   outgassing  of   the  planet  Mars may 
have  generated a subsur face   reservoi r  o f  water and 
ground ice .   Al though  th i s   reservoi r  may p lay   t he  
r o l e  as both  source and s ink   in   the   Mar t ian   water  
cyc le ,  it does  not   dr ive a regular  hydrologic  sys- 
t e m  as on Earth.  The g e o l o g i c a l   e f f e c t s  of t h e  
Mart ian  water   reservoir   d i f fer   great ly   f rom  those 
on Ea r th ;   t he   s cu lp t ed   su r f ace   f ea tu re s   d i f f e r  
accordingly. 

Fanale   (1976)   es t imated  that   for   reasonable  po- 

Ins tead  of producing  an  ocean of l i q u i d  water, 

INFERRED GEOLOGICAL CONSEQUENCES 

Excel lent   papers  by Carr and  Schaber  (1977)  and 
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Lucchitta  (1981)  and  books by Carr  (1981)  and  Baker 
(1982)  present  an  abundance  of  pictorial   evidence 
for  morphological  features  on Mars s t rongly   ind ica-  
t ive of  ice-rich  permafrost .   Small-scale  features 
include  pat terned  ground,  and a range  of  thermo- 
kars t   fea tures .   Larger -sca le   fea tures   inc lude  
areas of collapsed  ("chaotic")  terrains  (Sharp 
1973),  abundant i n   t h e  "headwarer"  regions of the 
large  outflow  channels  (Sharp and  Malin  1975)  of 
the  Chryse  Basin, and many regions  of  dissected 
("fret ted")   terrain  a long  the  edge  of   the  Mart ian 
uplands  (Sharp  1973,  Gatto  and  Anderson  1975). 
Sapping,  due t o  ground i c e   d e t e r i o r a t i o n ,  is pro- 
bably a g loba l  phenomenon; the   p rocess  may have 
been   pa r t i cu la r ly   impor t an t   i n  development of t h e  
valley  networks of t h e  o l d  Mar t i an   t e r r a ins   (P i e r1  
1980). 

Soderblom  and Wenner (1978)  considered some of 
t he   geo log ica l   imp l i ca t ions  of global   permafrost .  
I f ,   i ndeed ,  a thick  ice-r ich  permafrost  is under- 
l a i n  by a l a y e r  where water d o e s   r e s i d e   i n   l i q u i d  
form, a g loba l   d i scon t inu i ty  i n  r e g o l i r h   s t r e n g t h  
may have  developed.  Diagenetic  processes would 
have  progressed much more r a p i d l y   w i t h i n   t h i s  li- 
quid  zone  than  within  the  permafrost ,   perhaps pro- 
duc ing   t igh t ly  cemented rocks  below  the  interface.  
This discont inui ty   subsequent ly   cont ro l led   the  de- 
velopment  of  scarps  bounding  the  chaotic  and  fret- 
t e d   t e r r a i n s .  The lower zone would be much more 
res i s tan t ,   a l lowing   the   over ly ing   impact   b recc ia  
and  volcanic   deposi ts  to eas i ly   e rode  down t o   t h e  
common base   l eve l   o f   tha t   d iagenet ic   in te r face .  
The escarpments   a long  the  f re t ted  terrain  margins  
have   he ights   in   the  1 t o  2 km range  with  very 
s l igh t   reg iona l   var ia t ions   (Sharp   1973) .  

Carr (1979)  suggested  that   venting  of  subsur- 
face   water   reservoi rs   th rough  f rac ture  of t h e  
ground i c e  seal might  be a mechanism f o r   t h e  re- 
lease of vast   f loods.   Morphologic  evidence  for 
such  f loods  are   the  large  outf low  channels .   Carr ' s  
(1979)  proposal calls f o r  a regional  system of  con- 
fined  aquifers.   These were crea ted  by the  progres-  
s i v e  downward f reez ing  of ground i c e   d u r i n g  a 
per iod of cooling  climate.   Liquid water between 
t h i s   f r e e z i n g   f r a n t  and the  base of the  porous re- 
g o l i t h  would g radua l ly   i nc rease   i n   p re s su re .   In  
regions downslope of h i g h   p o t e n t i a l  head d i f f e r e n c e s  
the  ar tes ian  pressure  could  have  exceeded  the  l i tho-  
s t a t i c   p r e s s u r e ,   f r a c t u r e d   t h e  ground i c e   s e a l ,  and 
caused water t o   r u s h  to t h e   s u r f a c e   a t  enormous 
discharge rates. Car r ' s   ca l cu la t ions   y i e ld   d i s -  
charge rates commensurate with  the  hydraul ic  geo- 
metry of t h e  Chryse  outflow  channels. 

Nummedal (1978) c a l l e d  on l i q u e f a c t i o n  of sub- 
surface  unconsolidated materials t o   e x p l a i n   t h e  
Chryse  channels  and  associated  chaos.  This  scena- 
r i o  was developed  because of s t r iking  morphological  
similarities between the  Martian  chaos-channel  sys- 
tems and l i q u e f a c t i o n   s l i d e   s c a r s   i n  Norwegian 
quick-clay terrain (Bjerrum  1971)  and  submarine 
s l ides   subsequent ly   discovered on the   Miss i s s ipp i  
de l ta   f ron t   (Numedal  and Pr ior   1981) .   I f   the  Mar- 
t i a n   f e a t u r e s  are due t o   l i q u e f a c t i o n ,   t h e n  most  of 
the  channel  volume i s  due to   overburden  col lapse 
r a the r   t han   e ros ion  by running  water.  The apparent 
headward  growth  of many outflow  channels i s  consis-  
ten t   wi th   headscarp   re t rogress ion ,  a common mechan- 
ism i n   t e r r e s t r i a l   l i q u e f a c t i o n   ( P r i o r  and  Suhayda 
1979). 

L ique fac t ion   i n   un f rozen   t e r r a in  is normally 
l imited  to   very  f ine-grained  mater ia ls   where  inter-  
na l   pore  water p re s su re   can   r each   t he   ve r t i ca l  con- 
f in ing   pressure   wi thout   subs tan t ia l   f lu id   l eakage ,  
I n  permafrost   terrain,   however,   an  ice-rich  cap may 
provide   the   necessary  seal such  that   even  gravels  
may become l iquefied  (Finn e t  a l .  1978). In f a c t ,  
Carr's  (1979)  proposed  system  of  confined  aquifers 
is l i k e l y   f i r s t   t o   r e a c h  an i n t e r n a l   p r e s s u r e  ade- 
q u a t e   f o r   l i q u e f a c t i o n  of unconsol idated  mater ia ls  
before   the  ar tes ian  pressure  can  rupture   the  over-  
l y i n g  seal. Once such a h i g h l y   s e n s i t i v e  subperma- 
f r o s t   l a y e r  was formed, a seismic shock   ( in te rna l  
or   impact )   could   have   r r iggered   the   l iquefac t ion ,  
with  consequent  collapse and f l u i d   r e l e a s e .  

Ter res t r ia l   morphologic   fea tures  formed by t h e  
c o l l a p s e  of ice-rich permafrost are generally  of 
smal l   sca le ,   This   appears   to  be  due t o   t h e i r   r a p i d  
modif icat ion by sur face   runoff .  On Mars, on t h e  
contrary,   such  modification would  be i n s i g n i f i c a n t  
as it p r o b a b l y   h a s   n o t   r a i n e d   s i n c e   t h e   i n i t i a l  
formation of ground ice co l l apse   f ea tu re s .  Con- 
sequent ly ,   the   surface morphology on Mars has 
evolved  through  the  continued  action of mass move- 
ment. The re la ted   fea tures   have  grown t o   r e a c h  
immense s ize ,   Channels ,   val leys ,   chaos,  and f r e t -  
t e d   t e r r a i n s  on Mars have grown t o  assume s c a l e s  
and  morphologic  characterisrics similar t o   t h o s e  
found ' in   t he   on ly  terrestrial morphogenetic  pro- 
vince  where mass-movement i s  dominant: t h e  sub- 
mar ine   cont inenta l   s lope  and rise (Nummedal and 
P r i o r  1981, Nummedal 1982). 

CONCLUSIONS 

Observed  temperatures  and  calculated  internal 
h e a t   f l u x   f o r  Mars suggest   the   exis tence of g loba l  
thick  permafrost .  The layer  i s  probably 1 km 
th ick   near   the   equator  and s u b s t a n t i a l l y   t h i c k e r  
i n   h i g h e r   l a t i t u d e s .  

Changes in   the  thermal   regime  of   the  Mart ian 
regol i th   have   occur red   in   response   to   cyc l ic  as- 
tr  nomic per turbat ions  ( t ime  scales   of  a day t o  
10 years  ) and the  geologic   evolut ion  of   the  planet  
( &lo9 years ) .  The consequent   dis t r ibut ion of i c e  
within  the  permafrost  zone may be very complex. 

Exis t ing  models   for   Mart ian  outgassing  yield  an 
adequate amount of water t o  have  produced a g loba l  
ice-rich  permafrost .  Water may have  entered  the 
r e g o l i t h   e i t h e r  as meteoric   water   during a p lane t -  
a r y  warm phase or d i r e c t l y  as j u v e n i l e  water from 
below. 

This   ice-r ich  permafrost  i s  commonly thought   to  
be  the  cause  of  abundant  "cold-region"  morphologic 
f e a t u r e s  seen i n  Viking  images. It i s  proposed 
t h a t  some of the   l a rge-sca le   channels  and  chaos 
areas der ive   f rom  ca tas t rophic   fa i lure  of a perma- 
f r o s t   s e a l  above  deep a r t e s i an   aqu i f e r s   o r   l i que -  
f a c t i o n  of unconsol idated  mater ia ls   beneath  such 
a seal. 

g 
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PRACTICAL  APPLICATION OF UNDERSLAB  VENTILATION SYSTEM: 
PRUDHOE BAY CASE STUDY 

William 8. M o m  
Sohio Alaska  Petroleum  Company,  Pouch 6-612, Anchorage,  Alaska  99502 USA 

when  designing  buildings  at  grade on permafrost,  consideration  must be given to 
maintaining  the  frozen subgrade. One  foundation  system  cools by ventilating 
ambient  air  through  ducts in the subgrade. This  paper  responds  to  the need for 
documented  results  correlating  performance of underslab  ventilation  systems  to 
theoretical  thermal  analysis  for  operating  facilities  at  Prudhoe Bay, Alaska. 
Experiences  from  the  design and construction  of  a 7200 sq. ft. Fabrication  Shop 
in Prudhoe  during  the  1981  summer  construction  season  are the basis for the 
discussion. Design  criteria  recommendations are presented for slab-on-grade 
underslab  ventilation  systems for thermal  analysis and system design. Aspects of 
construction  specifications  which  contribute  to  ensuring good system performance 
are highlighted. The  article  concludes with a  case  study for Sohio's Fabrication 
Shop. Thermal  analysis  calculations  to  determine  ventilation  rates  which 
contrast F. J. Sanger's method  to J. F. Nixon's approach  using the Fabrication 
Shop's design  criteria  are appended. Instrumentation  data is tabulated for 
intake and exhaust  duct  temperatures, and subgrade  temperatures  over  an  eighteen 
(18) month  peciod  covering  initial freeze-back, winter  operation, and summer 
thaw. From  information presented, correlations  are  made  on  how  well  theoretical 
analysis  approximates  actual  performance of a slab-on-grade underslab  ventilation 
system. 

INTRODUCTION 

When  designing  buildings  at  grade  on  perma- 
frost, consideration  must  be  given  to  maintaining 
the frozen  subgrade  to  prevent  excessive  differ- 
ential  settlement.  One  method of ventilating  a 
foundation  system is by forced  ventilation  using 
ambient air through  ducts in the subgrade. 

This  paper  responds  to the need for documented 
results  correlating  performance  of  underslab ven- 
tilation  systems  to  theoretical  thermal  analysis 
for operating  facilities  at  Prudhoe Bay, Alaska. 
Design  criteria and aspects of construction 
specifications are presented. The  article  con- 
cludes  with  a  case  study  of  an  underslab  ventila- 
tion  system  for Sohio's Fabrication Shop. 

ANALYSIS 

Two thermal  analyais  methods  are  commonly used 
to  determine  subgrade  ventilation rates. One 
method  was  authored by Sanger (1967). A more 
current and conservative  method  was  presented by 
Harlan and Nixon (1978): the  basis for this 
method  was  originally  published by Nixon  (1978) 
and includes  some  charts and two  case histories. 
After  applying  each  method  to  the  Fabrication 
Shop's design  criteria  (see  section  on  case 
study) and using  a 3OC temperature  difference 
between  inlet and outlet  duct  temperatures  for 
both methods,  Harlan  and Nixon's approach pro- 
vided approximately  a  factor  of 3 greater ven- 
tilation  than that computed using Sanger's 
method. Furthermore,  for  our  design  criteria, 
Sanger's method  suggested  using  a  temperature 
difference  between inlet and outlet  duct  tempera- 

tures of 15.4OC. When  strictly  applying Sanger's 
method with a 15.4'C design  temperature  differ- 
ence, and using a 3OC design  temperature  differ- 
ence  with  Harlan and Nixon's method,  Harlan and 
Nixon  provided  a  factor  of 21 greater  ventilation 
than Sanger. 

In  reviewing  the two methods,  Harlan and 
Nixon's approach  is based on peak heat flux con- 
sisting of heat  from the structure and heat  gain 
from the pad subjected to a  sinusoidal  change in 
surface  temperature,  maintaining  a  small tempera- 
ture difference  between inlet and outlet air, and 
shutting  ventilation off when  ambient tempera- 
tures  are  above - 4 T  (25'F). Sanger's method is 
based on average heat flux  consisting of  heat 
gain  from  the  structure and heat  that  must be 
removed to  refreeze pad, and considers  larger 
temperature  differences  between  inlet and outlet 
air. Although Sanger's method  does not consider 
a  ventilation  shutoff  temperature, it does con- 
sider  ducts  closed  during  the  summer  thaw sea- 
son. Harlan and Nixon'$ method  appears to yield 
more  conservative  results  because peak heat flux 
is used to  design  ventilation rates, and the heat 
gain  from  the pad i s  significant. 

SYSTEM DESIGN 

Subgrade  Ducts 

Helical,  corrugated  metal  pipe  [culvert 
material) , hot dipped in aluminum  was used for 
the  Fabrication  Shop  subgrade ducts. Although an 
economical  product, it  is difficult  to  field weld 
should  the  seams leak. The  Fabrication  Shop 
corrugated  ducts  failed  a 0.25 N/m2 hydrotest, 
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causing a 2 week delay w h i l e  t h e  system was 
reexcavated and repaired.  Mild,  thin-walled 
steel  pipe would have allowed fo r   f i e ld  welding 
of joints and repair  of seams. Another advan- 
tage  of  continuous mi ld  s teel   p ipe would be t h e  
a b i l i t y  to  e l ec t r i ca l ly  thaw any plugged ducts; 
however, the  high  cost of s teel  pipe  generally 
limits its use. D u c t s  should be sloped toward a 
co l lec t ion  p o i n t  where access  can be  made to  pump 
out any water which may in f i l t r a t e   t he  system. 

System Controls , 

A s  a safety  precaution, it is  desirable t o  
supercool  the  foundation  subgrade t o  insure t h a t  
the summer thaw below the  slab  does n o t  propagate 
i n t o  the  tundra.  Ideally,  to  take  advantage of 
the  annual  cooling cycle, t h e  fan  system  should 
operate when subgrade  temperature is warmer t h a n  
ambient a i r .  T h i s  requires a subgrade  thermal 
probe,  ambient a i r  thermal  probe, and compara- 
tor. Location of the  subgrade  probe  should be 
evaluated  to  determine a representative  depth. 
T h i s  system will achieve maximum super  cooling of 
subgrade. The Fabrication Shop, however, only 
uses an ambient a i r  thermal  probe; the system is 
s e t  t o  operate when ambient a i r  is -4OC (25'F) or 
colder. Although simple i n  operation, t h i s  
system does n o t  use t h e  ent i re  annual  cooling 
cycle and can actually  cause warming o f  the 
subgrade. 

The moot desirable system from a maintenance 
standpoint i s  a simple system s u c h  a s  one w i t h  a 
single  fan  for  al l   ducts,   access  to each duct, 
and an on/off swi t ch .  Because we have experi- 
enced e l e c t r i c a l  component fa i lures ,   control ler  
malfunctions, and nonfunctioning dampers, carefu l  
selection of system components is required. 

I n t a k e  and Exhaust Ducts 

Location  of  intake/exhaust  ducts  should be a 
minimum o f  3.7 m above grade. Systems w i t h  
intake/exhaust  ducts a t  low elevat ions  are  
experiencing  drifting snow problems.  Intake/ex- 
haust  ducts  located a t  roof l i n e  appear to  
perform  well. 

The exhaust  ducts  for  the  Fabrication Shop 
have a gooseneck prof i le  and are  detachable  for 
inspection and maintenance. Dampers were 
installed  to  al low  for  balancing t h e  system, and 
bird  screens  cap  both  intake and exhaust  ducts. 

Insulation 

Extruded  polystyrene is recommended over 
expanded polystyrene, or any o f  t h e  urethane 
board insulations  for below grade  applications 
under permanent structures.   Studies have shown 
that  extruded  polystyrene  maintains its thermal 
characterist ics  better  than urethane when sub- 
jected to  freeze/thaw  cycles i n  saturated soils 
conditions; i n  addition,  urethanes  tend  to 
disintegrate.  From a cost standpoint,  extruded 
polystyrene is generally  competitive w i t h  ure- 
thane when comparing cost  per "R" value (thermal 
res is tance  coeff ic ient) .  Where polystyrenes are 
used beneath  buildings when spi l led  solvents  such  

as  d iese l   fue l  cou ld  come i n  contact w i t h  the 
insulation, an impervious membrane should be used 
to  protect  the  polystyrene. 

Instrumentation 

The subgrade  should be instrumented i n  order 
t o  monitor  the  thermal  performance of the sub- 
grade. The Fabrication Shop used 3 nonreplace- 
able  thermistor  strings  evenly  spaced  along  the 
longitudinal  centerline of the building. Each 
s t r ing  had 4 nodes a t  1.5 m on center w i t h  t h e  
f i r s t  node located  1.5 m below grade. Each 

pipe which was f i l l e d  w i t h  a water and glycol 
s t r ing  was placed i n  a small diameter p l a s t i c  

mixture.  Thermistors were chosen because of 
t he i r  high  degree of accuracy,  stabil i ty,  and 
simplicity i n  obtaining  readings. If thermistor 
strings  cannot be replaced, a minimum of three 
thermistor  strings  should be located  beneath any 
major building to  cross check data. A d i g i t a l  
ohm meter is required  to  read  thermistor  resist-  
ance, which is converted t o  temperature w i t h  a 
simple  equation. Thermocouples were not used €or 
the  Fabrication Shop because of the   d i f f icu l ty  i n  
obtaining  the  proper  instruments  to  read  the sen- 
sors and the  . lack of knowledge of the  parameters 
t h a t  affect  the  accuracy of the  readings. 

Radiant Heat 

Typically, t h e  heat  loss  computations  for a 
vent i la t ion  system are based on  slab  temperature 
of approximately 15'C (6OOF). Monitoring of t h e  
Fabrication Shop floor confirmed tha t  t h i s  was a 
reasonable  assumption for that  building. The use 
of radiant heat can  increase  the  slab  temperature 
t o  27OC or greater .   I f  t h e  slab  temperature is 
not accurately  determined, t h e  long-term perform- 
ance of the  foundation system could be jeopar- 
dized.  Radiant  heat is n o t  recommended as a 
method  of heating  buildings w i t h  subgrade ven- 
t i l a t i o n  systems. During the summer months,  t h e  
vent i la t ion  system is inactive and the  abnormally 
high  heat  input  caused by radiant  heat may thaw 
the  subgrade below the  theore t ica l ly  computed 
depth. 

Duct Spacin9 

Wnderslab ducts  for t h e  Fabrication Shop were 
a r b i t r a r i l y  spaced 1 0  times  the  diameter of the 
duct and vent i la t ion   ra tes  were computed based on 
t h i s  duct  spacing. A more ra t iona l  approach to  
determine  duct  spacing would  be to  evaluate  the 
maximum freeze  radius of  t h e  d u c t  subjected t o  
the  anticipated  thermal  load. 

Thawing Provisions 

Should the  subgrade d u c t s  become plugged w 
frozen  water,  provision  should be  made to  eas 
thaw t h e  plug. For one North Slope  building, 

i t h  
i l y  
we 

used a steam  probe and small pump which worked 
well; i t  is imperative t h a t  there be access t o  
each  duct. Heat tracing or in s t a l l i ng  a continu- 
ous  small  diameter  pipe t o  in jec t  steam would 
a l so  work. 
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CONSTRUCTION SPECIFICATIONS 

Installation specifications 

Specification3 should explicitly state "how" 
and "when" the contractor i s  to install the  ven- 
tilation ducts.  The  time of year is a signifi- 
cant parameter in the construction of an under- 
slab ventilation system. During construction of 
the Fabrication Shop, the duct trenches filled 
with water, and  because construction duration was 
not specified for excavation and backfill, the 
contractor was not required to expedite his 
work. Duct trenches were left open during  the 
warmest season and  for  a longer period than 
anticipated. Ideally, the best procedure is to 
install the ducts during one construction season 
and to construct the  building  the subsequent 
construction season. However, as an alternate, 
we recommend  a stringent installation specifica- 
tion which will require  the Contractor to perform 
in  a short period of time. This will limit thaw 
bulb  propagation. 

Pressure Test 

The ventilation system should be pressure 
tested  prior to placement of backfill to elimi- 
nate the  problem of water intrusion into  the 
ducts during the  summer  thaw. The Fabrication 
Shop specifications required an air  pressure test 
of 0.25 N/m2  (one-in. water gauge) for 1 hour 
without an allowance for  bleed-down. However, 
the contractor had difficulty in capping the 
ducts and in connecting the air pressure equip- 
ment to the  ducts. Consequently, an equivalent 
hydrotest was substituted. 

Temporary System Operation 

Performance of a subgrade ventilation system 
assumes a full season of operation. As the 
construction of a major  building may require 6 
months, we recommend that provisions be made in 
the construction contract to require temporary 
operation of the underslab ventilation  system 
when ambient air temperature is -4OC (2S'F) or 
colder. Temporary heat in  the  building  will  be 
approximately the same as normal operating tem- 
perature. Therefore, it  is essential that  the 
ventilation system operate as soon as practical 
to ensure long  term performance of the foundation 
system. 

CASE STUDY 

Synopsis 

The Sohio Fabrication Shop i s  an 18 x 37 m 
preengineered  building with a slab-on-grade 
foundation in conjunction with an active subgrade 
ventilation system. Figure 1 shows building plan 
dimensions and subgrade duct locations. 

Figure 2 shows a typical section through floor 
slab. The existing gravel pad was approximately 
1.2 m  thick.  In order to maintain access to 
adjacent buildings and roads, pad elevations 
could not be raised. Foundation construction 

started in June 1981, and Figure 3 illustrates 
water intrusion and  sloughing of trenches during 
placement of subgrade ducts. The subgrade ven- 
tilation  system was commissioned in November 1981. 

-OUTLINE 
BUILDING 

FIGURE 1 Subgrade Ducts for Sohio Fabrication 
Shop, Pruahoe Bay, Alaska 

I 
CONCRETE SLAB ) / EXTRUDED 

G TUNDRA A 

FIGURE 2 Typical Section Through subgrade Duct 
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INTAKE 
(ambient) 

DATE " C  

11/5/81  -18 

11/19/81  -10 

12/1/81  -18 

12/9/81  -19 

12/16/81 -23 

12/30/81 -4 

1/19/82  -31 

2/2/62 -20 

1/10/83  -29 

OUTLET 
AVE. 

" C  
-4 

-3 

-6 

-7 

-9 

-8 

-12 

-1 5 

-1s 

-23 

FIGURE 5 A i r  D u c t  Temperatures 

Building and system performance has been good 
t o  date. As our thermal  analysis  indicated  that 
thaw bulb  depths were marginally  safe,  the  total 
subgrade vent i la t ion   ra te  was increased from 
0.189 m 3 / s  (400  ft3/min)  to 1.89 m3/s  (4 ,000  
ft3/min). During freezeback, 1.6 mm cracks de- 
veloped i n  the  slab and were thought t o  be a com- 
bination of concrete  shrinkage and expansion of 
the  saturated  subgrade  during  freezing. However, 
the  cracks a i d  n o t  propagate, and t h e  floor's 
serv iceabi l i ty  remains intact .   Figure 4 shows 
thermal  profiles  over a L year  period.  Figure 5 
presents i n l e t  and out le t  duct  temperature  read- 
ings  taken  during  the f i r s t  and second year of 
operation.  Figure 6 i l l u s t r a t e s  system  simplic- 
i t y  us ing  a single  fan on the  intake  manifold. 
Figure 7 shows the  problem of d r i f t i ng  snow over 

A T  

14 

7 

12 

12 

14 

6 

8 

16 

5 

6 

duct  outlets.  T h i s  problem was l a t e r  r ec t i f i ed  
by raising  the  duct ou t l e t  elevations to  approxi- ~ ~ n ~ l ~  fan syst~m, 
mately 3.7 m. 

6 Intake M ~ n i ~ ~ i d  

TOLl of TEMPERATURE C 

NOTE: Undisturbmd Tundra 
Moan Annual Temperatux. -9'C 
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Design   Cr i te r ia  

Freezing  index ( F . I * )  

Thaw index (T.1.) 

Mean annual   a i r   temperature  
Mean annual   temperature   var ia t ion 
Freezing  season 
Building  temperature ( T s )  
Insulat ion  Thickness  
Thermal conduct iv i ty   insu la t ion  

Thermal conduct ivi ty   gravel  pad 

Dry dens i ty   g rave l  pad 
Moisture content  pad (w)  
Volumetr ic   heat   capaci ty   a i r  

Time ambient a i r  above -4OC 
Temperature r i s e   t h rough   duc t s  

( K 1 )  

( K 2 )  

(C,) @ -12.2oc 

Mean annual  ground  temperature 
(zero amplitude @ -14 m below 
ex i s t ing   g rade )  

4166OC days 
(7500OF days) 
555OC days 
(1000'F days) 
-12.2oc 
17.8'C 
265  days 
15.6'C 
0.15 m 
0.0311 W/mK 

1.80 W/mK 

2,020 kg/m3 
3% 
1.355 kJ/M3K 

126  days 
3OC (Harlan 
and Nixon or 
15.4OC (Sanger) 
-9oc 

Thermal  Analysis-Harlan  and  Nixon's Method 

Subs t i tu t ing   the   Fabr ica t ion   Shop ' s   des ign  
c r i t e r i a   i n to   fo rmulas   p re sen ted  by Harlan  and 
Nixon, and  using a temperature   difference between 
i n l e t  and outlet   duct  temperatures  of 3'C. t h e  
fo l lowing   thermal   quant i t ies   a re  computed. 

Thaw depth @ 126  days  1.31 m 
Peak h e a t   f l u x  to  ducts   occurs  @ 237 days 
Beat  gain  from structure 7.9 J/m2s 
Heat gain from pad 13.9 J/m2s 
Maximum h e a t   f l u x  21.8 J/m2s 
To ta l   r equ i r ed   ven t i l a t ion   r a t e  3.6 m3/s 

(7622 CFM) 

Thermal  Analysis-Sanqer's Method 

Subs t i tu t ing   the   Fabr ica t ion   Shop ' s   des ign  
c r i t e r i a   i n t o   f o r m u l a s   p r e s e n t e d  by Sanger  and 
using  a   temperature   difference between in l e t  and 
o u t l e t  duct  temperatures of 15.4'12, the  following 
thermal   quant i t ies  are computed. 

Thaw depth  1.06 m 

Average heat   f low from pad 0.103 J / m %  
Average thaw index 77.8OC days 
Average surface  temperature -0.3"C 
Average a i r   i n l e t   t e m p e r a t u r e  -15.I0C 
Average  temperature rise i n   d u c t s  15.4OC 
Average hea t  flow from f l w r  0.432 J/m2s 
Average t o t a l   h e a t   f l u x  0.535 J / m 2 s  
Duct v e l o c i t y  0.391 m/s 
Tota l   r equ i r ed   ven t i l a t ion   r a t e  0.171 m3/s 

(363 CFM) 

(modified  Berggren  equation) 

CONCLUSION 

Thermal a n a l y s i s  methods a r e  mst s e n s i t i v e  t o  
the  temperature   difference  between  inlet  and  out- 
l e t   duc ts .   Ai r   t empera ture   measurements   a t   in le t  
and o u t l e t   d u c t s   i n d i c a t e  an  average  temperature 
d i f f e r e n c e   d u r i n g   t h e   f i r s t   y e a r  of opera t ion  
around 10'C based  on random readings  over  a 4 
month period.  During  the  second  year, one read- 
ing  taken when ambient a i r   t empera ture  was -29OC 
indicated  a   temperature   difference between i n l e t  
and o u t l e t  duc ts  of 6OC. Therefore,  use of a 
design  temperature   difference of 3OC in  Harlan 
and  Nixon's  method  provides a conservat ive ven- 
t i l a t i o n   r a t e  €or t h e   f i r s t   y e a r  of  operation, 
and may be a r e a l i s t i c  number a f t e r   s e v e r a l   y e a r s  
of   operat ion.   Increasing  vent i la t ion  ra te   s imply 
r equ i r e s   an   i nc rease   i n   f an   s i ze ,  which i n s i g n i f -  
i c a n t l y   a f f e c t s   t h e   t o t a l   s y s t e m   c o s t .  Although 
the   Fabr i ca t ion   Shop ' s   ac tua l   ven t i l a t ion   r a t e  
was approximately  10 times grea te r   t han   t ha t  
computed by Sanger, and 50% less than   tha t  
required by Harlan  and  Nixon,  the  system  has 
performed well. The success  of  the  Sohio 
Fabr ica t ion  Shop is a t t r i b u t e d  t o  the  high ven- 
t i l a t i o n   r a t e  which  supercools  the  subgrade,  the 
low mean annual   a i r   temperature  ( -12 .ZoC) ,  and 
the  re la t ively  cold  permafrost   temperatures  (-9'C 
@ -14 m depth) .  
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UNIAXIAL COMPRESSIVE STRENGTH OF ICE SEGREGATED FROM SOIL 
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S e g r e g a t e d   i c e   ( i c e   l e n s ) ,   w h i c h  was c o l u m n a r   g r a i n e d ,  was s u b j e c t e d  t o  u n i a x i a l  
cornpression tests.  S p e c i m e n s   o f   s u c h   i c e  (5 cm i n   d i a m e t e r   a n d  9 cm i n   h e i g h t )  
were p r e p a r e d   b y   f r e e z i n g  a s o i l  composed  of a f r o s t - s u s c e p t i b l e   c l a y   c o l l e c t e d  i n  
Tokyo.  The  main f a c t o r   t h o u g h t   t o   i n f l u e n c e s   t h e   s t r e n g t h   o f   f r o z e n   c l a y  i s  e i t h e r  
u n f r o z e n  water o r   s e g r e g a t e d   i c e .   T h e r e f o r e ,   t h e   s t r e n g t h  of  s e g r e g a t e d   i c e  
c o n s t i t u t e s   a n   i m p o r t a n t   e l e m e n t   i n   t h e   c l a r i f i c a t i o n  o f  t h e   s t r e n g t h   o f   t h e  
f r o z e n   c l a y .  When a load  i s  a p p l i e d   i n   t h e   d i r e c t i o n  o f  i c e   g r o w t h ,   t h e   u n i a x i a l .  
c o m p r e s s i v e   s t r e n g t h   i n c r e a s e s   w i t h   d e c r e a s i n g   t e m p e r a t u r e ,   g i v i n g   v a l u e s   o f  
18.6 Mega Newton/square meter a t  - 1 0 ° C  and 24.5 MN/n?at  -20°C. When i t  i s  a p p l i e d  
p e r p e n d i c u l a r   t o   t h e   g r o w t h   d i r e c t i o n ,   t h e   u n i a x i a l   c o m p r e s s i v e   s t r e n g t h ,   w h i c h  i s  
a b o u t  4.9 MN/? a t  -20 *C ,  is  a p p r o x i m a t e l y   e q u a l   t o   t h e   s t r e n g t h  o f  commerc ia l   i ce .  
When t h e   l o a d i n g   a n g l e   r a n g e s   b e t w e e n  20m and 90” t o   t h e   g r o w t h   d i r e c t i o n ,   t h e  
s t r e n g t h  is n e a r l y   c o n s t a n t   a n d   d e c r e a s e s  a t  - 1 0 ° C  t o   o n e - f i f t h   o f   t h e   s t p e n g t h   i n  
t h e   g r o w t h   d i r e c t i o n .  

INTRODUCTION 

The a r t i f i c i a l l y   f r o z e n  wall h a s  come 
t o   b e   w i d e l y   a p p l i e d   t o   t h e   t e c h n i q u e  o f  
s u p p o r t i n g   e a r t h   p r e s s u r e  as we l l  as o f  
p r e v e n t i n g  water f r o m   s e e p i n g   i n t o   a n  area 
t o   b e   e x c a v a t e d .  I n  r e c e n t   y e a r s   t h e  
g r o u n d - f r e e z i n g   t e c h n i q u e   h a s  become  more 
i m p o r t a n t   d u e   t o   i n c r e a s e d  number   o f   l a rge  
s c a l e   w o r k s   a n d   i n c r e a s e d   d e p t h   o f  work 
s i tes ,  e.g. ,  50 m d e p t h s .  The need t o  s a v e  
ene rgy   and   t o   r educe   t he   amoun t  o f  f r o s t  
h e a v i n g   c a l l s  € o r  t h e   f r o z e n  soil. wall t o  
be made as t h i n  as p o s s i b l e .   A c c o r d i n g l y ,  
k n o w l e d g e   o f   t h e   b e a r i n g   s t r e n g t h   o f  t h e  
f r o z e n  s o i l  wall is r e q u i r e d .  

The u n i a x i a l   c o m p r e s s i o n  t e s t  i s  
r e l a t i v e l y   s i m p l e  f o r  o b t a i n i n g   d a t a  on 
t h e   m e c h a n i c a l   p r o p e r t i e s  o f  f r o z e n   s o i l s  
s o  t h a t  we h a v e   s t u d i e d   t h e m   c o n s i s t e n t l y ,  
l i m i t i n g   o u r   s t u d y   t o   t h e   u n i a x i a l  
c o m p r e s s i v e   s t r e n g t h   ( T a k a s h i  e t  a l .  1980, 
1 9 8 1 a ) .  The r e a s o n   t h e   u n i a x i a l   C o m p r e s s i v e  
s t r e n g t h  o f  f r o z e n   c l a y  is l o w e r   t h a n   t h a t  
o f   s a n d  i s  c o n s i d e r e d   t o   b e   t h e   e x i s t e n c e  
o f  s e g r e g a t e d   i c e ,   t h e   s o - c a l l e d   i c e   l e n s ,  
as wel l  as u n f r o z e n  water, which i s  one 
c h a r a c t e r i s t i c   o f   f r o z e n   c l a y .  

The a u t h o r s   h a v e   s u c c e e d e d   i n   f o r m i n g  
l a r g e   s p e c i m e n s   o f   s e g r e g a t e d   i c e ,   w h i c h  
c o n t a i n   n o   t r a c e   o f   s o i l   p a r t i c l e s ,  by 
a p p l y i n g   t h e   k n o w l e d g e   t h a t   t h e   f r o s t  
h e a v e   r a t i o   i n c r e a s e s   w i t h   d e c r e a s e s   i n  
b o t h   e f f e c t i v e  stress a n d   f r o s t   p e n e t r a t i o n  
r a t e   ( T a k a s h i  e t  a l .  1978). 

The e x p e r i m e n t a l   r e s u l t s ,   p r e s e n t e d   i n  
t h i s  p a p e r ,  were o b t a i n e d   s y s t e m a t i c a l l y  
w i t h   r e s p e c t  t o  t he   dependence  o f  t h e  
u n i a x i a l .   c o m p r e s s i v e   s t r e n g t h   o f   s e g r e g a t e d  
i c e  on t e m p e r a t u r e ,   l o a d i n g   d i r e c t i o n ,   a n d  

s t r a i n  r a t e ,  w h i c h   a r e   d i s c u s s e d   b e l o w .  

a n   a t t e m p t   t o   u n d e r s t a n d   t h e   m e c h a n i c a l  
b e h a v i o r   o f   f r o z e n   c l a y .  

The r e s u l t s  t h u s   o b t a i n e d  will s e r v e  as 

PREPARATION OF SPECIMENS 

S o i l   C o l l e c t i o n  

The s o i l ,  from  which  specimens o f  
s e g r e g a t e d   i c e  were l a t e r  p r e p a r e d ,  was 
c o l l e c t e d   i n  Tokyo. The s o i l  i s  a Manai ta-  
b r i d g e   c l a y ,   u n d i s t u r b e d   a n d   s a t u r a t e d ,  
m a r k e d l y   f r o s t   s u s c e p t i b l e ,   a n d   d i l u v i a l .  
( T a k a s h i  e t  a l .  1 9 8 l b ) .  The g r a i n - s i z e  
d i s t r i b u t i o n   c u r v e   a n d   p r o p e r t i e s  o f  t h e  
s o i l  c o l l e c t e d  are  shown i n   F i g u r e  1 and 
Tab le  1, r e s p e c t i v e l y .  

Technique 

Shown i n   F i g u r e  2 i s  t h e   s c h e m a t i c  
d i a g r a m   o f   t h e   a p p a r a t u s   u s e d   t o   p r e p a r e  
spec imens  o f  s e g r e g a t e d   i c e .   U n i a x i a l  
upward   f r eez ing  was a c h i e v e d  by l o w e r i n g  
a n  a c r y l i t e   c y l i n d e r ,   w h i c h   c o n t a i n s   t h e  
s o i l   c o l l e c t e d ,   i n t o  a c h i l l e d   b r i n e   b a t h ,  
d e s c r i b e d  as a n   a n t i f r e e z e   b a t h   i n   t h e  
f i g u r e .  The l o w e r i n g   s p e e d  was a b o u t  
2 mm/hr. T h i s   a r r a n g e m e n t  made i t  p o s s i b l e  
t o   p r o v i d e   n o n l o a d   f r e e z i n g   i n   a n   o p e n  
sys t em  because   on ly  t h e  we igh t  o f  t h e  
u n f r o z e n   p a r t  o f  t h e   s o i l   a b o v e   t h e   f r e e z -  
i n g   f r o n t   e x e r t e d   p r e s s u r e  on t h e  f r o z e n  
p a r t .  The p o r t i o n   o f   s a n d   a b o v e   t h e   b o t t o m  
o f   t h e   c y l i n d e r  was d e s i g n e d   t o   e l i m i n a t e  
t h e   s h o c k  o f  v io l en t   f r eez ing ,   wh ich   comes  
a b o u t   t h e  moment t h a t   t h e   c y l i n d e r   b o t t o m  
t o u c h e s   t h e   s u r f a c e  o f  t h e   c h i l l e d   b a t h .  

945 
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T h u s ,   t h e   t h i c k n e s s   o f   s a n d  was s e l e c t e d  
t o  be  more  than 40 mm. When t h e  soil was 
t h i c k ,   r h y t h m i c   i c e   b a n d i n g   ( M a r t i n   1 9 5 9 ) ,  
which produced f r o s t   h e a v i n g  i n  t h e   s o i l ,  
was found,  as shown i n  F i g u r e  3. With t h e  
f r o s t  l i n e   p e n e t r a t i n g   f u r t h e r   u p ,   t h e  
t h i c k n e s s  o f  t h e   u n f r o z e n   p a r t   o f   t h e  soil 
d e c r e a s e d ;   a n d   t h e n ,   w i t h   t h e   r e s u l t a n t  
d e c r e a s e   i n   r e s i s t a n c e   t o  water movement 
in t h e  u n f r o z e n  s o i l ,  s e g r e g a t i o n  o f  i c e  

Grain  size (mm) 

FIGURE 1 G r a i n - s i z e   d i s t r i b u t j o n   c u r v e .  

TABLE l P r o p e r t i e s  o f  S o i l   C o l l e c t e d .  

Specific  gravity  of  soil  particles Gs 2862 
Specific  surface area Sg 39.0 m2/o 
Liquid limit WL 84.8 % 
Plastic limit wp 43.7 % 

Water  content w 84A % 
Wet density pt  1A96 9/cm3 
Porosity n 0.695 
Degree of saturation Sr 98.5 % 
Hydraulic  conductivity k 7.0 x lo-' cm/s 

)I-l5"c 11 ANTIFREEZE BATH 

@ SAND 
8 SEGREGATED ICE 
0 CLAY 
@ WATER 

FIGURE 2 Appara tus  f o r  p repa r ing   spec imens .  

i n c r e a s e d   g r a d u a l l y .   F i n a l l y ,   t h e   s e g r e g a -  
t i o n   r e a c h e d  a s t a g e   o f   s o - c a l l e d   p e r f e c t  
i c e   s e g r e g a t i o n   ( A r a k a w a   1 9 6 6 ) ,   i n   w h i c h  
t h e   f o r m a t i o n  o f  s e g r e g a t e d   i c e   c o n t i n u e d ,  
b e i n g   f r e e   f r o m   s o i l   p a r t i c l e s ,  as shown 
i n   F i g u r e  4. Once p e r f e c t   i c e   s e g r e g a t i o n  
s t a r t e d ,  i t  o c c u r r e d   c o n t i n u o u s l y   i n   t h e  
s p a c e   b e t w e e n   t h e   u n f r o z e n   p a r t   o f   t h e  
s o i l  a n d   t h e   s a n d  a t  the   bo t tom i n  t h e  
c y l i n d e r  by r e p e a t i n g   t h e  same p r o c e s s  as 
s e e n   i n   F i g u r e s  2 and 4. 

FIGURE 3 Vertical FIGURE !+ E x t e r i o r  
s e c t L o n  o f  rhy thmic  a p p e a r a n c e  of  a 
i c e   b a n d i n g .  c y l i n d e r  in t h e  

p r o c e s s  o f  p e r f e c t  
i c e   s e g r e g a t i o n ,  

Pho tographs  o f  a v e r t i c a l   ' c h i n   s e c t i o n  
and a h o r i z o n t a l  t h i n  s e c t i o n   o b t a i n e d  
from a s e g r e g a t e d   i c e   s p e c i m e n  ( 5  crn i n  
d i a m e t e r   a n d  9 crn in h e i g h t )  are  shown i n  
F i g u r e  5. S e g r e g a t e d   i c e  was columnar  

FIGURE 5 Photographs o f   ( a ) h o r i z o n t a l  and 
( b ) v e r t i c a l   t h i n   s e c t i o n  o f  a specimeri 
(5 c d x  9 cml-l). 
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g r a i m e d   i c e ,   a n d  i t s  g r a i n   d i a m e t e r  on a 
plarne p e r p e n d i c u l a r  t o  t he   g rowth  o f  t h e  
c o l u m n a r   g r a i n s  was a p p r o x i m a t e l y  1 mm.  

a t h r e a d  were f o u n d   t h r o u g h o u t   t h e  
specimen i n   p a r a l l e l   w i t h   t h e   g r o w t h  
d i r e c t i o n ,   w h i l e  small b u b b l e s   a b o u t  1 mm 
i n   d i a m e t e r   w e r e   f o u n d  a t  t h e   c e n t e r   o f  
t he   spec imen .  The d e n s i t y  o f  t h e   s p e c i m e n s  
ranged  f rom 0.877 t o  0.904 g/cd, t h e  
a v e r a g e   f o r  35 s p e c i m e n s   b e i n g  0.893 g/cd* 

Bo t r a c e  o f  s o i l  p a r t i c l e s  was d e t e c t e d  
im t h e   s e g r e g a t e d   i c e   t h r o u g h  a magn i fy ing  
g l a s s  o f  50 m a g n i f i c a t i o n s .  

Usua l ly ,   co lumns   o f   bubb les  as f i n e  as  

TEST  PROCEDURE 

The s h a p e   o f   t h e   s p e c i m e n s  was c y l i n -  
d r i c a l ,   a n d   t h e i r   s t a n d a r d   d i m e n s i o n s  were 
5 cm i n  d iame te r   and  9 cm i n   h e i g h t .  

The u n i a x i a l   c o m p r e s s i o n   a p p a r a t u s   u s e d  
w a s  c a p a b l e   o f   a p p l y i n g  a l o a d   f o r  
compress ion  a t  a c o n s t a n t   s t r a i n  rate-l 
ranging   f rom 1.0 x lo-* to 6.7 x s , 
t h e  maximum l o a d i n g   c a p a c i t y   b e i n g  
98 K i l o  Newton.  The a p p a r a t u s  was s e t  up  
i n  a walk- in  room w i t h  a t e m p e r a t u r e   r a n g e  
o f  -0. Zo t o  -30 'C ( a b o u t  f0.2 'C a c c u r a c y ) .  

A l o a d i n g   p l a t e n  was a r i g i d   a c r y l i t e  
d i sk .   Spec imens  were e x p o s e d   t o   t h e  t e s t  
t e m p e r a t u r e   f o r  a t  l ea s t  24 h o u r s   b e f o r e  
t e s t i n g ,  Axial l o a d   a n d   d i s p l a c e m e n t  
d u r i n g   t h e  t e s t  were r e c o r d e d  by a n  X - I  
r e c o r d e r .  

RESULTS AND DISCUSSION 

S t r e s s - S t r a i n   C u r v e   a n d   U n i a x i a l  
Compress ive   S t r eng th  &I 

S t r e s s - s t r a i n   c u r v e s   w h i c h  are t y p i c a l  
a t  d i f f e r e n t   t e m p e r a t u r e s   a n d  strain rates 
are shown i n  F igures  6 and 7 ,  r e s p e c t i v e l y .  

FIGURE 6 S t r e s s - s t r a i n   c u r v e s  a t  v a r i o u s  
t e m p e r a t u r e s .  

~"-+,""-~ ---- L 1  "_ 1.t IU 

0 1 2 3 4  

Strain E 
XlO" 

FIGURE 7 S t r e s s - s t r a i n   c u r v e s  a t  v a r i o u s  
s t r a i n  rates. 

The peak o f  t he   cu rves   becomes   sha rp   w i th  
d e c r e a s i n g   t e m p e r a t u r e  o r  i n c r e a s i n g  
strain r a t e .  When t h e   t e m p e r a t u r e  was low 
o r  t h e  strain: r a t e  was Large ,   t he   spec imen  
c o l l a p s e d   i n t o   f i n e   p i e c e s   w i t h   e x p l o s i v e  
r u p t u r e .   T h i s  mode o f   f a i l u r e ,  shown by 
a r r o w s  i n  b o t h  f i g u r e s ,  is c a l l e d   " b r i t t l e  
f a i l u r e "  i n  t h i s   p a p e r .  On t h e   o t h e r   h a n d ,  
t h e  mode o f   f a i l u r e   i n   w h i c h   t h e   s p e c i m e n  
r e m a i n s   w h o l e   w i t h o u t   r u p t u r e   a f t e r   t h e  
s t r e s s  r e a c h e s  i t s  maximum, i s  c a l l e d  
" d u c t i l e   f a i l u r e .  

d e f i n e d  as  t h e  maximum s t r e s s  Br u n d e r  
e a c h   c o n d i t i o n .   I n   t h i s   p a p e r ,  &t. 
r e p r e s e n t s   t h e  &L when t h e   l o a d  1s a p p l i e d  
i n   t h e   d i r e c t i o n   o f   s e g r e g a t e d   i c e   g r o w t h  
and QUA when a p p l i e d   p e r p e n d i c u l a r   t o   t h e  
d i r e c   t i - o n .  

The u n i a x i a l   c o m p r e s s i v e   s t r e n g t h  is  

Temperature  Dependence  of L 

Shown i n  F i g u r e  8 i s  t h e   r e l a t i o n  
b e t w e e n   t h e   u n i a x i a l   c o m p r e s s i v e   s t r e n g t h  
Bu and   t empera tu re  e u n d e r   c o n d i t i o n s  o f  
two s t r a i n  ra tes  and  two  Loading 
d i r e c t i o n s .   I n  a L L  c a s e s ,  $u i n c r e a s e s  
w i t h   d e c r e a s i n g   t e m p e r a t u r e   u n d e r   t h e  same 
c o n d i t i o n s .  

1. o x s-' are  f a i r l y   l a r g e ,   g i v i n g  
v a l u e s   o f  9.8 MN/mZat -1.5 'C, 18.62 MN/m2 
a t  -10 " C ,  and 24.5 MN/rd. a t  -20 'C. These 
v a l u e s   a r e   l a r g e r   t h a n   t h o s e  o f  v a r i o u s  
t y p e s   o f  i c e .  A t  t e m p e r a t u r e s   c l o s e   t o  
f r e e z i n g ,  i t  s e e m e s   t h a t   t h e   r e l a t i o n  
b e t w e e n   t h e   v a l u e   o f  %I and   t empera tu re  
a g r e e s   w i t h   t h e   r e l a t i o n   b e t w e e n   t h e  
p r e s s u r e   a n d   f r e e z i n g   p o i n t   c a l c u l a t e d  
from the  C l a u s i u s - C l a p e y r o n   e q u a t i o n .  On 
t h e   o t h e r   h a n d ,   t h e   v a l u e s   o f  %UA are much 
smaller t h a n  t h o s e   o f  9~ and are  e q u a l   t o  
t h e   s t r e n g t h  o f  c o m m e r c i a l   i c e ,   r a n g i n g  
from 1.96 t o  6.86 MN/m2(Butkovich 1954). 
o f  &.I /e i s  l a r g e r   t h a n   t h a t   o f  &IL/e . 

Values   o f  $U/I at a s t r a i n  ra te  o f  

R e f e r r i n g   t o   t h e   g r a d i e n t   o f  % / e ,  t h a t  
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It  i s  f o u n d   t h a t   t h e   s h a p e  o f  stress- 
s t r a i n   c u r v e s   v a r i e s  w i t h  t h e   t e m p e r a t u r e  
as s e e n   i n   F i g u r e  6 .  I n   t h e   c a s e   o f  , 
t h e  mode o f  f a i l u r e  was b r i t t l e  a t  - l . 9 'C ,  
whereas   even a t  -26 .5"C i t  was d u c t i l e   i n  
t h e   c a s e  o f  $UL . 

- 
I 1 

I CLAUSIUS-CLAPEYRON  EO. 

0 -10 -20 -30 
Temperature 0 ("C) 

FIGURE 8 U n i a x i a l   C o m p r e s s i v e   s t r e n g t h  
v s .   t e m p e r a t u r e  e .  Open s y m b o l s   r e p r e s e n t  
b r i t t l e   f a i l u r e ;   s o l i d   s y m b o l s ,   d u c t i l e  
f a i l u r e .  

Load ing   D i rec t ion   Dependence  o f  gu 

A g r e a t   d i f f e r e n c e  e x l s t s  between 
v a l u e s  o f  %I/ a n d   u n d e r   t h e  same 
t e m p e r a t u r e   a n d   s t r a i n  ra te ,  as s e e n   i n  
F i g u r e  8.  I t  i s  cons idered   f rom  photo-  
g r a p h s   i n   f i g u r e  5 t h a t   t h e   v a l u e  o f  $4 
may d e p e n d   o n   t h e   l o a d i n g   d i r e c t i o n .  

The r e l a t i o n   b e t w e e n   u n i a x i a l  
c o m p r e s s i v e   s t r e n g t h   a n d   l o a d i n g   d i r e c t i o n  
a t  -10 'C is  shown i n  F i g u r e  9 ,  i n  which 
t h e   a b s c i s s a   r e p r e s e n t s   a n g l e s  p between 
l o a d i n g   d i r e c t i o n   a n d   i c e   g r o w t h   d i r e c t i o n .  
In t h e   r a n g e  0" - lo', t h e   v a l u e  o f  
d e c r e a s e s   m a r k e d l y   w i t h   i n c r e a s i n g q .   I n  
t h e   r a n g e  20'- go', i ts  v a l u e  i s  n e a r l y  
c o n s t a n t   a n d  is e q u a l   t o   t h a t  o f  %L. The 
mode o f   f a i l u r e  was d u c t i l e   e x c e p t  when 
J, = 0'. I n  t h i s   c a s e  i t  was presumed  from 
t h e  s t a t e  o f   de fo rma t ion   and  how c r a c k s  
formed,  which i s  d e s c r i b e d  l a t e r ,  t h a t  t h e  
dominant   cause  is t h e   g l i d i n g  o f  t h e   g r a i n  
boundary. 

The v a l u e  of  % i s  l a r g e r  a t  a n   a n g l e  
o f  1 O ' t h a n   i n   t h e   r a n g e  20- - 90'. The  main 
r e a s o n  i s  preaumed t o  be d i f f e r e n c e s   i n  
a n g l e ,  o r  f r i c t i o n   o f   g r a i n - b o u n d a r y  
g l i d e s ,  o r  bo th .  

S t r a i n  Rate Dependence o f  % 

Shown i n   F i g u r e  10 i s  t h e   r e l a t i o n  
b e t w e e n   t h e   u n i a x i a l   c o m p r e s s i v e   s t r e n g t h  
sh a n d   t h e   s t r a i n  ra te  8 a t  two  tempera- 

J 
P 

U e+ v) 

Loading direction 9 

FIGURE 9 U n i a x i a l   c o m p r e s s i v e   s t r e n g t h  BU 
vs. l o a d i n g   d i r e c t i o n  P. Open c i r c l e s  
r e p r e s e n t   b r i t t l e   f a i l u r e ;   s o l i d  c i r c l e s ,  
d u c t i l e   f a i l u r e .  

" I  

Y i 2 0 1  
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FIGURE 10 U n i a x i a l   c o m p r e s s i v e   s t r e n g t h  SU 
v s .   s t r a i n   r a t e  6 .  Open s y m b o l s   r e p r e s e n t  
b r i t t l e  f a i l u r e ;   s o l i d   s y m b o l s ,   d u c t i l e  
f a i l u r e .  

t u r e s ,  -3 *C i n   t h e   c a s e   o f  &/I and -10 "C 
i n  t h e   c a a e  o f  q ~ ,  chosen  on t h e   b a s i s  of  
e x p e c t e d   o c c u r r e n c e s  o f  b o t h   b r i t t l e   a n d  
d u c t i l e   f a i l u r e s .  I n  t h e   f i g u r e ,  maximum 
and minimum BWI v a l u e s  a t  e a c h   s t r a i n  ra te  
are shown  by  two  broken l i n e s   b e c a u s e  o f  
w i d e   s c a t t e r  i n  t h e   d a t a .  

It is a p p a r e n t   t h a t  a maximum v a l u e  of  
qU e x i s t s  a t  a c e r t a i n   s t r a i n  ra te .  I t  can  
be   s een  t h a t  t h e   c o m p r e s s i v e   s t r e n g t h   h a s  -% 
a maximum a t  a strain rate between 8.3 x 10 
and 3.3 x lO-'s- '  i n   t h e   c a s e  o f  Blrl/ and 
between 1 . 2  x and 5.0 x l o4  s-' i n  t h e  
case  o f  % A .  I n  two s e r i e s  o f   p r e v i o u s  
t e s t s ,  a s t r a i n  r a t e  o f  1.0 x 10+sS-l was 



u s e d ,  a t  which t h e  maximum measured 
s t r e n g t h s   w e r e  c o n s e q u e n t l y   o b s e r v e d .  

s t r a i n   c u r v e s   v a r i e s   w i t h   t h e   s t r a i n  r a t e ,  
as s e e n   i n   F i g u r e  7. The v a r i a t i o n s  are  
similar t o   t h o s e   w i t h   t h e   t e m p e r a t u r e .  The 
mode o f   f a i l u r e  was b r i t t l e  a t  5.5 x loT5 S' 
a t  -3 T i n   t h e   c a s e   o f  %I, ; and a t  
4.8 X lO- 's- '  a t  -10 'C i n   t h e   c a s e  o f  ~ U L  e 

C h a r a c t e r i s t i c s  o f  0~ a t   near  0 'C 

It  was f o u n d   t h a t   t h e   s h a p e   o f  stress- 

Shown i n  F i g u r e  11 i s  t h e   r e l a t i o n  
b e t w e e n   u n i a x i a l *   c o m p r e s s i v e   s t r e n g t h  mu/ 
and strain: ra te  6 a t  a b o u t  -0.4 'C. Room 
t e m p e r a t u r e s   r e c o r d e d   d u r i n g   t h e  t e s t  
v a r i e d   b y  no more t h a n  fO.05 'C. Tempera- 
t u r e s  a t  p o i n t s   i n   c o n t a c t   w i t h   b o t h  ends 
of  the  specimen  were  measured  by  means o f  
coppe r -cons t an tan   t he rmo   coup le  
measu remen t s   t ha t   have  a s e n s i t i v i t y  o f  

In   F i .gu re  11, w i t h   a n   i n c r e a s e   i n  
s t r a i n   r a t e   t h e   t e m p e r a t u r e  o f  t h e  
specimen i s  l o w e r e d   a n d   t h e   v a l u e   o f  $ull 
i n c r e a s e s .  

I t  i s  c o n s i d e r e d   t h a t   p a r t   o f   t h e  
s p e c i m e n   m e l t s   a n d   t h a t   t h e   s p e c i m e n  
t e m p e r a t u r e  i s  l o w e r e d   b y   l a t e n t   h e a t .  The 
f r e e z i n g - p o i n t   d e p r e s s i o n  o f  a n   i c e - w a t e r  
sys t em is  e x p r e s s e d  by t h e   C l a u s i u s -  
C lapeyron   equa t ion  as f o l l o w s :  

t0.003 T. 

where P ,  T ,  L ,  Vi ) Vd are p r e s s u r e ,  
a b s o l u t e   t e m p e r a t u r e  of  f r e e z i n g ,   l a t e n t  
h e a t   o f  f u s i o n ,  a n d   s p e c i f i c  volume o f  i c e  
and   of  water, r e s p e c t i v e l y ;  n T  is t h e  
f r e e z i n g - p o i n t   d e p r e s s i o n .  The v a l u e   o f  &P 
c a l c u l a t e d  f r o m   e q u a t i o n   ( I )   u s i n g   t h e  
t e m p e r a t u r e   t h a t  was l o w e r e d   d u r i n g   t h e  
compress ion  is  shown by t r i a n g l e   s y m b o l s  
i n   F i g u r e  11. The v a l u e  o f  AP c o i n c i d e s  
w i t h   t h e   v a l u e   o f  Bu// ) a p p r o x i m a t e l y .  

O n l y   n e a r  0 'C d i d   t h e  phenomenon o f  
d e c r e a s i n g   t e m p e r a t u r e   o c c u r ;  a t  -5 'C and 

S o l  I I I I 1 
16' 16' la3 

Strain rate i (l/s) 

FIGURE 11 Uniaxial  c o m p r e s s i v e   s t r e n g t h  
vs. s t r a i n  ra te  i a t  a b o u t  -0.4"C. 
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-10 ' C ,  t h e  t e m p e r a t u r e   r o s e .  The c a u s e  
r e m a i n s   u n e x p l a i n a b l e  a t  p r e s e n t .  

T r a n s i t i o n   f r o m   D u c t i l e   t o  B r i t t l e  F a i l u r e  

Shown i n  F i g u r e  12 i s  the   dependence  o f  
t h e   s t r e n g t h  of  e a c h   o f   t h e   b r i t t l e  and 
t h e   d u c t i l e   f a i l u r e ,  %I/, on t e m p e r a t u r e  , 
f o r  w h i c h   t h e   d a t a   h a v e   d i f f e r e n t  s t r a i n  
ra tes .  Open a n d   s o l i d   c i r c l e s   r e p r e s e n t  
b r i t t l e   a n d   d u c t i l e   f a i l u r e ,   r e s p e c t i v e l y .  
H a l f - o p e n   c i r c l e s   r e p r e s e n t   t h e   b r i t t l e  
f a i l u r e   i n   w h i c h   t h e   s p e c i m e n   c o l l a p s e d  
i m m e d i a t e l y   a f t e r   t h e   p e a k   i n   t h e  stress- 
s t r a i n  cu rve .  Data n e a r  0 'C and a t  l a r g e  
s t ra in   ra tes  such  as 5.0 x 1 O - j  6" were 
o m i t t e d  i n  t h e   f i g u r e . .  It is c l e a r l y   s e e n  
f r o m   t h e   f i g u r e   t h a t   r e g i o n s  o f  b r i t t l e  
a n d   d u c t i l e   f a i l u r e  are  s e p a r a t e d  by a 
s t r a i g h t  l i n e .  The t r a n s i t i o n   f r o m   d u c t i l e  
t o   b r i t t l e   f a i l u r e   o c c u r r e d  a t  s t r a i n  
r a t e s  o f  1.0 x lo-&, 3.3 x and 
6.7 x 10-60s" a t  c o n s t a n t   t e m p e r a t u r e s  o f  
-1.7", -3 , and -18'C, r e s p e c t i v e l y .  

0 

DUCTILE FAILURE ZONE 

Temperature e 

FIGURE 1 2  Z o n e s   o f   d u c t i l e   a n d   b r i t t l e  
f a i l u r e   i n   t h e   c a s e  o f  Sui,. 

Cracks  

I n  t h e   c a s e  o f  b r i t t l e   f a i l u r e ,   v i s i b l e  
c r a c k   f o r m a t i o n  d i d  n o t   o c c u r   u n t i l   t h e  
s p e c i m e n   c o l l a p s e d   i n t o   p i e c e s   w i t h  
e x p l o s i v e   r u p t u r e .  

v i s i b l e   c r a c k s   o c c u r  when t h e  stress i s  
n e a r  maximum, when t h e   s t r a i n  is a b o u t  
1 x lou2, as s e e n  i n  F i g u r e s  6 and 7 .  
T y p i c a l   c r a c k s  are  shown in. F i g u r e  13. 
T h e s e   c r a c k s   a p p e a r   p e r p e n d i c u l a r   t o   t h e  
d i r e c t i o n  o f  s e g r e g a t e d   i c e   g r o w t h .  

I n   t h e   c a s e  o f  d a t a   a d j a c e n t   t o   t h e  
s t r a i g h t   l i n e   i n   F i g u r e  12 ,  t h e   c r a c k s  
a p p e a r   r e g u l a r l y  i n  t h e   g r o w t h   d i r e c t i o n  
a n d   p e r p e n d i c u l a r   t o  i t ,  as s e e n   i n  
F i g u r e  14.  Near O T ,  c r a c k s   i n   t h e   g r o w t h  

I n   t h e   c a s e  o f  d u c t i l e   f a i l u r e ,   h o w e v e r ,  
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d i r e c t i o n   d o m i n a t e d .  
When t h e   l o a d  was a p p l i e d   p e r p e n d i c u l a r  

t o   t h e   g r o w t h   d i r e c t i o n ,   f a i l u r e  was 
m o s t l y   d u c t i l e ,   I n   t h i s   c a s e ,   t h e   h o r i z o n -  
t a l  s e c t i o n  o f  t h e   s p e c i m e n   a f t e r  
compress ion  was i n   t h e   s h a p e  of  a n   e l l i p s e ,  
which  had a s h o r t  ax is  i n  t h e   g r o w t h  
d i r e c t i o n ,   a n d   t h e   m a j o r i t y   o f   c r a c k s  
a p p e a r e d   i n   t h e   g r o w t h   d i r e c t i o n .  

t i c   o f   s e g r e g a t e d   i c e   t h a t   v i s i b l e   c r a c k s  
a p p e a r e d   r e g u l a r l y   i n   t h e   g r o w t h  
d i r e c t i o n ,  o r  p e r p e n d i c u l a r   t o  i t ,  o r  bo th .  

As ment ioned   above ,  i t  was c h a r a c t e r i s -  

The e x p e r i m e n t a l   r e s u l t s   w i t h   r e s p e c t  
t o   t h e   u n i a x i a l   c o m p r e s s i v e   s t r e n g t h   o f  
s e g r e g a t e d   i c e  a r e  as f o l l o w s :  

1' When t h e   l o a d  i s  a p p l i e d   i n   t h e  
d i r e c t i o n  of' i c e   g r o w t h ,   t h e   l o n g i t u d i n a l  
u n i a x i a l   c o m p r e s s i v e   s t r e n g t h  B w  
i n c r e a s e s   w i t h   d e c r e a s i n g   t e m p e r a t u r e ,  
g i v i n g   v a l u e s  of 18 .62  MN/m2 a t  - 1 O ' C  and 
24.5 MN/m2 a t  -20 'C. These   va lues  are 
l a r g e r   t h a n   t h o s e   o f   v a r i o u s   t y p e s   o f   i c e .  

2- When t h e   l o a d  is a p p l i e d   p e r p e n d i c u l a r  
t o   t h e   g r o w t h   d i r e c t i o n ,   t h e  l a te ra l  
u n i a x i a l   c o m p r e s s i v e   s t r e n g t h  B U ~ ,  which 
i s  a b o u t   4 . 9  MN/m2 a t  -20 'C, is 
a p p r o x i m a t e l y   e q u a l   t o   t h e   s t r e n g t h  of  
commerc ia l   i ce .  

3' I n  t h e   c a s e   o f  a l o a d i n g   d i r e c t i o n   i n  
t he  r ange  0" - lo', which i s  t h e   a n g l e  $ 
b e t w e e n   t h e   l o a d i n g   a n d   t h e   i c e   g r o w t h  
d i r e c t i o n ,   t h e   v a l u e  o f  4~ d e c r e a s e s  
m a r k e d l y   w i t h   i n c r e a s i n g  p .  I n  t h e   r a n g e  
20'- 909 i ts  v a l u e  i s  n e a r l y   c o n s t a n t .  

4' The c o m p r e s s i v e   s t r e n g t h   h a s  i t s  
maximum at  a s t r a i n  ra te  between 
8.3 x 10d5and  3.3 x a-' in t h e   c a s e   o f  &i,, , and  between 1.2 x LO"4 and 5.0 x i' 
i n   t h e   c a s e  o f  BUl. 
5' Near 0 'C, , p a r t  o f  t he   spec imen  melts 
and   t he   spec lmen   t empera tu re  i s  lowered  by 
t h e   l a t e n t   h e a t   c o r r e s p o n d i n g   t o   t h e  
melt ing.   With an  I n c r e a s e   i n   s t r a i n  ra te ,  
t h e   v a l u e  o f  %I/ i n c r e a s e s   w i t h  a 
r e s u l t a n t   f a l l   i n   t e m p e r a t u r e .  

6' The t r a n s i t i o n  from d u c t i l e   t o   b r i t t l e  
f a i l u r e   o c c u r r e d  a t  s t r a i n  ra tes  o f  
1.0 X loL4, 3.3 x LOA5, and 6.7 x 8 - I  a t  
c o n s t a n t   t e m p e r a t u r e s  o f  -1.7; -39 and 
-18 "C, r e s p e c t i v e l y .   V i s i b l e   c r a c k s  
a p p e a r e d   r e g u l a r l y   i n   t h e   d i r e c t i o n  o f  i c e  
g r o w t h ,   p e r p e n d i c u l a r   t o  i t ,  o r   b o t h .  
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Closed s o i l  columns a t  an i n i t i a l l y   u n i f o r m   t o t a l  water content were subjected 
t o  a n e a r l y   l i n e a r  and cons tan t   t empera ture   g rad ien t   a long   the i r   l ength .  A t  
var ious  times, the columns were sect ioned and water content  as a func t ion  of 
pos i t ion  was determined  gravimetrically,  Unfrozen water content VS. temperature 
curves  were also  determined  with a nuclear  magnetic  resonance  technique  on 
separate  samples of the  same s o i l  at  the same dry  densi ty .  It was found t h a t  
t h e  water migrated  from  the warm to   t he   co ld  end and two zones developed i n   e a c h  
of the tubes,  one that   contained  only  l iquid water and the other   containing ice 
and water, The boundary  between t h e  two zones  also  migrated  toward the cold end 
as the  experiment  progressed, and t h e  water content of t h e  zone containing  only 
water f e l l  while  that of the zone  containing  ice  and water increased. The free 
energy of  t he   l i qu id  water was ca lcu la ted  as a funct ion of position,  assuming 
t h e   v a l i d i t y  of a form of the  Clausius-Clapeyron  equation.  Hydraulic 
conduct iv i ty   coef f ic ien ts  were then  calculated from t he   f r ee   ene rgy   g rad ien t s  
and water migration  data.  Values  ranged  from 4 . 5 ~ 1 0 - l ~  m f s  a t  -0.3"C t o  
3 . 5 ~ 1 0 - l ~  m / s  at -2'C €or   the Morin c l a y   s o i l   t e s t e d .  

It has  been known f o r  many y e a r s   t h a t  a por t ion  
of t h e  water i n   s o i l s  remains  unfrozen a t  tempera- 
t u r e s  below O'C. Methods of  measuring  the  unfrozen 
water content  as a func t ion  o f  temperature  have  been 
d i s c u s s e d   i n  a recent  paper by Oliphant  and Tice 
(1982). Details of the  nuclear  magnetic  resonance 
technique  developed a t  USA CFXEL fo r   accu ra t e ly  
measuring  unfrozen water contents  are given in a 
r e p o r t  by Tice et al. (1982). The exis tence  of  
unfrozen water in f rozen   so i l s   a l l ows   fo r   s ign i f i -  
c a n t  rates of ice and water m i g r a t i o n   i n  frozen 
s o i l s   a l o n g  water free-energy  gradients.   This 
causes  ice lensing,   f rost   heave,   breakup of roads 
and foundat ions,  and l o s s  of s o i l   s t r e n g t h  when t h e  
soil thaws.  Thus, i t  is important   to   understand the  
mechanisms of water migrat ion and ice format ion   in  
f rozen  and f r eez ing   so i l s .  

Free  energy  gradients of water in f r o z e n   s o i l s  
can  be  caused by temperature   gradients ,  water o r  
dissolved salt concent ra t ion   g rad ien ts ,   o r   p ressure  
grad ien ts .  To understand  the movement of water due 
to   each  o f  these causes, we are carrying  out  a 
series of  experiments i n  which the   g rad ien ts   caus ing  
water migrat ion are ca re fu l ly   con t ro l l ed  and 
separa ted  so t h a t ,  as near ly  as possible,   only one 
type of g rad ien t   ac t s  on the   f ree   energy  of the  
water i n  a given  expertment. The data   f rom  these 
experiments can then  be  used t o   v a l i d a t e  models 
concerning  the  migration  of water i n   f r o z e n   s o i l s .  
An understanding of bo th   the   d r iv ing   forces   for  
water  migration  and the responses   to  these dr iv ing  
forces ,  or conduct iv i t ies ,  is needed t o  model water 
mig ra t ion   i n   so i l s   unde r   na tu ra l   cond i t ions .  

i n   f r o z e n   s o i l s   d u e  t o  water concentrat ion  gradients  
have  been  reported by Nakano e t  aL. (1982,  1983). 
The purpose of t h i s   pape r  i s  t o   r e p o r t   t h e   i n i t i a l  
r e s u l t s  of an  experiment  that  measures water migra- 
t i o n   d u e   t o  a temperature  gradient.  Water migrat ion 
due t o  a temperature  gradient i n  porous materials 

The  r e s u l t s  of  experiments on water  migration 

containing ice has  previously  been  measured by 
Dirksen and Miller (19661, Hoekstra  (19661, and 
Williams and Per fec t  (1980). In the experiments by 
Dirksen and Miller and by Hoekstra, a closed  moist 
s o i l  column was subjected on one end t o  a temper- 
a t u r e  below f reez ing  and on the other  end t o  a 
temperature  above  freezing. The s o i l  column i t s e l f  
was used t o  conduct heat from the warm end t o   t h e  
co ld  end. The s o i l  columns, i n i t i a l l y   u n f r o z e n ,  
would begin  to   f reeze a t  the  cold  end, and t h e  
temperature  gradient  along  the column would change 
as the experiment  proceeded.  This  changing  temper- 
a tu re   g rad ien t  was caused by the i n i t i a l   c o n s t a n t  
temperature   of   the   soi l  column  and by changing 
the rma l   d i f fus iv i t i e s  i n  the column as water 
migrated and ice rearranged.  Although  this  type of 
experiment is good for   ob ta in ing  a q u a l i t a t i v e   i d e a  
of what happens when moist s o i l  i s  sub jec t ed   t o  a 
temperature  gradient,  it i s  d i f f i c u l t  t o  ob ta in  
q u a n t i t a t i v e   d a t a  on moisture   migrat ion as a 
funct ion of temperature and the  temperature   gradient  
i n   t h e   s o i l .  

P e r f e c t ,  a s a t u r a t e d   f r o z e n   s o i l  column was con- 
nected on either end t o  water reservoi rs   conta in ing  
a l ac tose   so lu t ion .  Semipermeable membranes were 
placed  between  the  lactose  solut ion and the  ends of 
t h e  soil column to   he lp   s low  the   migra t ion  o f  
l a c t o s e   i n t o   t h e   s o i l ,  The two r e s e r v o i r s  were kept  
a t  two di f fe ren t   t empera tures  and t h e  rate of water 
movement from t h e   r e s e r v o i r s   t o  the s o i l  column was 
monitored.  Again, i n  this experiment heat was 
conducted  from  the warm r e s e r v o i r   t o  the cold 
r e s e r v o i r   t h r o u g h   t h e   s o i l  column, so a completely 
l inear  temperature  gradient  could  not  be e s t ab  
l i shed .  After a long time a s teady-s ta te  temper- 
a tu re   g rad ien t  and water flow rate through  the 
column were es tab l i shed ,  and an  average  value of 
water migration  through  the column due t o   t h e  
overal l   temperature   gradient  was obtained,  

I n  t h e  more recent  experiment by Williams and 
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Williams  and  Perfect (1980) discuss  how  to 
calculate  hydraulic  conductivity  coefficients  from 
the  water  migration  data  by  using  a form of the 
Clausius-Clapeyron  equation  to  convert  temperature 
gradients  to  effective  pressure  gradients i n  frozen 
soil.  The  coefficients  they  calculate  show  con- 
siderable  scatter  but  agree  on  an  order-of-magnitude 
basis  from  sample  to  sample. More importantly,  the 
calculated  coefficients  seem  to  be  compatible  with 
data  obtained  from  the  same  apparatus  using  a 
pressure  gradient  instead of a  temperature  gradient 
between  the  two  reservoirs  (Burt  and  Williams 
1976). This  seems  to  indicate  that  the  applied  form 
of the  Clausius-Clapeyron  equation is valid  for  ice 
and  water  in  a  frozen  soil.  If  this  is  the  case, 
then  accurate  measurements  of  water  migration  due  to 
temperature  gradients  will  also  yield  accurate 
values  of  the  hydraulic  conductivity  of  frozen 
soils. 

The experiment  described  herein  was  designed  to 
allow  accurate  measurement  of  moisture  migration  in 
soil columns  due  to  carefully  controlled  temperature 
gradients.  The  assumptions  involved  in  deriving 
hydraulic  conductivity  coefficients  from  these  data 
are  discussed. I n  addition,  methods of comparing 
the  coefficients  with  those  derived from direct 
pressure  and  moisture  content  gradient  experiments 
are  given. 

EXPERIMENTAL PROCEDURE 

The  apparatus  shown  in  Figure  1  was  used  to 
maintain  a  constant  and  nearly  linear  temperature 
gradient along the  soil  column.  It  consists of two 
aluminum  blocks A ,  30.5 cm long by  11.2 an across by 
2 . 5 4  cm  thick.  Five  semicircular  grooves 0.95 cm  in 
diameter  were  machined  along one face o f  each 

block.  These  grooves  were  spaced 1 cm  apart  across 
each  block so that  when  the  blocks  are  bolted 
together,  five  holes 0.95 cm i n  diameter  are 
formed. The soil  is  packed  into IO-& plastic 
serological  pipettes  that  €it  snugly  into  the  holes. 

the  combined  blocks, A, as shown  in  the  figure. 
These  blocks  are 5.08 cm by 5.08 cm  by 11.2 a. 
Each  has a 2.54-cm  diameter  hole  drilled  into  it 
through  which  an  antifreeze  mixture  from  a 
temperature-controlled  bath is circulated.  The  four 
aluminum  blocks,  when  bolted  together,  are  then 
surrounded  by a box  of  5.08-cm  thick  fiber- 
impregnated  plastic,  which  acts  as  thermal 
insulation  and  damps  out  short-term  temperature 
changes  in  the  laboratory  room. 

times  higher  than  that of ice  and  thus  about  two 
orders o f  magnitude  higher  than  a  partially  frozen 
soil-water  mixture. When antifreeze  mixtures  at  two 
different  temperatures  are  circulated  through  the B 
blocks,  heat  is  tranferred  at a high  rate  through 
the A blocks,  from  the  warm  end t o  the  cold  end. 
Most of this  heat is transferred  through  the 
aluminum  blocks  and only a  small  amount  through  the 
embedded  soil  columns.  The  diameter  of  the  soil 
columns is mall compared  with  their  length, so the 
temperature  profile  that  obtains  along  the  aluminum 
blocks is  impressed on the  soil  columns,  keeping 
them at the  same  constant  and  nearly  linear  tempera- 
ture  gradient  as  the  surrounding  aluminum.  Tempera- 
tures  are  monitored  by  a  row o f  copper-constantan 
thermocouples  placed  through  the  bottom  aluminum 
block, A, flush  with  the  inside  surface  of  the 
middle  groove. 

called  Morin  clay,  was  a  marine-deposited  clay 
obtained from the mrin brickyard,  Auburn,  Maine. 

Two aluminum  blocks, B, bolt  to  either  end of 

Aluminum  has  a  thermal  conductivity  about  90 

The soil selected  for  the  initial  experiment, 

FIGURE 1 Apparatus for obtaining  a  constant  temperature  gradient  along a soil 
column. 
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The  area  was  uplifted  and  original  solutes  were 
leached  by  natural  seepage. The clay i s  non- 
swelling  and has a  specific  surface  area  of 60 
m2/g.  It  is  the  same  soil  used in the  experiments 
reported  by  Nakano  et  al. (1982, 1983). 

For  the  initial  experiments,  the  ends of five 
plastic  serological  pipettes  were  trimmed,  leaving 
plastic  tubes 27.8 cm  long  with 0.95 cm 0.d.  and 
0.79 cm i.d. A rubber  stopper  was  placed  in  one  end 
of  each  tube  filling 0.5 cm  of  the  tube.  Morin  clay 
with  a  nominal  water  content  of 20% of the  dry 
weight  was  then  packed  into  each  tube  in  layers 
approximately 1 cm thick.  This  packing  was  done 
carefully to achieve  the  same  average  dry  density in 
each  tube.  The  average  dry  densities  in  tubes 1 
through 5 were 1.46,  1.50, 1.46, 1.47, and 1.48  
g/m3. These  dry  densities  are  almost  the  same as 
those  used in the  water  migration  experiments 
reported  by  Nakano  et al. (1982, 1983). A rubber 
stopper  was  then  placed in the  last 0.5 cm of the 
tube,  leaving  a  packed  soil  column 26.8 cm long. 

The  five  packed  tubes  were  set  aside for 
several  days  at room temperature  to  allow  moisture 
equilibration i n  the  soil.  They  were  then  placed  in 
a -2O'C cold  room  and  allowed  to  freeze  quickly. 
Meanwhile,  a  temperature  gradient  was  established 
along  the  apparatus  shown i n  Figure 1 by circulating 
antifreeze  at  two  different  temperatures  through  the 
end  blocks.  Five  less  carefully  packed  soil  columns 
were  placed i n  the  apparatus  while  the  temperature 
gradient  was  being  established.  The  thermocouple 
temperature  readings  obtained  for  the  first  experi- 
ment  are  shown  graphically  in  Figure 2. They  range 
from -0.25OC at  the  warm  end  to -2.05"C at  the  cold 
end o f  the  soil  columns. It can  be  seen  that  the 
temperature  gradient  is  almost  linear  except  near 
the  warm  end.  After  a  stable  temperature  gradient 
was  established,  the  five  less  carefully  packed 
tubes  were  quickly  removed  and  the  five soil columns 
frozen at -2O'C were  placed i n  the  apparatus. It 
was  noted  that  in  about 45 minutes  the  thermocouple 
readings  along  the  apparatus  returned t o  those 
obtained  for  the  first  experiment. 

subjected  to  the  temperature  gradient  for 2 ,  4 ,  8, 
16, and 32 days,  respectively, As each  tube  was 
removed  it  was  replaced  by  one of the  blank  tubes. 

Tubes 1 through 5 were  removed  after  being 
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I FIGURE 2 Temperatures  and  unfrozen  water  contents 
along  the  soil  column. 

It took  about 30 minutes  for  the  original  tempera- 
ture  readings  to  be  reestablished  after  each  tube 
was  removed.  The  removed  tubes  were  quickly  placed 
on their  side  back  in  the -2O'C cold  room  and 
allowed  to  freeze fo r  30 minutes.  Each  soil  column 
was  then  sectioned i n t o  44  segments  and  the  total 
water  content of each  segment  was  determined 
gravimetrically. 

RESULTS AND DISCUSSION 

The  measured  water  content o f  each of the 4 4  
segments  of  each  tube  is  shown in Figure 3. The 
total water  content  seems  to  divide  qualitatively 
into  two  sections  for  each  of  the  tubes. On the 
warm  end  there  is  a  section of relatively  flat  and 
even  water  content  that i s  below  the  average  for  the 
tube.  The  length  of  this  section  increases  and  the 
water  content  falls  slightly  as  time  goes on. On 
the  cold  end  there  is  a  section,  which  initially 
covers  most  of  the  tube,  that  has a relatively 
uneven  total  water  content.  The  total  water  content 
of this  section is above  the  average  for  the  tube 
and it  appears  that,  as  time  goes on, two  peaks  are 
formed  in  the  total  water  content  curve, one close 
to  the  cold  end  and one close  to  the  boundary 
between  the  even  and  uneven  sections.  The  curves 
shown  in  Figure 3 look  qualitatively  similar  to 
those  reported  by  Dirksen  and  Hiller (1966) and 
Hoekstra (1966). Both of these  reports  show  curves 
that  are  relatively  flat on the  warm  end,  dipping 
slightly  toward  the  cold  end,  and  eventually  forming 
two  peaks  in  the  cold  end  section. 

A qualitative  explanation  of  the  shape of the 
curves  shown  in  Figure 3 can  be  given.  The  smooth 
section  toward  the  warm  end  is  made  up  of  segments 
that  contain  only  unfrozen  water,  while  the  section 
toward  the  cold  end is made up o f  segments  that 
contain  both  ice  and  unfrozen  water. The unevenness 
o f  the  cold  end  section  is  probably  due t o  the 
inherently  uneven  distribution  of  small  ice  lenses 
forming in the  soil.  The  peak  that forms at  the  far 
cold  end is due to the  closea  boundary  condition of 
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FIGURE 3 Final  total  water  contents  along  the  soil 
column. 
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FIGURE 4 Unfrozen water contents  as a funct ion  of  
temperature  for Morin c lay  a t  a d ry   dens i ty  of 1.45 
gm/cm3 and a t o t a l  water content of 21.8%. 

the tube a t  t h i s  end, The peak t h a t  forms a t  t h e  
boundary  between the two sect ions  probably forms 
because the hydraul ic   conduct ivi ty  is h igher   c lose  
t o   t h e  boundary  than i t  is f a r the r   a long   i n   t he   t ube  
where  the  soi l  is colder  and t h e r e  is less unfrozen 
water 

The unfrozen water content  vs,  temperature 
curves  determined by NMR on a separate   sample  of   the 
Morin c l a y   a t   t h e  same dry   dens i ty  as t h e   o t h e r  
samples are shown in   F igure  4. Both the   f r eez ing  
and  thawing  curves are shown; t h e   h y s t e r e s i s  between 
them is evident.  Using  the  curves i n  Figure 4 and 
the  temperature  measured  along the s o i l  column as 
shown in   F igu re  2, the  expected  unfrozen water 
content  as a func t ion  of pos i t ion   a long   the   tube   can  
be  obtained. The values   obtained from the f reez ing  
cu rve   i n   F igu re  4 a r e   p l o t t e d   i n   F i g u r e  2. It can 
be  seen  from  Figure 2 t h a t  if the  boundary  between 
ice-containing and i c e - f r e e   p a r t s  of the  tube is t o  
move gradual ly  toward the cold  end, as i t  does  In 
Figure 3 ,  t h e n   t h e   t o t a l  water content,  which is 
equal  to  the  unfrozen water con ten t   i n   t he   I ce - f r ee  
s e c t i o n s ,  must decrease in t hese   s ec t ions .   Th i s  is 
seen   t o  happen on a q u a l i t a t i v e   b a s i s   i n   F i g u r e  3 ,  
al though  the  decrease is less than  that   expected 
from Figure 2. 

The data shown i n   F i g u r e  3 can  be  analyzed 
q u a n t i t a t i v e l y  by f i r s t   c a l c u l a t i n g   t h e   w a t e r   f l u x e s  
across  the boundaries of adjacent  segments. The 
average water content of a l l  the  segments was 
calculated  and  then  the  individual  mass balances 
were ca lcu la ted   for   each  segment. Water f luxes  away 
from  the warm end  and  toward the cold  end were 
counted as posi t ive.   For   example,   i f   the   f i rs t  
segment on t h e  warm end  had a t o t a l  water content  
less than  the  average,   then  the amount of water 
making up the   d i f f e rence   has  moved ac ross   t he  
boundary from t h e  f i r s t   t o   t h e  second  segment. A 
mass balance  around  the  second  segment shows that 
t h e   f l u x  from the second t o   t h e   t h i r d  segment  must 
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FIGURE 5  Total   f luxes of water across  segment 
b o u n d a r i e s   f o r   t h e   s o i l  column. 
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FIGURE 6 Average f l u x e s  o f  water across  segment 
boundaries and ca lcu la ted   hydraul ic   conduct iv i ty  
c o e f f i c i e n t s   f o r   t h e   s o i l  columns, 

be   equal   to   the   f lux  from t h e   f i r s t   t o   t h e  second 
segment p lus   t he   d i f f e rence  between the average 
water conten t ,  which i s  assumed t o  be the i n i t i a l  
water content  of a l l  the segments, and the f i n a l  
measured water conten t .   In   genera l ,   fo r   the  i ' t h  
segment,   the  f lux from t h a t  segment t o   t h e   n e x t ,  
fi, can  be  calculated from the   equat ion  
f = f + (Wi - Wave> 
i i-1 (1) 

where Wi i s  the water content  of t h e   i ' t h  segment 
and Wave is the  average o r  i n i t i a l  water content .  
Flux  values  calculated  according t o  Equation 1 are 
shown for  the  boundaries between  each of t h e  
segments of each of t he   f i ve   t ubes   i n   F igu re  5. 
These values  were then  divided by the number of days 
that   each  tube was exposed to   the   t empera ture  
grad ien t  to obtain  an  average  f lux  per  day at each 
segment  boundary.  These  values are shown i n  Figure 
6.  
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Comparing  Figure 3 with  Figure 5, it can be 
seen  that  the  position  of  maximum  flux  corresponds 
to  the  boundary  between  the  sections  of each.tube 
that  contain  ice  and  water  and  only  water.  Figure 5 
also  indicates  that  fluxes  through  the  section  that 
contains  only  liquid  water  increase  only  gradually 
with time.  Comparing  Figure 5 and  Figure 6 ,  it  can 
be  seen  that  most  of  the  flux  calculated  for  the 
segments in the  section  that  contained  only  liquid 
water  at  the  end  of  the  experiment  came  at a time 
when there  was  both  ice  and  water in the  segments, 
before  the  boundary  between  the two sections  had 
passed  these  segments.  After  the  boundary  passed, 
only  a  small  amount of flux  moved  through  the 
ice-free  segments. This is  especially  evident  when 
comparing  data on the  2-, 4-, and  &day  tubes 
(Figure 5) 

section,  where  both  ice  and  water  were  present in 
the  soil,  the  flux  at  a  given  position  in  the  tube 
and  thus  at  a  given  temperature  and  temperature 
gradient  remained  relatively  constant  for all of the 
tubes as the  experiment  progressed. I n  other  words, 
a  frozen  soil  containing  both  ice  and  unfrozen  water 
that is subjected to a  temperature  gradient  acts  as 
a  pump,  pumping  water  toward  the  cold  end.  The  rate 
of pumping  can  depend on the  type o f  soil,  the 
temperature,  and  the  temperature  gradient,  but as 
long  as  ice  is  present  it  does  not  depend on the 
total  water  content.  Similar  conclusions  were 
reached  by  Williams  and  Perfect (1980). 

mates  the  temperature  profile  over  most o f  the 
length  of  the  temperature  gradient  apparatus.  This 
line  has  a  slope  of 0.082'Clcm.  If we  assume,  as  do 
Williams  and  Perfect (1980) ,  that  the  form  of  the 
Clausius-Clapeyron  equation  that  applies  is 

In Figure 6, it is  evident  that in the  cold  end 

A line  has  been  drawn  in  Figure  2  that  approxi- 

H = - AT, L 
Tg 

where H is suction in cm of water, L i s  the  latent 
heat  of  fusion  of  pure  water  equal  to 3 .33x109 
ergs/g, T is  temperature in O K ,  AT is the  freezing 
point  depression  or  degrees  below O'C, and  g i s  the 
gravitational  acceleration  equal  to 981 cm/sec2, 
then  an  effective  pressure  gradient  can  be  calcu- 
lated  from  the  temperature  gradient.  Evidence  that 
Equation 2 does  apply is given  by  Williams (1967). 
Using  Equation 2 and  the  temperature  gradient  given 
above,  we  can  calculate  that  the  driving  force  for 
water  movement in the  part  of  the  soil  column  that 
contains  both  ice  and  water is 1020 cm  of  H20/cm. 
The  fluxes  in  Figure 6 are  given  in  percent of dry 
soil wtlday. To convert  these  values to cm3/day, 
multiply  by  the  dry  density  of  the  soil,  then  by  the 
volume  of  an  individual  segment (0.30 cm3),  and 
divide  by  100%.  Hydraulic  conductivity 
coefficients, K, can  then be found  by  solving  a  form 
of  Darcy's  law 

q - - K A - ,  dP 
dX 

where  q  is  the  flux  of  water  in  cm3/day, A is the 
cross-sectional  area  in  the  tube  available  for  flow 
(0.49 an2), dP/dX  is  the  effective  driving  force 
calculated  above  to  be 1020 cm of HzO/cm,  and K has 
units of an2/, of  H20/day. To convert K to  the 
more  usual  units o f  m/s, divide by  the  number  of 

centimeters  in  a  meter  (100)  and  by  the  number  of 
seconds  in a day (86,400).  

find  that  if  the  numbers  given  for  the  flux  values 
in Figure 6 are  multiplied  by 1.0~10- 12,  they  are 
equal  to  the  hydraulic  conductivity  coefficient, K, 
in m/s.  By  comparing  Figures  2  and 6, we  can  see 
that  the  hydraulic  conductivity  coefficients  range 
from  about 4.5~10'~~ m/s  at -0.3'C to  about 
3 . 5 ~ 1 0 ~ ~ ~  m/s  at -2'C. Williams  and  Perfect (1980) 
report  values  of  the  average  hydraulic  conductivity 
coefficients on several  silts  that  range  from 
4 ~ 1 0 - l ~  m/s at an  average  temperature of -0.23'C to 
6 ~ 1 0 - l ~  m/s at  an  average  temperature  of -0.40'C. 
If it  is  remembered  that  the  Morin  clay i s  a  finer 
material  and  thus  has  a  higher  surface  area  and  a 
higher  unfrozen  water  content  at  a  given  subfreezing 
'temperature, then  the  higher  hydraulic  conductivity 
coefficients at a given  temperature  reported in this 
paper  are  not  surprising.  It i s  also not  surprising 
that,  as  temperature  decreases,  the  hydraulic 
conductivity  coefficient  values  decrease  at a slower 
rate  for  the  Morin  clay  than  for  the  silts.  What  is 
remarkable  about  the  conductivity  values  shown in 
Figure 6 is the  reproducibility  of  the  values  from 
sample  to  sample. In  addition,  values  could  be 
calculated  over  a  broad  temperature  range  using just 
one soil column.  It  appears  that  by  using  the 
experiment  given  in  this  paper,  values of hydraulic 
conductivities  down  to  at  least - l O ° C  can be 
measured. 

If, in the  future,  values o f  hydraulic  conduc- 
tivity  coefficients i n  frozen  soils  can  be  directly 
measured  using  some  type of direct  pressure  gradient 
apparatus,  such  as  that  used by  Burt  and  Williams 
(1976), then  those  values  could  be  compared  with 
values  obtained  from  temperature  gradient  experi- 
ments  such  as  those  reported  in  this  paper.  and  the 
assumption  that  the  correct  form  of  the  Clausius- 
Clapeyron  equation  is  being  used  could  be  checked. 
At  present,  there  are no direct  methods  available 
accurate  enough  to  allow  a  quantitative  comparison. 
Harlan  (1973)  has  suggested  that  hydraulic  conduc- 
tivity  values  obtained  for  unsaturated,  unfrozen 
soils  could  be  used  for  frozen soils at  like 
unfrozen  water  contents.  The  experiments  reported 
by  Nakano  et  al.  (1982,  1983)  give  values  for  the 
soil-water  diffusivity, D ( e ) ,  for  Morin  clay  at 
various  water  contents. The form  of  Darcy's law 
used  was 

Carrying  out  all of the  above  calculations, we 

q = - D ( e )  ae (4) 

where e is the  water  content  and D( 8) is the 
diffusivity.  If  the  soil-water  characteristic 
curve, i .e.  suction  or  pressure in the  soil  as  a 
function  of  water  content, is known,  then  Equation 
4 can  be  written as 

where P indicates  soil-water  suction.  Equation 5 i s  
analagous to Equation 3 with K equal  to D ( 9 )  ae/aP. 
Thus,  a  comparison  can  be  made  between  the 
temperature  gradient  and  water  concentration 
gradient  experiments.  We  do  not  yet  have  good 
soil-water  characteristic  curves on the  Morin  clay, 
but  these  can  be  obtained.  We  will  make  these 
comparisons  in  the  future. 



956 

CONCLUSIONS 

In th i s   paper  we have  presented a method f o r  
measuring water migrat ion  due  to  a temperature 
grad ien t  i n  f rozen   so i l s .  The important  part   of the 
experimental  technique that i s  new is tha t   long  and 
t h i n   s o i l  columns are embedded i n   a n  aluminum block 
and the   t empera ture   g rad ien t   c rea ted   in   the   b lock  is 
impressed upon t h e   s o i l  columns.  This  allows  the 
tempera ture   g rad ien t   in  the s o i l   t o  be cont ro l led  
even  though water and ice migrate.  Hydraulic 
conduc t iv i ty   coe f f i c i en t s  were ca l cu la t ed   fo r  a 
Morin c l a y  sample down t o  a temperature  of -2.O'C. 
This ca lcu la t ion   involves   the   assumpt ion   tha t  a 
s p e c i f i c  form of the  Clausius-Clapeyron  equation i s  
va l id   fo r   r e l a t ing   t he   p re s su re   o r   chemica l  
p o t e n t i a l  of the water i n  t h e   s o i l   t o   t e m p e r a t u r e  as 
long as both   i ce  and l i q u i d  water phases are 
present .  

a t  least -10°C to   determine  hydraul ic   conduct ivi ty  
c o e f f i c i e n t s .  We are   p resent ly   do ing   fur ther  
experiments  with Morin clay,   using  steeper  tempera- 
t u re   g rad ien t s  and going  to  lower  temperatures,  and 
w e  p l an   t o   run   o the r   so i l s   i n   t he   fu tu re .  We hope 
tha t   t he  method becomes a quick and convenient way 
to   de te rmine  the hydraul ic   conduct iv i t ies  of f rozen 
so i l s   ove r  a wide  temperature  range. 

It appears  that   experiments can be done down t o  
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Hydrologic  Characteristics  of  Small  Arctic-Alpine  Watersheds 
Central  Brooks  Range,  Alaska 

Lawrence J .  Onesti  and  Steven A. Walti 

Indiana  University,  Bloomington,  Indiana 47405 USA 

A hydro logic   inves t iga t ion  of s ix   watersheds was conducted  during  three summer runoff 
seasons  (1978,  1979,  and  1980)  in  the  central  Brooks  Range. The orographic   e f fec t  
Produced by t h e  Brooks Range s i g n i f i c a n t l y   a f f e c t s   b o t h  summer and  winter   precipi ta-  
t i o n   p a t t e r n s  and  consequently stream runof f   cha rac t e r i s t i c s .  Summer p r e c i p i t a t i o n  
nor th  of the   con t inen ta l   d iv ide  is norma l ly   g rea t e r   t han   t ha t   t o   t he   sou th ,  which is 
r e f l e c t e d   i n   t h e  volume  of runoff   per   surface area f o r   t h e  small watersheds  near  the 
divide.  The la rges t   percentage  of seasonal   runoff   takes   place from  breakup t o   e a r l y  
summer and is a t t r i b u t e d  to snowmelt and t o   t h e   s i g n i f i c a n t   p r o p o r t i o n  of summer 
p r e c i p i t a t i o n  which occur s   du r ing   t h i s   pe r iod .   P rec ip i t a t ion   d i scha rge   ca l cu la t ions  
sugges t   t ha t   t he  mayor por t ion  of annual   p rec ip i ta t ion  becomes stream discharge 
represent ing  a la rge  water y i e l d   i n   p r o p o r t i o n   t o   t o t a l   p r e c i p i t a t i o n .  These y i e l d s  
are a t t r i b u t e d   t o  low evapora t ion   r a t e s  and to  the  presence  of  continuous  permafrost .  

INTRODUCTION 

The hydro log ic   cha rac t e r i s t i c s  of s i x   a r c t i c -  
a lp ine   watersheds   ranging   in   s ize  from 4.8 t o  125 
km were monitored  during  three  consecutive  runoff 
seasons  (1978,  1979,  1980) a t  Atigun  Pass  in  the 
c e n t r a l  Brooks Range. Atigun Pass, having  an 
elevation  of  1,400 m ,  is loca ted   in   the   Endicot t  
Mountains of t h e   P h i l l i p  Smith  quadrangle (68'N 
l a t i t u d e ,  150 O W  longi tude)   and  crosses   the 
east-west t rending   cont inenta l   d iv ide   o f   the  
Brooks Range (see Figure 1) .  Three  of t h e  
watersheds  under   invest igat ion  drain  south  to   the 
Yukon River  system,  while  the  remainder  flow t o  
the  north.   Relatively  small   watersheds were 
s e l e c t e d   i n  an  attempt  to limit t h e   v a r i a b i l i t y   i n  
geologic,   morphometric,   and  climatic  factors which 
could   a f fec t   the  stream's hydrologic  regime. 

2 

SURFICIAL  CHARACTERISTICS OF WATERSHEDS 

The Brooks Range is an  arct ic-alpine  per i -  
glacial   environment   located  within  the zone  of 
continuous  permafrost (Pew&, 1975). The a c t i v e  
permafrost   layer is h igh ly   va r i ab le   i n   t he   s tudy  
area .  E l l i s  (1979) documented a lower l i m i t  of t h e  
ac t ive   l aye r  which rarely  exceeds 1 . 5  m dur ing   the  
thaw period.  

P l e i s tocene   g l ac i a l   depos i t s  are present   a long 
a l l  the   va l ley   f loors ,   in te r rupted   on ly  by recent  
f luv ia l   depos i t s   assoc ia ted   wi th   the   p resent  
streams. The va l ley  walls both  north and south of 
the  cont inental   d ivide  are   covered  with more 
recent   ta lus   cones,   aprons of colluvium  and/or 
a l luv ia l   fans ,   s lushf low  depos i t s ,   p ro ta lus  ram- 
p a r t s ,  and loba te   rock   g lac ie rs .  

VEGETATION 

Arctic-alpine  tundra is t h e   c h a r a c t e r i s t i c  
vegetation  throughout  the watersheds of the  study 

area. The low r e l i e f   v a l l e y   f l o o r s   a r e   h o s t   t o  a 
wide v a r i e t y  of tussock,  sedge, and g r a s s  communi- 
t ies .  Inhabi t ing  the stream  banks of t he   l a rge r  
va l leys   a re   ex tens ive   s tands   o f  dwarf b i r c h  and 
shrub  willows.  This  shallow  rete of vegetat ion 
dominates   va l ley   f loors ,  and low r e l i e f   f a n s ,  
Provid ing   adequate   p ro tec t ion   aga ins t   sur f ic ia l  
runoff . 

R e c e n t   g l a c i a l   a c t i v i t y ,   f r o s t   a c t i o n ,   p r o l i f i c  
mass wasting,  and  rapid  erosion of t h e   s t e e p  
mountainsides  have l e f t  the   va l l ey   h i l l s lopes  
uns tab le  and constantly  changing. The sha l low  so i l  
and coarse  debris   found on the   va l l ey   f l oo r s ,  
create drast ic   changes  in   vegetat ion.   Lichens,  
f e rns ,   g ra s ses ,  small herbs ,  and s a x i f r a g e s   a r e  
s c a t t e r e d  among the   coa r se   deb r i s ,   o f f e r ing  l i t t l e  
r e s i s t a n c e   t o   s u r f i c i a l   r u n o f f  and  erosion. 

CLIMATE 

Weather cond i t ions   i n   t h i s   a lp ine   r eg ion  are 
inf luenced  pr imari ly  by the  radiat ion  balance  and 
the  movement of a i r  masses,  both  of which are 
highly  var iable   during  the  runoff   season.  A i r  
temperature  normally  remained  above  freezing; 
however, i n t r u s i o n  of arctic a i r  masses dur ing   the  
runoff per iod would i n h i b i t  snowmelt runoff .  

Four  Belfort  Universal  weighing  bucket-type 
recording snow and rain  gages were i n s t a l l e d  a t  
Sites N - 1 ,  N-2, S-1, and S-2 (see Figure 1) t o  
record summer p r e c i p i t a t i o n .  Although t h i s  network 
Of gages  could be cons idered   ra ther   th in ,  it w a s  
determined  to be representat ive  for   the  purposes  
of th i s   s tudy .  

The orographic  effect   produced by t h e  Brooks 
Range g ives   th i s   a rea   the   h ighes t   annual   p rec ip i -  
t a t ion   va lues   a long   the   t rans-Alaska   p ipe l ine  from 
t h e  Yukon River t o  Prudhoe Bay (Haugen,  1979). 
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FTGURE: 1 Study area  and  location of gages. 

Precipitation  data  from  a  network  of  gages 
distributed  over  a  distance  of 60 km both  North 
and  South  of  Atigun  Pass  for  the  period  of  record 
suggest  that  summer  rainfall  varies  considerably 
from  year  to  year  as  well  as  north  and  south of 
the  continental  divide.  This  network i s  not  shown 
in  Figure 1. Precipitation  north  of  the  divide  is 
normally  greater  than  that  to  the  south. 

The  largest  total  summer  rainfall  recorded 
during  the  study  period  was  332.74 mm at  Station 
N-1 i n  the  Atigun  Pass  during  the 1980 field 
season  and  the  least 7d.00 mm at station N-2 in 
1978.  However,  the  1978  value  may  be  somewhat 
misleading,  since  this  period of record  is  much 
shorter  than  the  1979  and 1980 seasons  (see  Table 
1). The  average  total  summer  precipitation for the 
1979  and  1980  seasons  was  227.72 mm for  stations 
north of the  divide  and 186.06 mm for  stations  to 
the  south  (see  Table 1). Considering  that  all  the 
periods  of  record  terminate in mid-August  and 
freezeup  normally  occurs  in  late  September  or 
early  October,  these  rainfall  values  would  be 
higher  if  precipitation for the  Latter  half  of 
August  and  September  were  included. 

Unlike  the  reported  significant  influence  of 
evaporation  in  the  middle  and  low  latitudes,  in 
arctic  regions  it  has  been  reported  to  account  for 
only  a 0.5-2.0% reduction  in  total  runoff  (Hiivind 
1965). Thus  evaporation  has  been  disregarded  in 
the  calculations  pertaining  to  the  study. 

TABLE 1 precipitation  Values  North  and  South of 
Continental  Divide  (in  millimeters). 

Length of Stations (North) 
Year Record N- 1 N- 2 

1978 6/20-8/12 97.00 74 .OO 
1979 5/13-8/18 245 * 13 151.63 
1980 5/26-8/13 332.74 181.37 

Average  227.72 

Length of 
Y car Record 

S t a t i o n s  (South) 
S-1 s- 2 

1978 6/20-8/12 102.7 102.7 
1979 5/14-8/17 166.89 166.13 
1980 5/26-8/10 185.17 226.06 

Average 186 -06 

FIELD METHODS 

Six  continuous  recording  gages  were  used  to 
monitor  the  stage  of  the  streams  under  investiga- 
tion.  Stage  recorders  were  operational  within  a 
few  days of the  initial  spring flow; however, 
icing  and  slushflow  conditions  as  well  as  winter 
snow accumulation in the  channels  inhibited  early 
installation.  A  Marsh-McBernie  velocity  meter  was 



used  to  record  flow  velocities.  Velocity  measure- 
ments  were  used  to  establish  a  representative 
rating  curve for stream  discharge. Six seasonal 
hydrographs  were  derived  from  stage  values  taken 
at 2 hour  intervals  from  each  stage  recorder 
chart. 

NATURE OF THE  DATA 

The  period  of  record  for  both  precipitation  and 
discharge  does  not  extend  through  the  entire 
runoff  season.  Data  collection  normally  ended  in 
mid-August  due  to  university  commitments  (See 
Tables I. and 2 for  length  of  records),  In  the 
Atigun  Pass  area  freezeup  normally  occurs  in  late 
September or early  October (G. Elliot, personal 
communication).  Since  the  1978  record  does  not 
include  the  breakup  period,  no  conclusions  will  be 
drawn  for  this  period  but  the  data  will  be 
reported. 

The 1979 and 1980 period  of  record are rather 
similar  in  length  and  do  include  most of the 
breakup period;  however,  approximately  1.5  months 
of  the  precipitation  and  discharge  data  are 
missing.  Nevertheless  the  authors  feel.  the  major 
portion  of  the  seasonal  runoff  was  recorded  and 
only  late  summer  low  flows  and  perhaps  a  few 
precipitation  events  are  missing.  Due  to  the 
paucity  of  hydrologic  information  for  this  area, 
these  data  merit  comment;  however,  it is recog- 
nized  that  the  record  is  incomplete. 

DISCHARGE  PATTERNS 

The  patterns of precipitation  and  runoff  for 
the  period 6f record  are  highly  skewed  toward  late 
spring and early  summer  in  the  central  Brooks 
Range.  On  the  average,  approximately  30% of the 
recorded  summer  precipitation  occurred  during  the 
first 30 days of this  period.  The  large  proportion 
Of summer  precipitation  which  occurs  in  the  early 
portion  of  the  runoff  season  in  combination  with 
snowmelt  contributes  to  the  exceptionally  large 
runoff  experienced. 

Seasonal  hydrographs  for  the  streams  under 
investigation  indicate  that 50% of  the  stream  flow 
was  discharged  in  the  first 30 days  of  the 1980 
runoff season, while 85% of  the  recorded flow 
occurred  in  the  seven  week  period  after  June 1 in 
both  1979  and 1980. These  values  correspond  well 
to  values  documented  by  Pissart  (1967),  Church 
(1972),  McCann  and  Cogley  (1973),  and  Collins 
(1979) for  other  arctic  watersheds. 

Daily  stream  flow  fluctuations  seen  in  June are 
somewhat  mare  uniform  than  those  experienced  in 
the  latter  portion of t h e  runoff  season  and  may be 
attributed  to  snowmelt  response  to  diurnal  fluc- 
tuation  in  air  temperature  (see  Figure 2). 
Snowmelt  rates  increase  during  the  early  portion 
o f  the  runoff  period,  This  acceleration of 
snowmelt  is  brought  on  by  discontinuous or  patchy 
snow  cover  characteristic o f  south  facing  slopes, 
which  receive  a  disproportionate  amount of radia- 
tion  during  the  early  spring.  Gray  and  O'Neill 
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(1974) established  that  during  a 6 day  interval, 
44% of  the  energy  supplied  to  an  isolated  snow 
patch was by sensible  heat  transfer.  During  a 
period of continuous  snow  cover  the  corresponding 
figure for the  same  location  was 7%. 

Diurnal  peak  flows  on  the  average  occur  from 
approximately 7 : O O  P.M. to 10:20 P.M., and minimum 
flows  are  recorded  between  approximately  9:30 A.M. 
and 12:30 P.M. depending  upon  basin  size  and 
location  within  their  individual  drainage  net- 
works.  The  degree  of  diurnal  flow  variation  ranges 
from 0.35  to  3.15  m 3 / s  again  depending  primarily 
on  basin  size. A rapid  and  short-term  decline  in 
the  hydrograph  is  normally  related  to an intrusion 
of  arctic  air  with  temperatures  at  or  below 
freezing  (see  Figure 2). The  gradual  decline  in 
the  seasonal  hydrograph  reflects  the  melting  and 
final  disappearance of practically  all  of  the 
snowpack by mid-July,  with  a  few  large  late  summer 
frontal  or  convectional  showers  producing  peak 
discharge  events  which  are  in  some  cases  larger 
than  events  experienced  in  the  earlier  part  of  the 
runoff  season  but  are of shorter  duration  (see 
Figure 2). The  highest  peak  discharges  recorded 
occurred  during  the 1978 period o f  record  in  the 
larger  basins,  while  in  the  smallest  basins  June 
Bug  and  Sediment  Creek,  the  peak  discharges 
occurred  in  1979  and  1980  respectively.  Since  both 
peak  flows  recorded in the  latter  two  basins  are 
associated  with  precipitation  events,  this  would 
appear  to  suggest  that  smaller  basins  are  somewhat 
more  sensitive  to  individual  rainfall  events. 

TABLE 2 Total  Recorded  Basin  Runoff, 

Seasonal 
Runoff Peak 
(m3/ Dis- 

Length record  charge 
of X (m3/ 

Streams  Year  Record lo3) 5) 

Dietrich  River 1979 5/22-8/17 14,778 286.5 
1980 5/29-8/14 19,718 239.0 

Chandalar  River 1978 6/26-8/13 10,678 644.0 
1979 5/28-8/17 17,114 437.0 
1980 5/30-8/14 23,499 459.0 

Thunder  Creek 1978 6/15-8/13 5,413 166.5 
1979 5/30-8/18 5,790 127+5 
1980 5/29-8/14 5,645 134.0 

Sediment  Creek 1978 6/13-8/13 888 65.6 

1980 5/26-8/14 1.800 91.8 
June Bug  Creek 1978 6/18-8/13 1,484 44.0 

1979 5/29-8/18 2,962 106.5 

Atigun  River 1978 6/14-8/13 50,504 1020.0 

1979 5/25-8/18 1,784 58.9 

1980 5/29-8/14  3,287  62.5 

1979 6/4-8/18 42,684 850.0 
1980 5/30-8/14 53,957 932.8 
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a) Nival  freshet with remarkable  diurnal  flow. 
b) A cold spell with a dramatic  decline  in flow. 
c )  Late summer period, little  precipitation  and  little  runoff, 
d)  Large  peaks due to frontal  precipitation. 

FIGURE 2 An example o f  a seasonal hydrograph and associated precipitation. 

TOTAL RUNOFF  CALCULATION  The  above  percentages  are  in  fair  agreement 
with  annual  frozen  versus  unfrozen  precipitation 

Precipitation-runoff  calculations  represent  the 
contribution  of  rainfall  and  snowfall  to  stream 

values  indicated  by  Haugen (1979). However,  since 

runoff (Langbein 1949). The  equation  used  to 
discharge  and  precipitation  €or  late  August  and 

calculate  total  annual  runoff (Rp) is as follows: 
September  were  not  recorded by this study, 
precipitation-runoff  values  attributed to summer 

R = P X (A X Cf), rainfall  may  be  considered  underestimates. 

where ( P  is  seasonal  precipitation  in mm, (Ab) 
is  basin  area  in km *, and (C,) the  correction 
factor for time.  Calculated  values are expressed 
in  cubic  meters  per  season. 

~t b 
.t 

For the  period  of  record  summer  rainfall 
accounts for approximately 42% of stream  discharge 
in  the  study area, suggesting  that  approximately 
58% of the  seasonal  discharge  is  attributable  to 
nonrecorded snow and  ice  melt as well as to 
groundwater  contribution. 
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TABLE  3  Precipitation/Runoff  Calculations. 

Runoff 

sonal Sea- Runoff km pe5 
Pre- (m3/ (m3/ 

Area cip. record km2 
Stream (b2) Year (mm) ** X lo3)  X 10s 

Atigun  River 125*2 
(N-2)" 

June Bug  Creek 5.9 
(N-1)" 

Thunder  Creek  12.3 
(5-1)" 

Sediment  Creek 4.8 
(S-1)" 

Chandalar  River  45.0 
(S-l)* 

Dietrich  River 44.9 
(S-2 )*  

1978 
1979 
1980 
1978 
1979 
1980 
1978 
1979 
1980 
1978 
1979 
1980 
1978 
1979 
1980 
1978 
1979 
1980 

74.0 
151.6 
181.4 
97.0 
245.1 
332 -7 
102,7 
166.9 
185.2 
102.7 
166.9 
185.2 

166 * 9 
185.2 
102.7 
166.1 
226.1 

8,989 
13,792 
23,553 
1,152 
1,237 
1,939 
1,259 
1,636 
2,387 
495 
644 
939 

4,636 
6,026 
8,790 
4,617 
6,944 
8,166 

71 
110 
188 
195 
210 
3 29 
102 
133 
194 
103 
134 
195 
103 
134 
195 
103 
155 
182 

*Rain  gage  site  used  in  calculation. 
**See  Table  2  for  length  of  record. 

Total  water  yield for the  period  of  record 
indicates  that  the  seasonal  volume  of  discharge  is 
directly  related to drainage  basin  size as would 
be  expected;  however,  water  yield  per km' does  not 
show  this  relationship.  Small  watersheds  near  the 
continental  divide  have  greater  volume  yields  per 
surface  area  than  larger  watersheds  (see  Table 3 ) .  
The  precipitation  gage  N-1  normally  records  the 
highest  summer  rainfall  values  (see  Table 1) while 
Calkin  and  Ellis  (1980)  reported  greater  depth  of 
snowpack  with  decreasing  distance  from  the  con- 
tinental divide; both of these  factors  most  likely 
contribute  to  this  variation  in  volume  discharge 
per  unit  area. 

SUMMARY 

Four  distinct  runoff  periods  characterize 
stream  flow  in  the  arctic-alpine  environment of 
the  central Brooks Range.  Spring  breakup is short 
and  associated  with  penetration of warm  air  masses 
into  the  study  area  in  combination  with  high 
inputs  and  longer  durations of radiation  as  the 
Summer  solstice  approaches.  The  largest  volume  of 
discharge  occurred  during  the  snowmelt  runoff 
period. 

Low  stream  discharge  characterizes  the  late 
summer  period;  however,  sporadic  intense  rainfall 
events  develop  peak  flow  conditions  in  all 
streams.  The major portion o f  all  rainfall  and 
snowmelt  becomes  runoff  due  to  the  continuous 
nature  of  the  permafrost  and  to low evaporation 

rates.  Precipitation-runoff  values  for  the  period 
of  record  indicate  that 42% of  stream  runoff  is 
attributed  to  summer  precipitation  and  the  remain- 
ing  58%  to  snowmelt  and  baseflow. 

ACKNOWLEDGEMENTS 

This  study  was  supported  by NSF Grant  DDP 
789982 and  in  part by the U.S. Army  Cold  Regions 
Research  and  Engineering  Laboratory,  Hanover, 
New  Hampshire,  through  the  Indiana  University 
Foundation.  The  authors  thank D r .  John R. 
Williams  and  the  anonymous  reviewers  for  their 
comments. 

REFERENCES 

Calkin, P. E.,  and Ellis, J. M. , 1980,  A 
lichenometric  dating  curve  and  its  application 
to  holocene  glacier  studies  in  the  central 
Brooks Range, Alaska:  Arctic  and  Alpine  Re- 
search, v.  12(3),  p. 245, 264. 

Church, M., 1972, Baffin  Island  sandurs--a  study 
of  arctic  fluvial  processes:  Geological  Survey 
Canadian  Bulletin, v. 216, 208 p. 

Collins, D. N., 1979, Hydrochemistry of meltwaters 
draining  from an alpine  glacier:  Arctic  and 
Alpine  Research, v. 11(J), p.  307-324. 

Ellis, J. M., 1979, Neoglaciation of the  Atigun 
Pass  area, east-central Brooks Range, Alaska: 
Unpublished M.A. thesis,  State  University  of 
New  York at Buffalo. 

Gray, D. M. and O'Neill, A. D. J. ,  1974.  In S. H. 
Santeford  and J .  L. Smith,  eds.,  Advanced 
concepts  and  techniques  in  the  study of snow 
and  ice  resources:  Washington,  D.C.,  National 
Academy  of  Sciences, p .  108-1180. 

Haugen, R. K., 1979, Climatic  investigations  along 
the  Yukon  River to Prudhoe  Bay  haul road, 
Alaska,  CRREL  Technical  Note  (unpublished): 
Hanover, N.H.,  Cold  Regions  Research  and 
Engineering  Laboratory,  23 p.  

Hovind, E. L., 1965, Precipitation  distribution 
around  a  windy  mountain  peak: J, Geophysical 
Research, V. 70, p.  3271-3278. 

Langbein, W. B . ,  1949, Annual  runoff  in  the  United 
States: U.S. Geological  Survey  Circular, 52. 

McCann, S .  B., and  Cogley, J. G.,  1973, The 
geomorphic  significance  of  fluvial  activity at 
high  latitudes:  Research  in  Polar  and  Alpine 
Geomorphology,  3rd  Guelph  Symposium  on  Geomor- 
phology, p .  118-35. 

Piwi, T. L., 1975, Quaternary  geology o f  Alaska: 
U.S. Geological  Survey  Professional  Paper 835, 
145 p .  

Pissart, A., 1967, Les  modalites  de l'koulement 
de  l'eau  sur 1' ?le  Prince  Patrick (76O lat. N, 
120°  long. 0, Arctique  Canadien): Biuletyn 
Peryglacjalny, no.16, p. 217-24. 



FIELD MEASUREMENTS OF ELECTRICAL 
FREEZING POTENTIALS IN PERMAFROST AREAS 
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Elec t r i ca l   po ten t i a l s  developed during freezing of n a t u r a l   s o i l s  have been  measured 
i n  two permafrost  areas:  one i n  a sa tura ted   sand   in  a dra ined   lake   ( I l l i sa rv ik)  on 
Richards  Island where permafrost was aggrading downward 5.65 m below ground;  the 
o the r ,   i n  a nud hummock i n  the   ac t ive   l ayer   a t   Inuvik .  Peak poten t ia l s  o f  up t o  
1350 mV were measured on electrodes  located on t he  advancing  freezing  front  at 
I l l i s a r v i k .  A t  Inuvik, maximum freezing  potent ia ls  of up t o  700 mV were  measured 
as  the  active  layer  froze  in  winter.   There was also  evidence o f  downward water 
migration and f reez ing  as the  ground s t a r t e d   t o  thaw a t  the  surface in spring. 

INTRODUCTION 

The  phenomenon of electrical poten t ia l s  
generated  during  freezing of aqueous so lu t ions  and 
other  systems  such  as  moist  soils  has been known f o r  
sone time, although  the exact mechanism of 
development is  not  fully  understood.  Several 
plausible  explanations have  been  proposed for pure 
water and d i l u t e  aqueous solutions,   but no such 
theory  has  been  suggested  for  soils. 

t h e   d i p o l e   f i e l d  of the  oriented  water  molecules  in 
t he   In i t i a l   i ce   l aye r   causes   ro t a t ion  and 
reor ien ta t ion  of the  molecules i n   t h e   l i q u i d  
adjacent   to   the  ice .  An electrical   double-layer of 
a few nanometers is formed a t   t h e   i n t e r f a c e  between 
the  frozen and unfrozen  parts. It behaves l i k e  a 
sedpermeable membrane, allowing  one  kind o f  charge 
t o  pass  through more readily  than  the  other,  and 
causes   select ive  incorporat ion of an  excess  charge 
of one s ign   in   the   f rozen   par t  and an equal and 
opposite  charge i n  the  unfrozen  part. The po ten t i a l  
developed i n  this way is commonly cal led  the 
f reez ing   e lec t r ica l   po ten t ia l .  During  freezing, 
there  is a tendency f o r  water to   mig ra t e   t o   t he  
f reezing  f ront ,  and thus   severa l   e lec t roklne t ic  
effects  (such as electrophoresis,  electro-osmosis, 
streaming  potential ,  and sedimentation  potential)  
may a l s o   a r i s e  as a r e s u l t  of the r e l a t i v e  motion 
between  water and s o l i d  phase. 

ca r r i ed   ou t   i n   wa te r   and   i n   d i lu t e  aqueous  aolutions 
containing  different  kinds of ions ,   for  example, 
a lka l i   meta ls ,  ammonia, halogens, and hydroxyl  ions 
(for  early  references,   see Parameswaran 1982). The 
ear ly   Invest igat ions showed t h a t   t h e  magnitude and 
sign of the freezing  potent ia l  depend upon various 
factors,   including  the  type of ion in solution,  type 
and distance between electrodes,  concentration of 
e lec t ro ly t e   so lu t ion ,  and rate of cooling. 

Reports on the  observation o f  freezing 
p o t e n t i a l s   i n  so i l s  and rocks   a re   magre  and 
inconclusive.  Jumikis (1958) measured poten t ia l s .  of 
40-120 mV during  freezing of Dunellen s i l t y   s o i l   ( a  
g l a c i a l   t i l l )  and suggested  that  such  potentials 
could  enhance  moisture  transport i n  the material. 

When water  freezes on the  surface of a so l id ,  

Early measurements of f reezing  potent ia ls  were 

Korkina (1975) s tudied   the   f reez ing   e lec t r ica l  
po ten t ia l s  in suspensions  containing  particles of 
less than a micron and saturated  with  different  
kinds of ions  such  as Fe3+, Ca++, Na+, and NH4+. 
The magnitude ana polar i ty  of the  induced  voltage 
depended on the   dens i ty  of the  suspensions,  type of 
pa r t i c l e s ,  and type of ions. Under laboratory 
conditions,  Borovitskii (1976) measured f reez ing  
voltages of 150-200 mV in argillaceous  rocks, and 
Yarkin (1974,  1978) measured freezing  voltages of up 
t o  325 mV i n  powdered sand  containing  about 23% 
moisture and smaller   f reezing  vol tages   in   other  
s o i l s .  More recently,  Hanley and Ramachandra b o  
(1980,  1981) s tud ied   t he   e f f ec t s  of various  cations 
on the generation of f reez ing   po ten t ia l s   in  a 
bentonite  clay. The maximum potent ia l s  were i n   t h e  
range of 30-50 mV, and  they  concluded t h a t   t h e  
development of f reez ing   po ten t ia l  and migration of 
moisture   are   c losely  associated phenomena, each 
influencing the other. Parameswaran (1982) has   a l so  
reported  laboratory meaaurements of e l e c t r i c a l  
f reez ing   po ten t ia l s   in  water and s o i l s  under  various 
rates of  cooling.  Ice-positive  potentials of 4-12 V 
developed i n  pure  water  under  rapid  cooling;  and i n  
moist  sands and s o i l s   i c e n e g a t i v e   p o t e n t i a l s  of 
100-200 mV were measured. Under slow cooling a t  
-2.2'C r econs t i t u t ed   na tu ra l   so i l s  from permafrost 
a reas  shawed freezing  voltages of 200-300 mV. The 
f reezing  potent ia ls  i n  water  could be due t o  a 
combination of those   re la ted   to   the   phase  change of 
water and those  ar is ing  out  of charge  separation and 
ion  incorporation  from traces of impurit ies (known 
as Workman-Reynolds e f f ec t ) .   I n   add i t ion   t o  
polar iza t ion  of water  molecules and alignment of 
d ipoles   across   the   po ten t ia l   bar r ie r   a t   the   f reez ing  
boundary,  charges  inherently  present a t  the sur face  
of mine ra l   pa r t i c l e s   In   so i l s  could a l so   cont r ibu te  
t o  the development of f reez ing   po ten t ia l s  by 
exchange  absorption  processes. 

potentials  during  freezing is of considerable 
importance i n  many construction problems in   nor thern  
North America, the  USSR, and Europe, where vas t  
areas are underlain by perennially and seasonally 
frozen ground. Under the  inf luence of an e l e c t r i c a l  
gradient auch as t h a t  caused by freezing, water i s  

The development of con tac t   e l ec t r i ca l  
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transported  through  frozen  clay and silt towards the  
freezing  f ront  where segregated  ice  can  form 
(Verschinin e t  al. 1949, Hoekstra  and  Chamberlain 
1963). Such movement-of water under  the  influence 
o f   g e o e l e c t r i c   f i e l d  in the  presence of a thermal 
gradient  could  also  cause  electro-osmotic  drainage 
of  unfroren and f rozen   so i l s  (Nersesova and 
Tsytovich 1966). The addi t iona l  heave  caused by 
such  processes  could  necessitate  special  
construction  techniques  for  pipelines,   foundations 
for   bui ldings,  and o the r   s t ruc tu res  in permafrost 
areas .   Geoelectr ic   f ie lds   generated  near   buried 
p ipe l ines   could   a l so   a f fec t   the i r   ca thodic  
protection. 

FIELD STUDIES 

Very few measurements of e lec t r i ca l   f r eez ing  
potent ia ls   under   natural   condi t ions have  been 
published. The only documented repor t   to   the  
authors' knowledge is that of Borovitskii  (19761, 
who measured the   i nhe ren t   e l ec t r i ca l   f i e lds  
developed in t he   ac t ive   l aye r  between  frozen and 
thawed p a r t s   i n  a permafrost  region of the  USSR. 
The measured  values  did  not  exceed 50 mV, although 
the  value of the potent ia l   var ied  with  depth  in   the 
ground. Th i s   he   a t t r i bu ted   t o   d i f f e rences   i n  
quantity and d i rec t ion  of moisture movement. Mackay 
has   a l so   car r ied   ou t  measurements o f  the poten t ia l s  
developed in electrodes embedded to   d i f fe ren t   depths  
in t he   ac t ive   l aye r  and i n  perennially  frozen ground 
in   th ree   d i f fe ren t   a reas  of the Northwest 
Ter r i to r ies .  When e lec t rodes  were  placed in t he  
act ive  layer ,  he observed a po ten t i a l  change a s   t h e  
freezing  front  passed  the  electrodes.  Values of 
po ten t i a l s  measured i n   t h e   f i e l d  were o f  the same 
order of magnitude as values measured i n   t h e  
laboratory on n a t u r a l   s o i l s  (Parameswaran 1982). 
This   s imt la r i ty  of the freezing  potent ia ls  measured 
in the laboratory and i n   t h e   f i e l d  prompted t h e  
au thors   to   ins ta l l   f i e ld   e lec t rode   assembl ies   in  two 
permafrost  areas  and t o  measure freezing  potent ia ls  
i n  an  attempt t o  understand  the  physical  processes 
that  occur  during  freezing of t he  ground, One 
chosen area w a s  the middle of an a r t i f i c i a l l y  
dra ined   lake   ( I l l i sa rv ik)  on Richards  Island, 
N.W.T., where permafrost was aggrading  from  the  top 
down  (Mackay 1981). The o ther  area was a t   Inuvik ,  
N.W.T., where t h e   a c t i v e   l a y e r   i n  a mud  hummock was 
monitored. This  paper  describes  the equipment and 
some of the   resu l t s .  

I l l i s a r v i k  Lake Site,  Richards  Island 

An electrode  probe  consisting of f ive  Plexiglas  
tubes,  each 1.93 m long, 38 mm OD and 25 mm I D ,  was 
i n s t a l l e d   a t   t h e   s i t e ,   t h e  middle of a drained  lake, 
on 20 June 1981. Twenty-two copper  electrodea i n  
the  form of c i r c u l a r  bands (12.5 mm wide) were 
i n s t a l l e d  on the  probe  in  suitable  grooves 1 mm 
deep. The bottom  electrode (numbered zero) was 
89 mm from t h e   t i p  of the plug  closing  the first 
tube. A l l  the   others ,  numbered 1 t o  2 1  from the  
bottom upwards, were set 150 mm apart .  A shielded 
coaxial   cable (RG 174/U) was connected t o  each 
electrode  through  a  slanted  hole  in  the wall of t he  
tube  and  the  saldered  joints  were protected by epoxy 

resin. The tubes were designed  to  be joined  with 
Plexiglas  couplings  as  they were ins t a l l ed .  

Wires from the   e lec t rodes  were  connected t o  a 
rotary  switch  having 24 terminals  (Figure  lb).  The 
bottom  electrode waa connected t o   t h e  common point 
(-); the   others  were connected to   switch  points  1 t o  
21. The central   switch  cantact   point  was made the  
(+) termZnal. The sh ie lds  from a l l  the  cables were 
connected t o   t h e  ground  terminal, which w a s  in tu rn  
connected t o  a  grounding s t e e l   p o s t   a t   t h e   l a k e  
site. 

Two thermistor  cables were ins t a l l ed   nea r   t he  
electrodes  for   temperature  measurements. The f i r s t  
cable had 12 thermistors (YSI 44033, c a l i b r a t e d   t o  
+ O . 0 l o C  a t  O"C>, each  inside  a   soi l   sa l ini ty   sensor  
(Soilmoisture NO. 5100-A). These were embedded In a 
30 mm diam WC rod a t  500 mm in te rva ls .  The rod 
(with  sal ini ty   sensors)  was i n s t a l l e d   i n  a hole 
d r i l l e d  by water-jet 0.4 m from the  e lectrode 
assembly  (Figure 2).  A second  temperature  cable 
with 26 thermistors ( Y S I  44033) spaced 150 mm apar t  
was i n s t a l l e d  4 m from the electrode  assembly. 

Depth of permafrost was 5.65 m when the  
e lec t rodes  were i n s t a l l e d   i n  June 1981. The 
uppermost electrode (21) was at a depth of 6.11 m 
and the  bottom  electrode (0) was 9.31 m below ground 
level   ( lake bottom).  This  placement  ensured  that 
t he  O°C isothern.would soon reach  the uppermost 
electrode. The ma te r i a l   i n  which the  e lectrodes 
were i n s t a l l e d  was a saturated  sand  with medium-to- 
f ine   g ra in   s ize .  

lnuvik S i t e  

This  s i t e  is about 3 h nor th  of the town of 
Inuvik   in  an a rea  of colluvium  that  has  developed a 
pa t t e rn  of rmd  hummocks. The electrode  probe 
consisted of a W C  tubing (20.6 llloa OD, 12.7 mm ID, 
3 m long,  closed a t  one end) on which 12 copper 
electrodes in t h e  form of bands or   r ings (12.7 mm 
wide and about 1 mm th ick)  were i n s t a l l e d  in 
su i t ab le  grooves 150 mm apart.  Coaxial  cables  were 
soldered t o  the   e lec t rodes  and the wires were led  
out  through  a  central  hole and connected t o   t h e  
terminals of a rotary  switch. The ou te r   sh i e lds  of 
the  cables were grounded t o  a steel pos t   a t   t he  
s i t e .  . A  thermistor  cable  with 13 thermistors 
(YSL-44033). was a l so  made. The electrode  probe  and 
the  thermistor  cable  (Figure 3) were i n s t a l l e d  (by 
hand d r i l l i n g )  in August 1981 i n   t he   cen t r e  of a mud 
hummock about 2 m in diameter. 

RESULTS AND DISCUSSIONS 

I l l i s a r v i k  Lake S i t e ,  Richards  Island 

Owing to   the  thermal   dis turbance o f  t he  ground 
caused by d r i l l i n g  and the  resulting  freeze-back, 
the  readings  taken i n  August 1981 are questionable 
and are  not  reported  here.  The l l l i s a r v i k  si te i s  
relat ively  , inaccessible  and  frequent  readings were 
impossible, so tha t  the next  readings were taken 23 
March 1982, 8 June 1982, and 12 August 1982. The 
temperature and f reez ing   po ten t ia l   p rof i les   for  
these   da tes   a re   p lo t ted   in   F igure   4 (a-c) .  None of 
the  three  temperature   prof i les  ahows any  change i n  
g rad ien t   i n  crossing O°C, from pos i t ive   to   nega t ive  
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tempera 
change in   the   p rof1  

Ltures. I n  F ' igure 4(a) there  i s  a gradual 
le  at  about -0.1'C; and i n  

Figure  4(b,  c). a de f in i t e   i n f l ec t ion   po in t  a t  
-0.1"C. With l i t t l e  doubt t h i s  marks the  f reezing 
point  depression so commonly observed in so i l s .  The 
I l l i s a r v i k  sediments  consist  mainly of sand, and the 
Ereezing  point  depression i s  s l i g h t l y  lower than 
might be expected.  Since the sub-permafrost pore 
water has an i nc reased   s a l in i ty  from ion   r e j ec t ion  
during  permafrost  aggradation, however, B freezing 
point  depression below t h a t  of the original  sands is 
t o  be expected. To i l l u s t r a t e ,   i n   t h e  summer of 
1982 . the  specific  conductance of the  pore water j u s t  
below permafrost,  as measured wi th   t he   so i l   s a l in i ty  
sensors, was about 300 p0hm-l cm'l; s a l i n i t y  had 
increased  appreciably  since  the  previous summer. 
Nearby measurements of heave of t he  ground surface 
suggest  that  most of t h e   i c e  formed during  the 
d m w a r d  growth of permafrost was pore   i ce  and  not 
segregated ice. 

and temperature  gradients. On 23 March 1982 there 
w a s  a very  pronounced  peak i n   t h e   p o t e n t i a l  a t  
1.08 V a t  a depth   jus t  15 cm below the  0 deg 
isotherm. A s  the  temperature  measurements  were 
taken 0.4 m from the  electrodes,   the agreement seems 
good. By  way of cont ras t ,  on 8 June 1982 t he  peak 
potential   (about 1.35 V) occurred at  a ground 
temperature of -0.loC, t he  peak  coinciding  closely 
with  the  inf lect ion  point  on the  temperature  curve. 
By 12 August 1982, however, t he  peak po ten t i a l  was 
unchanged at  the same depth as on 8 June 1982, 
although  permafrost  had  aggraded 50 c m  and t h e  
ground  temperature had decreased  to  about -0.4OC. 
I n  summsry, t h e   r e s u l t s   f r o m   t h e   I l l i s a r v i k  site 
indicate  that   freezing  potentials  develop on 
electrodes  located a t  the   f reez ing   f ront ,   bu t   these  
r e s u l t s  are by no means conclusive. 

Inuvik   S i te  

Figure  4(a-c)  shavs  plots of peak poten t ia l s  

The lnuvik site con t r a s t s   w i th   t he   I l l i s a rv ik  
site i n  s o i l  type and t h e  placement of t he  
electrodes.  Here t h e   s o i l  I s  a s i l t y   c l ay ,   w i th  
par t ic les   about  50 % f ine r   t han  0.002 mm and a 
spec i f ic   sur face   a rea  of about 120 m2/g.  The  amount 
of unfrozen  pore  water i n   t h e   c l a y ,   u s i n g   t h e  
specif ic   eurface  area method o f  Anderson  and Tice 
(1972), is estimated a t  about 9 4 a t  -5OC and 7 % a t  
-1O'C. Voltage  and  temperature  readings were taken 
every two weeks by t h e   s t a f f  of the  Inuvik 
Scientific  &source  Centre.   Variations of voltage 
and temperature w i t h  depth below surface were much 
more predictable and systematic  than  those a t  the  
I l l i s a r v i k  Lake site. Figure  5(a-e) shows the  
var ia t ions  of voltage  and  temperature a t  various 
depths as the ground froze and thawed in   t he  1981- 
1982 season. A t  depths of 0.05 and 0.20 m, 
respectively,  a freezing  potential  developed as the  
temperature  passed  through O'C i n   t h e  month of 
October 1981 (Figure  5(a,b)). The  maximum freezing 
potentials  developed were as high as 650 mV. As t he  
ground  temperature at these  locations dropped i n  
winter, t he   po ten t i a l  dropped  too and remained a t  
the  lower level.  I n  spring (May 1982), as   the 
ground s t a r t e d   t o  thaw and the  temperature  rose 
above O"C, the   potent ia ls   again  rose  to   values  of up 
t o  700 mV. The in t e rp re t a t ion  oE t h i s   p o t e n t i a l  i s  
uncertain,  but  there is considerable  evidence  that 

dur ina: the  summer thaw period wat 
t h e  &awed ac t ive   l aye r - in to  the s t i l l - f rozen   ac t ive  

e r  may migrate  from 

l aye r   t o   f r eeze  and increase  the ice content (Cheng 
1982, Mackay, i n   p re s s ;  Parmuzina 1978, Wright 
1981). A minor f r eez ing   po ten t i a l  may thus  develop 
during  the summer thaw period. This behaviour of 
meltwater, possibly  percolating downwards and 
freezing  to  generate a freezing  potent ia l ,  was not 
observed a t  the   e lec t rodes  a t  lower levels.   For 
example, in   Figure  5(c)   the  f reezing  potent ia l  on 
the   e lec t rode  a t  a  depth o f  0.51 m below surface 
l e v e l   r o s e   t o  700 mV as the ground temperature 
passed  through -0.l'C. With fu r the r   dec rease   i n  
ground  temperature  the  freezing  potential  remained 
unchanged. A s l l g h t  drop i n  po ten t i a l  was noted 
when the  temperature  passed  through O°C i n  June 1982 
as the  ground thawed, but   essent ia l ly   the  vol tage 
w a s  constant  around 700 mV even when the  ground 
s t a r t e d   t o   f r e e z e   a g a i n   i n  October 1982. The aame 
type of behaviour w a s  observed 0.96 m below ground 
level  (Figure  5(d)).  

pronounced f reez ing   po ten t ia l s  at  depths of 0.05 and 
0.20 m, respect ively,   in   the  upper   par t  of t he  
ac t ive   l ayer  where ice lensing  couwnly  takes  place. 
I n   a d d i t i o n ,   p o t e n t i a l s   a t  0.51 and 0.96 m remained 
a t  600-700 mV during  the  winter ,   af ter   temperatures  
dropped below 0%. Measurements ca r r i ed   ou t   a t  
Inuvik   for  many years have s h m  a  prolonged and 
very  gradual  frost  heave in the  winter months long 
after  the  temperature  has  dropped below Q°C (Mackay 
e t   a l .  1979). This  suggests that, in   w in te r ,  upward 
migration of unfrozen  water  from  the  freezing  front 
i n t o  the frozen  active  layer  could  cause a minor 
f r e e z i n g   p o t e n t i a l   t o  develop. A t  l eve l s  close t o  
the  permafrost  table, where  ground temperature is 
maintained a t  or b e l a  O°C, no f reez ing   po ten t ia l s  
developed on the  e lectrode 1.42 m below ground l e v e l  
(Figure  5(e)).  Figure  Sfa-e)  also shows t h a t   a s  
depth  increases below ground leve l   the  minimum 
temperature, as expected, becomes higher.  For 
example, a t  0.05 m the  lowest ground temperature 
measured was -lO°C, whereas a t  0.96 and 1.42 m the  
lowest soi l   temperatures  measured were -3.5 and 
-2.5OC, respectively.  

Figure  5(a,b) shows the development  of 

CONCLUSION 

Freezing  potent ia ls   appear   to  have  developed on 
e lec t rodes   i n s t a l l ed   i n   s a tu ra t ed   s and   a t   I l l i s a rv ik  
where the  O°C isotherm was t h a t  of an  aggrading 
lower  permafrost  surface,  but the r e su l t s  are 
inconclusive. Peak poten t ia l s  of up t o  1350 mV were 
measured on electrodes  located on the  advancing 
freezing  f ront .  A t  Inuvik,   the  electrodes were 
placed in   t he   ac t ive   l aye r  on top o f  permafrost, i n  
a s i l t y   c l a y .  The e l ec t rodes   i n   t he   uppe r   pa r t  of 
the   ac t ive   l ayer  where leas i c e  forms in   the   f reeze-  
back per iod   reg is te red   subs tan t ia l   increases  in 
potential   as  the  freezing  front  passed  the 
electrodes.  The maxintum f reez ing   po ten t ia l  measured 
here was about 500 mV when the ground temperature 
was abaut - 0 . l O C .  There was also  evidence of 
downward water  migration and freezing, as evidenced 
by a rise i n   f r e e z i n g   p o t e n t i a l  a t  l eve l s  below the  
surface as the ground thawed at  the  surface.  These 
f i e l d  measurements i n d i c a t e   t h a t  by su i tab ly  
modifying  electrode  probes and improving  measuring 
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techniques i t  is p o s s i b l e   t o   l o c a t e  and  study  the 
advancing  freezing  front and water migration at  
d i f f e r e n t   l e v e b  below the sur face  as ground  freezes 
and t h a w s .  
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MEASUREMENT  OF UNFROZEN WATER CONTENT I N  SALINE 
PERHAFROST  USING TIME DOMAIN  REFLECTOMETRY 

Dan ie l  E. Pat te rson   and   Michae l  W. Smith 

Eeotechnica l   Sc ience   Labora tor ies ,   Geography  Depar tment ,  
Carleton  Universi ty ,   Ot tawa,   Ontar io   Canada,  K1S 5B6 

T i m e  Domain Ref l ec tomet ry   has   been   p rev ious ly   u sed   t o   de t e rmine   vo lumet r i c   un f rozen  
w a t e r   c o n t e n t s ,  OU, i n  f r o z e n   s o i l s .   T h i s   p a p e r   p r e s e n t s   l a b o r a t o r y   r e s u l t s   w h i c h  
i n d i c a t e   t h a t   t h e   t e c h n i q u e   c a n   b e   e x t e n d e d   t o   u s e   i n   s a l i n e   p e r m a f r o s t   s a m p l e s .  
TDR de te rmined   va lues   o f  Bu f o r   s a m p l e s  a t  t h e  same s a l i n i t y ,  are g e n e r a l l y   r e p r o -  
duc ib le   to   wi th in   2 .5%.   Measured  8 d a t a ,   f o r   t h e   s o i l   a t  i t s  n a t u r a l   s a l i n i t y ,  
were u s e d   t o   c a l c u l a t e   v a l u e s   a t   o t R e r   s a l i n i t i e s ,  by accoun t ing  f o r  t h e   f r e e z i n g  
po in t   sh i f t .   The   measu red   and   ca l cu la t ed   va lues   gene ra l ly   ag ree   t o   w i th in  2-5% 
i n  Ou.  F i n a l l y ,  some f i e l d   d a t a  are p resen ted .  

INTRODUCTION 

Ice-bonded  permafrost  is found  extensively  be-  
nea th   t he   f l oo r   o f   t he   Beaufo r t   Sea ,   and  i t s  
p r e s e n c e   r e q u i r e s   s p e c i a l   a t t e n t i o n  i n  o f f s h o r e  
eng inee r ing .  To r e l i a b l y   p r e d i c t   t h e   b e h a v i o u r   o f  
pe rmaf ros t   fo r   eng inee r ing   pu rposes ,   accu ra t e   da t a  
on  the  volumes of  i c e   a n d  water are r e q u i r e d .  
Since  seabed  permafrost  may not b e   i n  a s ta te  of 
thermodynamic  equilibrium, i t  i s  nor p o s s i b l e   t o  
s i m p l y   c a l c u l a t e   t h e   p r o p o r t i o n s  of i c e  and water 
p r e s e n t   i n   t h e   s o i l   b a s e d   o n   t e m p e r a t u r e ,   s a l i n i t y  
and   p re s su re .  The  phase  composi t ion  can  only  be 
de te rmined   by   d i rec t   measurements   on   ac tua l   core  
samples ,   car r ied   ou t   immedia te ly   upon  recovery .  
T h i s   p a p e r   p r e s e n t s   p r e l i m i n a r y   r e s u l t s   o n   t h e   u s e  
of T i m e  Domain Ref l ec tomet ry  (TDR) t o   d e t e r m i n e   t h e  
vo lumet r i c   un f rozen  water c o n t e n t   i n   s a l i n e   s o i l s .  
If t o t a l   w a t e r   c o n t e n t  i s  a l so  known (e.g.  by 
g r a v i m e t r i c  means ox by TDR on t h e  thawed  sample), 
the   comple te   phase   composi t ion  of the   sample   can  
be  determined.  

THE TDR TECHNIQUE 

P rev ious ly  we h a v e   r e p o r t e d   o n   t h e   u s e   o f  TDR 
to   de t e rmine   vo lumet r i c   un f rozen  water c o n t e n t s  of  
s o i l s ,  0 , f r o m   t h e   m e a s u r e d   d i e l e c t r i c   c o n s t a n t ,  
Ka (Pat tErson  and  Smith  1981) ,   Background  infor-  
ma t ion   on   t he  TDR technique   can   be   found in t h e  
l i t e r a t u r e   ( e . g .  Topp e t  a l .   1 9 8 0 ,   P a t t e r s o n   a n d  
Smi th   1981,   Smi th   and   Pa t te rson   1982) .   Br ie f ly ,  
t h e   t e c h n i q u e  is u s e d   t o   d e t e r m i n e   t h e   a p p a r e n t  
d i e l e c t r i c   c o n s t a n t  (K ) of a so i l ,   f rom  measure-  
ment of t h e   t r a v e l  timg ( t )  of t h e  TDR's  s t ep -  
v o l t a g e   a l o n g  a t r a n s m i s s i o n  of  known l e n g t h  (L) .  
P a r a l l e l   r o d   o r   c o a x i a l  l i nes  are t h e  two types  of  
t r a n s m i s s i o n   l i n e   m o s t  commonly used,   where  the 
former is embedded i n   t h e  s a m p l e   a n d   t h e   l a t t e r  is 
used t o  conta in   the   sample .   F igures  1 and 2 show 
sample TDR t r a c e s   f o r   e a c h   t y p e   r e s p e c t i v e l y .   T h e  
A p o i n t  on t h e s e   f i g u r e s  is t h e  start  o f   t h e   l i n e  
i n   t h e  soil. ,   and  the B point   (where  recognizable)  
i s  t h e   r e s p o n s e   o f   t h e   o p e n   c i r c u i t   t e r m i n a t i o n .  
K is determined   f rom  the   fo l lowing   equat ion:  

where c is t h e   f r e e   s p a c e   v e l o c i t y  (3  X 10 m/s )  
and t i s  measured on t h e   h o r i z o n t a l   a x i s   o f   t h e  
TDR t r a c e .  

Topp e t  a l .  (1980)   determined  an  empir ical  
r e l a t ionsh ip   be tween  Ka and   vo lumetr ic   water  
c o n t e n t ,  Bv, f o r   u n f r o z e n   m i n e r a l   s o i l s ,   w h i c h  i s  
l a r g e l y   i n s e n s i t i v e   t o   s o i l   t y p e ,   t e m p e r a t u r e   o r  
o t h e r   p h y s i c a l   p r o p e r t i e s :  

8 

K~ = 3 . 0 3  + 9 .3  oV I- 146.0 ev2 - 7 6 . 7  ev3 ( 2 )  

T h i s   r e l a t i o n s h i p   h a s   a l s o   b e e n   f o u n d   t o   a p p l y   t o  
t h e   d e t e r m i n a t i o n  of vo lumetr ic   unf rozen  water 
c o n t e n t   i n   f r o z e n   s o i l s   ( P a t t e r s o n  and  Smith  1981). 
F igu re  3 p r e s e n t s  a comparison  of 0 d a t a   d e t e r -  
mined via  t h e  TDR technique,  and  byUother  methods 
f o r   t h e  same s o i l s .   I n   g e n e r a l ,   t h e   d a t a   a g r e e   t o  
w i t h i n  +/-2 .5% i n  e . In a d d i t i o n ,   t h e   a u t h o r s  
h a v e   a l s o  shown thay  TDR de termined   f reez ing  
c h a r a c t e r i s t i c   d a t a   a g r e e   w e l l   w i t h   p u b l i s h e d   d a t a  
f o r   s o i l s  of similar tex ture   and   phys ica l   p roper -  
t ies (Pat terson  and  Smith  1981,   Smith  and  Pat terson 
1981,  1982). An example i s  shown i n   F i g u r e  5 ,  f o r  
two K a o l i n i t e   s o i l s .  

The use  of  TDR i n   h i g h l y   s a l i n e   s o i l s   ( s a l i n i t y  
> 5 g NaC1/1) c a n   b e   d i f f i c u l t   d u e   t o   t h e   l a r g e  
e l e c t r i c a l   l o s s e s   a s s o c i a t e d   w i t h   t h e   c o n d u c t i v e  
po re  water. Under c e r t a i n   c o n d i t i o n s ,   t h e   l o s s e s  
can make i t  d i f f i c u l t   t o   d i s t i n g u i s h   t h e   o p e n  
c i r c u i t   r e s p o n s e  (B poin t ) ,   making  K measurements 
imposs ib l e .  The a b i l i t y   t o   d e t e r m i n z  Ka w i l l  dep- 
end  upon water c o n t e n t ,   p o r e  water s a l i n i t y ,  
t e m p e r a t u r e   a n d   t h e   l e n g t h   o f   t h e   t r a n s m i s s i o n   l i n e .  
Some o f   t h e s e   a s p e c t s  are i l l u s t r a t e d   i n   F i g u r e s  1. 
and 2. 

s a l i n e   s a n d  a t  two t e m p e r a t u r e s   u s i n g   p a r a l l e l   r o d  
l i n e s .  A t  O°C, t h e   o p e n   c i r c u i t   r e s p o n s e   f o r   t h e  
5 and  10 cm l i n e s  is  q u i t e   c l e a r ,   b u t  i t  cannot   be 
l o c a t e d   f o r   t h e  20 cm l i n e .  A t  25OC, t h e  B p o i n t  
i s  st i l l  c l e a r   f o r   t h e  5 cm l i n e ,  however, i t  i s  

The t r a c e s  shown i n   F i g u r e  1 a r e   f o r   a n   u n f r o z e n  
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somewhat  uncertain  for  the 10 cm  line,  This  exam- 
ple  shows  that  the  conductive  losses,  at  any  salin- 
ity,are  temperature  dependent  and  that  the  ability 
ta determine Ka is  a  function o f  line  length. 

samples,  at  initial  salinities  of 10 and 20 g' 
NaC1/1,  in 5 cm  coaxial  lines.  In  these  examples, 
liquid  water  content  decreases  and  pore  water 
salinity  increases  as  the  soil  freezes, A s  this 
occurs,  the  open  circuit  response  improves,  even 
though  the  pore  water  salinity  increases  as  more 
water  turns  to  ice. 

effect of pore  water  salinity,  water  content  and 
temperature  will  dictate  the  line  length  to  be 
used.  To  obtain K measurements  over  a  wide  range 
of  freezing  tempergtures,  several  line  lengths  can 
be  used. As a  guide,  we  recommend  using  the 
longest  line  that  gives  a  recognizable B point  (see 
Smith  and  Patterson  1982).  Further,  Figure 1 
suggests  the  possibility  of  using  a  dual  length 
probe  to  determine B points  in  very  lossy  materialg 

Figure 2 shows  TDR  traces  for  frozen  Kaolinite 

When  using  TDR  in  saline  soils,  the  combined 

PROCEDURES 

Sample  Preparation 

A silty  clay  (Allendale)  and  a  clay  (Kaolinite 
#3)  were  used  in  laboratory  experiments  with 
precision 50 ohm  coaxial  lines  serving  as  sample 
containers,  of  lengths 5-15 cm (depending  upon 
initial  pore  water  salinity).  To  prepare  the 
samples,  a  coaxial  line  was  placed  in  a  low  temper- 
ature  chamber  and  a  soil  slurry,  at  the  desired 
pore  water  salinity,  added  in  small  incremental 
amounts  and  frozen  until  the  line  was  completely 
filled. In this  manner,  a  sample  without  ice 
lensing  or  variations  in  salinity  can  be  obtained. 
The  sample  Containers  were  then  covered  in  an 
impermeable  latex  membrane,  and imersed in  a 
controlled-temperature  bath. 

TDR  traces  were  recorded on an x-y  recorder  at 
various  temperatures on warming  cycles.  Ka  and e 
were  determined  from  equations (1) and (2) respect- 
ively * 

Determining  the  Freezing  Point  Shift 

If freezing  characteristic  data ( 0  versus 
temperature)  for  a soil at  its  naturaY  salinity 
are known, then  values  at  other  salinities  can  be 
calculated  using  the  method  described  in  Banin  and 
Anderson (1974). The  assumptions  of t h i s  analysis 
are: 1. all  the  salts  are  in  solution, 2. they  are 
uniformly  distributed  in  the  pore  water, and 3. 
the  salts  do  not  precipitate  out  during  freezing. 
For  samples  containing  only  NaCl in the  pore  water, 
and  with  unfrozen  water  contents  expressed on a 
volumetric  basis,  the  method  of  Banin  and  Anderson 
can  be  simplified  as  follows: 

Tn = Ti + So. A (3) 

ei/eo 

where  T i s  the  new  temperaKure  at  which  an  unfro- 
zen  watsr  content 0 .  will  occur, e .  i s  the  unfrozen 
water  content  at  teiperature  T$  fo*  the  soil  at  its 

natural  salinity, B is  the  water  content  of  the 
thawed  sample, So iP the  pore  water  salinity 
(g NaC1/1) of the  thawed  sample  and A equals 
-5.8675 X 10-20C/(g  NaC1/1).  This  formularion  can 
be  used  if  So/(ei/eo) is less  than  about 90 g 
NaCl/1 (see  Wolf  et  al.  1978). 

Sources o f  Error 

In these  experiments,  travel  times  in  the 
samples  were  between 0.5 and 3 . 0  X 10-9s(depending 
upon 0 and  line  length).  The  authors  have 
verifigd  that i n  this  range,  travel  times  measured 
in  coaxial  lines  filled  with low loss  materials 
(air,  dielectric powders and  liquids  of  known 
properties)  are  within +/-2% of  expected  values,  as 
given by  the  time  base  accuracy of the  TDR  used. 
In saline  soils,  the  open  circuit  response (B 
point  on  Figures 1 and 2) may  become  rounded, 
creating  uncertainties  in  travel  time  measurements 
(hence ICa and BU determinations),  The  authors 
estimate  that  the  travel  time  can  be  measured  to 
within +/-2.5% of  the  available  time  window.  This 
implies  an  uncertainty  in Bu estimates  of 
+/-3.5% (from equations (1) and (2)). 

in  a  soil  freezing  characteristic  curve  is  a 
function of the  certainty  in  water  content  and 
pore  water  salinity. Ignoring uncertainty  in  the 
pore  water  salinity,  the  error  in  calculating  the 
freezing  point  shift  will  be  due  to  uncertainties 
in  the .$,/e ratio in equation ( 3 ) .  For example, 
if ei/B is'assumed  to be 0.5, + / - 5 % ,  then  the 
uncertaynty  in  the  freezing  point  shift  will  be 
about 5 % .  The  error  in  the  calculated  freezing 
point  shift  increases  with  the  salinity o f  the 
thawed  sample.  Depending  upon S o ,  8i, Bo and Ti, 
calculated  values  for Tn can be  in  error  by 
several  hundredths  to  one or more  degrees. 

The  error  in  calculating  the  temperature  shift 

RESULTS AND DISCUSSION 

Figure 4 presents  the  freezing  characteristic 
data  for  the  Allendale  silty  clay  soil,  measured 
at  salinities  from 0.6 g NaC1/1  (natural  salinity) 
to 10.6 g  NaC1/1.  The  curves  at  various 
salinities  were  calculated  from  the  data  at 
0 . 6  g  NaCl/l,  accounting  for the freezing  point 
shift. At salinities of 5 . 6  g  NaC1/1  or  less, 
the  agreement  between  measured and calculated 
eu is within? /-2%. At  10.6 g NaC1/1,  the 
measured  values  are  between L to 5% lower  than 
calculated. 

Figure 5 shows  freezing  characteristic  data 
for  Kaolinite 13 determined  from  four  samples. 
The  data  generally  agree  within 2.5% in e 
with  the  largest  difference of 5% at  -0.2u0c, 
This  reproducibility  in  TDR  results  has  been 
noted  previously  in  Patterson  and  Smith (1981). 
The  dashed  line  in  Figure 5 is a power  curve 
fit  to  the  freezing  characteristic  data  for - 

Kaolinite 1117, from  Anderson  and  Tice  (1973) 
(see  also  Anderson  et  al. 1973 and  Tice  et  al. 
1978). The  agreement  in  the  mean  unfrozen 
water  content  data  (either  expressed  gravi- 
metrically  or  volumetrically)  is  good  for  these 
soils  of  similar  properties. 

measures  and  calculated 0 values  for  Kaolinite 
Figure 5 shows the  comparison  between 

U 
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#3 at  initial  salinities  of 10 and 20 g  NaC1/1. 
The calculated  values were derived  from  the data 
for  the  sample  at  its  natural  salinity,  by  the 
method  discussed  previously.  The  right  hand  axis 
denotes  calculated  pore  water  salinity,  which 
increases as 0 decreases. 

although  the  measurements  tend  to  be  about 2-5% 
higher,  with  the  largest  differences  found f o r  the 
10 g NaC1/1  sample.  This  aspect  was  not  present in 
the 10.6 g  NaC1/1  Allendale  silty  clay  results; 
however,  data in Yong et  al.  (1979)  for  a  Kaolin, 
show  that  measured  values  also  were  higher  than 
calculated. 

It is estimated  that  the  error in the  measured 
0 data  for  the  saline  samples  is  about  +/-3.5% 
(Eased  upon  possible  errors in Ka), although  data 
from  different  runs  at  any  given  temperature  are 
within  about 2.5%. Other  factors,  such as the 
effects of salt on soil  hydrologic  properties, o r  
modification to  the Ka-Bu relationship,  cannot  be 
ruled  out  as  contributing to the  observed  differ- 
ences. The  authors  have  noted  some  effect of 
salinity on travel  time  when  salinities  are  large. 
This aspect  is  presently  under  investigation  using 
a  combined  TDR-dilatometer  experiment to simultane- 
ously  obtain  phase  composition  data  for  saline 
samples  (cf,  Patterson  and  Smith 1981). These 
experiments  should  provide  information  for  refine- 
ment,  if  necessary,  to  the  use o f  the TDR technique 
in  saline  permafrost  materials. 

The  measure2  and  calculated  values  agree well, 

FIELD  OBSERVATIONS 

The  TDR technique has recently  been  used in  the 
field,  during  a  core  logging  program  in  the 
Beaufort  Sea. 0 data  were  obtained  using  a 10 cm 
parallel  rod  line  which  was  inserted  into  the  core 
within  minutes  of  recovery.  The  probe  could 
generally  be  pushed  into  the  sample;  however, if 
there  was  sufficient  ice-bonding,  pilot  holes 
could  be  made  using  a  hand  drill. An x-y  recorder 
trace of the TDR display  was  made for data analysis, 
Values  of t h e  apparent  conductivity, 0, were  a160 
determined  via  TDR  (see  Smith  and  Patterson  1982). 
The  results  for one core  are  shown in  Table 1. 
The  data  in  the  table  indicate  two  distinct  layers 
in  the  profile.  The  values  of 0 in  the  15-48  m 
layer,  determined  from  the  thawex  sample  and  via 
TDR, agree  to  within 5%. Below  this,  the  differ- 
ences  are  betweep 9 and 26%. There  is  also  a 
three-fold  difference in the  apparent  conductivity 
between  these  layers. In view of  this,  the 
differences  in e in  the  60-90  m  layer  could  be 
interpreted as ice contents. 

U 

U 

CONCLUSIONS 

The TDR technique has  been used to obtain  phase 
composition  data in saline  frozen  soils.  TDR 
determined  values  of B f o r  different  samples  at 
the  same  salinity  are  generally  reproducible  to 
within 2.5%. This reproducibility has  been  noted 
previously  for  soils  at low salinity  (Patterson 
and  Smith  1981). 

For  the  silty  clay  samples,  measured  and'  cal- 
culated 0 values  generally  agree  to  within  +/-2%, 
for  salinyties  less  than  5.6 g NaCl/l.  At 
10.6 g NaC1/1,  the  measured 6 data  are 1 to 5% 
lower  than  calculated.  For  Kzolinite 113 samples, 
the  measured 0 data  are  up to 5% higher  than 
calculated  butUwith  most  differences  in  the 2 to  3% 
range, 

TABLE 1 Summary of Field  Observations 

15.0 
23.5 
29.8 
35.7 
38.7 
48.0 
66.3 
72.5 
78.6 
81.6 
87.8 
90.6 

- 
-1.7 
-2.1 
-2.1 

- 2 . 3  
- 

- 
-2.9 
-2.9 

- 
- 

11.5 
10.7 
8.3 
7 . 5  

7 . 6  
I 

- 

39. (3 
46.1 
($6.2 
42.0 
49.5 
45.0 
36.1 
34.8 
38.3 
4 6 . 3  
38.3 
31.2 

~ 

43.2 -4.2 0.40 
41.2 4.9 0.48 
43.2 3 . 0  0.43 
41.2 0.8 0.48 
43.9 5.3 0.45 
41.8 3.2 0.45 
18.6 17.5 0.10 
19.9 14.9 0.11 
18.6 19.7 0.12 
20.2 26.1 0.16 
26 .8  11.5 0.16 
22.6 8.6 0.12 

A8 = difference  between e gravimetric,  and BU 
TDR 

PWS = pore  water  salinity ( g  NaC1/1) 
= apparenr  conductivity  from  TDB - indicates no data 

ACKNOWLEDGMENTS 

The  authors  wish to  thank  Charles  Lewis  for  his 
help  in  the  laboratory  and f o r  collecting  the  field 
data. The laboratory  work  formed  part of a  res- 
earch  program  supported  by  the  Natural  Sciences  and 
Engineering  Research  Council  and  the  Earth  Physics 
Branch,  Department of Energy,  Mines  and  Resources. 
The continued  interest  and  support of D r .  Alan 
Judge i s  gratefully  acknowledged.  Finally we wish 
to  thank Dome  Petroleum  Ltd f o r  their  permission 
t o  use  the  field  data,  and EBA Engineering 
(Edmonton)  for  their  continuing  interest  in  using 
the  TDR  technique in the  field. 

REFERENCES 

Anderson, D.  M.,  and  Tice A .  R., 1973,  The  unfrozen 
interfacial  phase in frozen  soil  water  systems, 
- in  Ecological  Studies,  Analysis  and  Synthesis, 
A. Hadas et al. eds., v. 4 ,  p .  107-124. 

Anderson, D. M., Tice, A. R., and  Banin, A,; 1973, 
The  water-ice  phase  composition  of  clay-water 
systems: 1. the  kaolinite  water  system:  Soil 
Science  Sociery  of  America  Proceedings,  v. 37, 
n. 6, p .  819-822. 

salt  concentration  changes  during  freezing  on 
aanin,  A.,  and  Anderson D. M., 1974, Effects of 



97 1 

the  unfrozen  water  content  of  porous  materials: 
Water  Resources  Research, v. 10, n. 1, 
p .  124-128. 

Patterson, D. E. and  Smith M. W.,  1981,  The  measure 
ment of unfrozen  water  content  by  time  domain 
reflectometry:  results  from  laboratory’tests: 
Canadian  Geotechnical  Journal v. 18, p. 131-144. 

Smith, M. W.  and  Patterson, D. E . ,  1981,  Investiga-, 
tion of freezing  soils  using  time  domain  reflec- 
tometry,  Report  to  the  Dept.  of  Energy,  Mines 
and  Resources,  Earth  Physics  Branch. 

1978,  netemination of unfrozen  water  in  frozen 
soil by pulsed  nuclear  magnetic  resonance,  in 
Proceedings o f  the  Third  International  Con- 
ference on Permafrost, v. 1, Ottawa,  National 
Research  Council  of  Canada, p .  149-155. 

Topp, G .  C.,  Davis,  J. L., and  Annan A. P.,  1980, 
Electromagnetic  determination of soil  water 
content:  measurements  in  coaxial  transmission 
Lines:  Water  Resources  Research, v. 16, n. 3 ,  

Tice, A .  R., Burrous,  C. M., and  Anderson, D. M., 

p. 574-582.  
Wolf, A .  V., Brown, M. G . ,  and  Prentiss, P. G., 

1977,  Concentrative  properties of aqueous 
solutions:  conversion  tables, g Weast, B. C., 
ed.,  CRC  Handbook of Chemistry  and  Physics: 
Cleveland,  CRC  Press. 

1979, Prediction  of  salt  influence  on  unfrozen 
water  content  in  frozen  soils:  Engineering 
Geology,  v.  13, p .  137-155. 

Yong, K. N., Cheung, C. H., and  Sheeran, D. E., 

~- 

log NaClll 
I 

5 em line length 

10 cm 
B 20 cm 
/ 

5 cm 
4 

10 cm 

20 cm 

FIGURE 1 TDR traces  for  various  parallel  rod  lines 
in  saline  sand. 

FIGURE 2 TDR traces  for  coaxial  lines  containing 
Kaolinite  at  different  salinities  and  temperatures 
(axes  same  as  Figure 1). 
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SONIC AND RESISTIVITY MEASUREMENTS ON BEREA SANDSTONE 
CONTAINING TETRAHYDROFURAN  HYDRATES: 

A POSSIBLE ANALOG TO NATURAL GAS HYDRATE DEPOSITS 

C. Pearson, J. Murphy, P. HalLeck, R .  Hermes, and M. Mathews 

Earth and Space  Sciences  Division, Los Alamos National  Laboratory 
Los Alamos, New Mexico 87545 USA 

Deposi ts   of   natural   gas   hydrates  exist in   a r c t i c   s ed imen ta ry   bas ins  and in   marine 
sediments on con t inen ta l   s lopes  and rises. However. t he   phys i ca l   p rope r t i e s   o f  
such sediments ,  which may represent  a l a rge   po ten t i a l   ene rgy  resource. a r e   l a r g e l y  
unknown. In t h i s   p a p e r ,  we repor t   l abo ra to ry   son ic  and r e s i s t i v i t y  measurements on 
&rea  sandstone  cores   saturated  with a s to ich iometr ic  m i x t u r e  of   te t rahydrofuran 
(THF) and water. We used THF a s   t h e   g u e s t   s p e c i e s   r a t h e r   t h a n  methane or  propane 
gas  because THF can  be mixed wi th   water   to  form a so lu t ion   con ta in ing   p ropor t ions  
of the proper   s toichiometr ic  THF and water.  Because  neither  methane  nor  propane is 
s o l u b l e   i n  water, mix ing   t he   gues t   spec ie s   w i th   wa te r   su f f i c i en t ly   t o  form s o l i d  
hydrate  is a d i f f i cu l t   expe r imen ta l   p rob lem,   pa r t i cu la r ly   i n  a core. Because THF 
s o l u t i o n s  form hydra tes   read i ly   a t   a tmospher ic   p ressures  it is an e x c e l l e n t  
experimental  analog t o  natural   gas   hydrates .   Hydrate   formation  increased  the  sonic  
P-wave v e l o c i t i e s  from a room temperature   value  of  2.5 km/s t o  4.5 km/s a t  -T°C 
when t h e  pores were near ly   f i l l ed   wi th   hydra tes .  Lowering the   t empera ture  below 
-5'C did  not   appreciably  change the  v e l o c i t y  however.  In c o n t r a s t ,  the  e l e c t r i c a l  
r e s i s t i v i t y   i n c r e a s e s   n e a r l y  two orders  of  magnitude upon hydrate  formation and 
con t inues   t o   i nc rease  more slowly as the temperature is  f u r t h e r   d e c r e a s e d .   I n   a l l  
c a s e s   t h e   r e s i s t i v i t i e s   a r e   n e a r l y   f r e q u e n c y   i n d e p e n d e n t   t o  30 kHz and t h e   l o s s  
tangents   a re   h igh .   a lways   g rea te r   than  5. The d i e l e c t r i c  103s shows a l i n e a r  
decrease  with  f requency,   suggest ing  that  ionic conduction  through a brine  phase 
dominates a t   a l l   f r e q u e n c i e s ,  even when the   po res   a r e   nea r ly   f i l l ed   w i th   hydra t e s .  
We f i n d   t h a t   t h e   r e s i s t i v i t i e s   a r e   s t r o n g l y  a func t ion   o f   t he   d i s so lved   s a l t  
conten t   o f   the   pore   water .   Pore   water   sa l in i ty   a l so   in f luences   the   sonic   ve loc i ty .  
b u t   t h i s   e f f e c t  i s  much smaller  and only  important  near the hydrate  formation 
temperature .  

e l e c t r i c a l   p r o p e r t i e s   o f   p u r e   c r y s t a l l i n e   h y d r a t e  
(see Davidson  1973,   for  a summary) t h e s e  
measurements   are   usual ly   conducted  a t   f requencies  
f a r   h i g h e r   t h a n   t h o s e   u s e d   i n   e x p l o r a t i o n  
geophysics and s u r p r i s i n g l y  l i t t l e  i s  known about 
the  physical   propert ies   of   sediments   containing 
hydra t e s   i n   t he i r   po res   excep t   fo r   t he   p ionee r ing  
work by S t o l l  and  Bryan (1979). 

In  Chis  paper, we p resen t   l abo ra to ry   son ic  and 
res i s t iv i ty   measurements  on Berea  Sandstone cores 
conta in ing   te t rahydrofuran  (THF) hydrate .   Tetra-  
hydrofuran was used a s  a gues t   spec ie s   i n s t ead   o f  
methane o r  some o the r   cons t i t uen t   o f   na tu ra l   gas  
because  THF h y d r a t e  is s t a b l e   a t   m o d e r a t e  
temperatures  ( + h o c )  and  atmospheric  pressures.  
which grea t ly   s impl i f ies   exper imenta l   p rocedures .  
A second  major  advantage o f  THF hydrate  is t h a t  
t he   gues t  is  mixable  with  water. This e l imina tes  
the  problem of  ensuring  complete  mixing  between 
the   gues t   spec ie s  and water ,  which i s  a formidable 
problem inside  the  pore  spaces   of   sedimentary 
rock.  Because t h e   c r y s t a l  structure of hydra tes  
is  l a r g e l y  independent o f   t he   gues t   spec ie s .   t he  
p h y s i c a l   p r o p e r t i e s   o f   T H F - h y d r a t e - c o n t a i n i n g  
s a m p l e s   a r e   p r o b a b l y   s i m i l a r   t o   t h e   p h y s i c a l  
p rope r t i e s   o f  a n a t u r a l  gas hydrate   deposi t  formed 
i n   s i m i l a r   r o c k s .  This is p a r t i c u l a r l y   l i k e l y  i f  
t h e  n a t u r a l   h y d r a t e s   f o r m   f r o m   g a s - c o n t a i n i n g  
molecules l a r g e  enough t o  form type 2 hydrates .  
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This paper  focuses on sonic  and e l e c t r i c a l  
m e a s u r e m e n t s   b e c a u s e   p r e l i m i n a r y   c a l c u l a t i o n s  
(Pearson  1982) show t h a t   s o n i c   v e l o c i t i e s  and 
r e s i s t i v i t i e s   a r e  more s t rongly   a f fec ted  by t h e  
p r e s e n c e   o f   h y d r a t e s   t h a n   a r e   o t h e r   p h y s i c a l  
p r o p e r t i e s   s u c h   a s   d e n s i t i e s  or thermal   con-  
d u c t i v i t i e s .   I n   a d d i t i o n ,  seismic and e l e c t r i c a l  
methods a r e   t h e  most commonly appl ied   explora t ion  
geophysical  techniques.   Clearly a detai led  under-  
s t a n d i n g   o f   t h e   e l e c t r i c a l  and acous t i c   p rope r t i e s  
of hydrates  is necessary   to   des ign  and i n t e r p r e t  
g e o p h y s i c a l   s u r v e y s   o v e r   n a t u r a l   g a s   h y d r a t e  
d e p o s i t s .  

During t h i s  s tudy we r e s t r i c t e d   o u r   e l e c t r i c a l  
measurements t o  t h e  frequency  range  from 10 Hz t o  
30 kHz b e c a u s e  most e x p l o r a t i o n   g e o p h y s i c a l  
surveys   a re   conducted   a t   these   re la t ive ly  low 
frequencies.   In  addition  Olhoeft   (1977) demon- 
s t r a t e s   t h a t   t h e   e l e c t r i c a l   p r o p e r t i e s   o f  perma- 
f r o s t   a t   h i g h e r   f r e q u e n c i e s   a r e   v e r y   v a r i a b l e .   I f  
hydra ted   sed iments   a re   s imi la r   in  t h i s  r e s p e c t ,  
then  even if surveys  could be  conducted a t   h i g h e r  
f r e q u e n c i e s .   t h e   r e s u l t s  would be  very d i f f i c u l t  
t o   i n t e r p r e t .  

EXPERIMENTAL METHOD 

The samples  were c y l i n d r i c a l   c o r e s   a p p r o x -  
imately,  5 cm long and 2.54 cm in  diameter   cut  
perpendicular   to   the   bedding   p lane  from a block  of 
&rea  sandstone. The ends were ground p a r a l l e l   t o  
e n s u r e  good c o n t a c t   b e t w e e n   t h e   e n d s   o f   t h e  
s a m p l e s   a n d   t h e   e l e c t r o d e s   o r   t r a n s d u c e r s .  
Samples   were   s a tu ra t ed   w i th  a s t o i c h i o m e t r i c  
mixture  of THF and water   (18  par ts   water   to  1 p a r t  
THF; Gough and Davidson 1971) under vacuum. As 
p a r t  of the s tudy ,   var ious  amounts of  NaCl were 
added t o   t h e   f l u i d .  The concentrat ion of s a l t  i s  
reported by  the   mo la r i ty   o f  t h e  water NaCl solu-  
t ion   before  THF was added t o   t h e   m i x t u r e .  Because 
temperature is  an important   var iable   in   our   s tudy,  
a l l  measurements were conducted  in a NESLAB RTE-8 
constant  temperature  bath.  We l e f t  the sample i n  
t h e   b a t h   f o r  24 hours ,  well a f t e r  a t q p e r a t u r e  
change. t o   e n s u r e   t h e  sample had equ i l ib ra t ed   w i th  
the   ba th .  Because t h e   c r y s t a l l i n e   w a t e r   t h a t  
formed i n  the pores   disassociated  near  4OC which 
is near   the   d i sassoc ia t ion   tempera ture   o f  THF 
hydrates  (Gough  and  Davidson  1971)  and 
s i g n i f i c a n t l y  above the  melt ing  point   of  ice,  THF 
hydra te   apparent ly  formed in   the   pore   spaces  o f  
the   rock ,   no t   water   i ce .  

The e l e c t r i c a l   m e a s u r e m e n t s  were conducted  
u s i n g  a t w o - e l e c t r o d e  system s i m i l a r   t o   t h a t  
descr ibed by C o l l e t t  and Katsube  (1973). We used 
a R i n c e t o n  Applied  Research  model 5204 lock-in 
ana lyze r ,   wh ich   can   measu re  t h e  in-phase  and 
quadrature  components  of  the  voltage  drop  across 
t h e   p r e c i s i o n   r e s i s t o r ,  and were ab le   to   ca lcu laCe 
t h e   r e a l  and  imaginary  components o f  t h e  
r e s i s t i v i t y ,  the phase  angle,  and t h e  complex 
r e l a t i v e   p e r m i t t i v i t y .  The complex e l e c t r i c a l  
p r o p e r t i e s  ( i  .e., the complex p e r m i t t i v i t y  (K*) 
and t h e   l o s s   t a n g e n t  (D) were c a l c u l a t e d   u s i n g   t h e  
f o l l o w i n g   e q u a t i o n s   p r e s e n t e d   b y   C o l l e t t   a n d  
Katsube  (1973). 

P' 
D =  , and 

where l P f l  and P' a r e   t h e   m a g n i t u d e   c o m p l e x  
r e s i s t i v i t y  and the  r e a l   p a r t   o f   t h e  complex 
r e s i s t i v i t y   r e s p e c t i v e l y ,  i s  the  f requency,  and 
c0 is t he   pe rmi t t i v i ty   o f   f r ee   space .  The r e a l  
(K') p a r t   o f   t h e   r e l a t i v e   p e r m i t t i v i t y   c a n  be 
c a l c u l a t e d  from Kn using 

K '  - K* 
1 +D 2 .  (3)  

Two-electrode  systems  of t h i s  t ype   a r e   sub jec t  
t o   s e v e r a l   s y s t e m a t i c   e r r o r s ,  among whioh a r e  
induct ive  and capaci ty   coupl ing  between  the  leads,  
c u r r e n t   l e a k a g e   a r o u n d   t h e   s a m p l e ,   t r a n s f e r  
impedances  between the  sample and t h e   e l e c t r o d e s  
a n d   c o n t a c t   p o l a r i z a t i o n   ( O l h o e f t  1975).  We 
minimized  coupling  between  the  leads  by  using 
sh ie lded  wires. Cal ibra t ion   us ing  known r e s i s t o r s  
showed tha t   coup l ing  and r e s i s t a n c e   i n  the  l e a d s  
had a n e g l i g i b l e   e f f e c t  on our   measurements .  
Current  leakage was minimized  by  jacketing t h e  
samples t igh t ly   i n   sh r ink   t ub ing   be fo re   conduc t ing  
measurements. We minimized t r a n s f e r  impedance 
between the e l e c t r o d e  and t h e  sample by spr ing  
loading the e l e c t r o d e s  and using a conducting 
b r i n e  as an i n t e r s t i t i a l   f l u i d .   P o l a r i z a t i o n  
processes   a t   the   e lec t rodes   can   a l so   cause   e r rors  
in   two-electrode  measurements ,   par t icular ly  if t h e  
sample is  h i g h l y   r e s i s t i v e  or t h e  measurement 
frequency is  high.  These e f f e c t s  may cause   t he  
small-frequency dependence above 1 kHz i n   t h e   h i g h  
r e s i s t i v i t y   c u r v e s   i n   F i g u r e s  1 and 2. However we 
always  used 200-Hz measurements when comparing 
r e s i s t i v i t i e s   b e c a u s e ,   a t   t h e s e   f r e q u e n c i e s .   t h e  
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FIGURE 1 R e s i s t i v i t y   a s  a function  of  temperature 
and frequency  for a Berea core   sa tura ted   wi th  
0.5 N NaCl THF s o l u t i o n .  
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FIGURE 2 R e s i s t i v i t y   a s  a function  of  frequency 
and s a l i n i t y   a t  -24". 

r e s i s t i v i t i e s  were  frequency  independent.  Rust 
(1952)  compared r e s i s t i v i t y  measurements on porous 
sed imen ta ry   rocks   u s ing   bo th   two-   and   fou r -  
e l e c t r o d e  (which  avoid most of   the  experimental  
p r o b l e m s   d e s c r i b e d   a b o v e )   t e c h n i q u e s .  He 
concluded  that ,   as  long  as  the  sample is  s a t u r a t e d  
with a conduc t ive   f l u id ,   e i t he r  method g ives  an 
accurate   measure  of   the  complex r e s i s t i v i t y .  

Sonic  measurements  were  conducted  using  the 
p u l s e   t r a n s m i s s i o n  described by Mattaboni   and 
Schreiber  (1967).  We used  Valpey  Fisher LTZ-5 
quar tz  1-MHz p iezoe lec t r i c   t r ansduce r s   t ha t  were 
a t t a c h e d   t o  t h e  sample  by a spring-loading  device.  
A l l  measurements  (both  sonic and e l e c t r i c )  were 
conducted a t  a tmospheric   pressure,   except   for  a 
m a l l   a x i a l   l o a d .  >0.1 MPa, which was a p p l i e d   t o  
ensu re   t ha t  t h e  e l ec t rode   o r   t r ansduce r  remained 
in   con tac t   w i th   t he  sample.  Olhoeft  (1977)  found 
t h e   e l e c t r i c a l   p r o p e r t i e s   o f   p e r m a f r o s t   t o   b e  
strongly  pressure  dependent  from 10 Hz t o  10 kHz. 
Thus, c a r e  must  be  taken when u s i n g   o u r   r e s u l t s   t o  
in te rpre t   geophys ica l   surveys   over   na tura l   hydra te  
deposi ts   because the i n  situ pressure will always 
be much greater  than  atmospheric pressure. 

ELECTRICAL RESULTS 

As shown in  Figures  1 and  2, t h e   r e s i s t i v i t i e s  
of B e r e a   c o r e s   c o n t a i n i n g  THF h y d r a t e s   a r e  
functions  of  both  temperature and s a l i n i t y   a t  
which t h e  measurements were made. However , t o  30 
kHz. t h e  resistivities are nearly  independent o f  
frequency.  Figures 1 and 2 p l o t   t h e  complex 
r e s i s t i v i t y ,  bu t  because  the  imaginary component 
o f   t h e   r e s i s t i v i t y  was always  very  small .   usual ly  
less than 10% o f   t h e   r e a l  component, t h e   r e a l  and 
complex r e s i s t i v i t i e s   a r e   n e a r l y   e q u a l .  As a 
r e s u l t .  loss t angents   a re   very   h igh ,   o f ten   in  
excess  of 100.  Both t h e   r e a l   r e l a t i v e   p e r m i t t i v -  
i t y  and the  imaginary  par t  which is propor t iona l  
t o   t h e   d i e l e c t r i c  loss a r e   l i n e a r   f u n c t i o n s   o f  
frequency. The l o g   l i n e a r   r e l a t i o n s h i p  between 
the dielectric l o s s  and frequency  (Figure 3) is 
part icular ly   important   because the  d i e l e c t r i c   l o s s  
i s  a p a r a m e t e r   t h a t   d e s c r i b e s  t h e  mot ion   of  
e l e c t r i c  c h a r g e .   I f   t h e   m a t e r i a l   d i s p l a y s  

conduct ion   tha t   a r i ses   no t  from t h e   e f f e c t   o f  
po lar iza t ion  on the  displaaement   current   but   f rom 
ac tua l   cha rge   t r anspor t ,  Hasted  (1974) shows t h a t  

U + - .  E = E  dielectric ~ T W E  
0 

dielectr~ice~eoa~r~scsociated with loss from polar i -  
Here E is t h e   c o m p o n e n t   o f   t h e  

za t ion   cu r ren t s .  With a d i e l e c t r i c  loss mechanism 
such  a3  that  from  water  molecules and i n   t h e  
absence  of  conductors, will normally show a 
s t r o n g  peak when plot ted  vs .   f requency.  However, 
i f  conduct ion   dominates   the   po lar iza t ion   e f fec ts ,  
E will be inverse ly   p ropor t iona l   to   f requency .  
Thus ,   t he   s lope   o f   t he   l i ne  from  Figure 3, which 
i s  (0.994) c a l c u l a t e d   u s i n g   l e a s t   s q u a r e  
regression  techniques,  implies tha t   conduct ion  is  
much more impor tan t   than   po lar iza t ion   e f fec ts   in  
d e t e r m i n i n g  t h e  e l e c t r i c a l   p r o p e r t i e s   o f  
hydrate-containing  &rea  sandstone  cores. 

I B  1 00 t mnm 1 at300 
Frwquwncy h t  

FIGURE 3 Ima i n a r y   p a r t   o f   t h e   r e l a t i v e   p e r m i t -  
t i v i t y  x 10%  vs.  frequency  for a &rea   co re  
s a t u r a t e d  wi th  a 0.5 N NaCl THF s o l u t i o n   a t  -24'C. 

The ef fec t   o f   t empera ture  and s a l i n i t y  on the 
r e s i s t i v i t i e s  of the   &rea   cores   a l so   sugges ts  
t h a t  the e l ec t r i c   cu r ren t s   f l ow  because   o f   i on ic  
conduction  in an unfrozen  brine  phase,  which i s  
present  i n  the   rock even a f t e r   h y d r a t e s   s t a r t   t o  
form. The e x p o n e n t i a l   i n c r e a s e   i n   r e s i s t i v i t y  
w i t h   t e m p e r a t u r e   o c c u r s   b e c a u s e   l o w e r e d  
tempera tures   cause   the   p ropor t ion  of hydra t e s   i n  
t h e   p o r e s   t o   i n c r e a s e ,   f u r t h e r   c o n s t r i c t i n g   t h e  
br ine  phase.  The decrease i n  r e s i s t i v i t y   a s   t h e  
s a l i n i t y   i n c r e a s e s  (shown in  Figure  2) is  caused 
by an inc rease   i n   t he   i on ic   concen t r a t ion   o f   t he  
brine  phase.  The addi t iona l   ions   p resent   p robably  
a l so   i nh ib i t   t he   fo rma t ion   o f   hydra t e s   i nc reas ing  
t h e  amount o f   b r ine   p re sen t   i n   t he   po res .  

The e l ec t r i ca l   p rope r t i e s   o f   hydra t e -con ta in ing  
sediments   can  be  quant i ta t ivelg  understood  using 
A r c h i e ' s   l a w  ( P  = aPw$-mSw- ) ,  a n   e m p i r i c a l  



r e l a t i o n s h i p  between  water  content and t h e  
r e s i s t i v i t y  of  water-saturated  sediments. Here p 
is t he   r e s i s t i v i ty  of the  sediments, p is t h e  
pore water r e s i s t i v i t y ,  Sw is  the   f ract ign of the 
porosity  occupied by liquid  water, and a ,  m ,  and n 
are  empirically  derived  parameters. This equation 
also  applies  to  rocks where the  pore  spaces  are 
p a r t i a l l y   f i l l e d  with i ce  or hydrates. However. 
as  the amount of l i q u i d  water  decreases, Sw and p 
are  both  reduced, Sw because some o f  the availablg 
pore  space is now f i l l e d  wi th  a so l id  noncon- 
ductor, and p because the  dissolved  sal ts   are  
concentrated if the  remaining  unfrozen  brine. If 
the  brine is not  very  near  saturation.  the  effect 
on hydrate or i ce  formation o f  pw is re l a t ive ly  
easy to  quantify because an increase i n  s a l t  
concentration  causes a linear  decrease i n  pw. 
Because hydrates of i ce  exclude a l l  of the  d i s -  
solved sa l t s   a s   t hey  form, the  salt   concentration 
of the  brine  inclusions Is inversely  proportional 
t o   t he  volume fraction of l iquid  water ,   i f  we 
assume that  the  sediments were i n i t i a l l y  water 
s a t u r a t e d .  I n  a d d i t i o n ,   t h e   r e s i s t i v i t y   o f  
aqueous solutions  increases  exponentially with 
decreas ing   tempera tures .   Inc luding   bo th   the  
temperature and concentrat ion  effects ,   the   res is-  
t i v i t y  of a partially  frozen  brine  at   temperature 
T is t h u s  proportional  to ( C )  Sw, where C is a 
constant.   Substi tuting t h i s  re la t ionship  into 
Archie's  equation and dividing by the   r e s i s t i v i ty  
a t  0%. we f ind   tha t   the   ra t io  of frozen ( p f )  and 
thawed (p,) r e s i s t i v i t i e s  is 

Pf/  pt = c-T swl-n * (5) 

Archie's law accounts  for  the rap id  decrease i n  
r e s i s t i v i ty   a s  a function o f  temperature  (see 
Figure 4). Because N is usually  equal  to 2, the  
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FIGURE 4 Resistivity  as a function  of  temperature 
for tm, &rea  sandstone  samples, one saturated 
wi th  0.5 N NaCl THF solution and one saturated 
with a 0.5 N NaCl solution  without THF. 

r e s i s t i v i t y  is inversely  proportional  to Sw. As 
the  temperature  decreases,  the  concentration  of 
the  brine  at   equilibrium with hydrates  increases, 
causing Sw t o  decrease and t h e   r e s i s t i v i t y   t o  
increase.   Increasing  the  molarity  of  the  salt  
s o l u t i o n   c a u s e s   t h e   r e s i s t i v i t y   t o   d e c r e a s e  
because  the  increased  salinity  of  the  pore  water 
i nh ib i t s   t he   fo rma t ion   o f   hydra t e s ,  which 
i n c r e a s e s   t h e  amount of   unfrozen  water  (Sw) 
present. 

I n  o rder   to  compare the   e lec t r ica l   p roper t ies  
of partially  frozen  sediments  with  the measure- 
ments on hydrate  containing  sediments  described 
above, we performed a s e r i e s  of e l e c t r i c a l  
measurements on a Berea sandstone sample saturated 
with an 0.5 N NaCl solution. Because t h i s   s m p l e  
d i d  not  contain any THF, ice  rather  than  hydrates 
formed when the  temperature  of  the sample was 
reduced below freezing. As was the  case wi th  
hydrates.  the complex r e s i s t i v i t i e s  were frequency 
independent and a l i n e a r   r e l a t i o n s h i p   e x i s t e d  
between log (E) and log  frequency. The re la t ion-  
s h i p  between hydrate and ice  containing  samples is 
shown i n  Figure 4. Note that  the  curves  are 
similar i n  t ha t  both  curves show  an exponential 
decrease i n  r e s i s t i v i t y  with  temperature. The 
quan t i t a t ive   d i f f e rence   be tween   t he   cu rves  is 
probably  caused by d i f f e r i n g  amounts  of 
crystal l ine  hydrates  and i c e  i n  the  pore  spaces. 
Such differences  are  not  unexpected  because  ice 
and THF hydrates  have  different s t a b i l i t y  curves 
and dissociation  temperatures. The r e s i s t i v i t y  of 
ice  reaches a nearly  constant  value  at -QaC,  the 
freezing  point  of a 0.5 N NaCl solution. whereas 
the THF-aontaining sample does  not  reach  plateau 
u n t i l  +2OC, presumably the  dissociation tempera- 
t u re  of THF hydrates i n  a 0.5 N NaCl solution. 

SEISMIC  RESULTS 

Sonic P-wave ve loc i t ies ,  measured on hydrate- 
containing  &rea  sandstone  cores  as a function  of 
temperature,  are shown i n  Figure 5. This f igure  
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FIGURE 5 Sonic ve loc i t ies  vs .  temperature for two 
&rea  cores showing the   e f f ec t  o f  sa l in i ty .  



shows r e s u l t s  from c o r e s   s a t u r a t e d  w i t h  two 
d i f fe ren t  NaCl solutions.  Note t h a t  i n  both  cases 
the  sonic  velocit ies  increase from 2.5 t o  4.5 km/s 
when hydrates  begin  to form i n  the pore  spaces. 
Once hydrates  form,  the  velocities  reach a plateau 
where further  cooling  produces  very l i t t l e  change. 

As shown i n  Figure 5 t h e  s a l i n i t y  of the 
sa tura t ing  l i q u i d  has  very l i t t l e   e f f e c t  on the 
sonic   veloci t ies  once hydrates  have formed i n  the 
cores. However cores  saturated with s a l ine  water 
and THF approach the  high-velocity  plateau more 
gradually  than do samples  Saturated with pure 
water and THF. Thus the  behavior   of   sonic  
ve loc i t ies  as a function o f  temperature  contrasts 
wi th   the   e lec t r ica l   res i s t iv i ty  measurements i n  
t ha t   e l ec t r i ca l   r e s i s t i v i t i e s   dec rease   r ap id ly   a s  
a function  of  temperature even after  the  pore 
spaces of the sample are  probably  nearly  full  of 
hydrates,  while  sonic  velocities  rapidly  increase 
when hydra tes   s ta r t   to  form i n  the  pore  spaces. 
Then the  velocit ies  reach a plateau where fur ther  
coo l ing   p roduces   ve ry   l i t t l e   change  i n  s o n i c  
ve loc i t ies .  The difference i n  the  temperature 
dependence of sonic   veloci t ies  and r e s i s t i v i t i e s  
i l l u s t r a t e s  a fundamental   d i f ference i n  t h e  
mechanism by which e l ec t r i ca l  and acoustic  signals 
are  transmitted i n  rock.  Electrical   signs  are 
transmitted  through the brine  phase so e l e c t r i c a l  
properties remain sens i t i ve  t o  the  amount of  brine 
present, even when the  fraction of t h e  pore volume 
containing  brine becomes very  small. I n  cont ras t ,  
acoustic  pulses  are  transmitted pr imari ly  through 
the  solid  matrix,  so once t h e  pore volume is 
la rge ly   f i l l ed  with hydrates, a further  decrease 
i n  t he   sma l l   b r ine   f r ac t ion   p roduces   on ly  a 
negligible change i n  velocity. However the  slower 
asymptotic  approach i n  the   b r ine- r ich   sample  
suggests  that  amount of f l u i d  i n  the unfrozen 
brine  phase  does  have some e f f ec t  on velocity When 
the  brine phase cons is t s  of a r e l a t ive ly   l a rge  
amount of f l u id .  

The compressional  velocity  of  hydrates  forming 
i n  a sediment can probably be understood  using a 
three-phase  time-averaged  equation, f i r s t  proposed 
by Timur (1968) for  partially  frozen  sediments and 
s i n c e   t e s t e d  b y  s e v e r a l   o t h e r   a u t h o r s .  The 
compressional  velocity (Vp) is related t o  the  
velocity of i ce  (Vs) , the  velocity  of  the  brine 
inclusions (Vb). and the  veloci ty  of the   so l id  
matrix (Vm) by 

Because of the   s imi la r i t i es  between the  seismic 
ve loc i tes  of i ce  and hydrates, t h i s  equation can 
probably be used to  calculate  the  velocity of a 
mixture  of  hydrates and brine i n  sedimentary  rock. 
Note t h a t  Equation 6 depends Linearly on  Sw, i n  
contrast  Co Equation 5 which, i f  n = 2, is  
i nve r se ly   p ropor t iona l .  The d i f f e r e n c e  i n  
e l e c t r i c a l  and sonic  properties  as a function  of 
temperature can be explained by the  difference i n  
the dependence of  Equations 5 and 6 on Sw. The 
electrical  properties  are  inversely  proportional 
t o  Sw so t h e   e l e c t r i c a l   r e s i s t i v i t y   r e m a i n s  
sens i t i ve   t o  changes i n  Sw even when very l i t t l e  
unfrozen  water  remains i n  the  rock. In contrast  , 

i n  Equation 6 Sw enters  1 direc : t l y   a s  a term added 
to   o ther   quant i t ies .  Thus as Sw becomes small it 
has a negl igible   effect  on the  seismic  velocity, 

We performed no sonic measurements on &rea 
samples that  did  not  contain a THF hydrate  mixture 
so we could  not compare the   e f fec t  of THF hydrates 
and i c e  on the  sonic   veloci t ies .  However because 
our   measurements   a re   very   s imi la r   to   resu l t s  
published by Pandt and  King (1979) fo r   pa r t i a l ly  
frozen  sediments, we expect  ice and hydrates   to  
have   near ly   the  same e f f e c t  on t h e   s o n i c  
ve loc i t ies .  

CONCLUSIONS 

Several  significant  conclusions can be  drawn 
from t h i s  s t u d y :  ( 1 )  t h e   r e s i s t i v i t i e s  and sonic 
ve loc i t i e s  of Berea sandstone  cores  are  strongly 
a f f e c t e d  by t h e  p r e s e n c e   o f   e i t h e r   i c e  or 
hydrates.  Resistivities  increased by an order  of 
magnitude and continued to   increase  rapidly  as  
f u r t h e r   d e c r e a s e s  i n  t empera ture   reduced   the  
amount of  unfrozen  brine  present i n  the  rock. The 
sonic   veloci t ies ,  i n  contrast ,   rapidly  increased 
when hydrates began t o  form i n  the  cores  but soon 
approached a limiting  value.  Further  cooling 
produced only a very  small  increase i n  sonic 
ve loc i t ies .  (2)  Ice and hydrates  produce  very 
s imi la r   changes  i n  t h e   s o n i c  and e l e c t r i c a l  
properties of  &rea  sandstone. Any differences 
can  probably be ascribed t o  d i f fe r ing  amounts of 
unf rozen   br ine   p resent  i n  t he   po res .   Th i s  
suggests  that  it may be d i f f i cu l t   t o   d i s t i ngu i sh  
permafrost and hydrate-containing  layers  using 
o rd ina ry   geophys ica l   t echn iques .  ( 3 )  The 
s a l i n i t y  of the  pore  water i n  which the  hydrates 
form has a s t rong  effect  on the   r e s i s t i v i t i e s   bu t  
a very small   effect  on the  sonic   veloci t ies .  We 
suggest   that   the   effect  of temperature and sa l in-  
i t y  on r e s i s t i v i t i e s  and sonic   ve loc i t ies  can  be 
explained i f   t h e  samples obey Archie’s  law fo r  
r e s i s t i v i t i e s  and the   t h ree -phase   ru l e   fo r  
v e l o c i t i e s .  (4) R e s i s t i v i t i e s   o f   h y d r a t e  
containing  cores  are  nearly  frequency  independent 
i n  the  range from 10 Hz t o  30 kHz. However, both 
the  dielectr ic   constant  and the   d i e l ec t r i c   l o s s  
decrease  rapidly  as a function o f  frequency. The 
log   l inear   re la t ionship   be tween  f requency  and 
d i e l e c t r i c   l o s s   s u g g e s t s   t h a t   t h e   e l e c t r i c a l  
properties of the  hydrate  containing  samples  are 
controlled by ionic  conduction i n  a frozen  brine 
phase. 

Our experimental  results show that  the  presence 
of  hydrates  has a s t rong  effect  on the  acoustic 
and e lec t r ic   p roper t ies  of  sediments compared t o  
unfrozen or unhydrated  sediments. An increase  of 
severa l   o rders   o f   magni tude  i n  e l e c t r i c a l  
r e s i s t i v i t i e s  oan e a s i l y  be de t ec t ed   u s ing  a 
v a r i e t y   o f   e l e c t r i c a l   e x p l o r a t i o n   t e c h n i q u e s .  
Also  an 80% i n c r e a s e  i n  s o n i c   v e l o c i t y  i s  
s u f f i c i e n t   t o  produce a very  strong  reflection i n  
seismic  reflection d a t a  and can eas i ly  be detected 
i n  seismic  refraction  surveys. This very  strong 
velocity  contrast  may account  for  strong  reflec- 
t ions  t h a t  are  often  observed  at   the bottom o f  
poss ib l e   hydra t e   bea r ing   ho r i zons  i n  marine 
seismic  surveys  (Shipley e t   a l .  1979). 
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ADFREEZING STRESSES ON STEEL PIPE PILES, THOMPSON,  MANITOBA 

E. Penner and L. E. Goodrich 

Geotechnical  Section,  Division of  Building  Research 
National  Research  Council of  Canada, Ottawa, Ontario, K U  OR6 

Studies  of u p l i f t   f o r c e s  on steel p ipe   p i les   in   f ros t - suscept ib le   varved   c lays  were 
car r ied   ou t   near  Thompson, Manitoba,  over  three  consecutive  winters. The ins t a l -  
l a t i on   cons i s t ed  of p ipe   p i l e s ,  169, 323 and 458 mm in   diameter  and 3.3 m long. 
Each p i l e   s i z e  w a s  repl icated  three  t imea on the  same site, and a l l   p i l e s  had 
separate  reaction  frames  anchored  to  bedrock.  For  the  f irst   winter,  when the   t h i ck  
gravel   Layer   that  was placed  over  the si te was a l l w e d   t o   f r e e z e   t o   t h e   p i l e s ,   h l g h  
u p l i f t   f o r c e s  were measured. The p i l e  w a s  i so l a t ed  from the   g rave l   i n   t he  two 
subsequent  winters  and  the  adfreeze  values  corresponded  nore  closely  to  those 
determined  previously. 

Adfreezing of f r o s t - s u s c e p t i b l e   s o i l   t o  
foundations  and  subsequent  uplift  is an  important 
engineering  problem.  Special  precautions  are 
r equ i r ed   fo r   s t ruc tu res   t ha t  =st f u n c t i o n   i n   t h i s  
environment, to   avoid  destruct ive  displacement  
forces .  The ques t ion   t ha t  arises i n  the  
considerat ion of var ious   des ign   poss ib i l i t i es  is the 
magnitude of the  force  generated  and how it va r i e s  
wi th   so i l   type ,   so i l   mois ture   conten t ,   c l imate  and 
foundation material. Crory and Reed (1965) and 
Vialov (1959) have shown the  importance of such 
u p l i f t   f o r c e s  and that  they  can be s u b s t a n t i a l   i n   t h e  
ac t ive   l ayer  of permanently  frozen  ground.  Earlier 
a d f r e e z i n g   s t u d i e s   i n   s e a s o n a l   f r o s t   a r e a s  were 
described by  Trow (1955),  Kinoshita  and Ono (19631, 
Penner  and  Irwin (196.9). Penner  and  Gold (1971), and 
Penner (1974). The work of Penner,  and  Penner et a l ,  
involved   f ie ld  measurements on p i l e s  of wood, 
concrete, and steel pipe of various  diameters  from 
7.6 t o  30.5 cm. 

s o i l s   m y  occur  because  the w e t  s o i l   f r e e z e s   t o   t h e  
foundat ion  during  f rost   penetrat ion.  The formation 
of ice lenses ,   the  main  cause of f r o s t  heaving, may 
l i f t   s t ruc tures   un less   spec ia l   p recaut ions   a re   t aken .  
Preventative  measures may simply  involve  replacing 
the  frost-susceptible  soil ,   preventing  Ereezing by 
insu la t ing ,   spec ia l   hea t ing   techniques ,   i so la t ing   the  
s t ruc tu re  from the  heaving  soi l  or cont ro l l ing  t h e  
water supply.  Loading o f  t h e   s t r u c t u r e  is r a re ly  
used i n   p r a c t i c e .  

of adfreeze  forces is to   p lace  a force  gauge between 
a s u i t a b l e   r e a c t i o n  frame  and the   s t ruc tu re ,  e.g., 
foundation walls o r   p i l e s .  Normally, c h a r a c t e r i s t i c  
surface  displacements  develop i n   t h e   s u r r o u n d i n g   s o i l  
(Penner and  Gold 1971). 

Primary  heaving  farces  always  develop i n   t h e  
same di rec t ion   as   the   hea t   f low,   normal   to  the 
d i r ec t ion  of ice lens  grovth. Complex thermal 
pa t te rns  sometimes  develop due t o   d i f f e r e n c e s   i n   t h e  
thermal  properties o f  the s t r u c t u r e  and the   so i l .  
For example, a steel p i l e   o f t e n   p r o j e c t s  above the  
ground  surface. I n   a r e a s  of seasona l   f ro s t ,  the 
depth of f reez ing  is g rea t e s t  at  the   p i le .   This  
p a t t e r n   i o  enhanced f u r t h e r  when  snow accumulates on 

Displacement of foundations i n   f r o s t - s u s c e p t i b l e  

The technique commonly used i n   t h e  measurement 

the  site and t h e   p i l e   p r o j e c t s  above the   i n su la t ing  
snrrw layer. 

A f ie ld   s tudy  was undertaken i n  1971 a t  
Thompson, Manitoba,  where a Division of Building 
Research (DBR) f i e l d   s t a t i o n  is loca ted ,   to   ex tend  
inves t iga t ions   ca r r i ed   ou t   a t  Ottawa on t he  
performance  and  behaviour of various  foundation 
s t ruc tures .  The i n i t i a l   o b j e c t i v e  of th i s   s tudy  was 
to   measu re .up l i f t   f o rces  on steel p i les .  

SITE SELECTION AND PREPARATION 

The main si te requirements were easy 
accessibil i ty,   a  nearby power l ine,   shallow  bedrock 
f o r  anchorage of t he  steel reaction  frames, and 
sur face  soil characteristics common to   the   reg ion .  
I s l ands  of permafrost  occur a t  Thompson, so a si te 
was chosen where no permafrost was present. 

town. S i te   p repara t ion   cons is ted  of removing t h e  
trees and placing a layer  of gravel  over  the  ground 
surface  to   provide good t r a f f i c a b i l i t y   f o r  
construction  equipment  with a miniam of s o i l  
disturbance. A t h in   l aye r  of asphal t ic   concre te  w a s  
p laced   over   the   g rave l   to  improve l o c a l  working 
condi t ions  during  pi le   and ' rock  anchor   instal la t ions.  
A schematic  d,iagram of the  s i t e  w i t h   i n s t a l l a t i o n s   i n  
place is shown in  Figure 1. 

Following  the  development of unusually  high 
fo rces   du r ing   t he   f i r s t   w in te r ' s   ope ra t ions ,   t he  
g rave l . . l aye r ,on   t he  ground  surface was isolated  from 
the   p i l e   w i th  a metal sh ie ld .  A l ayer  of grease was 
placed  between  the  pile  and the m e t a l   s h i e l d   t o  
reduce   f r ic t ion  and t h e   p o s s i b i l i t y  of adfreezing. 
The influence  and  importance of th i s   des ign  change i n  
the   p rof i le   next   to   the   p i le   cannot  be overempha- 
sized. The experience  might w e l l  se rve  as a caut ion 
wherever p i les   a re   used   in   co ld  climates. The e f f e c t  
on the   force  measurements  and adfreeze stresses will 
be  included i n  the sec t ion  on r e s u l t s  and 
discussion. 

The test  site was about 3.2 lan south of t he  
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INSTALLATLON  OF STEEL PIPE PILES AND 
RO(x ANCHORS FOR REACTION FRAMES 

AND BENCHMARKS 

The surface of t he   p i l e s  w a s  sandblasted  to  
remove the  ant icorrosion  t reatment .  P i l e s  were 
s tored  outs ide  for   several  months t o  allow surface 
r u s t   t o  form. The ends of the p i l e s  were capped wi th  
s t e e l   p l a t e s ,  2.54 cm thick on  top  and 1.25 c m  on the  
bottom. A l l  n ine  pi les ,   three of  each  diameter, 169, 
323 and  458 mm, were prepared  this  way. These p i l e s  
were nominally  6, 12 and 18  in. i n  diameter and are 
r e f e r r e d   t o   a s  S6A, S12A, and S18A, respectively. 
Copper-constantan  thermocouples were p laced   a t  0.3 m 
i n t e rva l s  on the   sur face  of one p i l e  o f  each  diameter 
f o r  temperature measurement. Lead wires were placed 
i n  a 1.9 cm diameter  conduit  welded  along  the  length 
of the  pi le .  To reduce  thermal  conduction  errors 
along  the  leads on temperature  measurements,  the 
thermocouple wires and t i p  were embedded with epoxy 
r e s i n  i n  a 15 cm long  horizontal  groove  around  the 
circumference of t h e   p i l e  at each measurement 
location.  This  procedure  also  ensured good thermal 
contact between p i l e  and thermocouple. 

The p i l e s  were randomly located on t h e   s i t e   i n  
machine-augered holes 15 cm la rger   than   the   p i le  
diameter.  Backfilling was done immediately  with  the 
augered so i l   t o   avo id   l a rge   mo i s tu re  changes. The 
surface  gravel  layer was replaced  to conform with  the 
rest of  site, f o r   t h e   f i r s t   y e a r  only. 

beams (S150 x 19) 0.91 m long,  crossed a t  go", and 
t i e d  down at the  four  ends  with 1.9 c m  diameter  high- 
s t rength  steel anchor  rods..  Stelco  expansion  shells 
(3.2 cm "S" type) were placed at  a depth of  0.46 m 
i n t o  bedrock  (Figure  2). The s t rength  of each  anchor 
and rod  assembly was tes ted  by applying a t e n s i l e  
load of 0.1 MN. Two benchmarks, BM 1 and BM 2 
(Figure l ) ,  were i n s t a l l e d   i n  bedrock i n   t h e  same 
way. 

Thermocouple cables were placed  to  a depth o f  
3 m i n  augered v e r t i c a l   h o l e s  at  var ious  dis tances  
(0.15, 0.30, 0.61, 1.22, and 3 m) from the   th ree  
temperature-instrumented  piles.  Fine-grained  dry 
mine s l ag  was used  for  backfil l ing  around  the 
cables. 

Snow was allowed t o  accumulate on the site 
during  the  winter.  Lightweight  elevated wooden 
catwalks were bui l t   a long  the main row of ground 
survey  stakes,   to  the  nearby benchmark,  and t o   t h e  
instrumented  weather  centre,  to  avoid snow 
disturbance by the  survey crew. A photograph of a 
portion of t h e   s i t e  is shown in   F igure  3. 

Other  Instrumentation 

The steel reac t ion  frame  consisted of  two s t e e l  

Dillon  force  gauges,  placed between reac t ion  
frame and p i l e ,  were used t o  measure up l i f t   f o rces .  
The  gauge capacity  selected was based on the Ottawa 
experience,   wi th-   sui table   provis ions  for   the  higher  
forces  expected.  During  the  f irst   winter  the 
reaction  frames  had  to be adjusted a t  c r i t i c a l , t i m a s ,  
t o  reduce the forces and avoid damaging the gauges by 
exceeding their   ra ted  capaci ty;   hence  the m a x i n u m  
up l i f t   f o rces  were not measured. For  the  second and 
th i rd   win ters  (197311974 and 197411975), v ibra t ing  
wire  force gauges  capable of measuring a force  of 
0.44 MN were ins t a l l ed .  The new gauge could  be  read 
remotely in   addi t ion  to   having a high  capacity. As 

w i l l  be discussed  Later,   the  layer of  gravel  placed 
over  the site was thought t o  be the main cause of the  
very  high  forces  measured in t he  f i rs t  year, so 
gravel and p i l e  were i s o l a t e d   f o r   t h e  second and 
third  winters .  

Observations 

Ground temperatures  were  recorded a t  least once 
a day using a multipoint L 6 N recorder €or the  main 
points ;   o thers  were recorded by hand. The ove ra l l  
accuracy of the  temperature  measurements,  including 
i n s t a l l a t i o n   e r r o r s ,  was bel ieved  to  be within + i a C .  
A l l  force gauges were ca l ibra ted  and checked  before 
i n s t a l l a t i o n  and  read  daily.  Level  surveys  were done 
weekly o r  bimonthly €or the center of the   react ion 
frame, t h e   p i l e s  and sur face  gauges. Air tempera- 
t u re s  were measured with a thermocouple  inside a 
Stevenson  screen a t   t h e  site. Temperatures  from 
maximum/minimum thermometers were used to   determine 
the   f reez ing  index. Snow depths  were  measured  daily 
a t  two locations,  using  permanently  placed snow 
stakes.  

SOIL, CLIMATE, AND PERMAFROST CONDITIONS 

The t m  of  Thompson (55'45'N, 97'50'W), a 
recent ly   developed  industr ia l   se t t lement ,   l ies   within 
the  ditacontiuuous  permafrost zone (Johnston e t  a 1  
1963).  Although the  Site did  not  contain  any 
permafrost,  there were patches of i t  within a few 
hundred metres. The mean annual air temperature a t  
Thompson, based  on  very  limited  data, is about - 
3.9'C. This  value i s  consistent  with  that  determined 
f o r  nearby  settlemants  from 7 years of observations. 
The  mean annual  precipitation, based on measurements 
made between  1968  and 1972, was  44.6 c m  of water, 
33 c m  as   ra in ,  and 116 c m  of  snow. 

during  the  Pleistocene epoch. Varved clays and 
g l a c i a l  tills cons t i t u t e   t he   su r f i c i a l   depos i t s  
throughout  this  region. A t  the  test  site the  
overburden  ranges in   t h i ckness  from 3.7 m i n  t he  IW 
corner   to  6.1 m i n   t h e  SW corner. It cons is t s  of 
varved  clays  with  the  exception of a t h in   l aye r  of 
pebbly  sandy si l t  overlying  the  bedrock.  There was a 
th in   l aye r  of peat at  the SE corner,  through which 
one p i l e  passed  (Figure 1, S6A). 

samples w a s  about 5Q%, with most of the  remaining 
coarser materials passing  the 200 sieve.  Moisture 
contents  ranged  from 20 t o  30% by weight. The g ra in  
s i z e  at the  si te fa l l s   wi th in   the   g ra in   s ize   envelope  
f o r   t h e  Thompson so i l   ( Johns ton   e t   a1  1963). 

The  Thompson area was extensively  glaciated 

The clay  size  content  determined  on  augered 

RESULTS AND DISCUSSION 

Figure 4 s h w s   t h e  197211973  and 1973j1974 
maximum heave  along a NS l i n e  through  the 
temperature-instrumented  piles, S6A, S12A, and S18A. 
The maximum f ros t   pene tTa t i0n   i n   t he   v i c in i ty  of the  
p i l e s  is a lso   sharn .   This   f igure   i l lus t ra tes   the  
cont ras t ing   resu l t s ,   to  which spec ia l   a t t en t ion  is 
directed.  

The cause for   the   h igh   adf reeze   resu l t s  was the 
adfreezing of t he   g rave l   l aye r   du r ing   t he   f i r s t  
winter, 197211973. The large  ver t ical   d isplacements  
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of the   reac t ion   f rames   a re   cons is ten t   wi th   the   h igh  
forces   that  were generated. The frozen wet gravel  
f o r m  a  s t rong  layer   over   the  f rost-suscept ible   soi l .  
It was cons idered   tha t   th i s   l ayer   f rozen   to   the   p i les  
t r ans fe r r ed   t hese   l a rge r   t han  normal   forces   to   the 
p i l e  as the s o i l  heaved. The reaction  frames had EO 
be  adjusted  several  times t o  release the   fo rces  and 
avoid  overstressing the Dillon force  gauges;  hence 
the   record  of t he   f i r s t .w in te r ' s   r e su l t s   does   no t  
give the maximum forces  that  probably  developed. 
Table 1 gives   the  calculated  adfreeze stresses 
(1972/1973) from the   h ighes t   forces  measured p r i o r  t o  
release of the  frames. The adf reez ing   pressures   for  
the  next  two winters  were much lower and are 
comparable t o   t h e   r e s u l t s  of s tudies   carr ied  out  
earlier. For  comparative  purposes,  the (D) sec t ion  
i n  Table 1 gives   the   resu l t s  of measurements made at  
Ottawa on p i l e s  of t he  same diameter. As a t  
Thompson, the  O t t a w a  adf reeze   resu l t s   a re   the   average  
of t h ree   p i l e s   fo r   each  of two diameters, 169 and 
323 mm. 
twice as  high as those  measured at  Thompson. This 
probably   re f lec ts   d i f fe rences   in   the  amount .of heave 
in s o i l s  at  the  two sites. The measured  heave i n  
Ottawa was i n   excess  of 7 cm, while a t  Thompson i t  
was less than 2 cm. The Ottawa  soil--Leda  clay--has 
a c lay   s ize   conten t  of 70% and a moisture  content of 
44%, whi le   a t  Thompson, the   average  c lay  s ize   content  
of mixed varve material was about 50% with a rmch 
lower  moisture  content (20-30%). One fu r the r  
d i f fe rence  between the  two sites was the   th ick   g rave l  
layer  at  Thompaon, which  did  not  exist at the  Ottawa 
site. The response t o  air temperature  changes, 
therefore ,  would be much slower at  Thompson. 

Summarizing Remarks 

The adf reeze   forces  measured i n  Ottawa are about 

The most important and unexpected  result is the  
unusual  influence of the  surface  gravel  layer.   For 

I 12 m 10 ,DOE\! VAVEMENI 

p i l e s   t h a t  may be   sub jec t ed   t o   up l i f t   f o rces ,  a 
sur face   l ayer  of w e t  gravel  over a heaving   so i l  may 
have a serims de t r imen ta l   e f f ec t  and should  be 
avoided-by   i so la t ing   the   p i le .  When the  effect of 
the  gravel   layer  was removed, the  adfreezing  forces  
were consistent  with  the  heave and the  nature  of t h e  
underlying  c lay  soi ls .  
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TABLE 1 Calculated  Adfreeze  Stresses  *(kPa) on S t e e l  
P ipe   P i les  

Thompson, Manitoba 

(A) 1972/73,  Fl 2599OC-day8, Maximum stress before 
r e l ease"su r face   g rave l   l aye r   ad f rozen   t o   p i l e s  

S6 (dia .  169 m) - 380** 
$12 (dia.  323 mm) - 179** 
S18 (dia .  458 mu) - 124** 

(B) 1973174, F1 3189'C-days, Average of 3 p i l e s  €or 
each   d i ame te r -g rave l   l aye r   i so l a t ed   f rom  p i l e  

$6 35.9 38.9 79.9 59.1 36.1 19.8 13.4 
S12 56.9 29.7 47.0 35.1 23.2 14.1 12.0 
S18 37.1 22.6 46.2 37.8 29.1 17.6 6.2 

Nov. Dec. Jan. Feb. Mar. Apr. May 

Winter 
Avera e Maximum 

31.1 76 
28.1 69 

-i&-TTf 

(C)  1974175 F1 2406'C-days, Average of 3 p i l e s   € o r  
each diarneter"gravel   layer   isolated  f rom  pi le  

Nov. Dec. Jan. Feb. Mar. Apr. May 
S6  32.4 39.2 47.8 39.7 26.1 20.6 ** 
$12 18.5 20.2 24.2 21.4 12.1 10.4 ** 
S18 10.3 18.7 2'9.2 24.1 16.0 12.4 ** 

Winter 
Average M a x i m u m  

34.3 69 
17.8 55 
18.5 48 

O t t a w a ,  Ontar io  

(Dl 

S6 
s12 

1971172 Fl, 1067'C-days, Average of 3 p i l e s  of 
each d i a m e t e r - n o   g r a v e l   l a y e r  

NOV. Dec. Jan. Feb. Mar. Apr. May *** 137.0 75.8 88.2 73.1 *** *** *** 105.5 64.8 62.7 72.4 *** *** 
Winter 

76.5 

* Adfreeze stress measured  force/surface area of 
p i l e   i n   f r o z e n  ground. 

*** No f r o s t   i n   t h e  ground. 
** Maximm reached i n   t h e  Dec.-Jan. period. 
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FIGURE 2 Reaction  frame for measurement of u p l i f t  
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FIGURE 3 Test site, showing reaction frames with insulated  force  gauges,  catwalk,  instrument  trailers, 
Stevenson screen,  and  thermocouple  cables. 
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LAWS GOVERNING INTERACTIONS BETWEEN RAILROAD 
ROADBEDS  AND  PERMAFROST 

N. A. Peretrukhin'  and T. V. Potatueva' 

'Institute of Transport  Construction,  Moscow, USSR 
21nstitute of Civil  Engineering,  Tomsk, USSR 

In  southern  areas  of  permafrost  occurrence  interactions  between  railroad  roadbeds 
and  permafrost  are  characterized  by  changes  through  time  both in  the  intensity of 
the  thawing  of  permafrost  and  settlement of the  grade  as  deformation  of  the  Eoun- 
dation  materials  occurs.  These  interactions  may  be  divided  provisionally  into 
three  periods:  those  of  intense  deformation,  moderate  deformation,  and  complete 
stabilization.  The  first  period  is  characterized  by an irregular  regime  of  thawing 
and  settlement  of  the  foundation  materials.  Initially  thawing  and  Settlement  are 
very  intense  but  towards  the  end of the  period  this  intensity  declines  markedly. 
The  beginning  of  the  period  coincides with that of construction  and  it  ends 1-2 
years  after  completion  of  the  grade.  These  trends  are  dictated  by  the  changes  in 
the  natural  permafrost  conditions  provoked  by  construction  of  the  roadbed.  The 
second  period  is  characterized  by a relatively  low  intensity of thawing  and  settle- 
ment which tends to  die away with time.  The  duration  of  this  period  is  dictated  by 
the  degree  of  disturbance  of  the  natural  local  conditions  and  the  deformability  of 
the  thawing  permafrost  materials  under  the  influence  of  the  completed  grade.  The 
third  period  is  characterized  by  complete  stabilization  of  the  roadbed  which  corres- 
ponds  to  the  needs of normal  operation  of  the  line.  Depths of thaw  and amounts of 
settlement  display no linear  correlation.  The  thaw  depth  depends on the  degree of 
disturbance  of  the  natural  thermal  regime,  and on hydrological,  permafrost,  and 
other  natural  conditions,  whereas  total  settlement  depends on the  composition  and 
ice  content of the  thawing  permafrost  and  also on the  compressibility  of  the  perma- 
frost  materials  under  a  given  operating  load. 

INTRODUCTION 

In past  years,  construction  of  railway  roadbeds 
in southern  areas  of  permafrost  required  relatively 
complicated  engineering  decisions,  such  as  removal 
o f  soft  active  layer  soils  and  permafrost to  depths 
of 3 m  under  the  embankment  and  backfilling  the 
excavation  with  granular  material;  increasing  the 
embankment  width t o  account  for  settlements  caused 
by  thawing o f  the  underlying  permafrost,  and  also 
the  construction  of  berms.  These  measures  are 
taken  to  prevent  or  control  the  large,  differential 
settlements  and  other  embankment  deformations  that 
occur,  and  result  in  an  increase of 30-100%  in  the 
volume  of  earth  work  and  a  complicated  and  labor- 
intensive  construction  operation.  Experience  has 
shown,  however,  that  such  measures  do  not  result 
in  a  stabilized  roadbed,  and,  even when some  perma- 
frost  has  been  excavated,  the  roadbed  experiences 
long-term,  large  and  irregular  settlements.  It  is 
very  difficult  to  control  both  permafrost  thawing 
and  roadbed  settlement.  Field  experiments were 
carried  out,  therefore,  to  study  the  mechanisms of 
roadbed-permafrost  interaction,  to  observe  the 
effectiveness  and  anti-deformation  measures,  and  to 
accumulate  data  characterizing  roadbed  stability  of 
typical  sections  (Peretrukhin 1978). 

RESEARCH METHOD 

the  depth  to  the  permafrost  table  under  the  embank- 
ment,  roadbed  settlements  caused  by  compression  of 
soft  active  layer  soils  and  thawing  permafrost  are 
the  main  quantitative  indices  of  roadbed-permafrost 
interaction.  These  indices  are  generalized  para- 
meters  of  the  process  considered.  They  indicate 
the  overall  effect  of  a  great  number  of  variable 
natural  factors  (climatic,  geomorphological,  hydro- 
geological etc.) on the  thermal  regime  and  the 
condition  and  properties of the  perennially  frozen 
ground,  as  well  as  changes  in  them  resulting  from 
roadbed  construction.  At  the  same  time,  these 
indices  characterize  the  thermal  and  mechanical 
interaction of embankments  and  perennially  frozen 
ground  during  the  construction  and  operating 
periods,  as  well  as  the  consequences  of  such  inter- 
action-the  permafrost  thaws  and  embankment  setrle- 
ments  occur. 

The  field  research  included  a  detailed  study of 
the  natural  frozen  soil  and  engineering-geological 
conditions  at  typical  locations  and  embankment 
sections,  as  well  as  changes  that  occurred  prior 
to,  during, and  following  construction of the 
railway.  The  engineering-geological  work  and 
geocryological  survey  were  conducted  using  standard 
methods. In  doing so, values  of  the  generalized 
indices  that  characterize  the  roadbed-permafrost 
interaction  were  measured.  Investigations  were 
conducted  at  five  locations on a  railway  being 
constructed  in  the  southern  part of the  permafrost 
region. 

Values  of  the  active  layer  in  natural  conditions, 

9 a4 
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NATURAL  CONDITXONS AND DESIGN DECISIONS 

Permafrost  occurs in scattered  patches  along  the 
route. It was  found on north-facing  shady  slopes 
and  in  river  valleys  and  dells  where  the  ground  was 
covered  by  moss  and  vegetation.  The  active  layer 
thickness is as much as 0.4-1.2 m in undisturbed 
areas. The roadbed  design  was  chosen,  taking  into 
consideration  the  operating  experience  of  railways 
constructed in regions  having  similar  natural  con- 
ditions,  In  doing so, it was  assumed  that  all 
permafrost  would  thaw  and  that  long-term  and 
irregular  roadbed  settlements  would  occur.  The 
total  settlement was calculated  taking  into  account 
the  permafrost  ice  content.  The  embankment  width 
was  increased  and  berms were constructed on both 
sides  of  the  embankment  as  anti-deformation  meas- 
ures  (Table 1). In  addition,  at  test  section 4 the 
soft  foundation  soil (a loam of  medium  plasticity) 
was  excavated  to  a  depth  of 0.5-0.8 m  and  replaced 
by  gravel. 

TABLE 1 

before  the  preconstruction  period. In places  where 
the  permafrost  thickness  exceeded 5 m,  the  depth 
of  thaw  was  somewhat  greater  than 5 m. The  calcu- 
lated  settlement  differed  from  that  actually 
measured  by not more  than  10%  (Table 2). During 
the first 3 years  the  embankment  settled  0.10  m  and 
in the  next 8 years  it  settled  very  little  (Figure 
1, curve 4 ) .  At  section 4 the  permafrost  thawed 
more  rapidly  (Figure 1, curve 2). This  was  due  to 
the  comparatively  higher  temperature of the  perma- 
frost  as  well as the  warming  influence  of  water 
that  filled  a  trench  excavated in  order t o  replace 
the  soft  foundations  soils  under  the  embankment. 
Water  filled  the  trench  during  the  summer  construc- 
tion  period.  In  the  first  year  the  permafrost 
thawed  to  a  depth of 0.7 m  under  the  embankment 
centerline  and  to  2.4  m  under  a  berm  on  the  west 
side.  Three  years  after  the  embankment  was  built 
the  permafrost  table  was  at  a  depth  of 4 m  below 
the  embanlanent.centerline,  at  a  depth of 5 m  under 

Section  Embankment  (m> 

Length  Increase  Earth  work 
Number (m) Height  in  width  Height  Width  t  ime 

1 260 2.0 0.7-1.5 * 
- Winter 

2 290 1.8-4.0 - 1.5-3.6 3.0-5.0 Winrer&summer 
3 150  2.0-1.5  2.0 - - Summer 
4 123  14.0 2.0 5.0 10.0 
5 50 6.0 5.6 2.0 6 . 0  Winter 

Summer 

The  embankments were to  be  constructed  of  fine  a  berm  on  the  east  side.  During  the  following 8-9 
to  medium  sands  (sections 1-3) and  gravels  (sec-  years  the  depth of thaw  exceeded  11  m  (Figure I, 
tions 4 and 5). The  upper  part  of  the  embanlanent 
was  constructed  of  clayey  loam with gravelly 
inclusions  (sections 1-3) and  of  clayey  loams with 
stones  and  cobbles  (sections 4 and 5). 

RESEARCH RESULTS 

Natural  frozen  soil  conditions  began t o  change 
during  the  preconstruction  works  period.  The 
active  layer  thickness  increased by 2.2-2.7 times 
compared  to  that in undisturbed  areas  and  reached 
1.2-1.4 m in sections  1,  2  and  3,  and  1.0-1.2  m  in 
section 5. During  and  after  construction  of  the 
embankment  the  depth  to  the  permafrost  table  under 
the  embankment  continued.to  increase  at  all  sec- 
tions  following  a  definite  pattern:  the  rate  and 
depth  of  permafrost  thaw  attenuated with  time 
(Figure 1). 

the  rate  of  permafrost  thaw  under  the  embankment 
centerline  was 0.4-0.5 m/yr  at  sections 1 and 2 ,  
constructed in winter,  and  to 0.8 m/yr  in  sections 
4 and 5, constructed in summer.  During  the  next 
two  years  the  thaw rate decreased  almost  by  half. 
In  the 4th  year following  construction  the  depth 
to  the  permafrost  table  exceeded 3 m  and  by  the 
12th year it  was  almost 5 m (Figure  1,  curve 1). 

The  permafrost  thawed  completely  in  places 
where  the  permafrost  thickness  was  less  than 5 m 

During  the  first  two  years  of  railway  operation 

curve 2). 
The considerable  difference  between  calculated 

and  actual  values  of  the  permafrost  thaw  depth  at 
this  section  (Table 2) can  be  explained as follows: 
the  effect  of  both  time  (summer)  and  method  of 
construction,  and  also o f  the  warming  influence  of 
water  in  the  trench,  were  not  taken  into  account  in 
the  calculations.  In  spite  of  the  rapid,  irregular 
and  deep  permafrost  thaw,  the  actual  embankment 
settlement  proved to be  negligible (0.05 m). It 
occurred  only  in  the  first few  years  after  construc- 
t i o n  of the  embankment when compressible  soils  were 
thawing.  The  underlying  frozen  soils,  including 
shales,  did  not  deform  when  thawing. A s  a  result, 
during  the  12  years of railway  operation,  the 
actual  dimension  of  the  roadbed  and the ballast 
layer  did  not  change  significantly  from  that  meas- 
ured  before  the  railway  was  put  into  regular 
operation. 

At  section 5 the  change  in  depth  to  the  perma- 
frost  table  followed  a  regular  pattern  from  the 
time  construction  started  (Figure  1,  curve 3 ) .  The 
rate of thaw  in  the  first  two  years  was  greater 
compared  to  that  in  the  following  years  and  the 
thaw  rate  under  the  roadbed  centerline  was  approxi- 
mately  half  that  occurring  under  berms  and  embank- 
ment  slopes.  By  the  end  of  the  3rd  year  the  perma- 
frost  table  was  at  a  depth  of  about 1 . 2  m  under  the 
centerline  and  1.6-2.8  m  under  berms. In this 
period  the  embankment  settlement  due  to  thaw 
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TABLE  2 

Depth  to  permafrost  Embankment  settlement 
Permafrost  table  in  12th  year (m) by  12th  year (m) 

Calculated  Calculated 

Section  Thickness  Temperature In More In 
number 

More 
(m) ( " C )  design  precise  Actual  design  precise  Actual 

complete 
1 3-1 0 0.02 thaw - - 
2  3-10 

to 1.0 
1.4 

0.4 0.15 
5.0 5.0-5.5 1.06 0.4 

3 3-10 1.4 0.67 0.4 0.16 
0.15 

5 .O 
4 

5.0-5.5 
0.13 5 . 0  to 11.5 

5 -20 1.7  1.5-1.7  1.87 0.85 0.75 
0.55 0.15 

0 .36  
0.05 

I t  

II 

II 

II 
> 9  

Note:  More  precise  calculated  values o f  the  depth  of  thaw  and  settlements  were  determined 
using  methods  specified  by  the  authors (1974). 

consolidations  of  both  active  layer  and  permafrost 
soils  about 0.55 m under  the  centerline  (Figure 1, 
curve 6)  and  0.35-0.70 m under  berms.  After 10 
years of railway  operation  the  permafrost  table 
under  the  embankment  centerline  was  just  below  the 
original moss cover.  The  latter  appeared  to  have 
settled  to  a  depth o f  1.75 m  below  the  original 
ground  surface. In this  case,  the  more  precise 
calculated  value  of  the  depth of thaw  under  the 
embankment  did  not  differ  significantly  from  that 
actually  observed. 

The  curve  showing  the  rate of thaw  at  section 5 
indicates  that  thawing  ceased  under  the  embankment 
(Figure 1, curve 3 ) .  At  the  same  time,  the  high 
rate  of  embankmenr  settlement  at  this  section, 
compared  to  that  occurring  at  the  other  sections, 
is  worth  noting  (Figure 1, curve 6 ) .  Moreover, 
settlement  was  observed  not  only  in  the  first  two 
years,  when  the  frozen  active  layer  soils  thawed, 
but  also  in  the  following 8 years,  when  thawing o f  
permafrost  had  ceased.  This  was  due t o  compression 
of  the  permafrost  soils,  which  originally  were in 
a  plastic-frozen  state  at  a  temperature of -0.3'C. 
The  actual  total  settlement  of  the  roadbed  at  this 
section  was  about 2 .5  times  less  than  The  design 
value  and  about  12%  less  than  the  more  precise 
value  calculated  using  methods  specified  by  the 
authors  (1974) 

dation  soils  change  significantly  as  settlement 
occurs.  During  11  years of observation  the  mois- 
ture  content  of  the  thawed  permafrost  under  the 
embankment  at  sections 1-3 decreased  by 5% with  a 
corresponding  increase in density. At section  5 
the  moisture  content o f  the  foundation  soils  de- 
creased  by  as  much  as 50% and  the  density  increased 
1.3-1.8  times.  Present  calculation  methods  do  not 
take  these  changes  into  account. 

Analysis of the  research  results  shows  that 
permafrost  thaw  and  embankment  settlement  follow 
a  predictable  pattern.  The  permafrost  thaws  more 
rapidly  during  construction  and  in  the  first  1-2 
years  thereafter.  Under  certain  conditions  it 
decreases  by  approximately 70-80% in the  first  2-3 
years  and  by  20-30%  in  the  following 8-10 years. 
This  pattern  is  not  followed,  however, in cases 
where  the  moss-vegetative  cover  is  disturbed or  
removed  and  especially when soft  formulation  soils 

The  research  showed  that  properties of the  foun- 

are  excavated  and  replaced  under an embankment. 
The  length  of  the  thaw  period  under  such  conditions 
is  dependent on the  permafrost  thickness  and  temp- 
erarure,  the  embankment  height  and  structure  and 
also on the  local  frozen  soil,  hydrological  and 
hydrogeological  conditions  and  changes  that  occur 
in  them  prior  to  and  during  construction.  Embank- 
ment  settlements  may  cease  long  before  thawing  of 
permafrost  ends,  if  compressibility  of  the  thawing 
soil  appears  to  be  insignificant. At the  same  time, 
settlements o f  high  embankments  are  possible  due  to 
compression  of  plastic  perennially  frozen  soils, 
thawing  of  which  has  practically  ceased. 

Differences  between  actual  and  calculated 
settlement  values were observed  at  all  sections. 
These  were  due  partly  to  the  incorrect  design 
assumption  that,  regardless of its  thickness,  all 
permafrost  would  thaw  under  railway  embankments  in 
areas  where  high-temperature  permafrost  occurred i n  
scattered  islands.  The  lack  of  good  data on the 
ice  content  and  compressibility  of  the  perennially 
frozen  foundation  soils  also  introduced  errors  in 
the  calculations.  The  roadbed  at  all  test  sections, 
as well  as at  other  embankment  sections  constructed 
on permafrost  along  this  railway  route,  was  as 
stable  as  necessary. Most settlements  occurring 
in  the  construction  period  were  compensated  for 
before  putting  the  railway  into  regular  operation. 
The  small  settlements  that  occurred  later  were 
corrected  by  placing  more  ballast  during  mainten- 
ance  operations. 

the  effectiveness  of  berms  on  improving  both  the 
stability  and  condition  of  embankments  was  not 
determined  even  though  the  warming  effect on foun- 
dation  soils  was  ascertained  sufficiently well 
under  all  Conditions  considered.  Thus,  increasing 
the  embankment  width  and  construction o f  berms  can 
be  considered  as  expedient  anti-deformation  meas- 
ures.  However,  the  increased  width  at  all  test 
sections  appeared  to  be  excessive  and  the  use of 
berms on both  sides of the  embankment  at  section  2 
was  not  well  founded.  Increasing  the  roadbed  width 
based on calculated  settlement  values  would  be  more 
expedient  for  this  section. 

One  factor  that  deserves  special  mention  is  that 



CONCLUSION 

The  results  of  the  field  research  described  in 
this  paper  were  used in the  design o f  embankments 
for  another  railway  situated  in  similar  natural 
conditions.  In  that  case,  excavation of peat  at 
"mari"  (bogs)  was  not  undertaken when embankments 
were  greater  than 3 m  thick  and  the  wtdth of em- 
bankments  and  berms  were  prescribed  taking  into 
consideration  the  condition  and  properties of 
perennially  frozen  soils.  The  roadbed  at  such 
sections  remained  sufficiently  stable  and  ensured 
railway  traffic  could  proceed  at  established  speeds. 
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APPLICATIONS OF THE FAST  FOURIER 
TRANSFORM TO COLD REGIONS  ENGINEERING 
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The u t i l i t y  of using the f a s t  Fourier transform  as a means  of consolidating  climatic 
data  into a form useful fo r  cold regions  engineering  design i s  presented and 
discussed i n  this paper. I t  i s  shown t h a t  a 20-year da ta  set consisting  of  175,320 
hourly  values of a climatic  variable can be represented by only 118 Fourier 
Coefficients w i t h  l i t t l e  loss of information content. Complete consolidated  climatic 
da ta  sets are presented fo r  Barrow and Fairbanks,  Alaska. In addition, some other 
applications of the  Fourier  transform  to the f i e l d  of cold regions  engineering are 
discussed and spec i f ic  examples are  presented. 

INTRODUCTION 

Construction and maintenance of s t ruc tures  i n  
the arctic and subarctic  regions  are  Characterized 
by a wide range of problems i n  addition t o  those 
experienced  elsewhere. Most  of these problems are 
d i rec t ly   re la ted   to  some type of thermal in te r -  
action between the structure, the environment, and 
the underlying  permafrost. An engineer must be 
able t o  predict such thermal interactions i n  order 
t o  design  structures which  perform sa t i s f ac to r i ly  
i n  such an environment. Because the performance of 
such s t ruc tures  is coup1 ed so closely  to  cl imatic 
conditions,  the  design  engineer  often needs data 
which describe how the ambient temperature and so- 
lar rad ia t ion  vary w i t h  time a t   t h e  design  loca- 
t-lon. Such data  are  available  for  several  A1 aska 
locations through  the  National  Climatic  Center 
(1978,  1979). 

Because of the variable nature of climatic con- 
d i t ions ,  a very large volume o f  data i s  needed t o  
adequately describe these climatic  variables. For 
example, 8,760 data  points are needed t o  describe 
the hourly variations i n  temperature  for 1 y e a r   a t  
a single  location.  Furthermore, because climatic 
conditions change somewhat from year  to  year,  10 - 20 years '   data  are needed to  obtain meaningful 
statistics. T h u s ,  something on the  order of 
100,000  data  points  are needed to  describe a single 
c l imat ic   var iab le   a t  a single location. However, a 
da ta  s e t  of this volume has only very limited  use- 
fulness i n  routine engineering  design. 

There is a need for  some means by whfch  clima- 
t i c   d a t a   s e t s  can be consolidated in to  a more man- 
ageable form. The consolidated  data must re ta in  
a l l  the information  required  for  design and y e t  i t  
should be compact enough to  be handled w i t h  small 
desk t o p  computers. I t  i s  the purpose of the pre- 
sent paper t o  show that  the  fast   Fourier  transform 
can be used to  achieve such a consolidation. 

The Fourier transform  has  long been a principal 
tool i n  many diverse   f ie lds  of science, and w i t h  
the development of the modern f a s t  Fourier trans- 
form, many f ace t s  of scient i f ic   analysis  have been 
completely  revolutionized. The Fourier transform 

iden t i f i e s  or distinguishes  the  amplitude and phase 
of the  different  frequency  sinusoids which combine 
to  form an arbitrary  function of time. Mathemati- 
ca l ly ,  this relationship is  s ta ted  as  

where f i s  the function of time, t; i = 4 7 ,  and F 
is  the  Fourier  transform expressed as a function of 
frequency, w .  The function of time can llkewise be 
expressed i n  terms of i t s  Fourier  transform 

I f   f (  t) is  a periodic,  band-limited  function of 
time, sampled 2N times  over some integer mu1 t iple  
of the fundamental period w i t h  a sampling  frequency 
t h a t  i s  more t h a n  2 times the l a rges t  frequency 
component of f ( t ) ,  then the  Fourier  transform be- 
comes a set of 2N Fourier coef f ic ien ts  which can be 
calculated from the 2N sampled values of f (  t): 

2N-1 n = 0 , l  ,...,2N-l 

k = O , l ,  ..., 2N-1 Fn = a7 k f O  f ( k t s )  exp(- i rnk/N);{ 

where ts i s  the sample interval.  The function f ( t )  
i s  expressed i n  terms of these  Fourier  coefficents 
as 

2N-1 
f ( t )  = 1 Fn exp(irnt/Nts);  n = 0 , ~ , . ~ . , 2 N - ~  

n=O 

Also, i n  view of the f ac t s  t h a t  exp[ir(ZN-n)k/NI = 
exp(-irnk/N) and the Nyquist component, FN,  i s  zero 
for  the c lass  of functions  described above,  equa- 
t i on  (4 )  may be rewritten  as 

N - 1  
f ( t )  = 1 Fn exp(irnt/Nt,), 

n=-N+l 

where, 
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FIGURE 1 Fourier  t ransform  of   solar  f lux  data 
f o r  Fairbanks,  Alaska. 

Furthermore, i f  f ( t l   i s  a real  valued  function 
then F,, 1s the complex conjugate  of Fn and f ( t !  
may be equ iva len t ly   wr i t ten  as 

N-1 
f ( t )  = 1 [ A ~  cos(rnt /Nts) + B, s in (nn t /Nts ) l ,  (7) 

n=O 

where An i s  tw ice   the   rea l   par t   o f  Fn and Bn i s  the 
negat ive  o f   tw ice  the  imaginary  par t   o f  F f o r  n 
greater  than  zero, and A, i s  the   rea l   par t  pi. 

For a detai led  discussion o f  Fourier  t rans- 
forms, discrete  Fourier  transforms and fas t   Four ie r  
transforms, see Brigham (1974). 

Meteorologists and c l imato log is ts  have used the 
Fourier  transform as an ana ly t i ca l   t oo l   f o r  many 
years. The  hope o f   f i n d i n g  some predictable  e le-  
ment i n  the  year- to-year  var iat ions  of   c l imate has 
long  inspired  the  search  for  dependable pe r iod i c i -  
t i e s   i n   c l i m a t i c  data. Harmonic analysis has been 
a standard  tool i n   t h i s  search. 

The usual  procedure has been t o  remove the an- 
nual and diurnal   var iat ions  f rom a data  set  through 
averaging  or some o t h e r   f i l t e r i n g  process. Four ie r  
analysis i s  then used t o   i d e n t i f y  any low  frequen- 
cy   osc i l l a t i ons  which may s t i l l  be present i n   t h e  
data  set. From analysis  of   th is  type  almost  every 
conceivable  period  from 1 t o  36 years has been sug- 
gested by i nves t i ga t i ons   o f  one observation  series 
o r  another.  For  detailed  bibliography and descrip- 
t i o n   o f  methodology see Panofsky and B r i e r  (1958) 
and Lamb (1978). 

More recent ly,   spher ical  harmonic analysis has 
been used t o   i d e n t f f y  two-dimensional spa t ia l  
per iod ic i t ies   in   g loba l   tempera ture  and pressure 
f i e l d s  (see C h r i s t i d i s  and Spar 1981). Analys is   o f  
t h i s  type has aided i n  improvement o f   the   soph is t i -  
cated space-time models used for  short   term weather 
predict ion.  

I n  the  present  paper harmonic analysis i s  ap- 
p l i e d   t o   c l i m a t i c   d a t a   w i t h  a d i f fe ren t   ob jec t ive .  

F'requency (cycles/day) 

FIGURE 2 Four ier   t ransform  of  ambient  temperature 
data  for  Fairbanks,  Alaska. 

The Fourier  transform i s  used here as a means o f  
res t ruc tu r ing  a c l imat ic   da ta   se t   in to  a form t h a t  
i s  more useful   for   engineer ing  analysis and design. 

FOURIER  TRANSFORMS  OF HOURLY DATA 

To demonstrate t h e   u t i l i t y   o f   t r a n s f o r m i n g   c l i -  
matic  data From the  time domain to   t he  frequency 
domain, t ransforms  for  two d i f f e r e n t  Alaska  sta- 
t i ons  will be presented. These two stat ions  are 
Barrow and Fairbanks. 

Fourier  transforms were computed for   both  so lar  
f l u x  and ambient  temperature  using 20 years  of  
hour ly  data  for   both  of   the above locat ions.  These 
data were obtained on magnetic  tape  from  the Na- 
t ional  Cl imatic  Center (19781, Ashevil le,  North 
Carolina.  For each c l imat ic   var iab le   a t  each loca- 
t ion ,  175,320 hour ly  readings  for   the  per iod 1957 - 
1976 were used t o  generate a Fourier  transform. 
These Fourier  transforms each contain 87,661 com- 
p l  ex pairs,  comprising  the amp1 i tude and phase in -  
format ion  for   the 87,661 d i f f e r e n t  frequency  sinu- 
so ids  that  combine to   exact ly   form  the  or ig ina l  
data  set. It i s   i n t e r e s t i n g   t o  note, however, t h a t  
i n  each case, a t  most, 59 frequencies were found t o  
have magnitudes detectable above a low  noise  level .  
Furthermore, it was always the same frequencies 
t h a t  were found t o  have s i g n i f i c a n t  magnitudes, i n -  
dependent o f   the   c l imat ic   var iab le   o r   the   loca t ion  
f o r  which the  transform was computed. The ma n i -  
tudes o f   the   Four ie r   coe f f i c ien ts   in   equat ion  751, 
for   the  Fairbanks  t ransforms,  are  p lot ted  in  Fig- 
ures 1-2. S im i la r   resu l t s  were obtained  for   the 
Barrow  transform. 

Further  examination  reveals  that each o f  the 
spikes shown i n  Figures 1-2 are  actua l ly  formed by 
a se t   o f   c lose ly  spaced frequencies and no t  by a 
s ing le  frequency. The low  frequency  spike, t h a t  
appears a t  zero  cycles  per day, may c o n s i s t   o f  up 
t o   f i v e  separate  signif icant  frequencies. These 
are  the  zero  freqbency and the fundaciental  anntial 
frequency and i t s   f i r s t   t h r e e  harmonics (0, '1, *2 ,  
'3, *4, cyc/yr).   For example, Figure 3 shows the 
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miuency (cycles/pear) 
FIGURE 3 The low  frequency  harmonics o f   t h e   s o l a r  

f lux   t rans form  fo r   Fa i rbanks ,   A laska.  

low  f requency   por t ion  of t he  same t r a n s f o r m   p l o t t e d  
i n   F i g u r e  1. The  expanded s c a l e   o f   F i g u r e  3 a1 lows 
one t o   d i s t i n g u i s h  between  the many d i f f e r e n t  
f r e q u e n c i e s ,   t h a t   a l l  appear  as a s i n g l e   l i n e   i n  
F i g u r e  1. N o t i c e   t h a t   t h e   t r a n s f o r m  has a s i g n i f i -  
c a n t  component a t   the   zero   f requency .   Th is  i s  
s imp ly   the   average  va lue   o f   the   c l imat ic   var iab le .  
There i s  a1 so a s i g n i f i c a n t  component a t   t h e  annual 
frequency *1 c y c l y r .  It shou ld   be   po in ted   ou t   tha t  
a y e a r   i s   t a k e n   h e r e   t o  be a s o l a r   y e a r ,   t h a t   i s ,  
8,766 hours   o r  365.25 days. This  annual component 
was found t o  have a p e r i o d   o f   e x a c t l y  8,766 hours. 
There i s   a l s o  a s m a l l ,   b u t   d e f i n i t e l y   d e t e c t a b l e ,  
component a t   t h e   f i r s t  harmonic o f   t h e  annual 
f requency   *2   cyc ly r .   In   F igure  3 t h e   h i g h e r   o r d e r  
harmonics  are  not   detectable,  however, when t h e  
numerical   values  are examined, these  harmonics  are 
found t o  have  magnitudes s l i g h t l y  above the   no ise  
l e v e l .  All of   t he   i n te rmed ia te   f requenc ies   were  
found  to   have  on ly   very  1 ow noise  level   magnitudes. 
I n   F i g u r e  3 the  computer has p lo t ted  the  magni tudes 
o f  240 d i f f e ren t   f requenc ies ;  however, on ly   those 
mentioned  above  appear  signif icant. 

When the   low  f requency   por t ions   o f   the   o ther  
t rans forms  a re  expanded, t h e   r e s u l t s   a r e   v e r y  
s i m i l a r   t o   F i g u r e  3. I n   a l l  cases  the  only 
s i g n i f i c a n t   f r e q u e n c i e s  were  found t o  be 0, '1, k2, 
'3, +4, c y c l y r .  The F o u r i e r   c o e f f i c i e n t s   f o r   t h e s e  
f requenc ies   descr ibe   the   annua l   per iod ic   var ia t ions  
i n   t h e   c l i m a t i c  data. 

From Figures  1-2 it can be  seen t h a t   t h e   d a i l y  
frequency  and i t s   f i r s t   f i v e  harmonics (tl, k2, i3, 
*4, '5, ' 6  c y c l d a y )   a r e   a l s o   s i g n i f i c a n t .   T h i s   i s  
t o  be   expec ted ,   s ince   t he   Four ie r   coe f f i c i en ts   f o r  
t hese   f requenc ies   desc r ibe   t he   da i l y   va r ia t i ons   i n  
t h e   c l i m a t i c   d a t a .  What might  be  less  obvious i s  
t h a t   t h e r e   a r e   e i g h t   o t h e r   s i g n i f i c a n t   f r e q u e n c i e s  
i n   t h e  neighborhood o f  each o f   t h e   d a i l y  harmonics. 
F o r  example, t h a t   p o r t i o n   o f   t h e   t r a n s f o r m  shown i n  
F i g u r e  1, c o n s i s t i n g  o f  the  f requencies  very   near  1 
cyclday, i s  shown i n   F i g u r e  4 on an  expanded scale. 
No t i ce   t ha t   t he   p r imary   f requency   occu rs   a t  365.25 
c y c l y r .  The f requencies  nearest  t o  t h j s  fundamen- 
t a l  harmonic,  on e i the r   s ide ,   a re   f ound   to   have  
o n l y  a very 1 ow noise  leve l   magni tude,   bare ly  
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FIGURE 4 The near -da i l y   f requenc ies   o f   t he   so la r  
f lux   t rans form  fo r   Fa i rbanks ,   A laska.  

d e t e c t a b l e   i n   F i g u r e  4. Then  two  more s i g n i f i c a n t  
frequencies  occur, one  on  each s i d e   o f   t h e   p r i m a r y  
frequency, a t  364.25 and 366.25 cyc/yr .  Then, a t  
t w i c e   t h i s  spacing, two more f requenc ies   w i th   smal l  
but   detectable  magnitudes  are  observed. These 
frequencies,  which  f lank  the  fundamental  frequency 
a t   i n t e r v a l s  o f  1 c y c l y r ,  will be c a l l e d   " b e a t  
frequencies." 

I n  a s i m i l a r  manner, each o f   t h e  harmonics o f  
t h e   d a i l y   f r e q u e n c y   i s   f o u n d   t o  be f lanked  by   four  
pa i r s   o f   bea t   f requenc ies .  The spacing  between 
these  f requencies i s  always  exact ly one c y c l e   p e r  
s o l a r   y e a r .   S i m i l a r   r e s u l t s   a r e   f o u n d   f o r   t h e  
other   t ransforms.  It i s   t h e   d a i l y  harmonics  and 
the i r   assoc ia ted   bea t   f requenc ies   t ha t   con ta in   t he  
i n f o r m a t i o n   w h i c h   d e s c r i b e s   t h e   d a i l y   v a r i a t i o n s   i n  
t h e   c l i m a t i c   d a t a  and how t h e s e   d a i l y   v a r i a t i o n s  
change with the  seasons o f  the  year .  

PREDICTABLE CLIMATIC VARIATIONS 

It seems reasonable t o  assume t h a t   v a r i a t i o n s  
i n  a c l i m a t i c   v a r i a b l e   a t  a p a r t i c u l a r   l o c a t i o n   c a n  
be  adequately  described by t h e  175,320 h o u r l y  
values  which make up a 20-year  data  set. Such data 
s e t s   c o n t a i n   t w o   d i f f e r e n t   t y p e s   o f   v a r i a t i o n s .  
T h e r e   a r e   p r e d i c t a b l e   v a r i a t i o n s ,   t h a t   r e s u l t   p r l -  
m a r i l y   f r o m   t h e   m o t i o n   o f   t h e   e a r t h   r e l a t i v e   t o   t h e  
sun,  and the re   a re  random v a r i a t i o n s ,   r e s u l t i n g  
from random motions i n   t h e   e a r t h ' s  atmosphere. All 
o f   t h e   i n f o r m a t i o n   a b o u t   t h e   p r e d i c t a b l e   v a r i a t i o n s  
i n  a c l i m a t i c   d a t a   s e t  i s  conta ined i n  the  59 com- 
p l e x   p a i r s   w h i c h   a r e   t h e   F o u r i e r   c o e f f i c i e n t s   f o r  
t h e  59 s i g n i f i c a n t   f r e q u e n c i e s   d e s c r i b e d  above. 

When these 59 sinusoids  are  recombined,  one 
o b t a i n s   t h e   c l i m a t i c   v a r i a b l e  as a func t ion   o f  
t i m e ,   e x c l u d i n g   a l l   o f   t h e  random v a r i a t i o n s .  Each 
o f   t h e  component f r e q u e n c i e s   c o n t r i b u t e s   t o   t h e  
t e m p o r a l   d i s t r i b u t i o n   i n  a way t h a t   c a n   b e   r e l a t e d  
to   phys ica l   observa t ions .  The r o l e   o f   t h e  annual 
harmonics  and  the  daily  harmonics i s   r a t h e r  
s t ra igh t fo rward .  However, the   impor tance  o f   the  
beat   f requenc ies ,   assoc ia ted   w i th   the   da i l y   har -  
monics, may be less  obvious. 
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FIGURE 5 The daily  variations i n  Fairbanks solar 
f lux  as predicted from the  Fourier  trans- 
form excluding the noise frequencies. 

To demonstrate  the role which the beat fre- 
quencies  play i n  the  Fourier  transform,  consider a 
function of time, f ( t ) ,  formed by combining a 
primary  sinusoid of amplitude A and frequency o 
w i t h  two secondary  sinusoids of ampl i tude B and 
frequencies (0-6 and w + 6 ,  respectively, 

f ( t )  = B sin(wt4t)  + A sin(wt) + B s in(wt+6t )  (8) 

Recall i ng  t ha t  

s in(eq1  = sine cos4 F. cose sin+, (9 1 

equation (8)  can be rewritten as 

f ( t )  = [A + 26 cos(6t) l  sin(wt1. (10) 

T h u s  i t  is seen that  the  function described by 
equation (8 1 is an ampl i tude modulated sine wave. 
In  a  similar manner, each of the  daily harmonics 
combines w i t h  the associated  beat  frequencies  to 
form an  ampl i tude modulated s inusoid.  

Just  as  constant  amplitude sinusoids can be 
combined t o  produce a  repeating b u t  nonsinusoidal 
wave form, these amplitude modulated sinusoids 
combjne t o  produce daily  variations which  have a 
wave form t h a t  changes  over  the  year. This can 
best be demonstrated by recombining the Fourier 
components shown i n  Figure 1. This r e su l t  is  shown 
i n  Figure 5. 

I t  can be seen from Figure  5  that recombining 
these harmonics resu l t s  i n  the prediction of small 
nighttime  oscil lations i n  the solar radiation, when 
the flux  should remain constant a t  zero. These 
small inaccuracies result from the f ac t   t ha t   t he  
Fourier series was truncated  to  contain  only  five 
harmonics of the  daily  frequency. 

NUMERICAL  RESULTS 

For future work i t  will be convenient  to have 
each  transform, expressed i n  a numerical form. One 

has the option of expressing any Fourier   ser ies  
e i the r  i n  complex  form or i n  sinusoidal form. Each 
form has certain  advantages and  one  form can be 
eas i ly  computed from the other. Because many small 
computers and hand held calculators do not eas i ly  
handle complex functions, the sinusoidal form will 
be presented  here. 

The Fourier  transforms of the  solar  f lux and 
ambient  temperature  data  for  Fairbanks and Barrow, 
Alaska are  presented i n  Tables 1 and 2. Column one 
i s  the  frequency i n  cycl eslyear;  columns two and 
three give the cosine  amplitude and the sine ampli- 
tude,  respectively, for the  corresponding  frequency 
i n  the Fourier  series  representation .of the so la r  
f lux  data;  and columns four and five  give the same 
information  for  the amblent temperature  data. 

The average  or most probable  value of e i the r  
solar   f lux or ambient temperature, a t  any time 
d u r i n g  the  year, can eas l ly  be determined from the 
r e su l t s  given i n  Tables 1 and 2. Suppose, fo r  
example, t h a t  the  average  value of the  solar  f lux 
i n  Fairbanks on a   par t icular   Jul ian day,  0, a t  some 
solar time, t, i s  desired. This is  computed from 
the equation, 

t Bn sin[2nwn(D - 1 + t/24)/365.253), 

where w n ,  An ,  and Bn are  taken from Table 1, col- 
umns I ,  2 ,  and 3 ,  repectively. T h u s  the average 
solar   f lux on June 21,  D = 172, a t  2:15 p.m. solar 
tlme, t = 14.25, i s  460 w/m2. The average ambient 
temperature a t   t h e  same time would be 20.5"C. 

DISCUSSION 

T h i s  paper has pointed o u t  some of the advan- 
tages of using  Fourier  analysis on climatic da ta .  
I t  has been shown t h a t  a 20 year  data  set  can be 
consolidated by more than 1 , O O O : l  through use of 
the  Fourier  transform. This result   alone seems 
very significant.  There are,  however, other advan- 
tages  to Fourier analysis which may be even more 
significant.  Perhaps  the  biggest  advantage  to be 
gained from transforming  climatic  data  from.  the 
time domain t o  the frequency domain is  the simpli- 
f ica t ion  achieved by using the transformed  data  for 
engineering  analysis. 

Consider, fo r  example, the problem of computing 
the change i n  ground temperature which  r e su l t s  from 
a change i n  surface  conditions.  In  order  to simp- 
1 i f y  this example, the earth will be taken as a 
homogeneous semi-infinite  solid and the   e f fec ts  of 
any phase change will be ignored. The equation 
t h a t  governs the temperature i n  the  earth i s  

(12 )  

where e is   the  earth  temperature  as  a  function of 
depth x and time t and where k,  P , and c  are  the 
thermal  conductivity,  density, and specif ic   heat  of 
the earth, respectively. Assuming a ground cover 
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Table 1 Fourier  transform from hour ly   c l   imat fc  
f o r  Fairbanks,  Alaska. 

data 

SOLAR  FLUX lU/sg.n) AMBIENT TEMPERAWRE ( C )  

(Cyclyr) PMPLITUOE MPLITUOE MPLITUDE AMPLITUOE 
FREPUENCV COSINE SINE  COSlNE SINE 

0.00 

2 .oo 
1 .oo 

4.00 
3.00 

361.25 
362.25 
363.25 
364.25 
365.25 
366.25 
367.25 

369.25 

727.50 
726.50 

729.50 
730.50 
731.50 
132.50 
733.50 

1091.75 
734.50 

1092.75 
1093.75 
1094.75 
1095.75 
1096.75 
1097.75 
1098.75 
1099.75 
1457.00 
1458.00 
1459.00 

1461.00 
1460.00 

1462.00 
1463.00 
1464.00 
1465.00 
1822.25 
1823.25 
1824.25 

1826.25 
1827.25 
1828.26 
1829.25 

2187.50 
1830.25 

368.25 

728.50 

1825.25 

21ea.s 
21a9.50 
2190.50 
2191.50 
2192.50 
2193.50 
2194.50 
2195.50 

-114.35 
101.61 

9.66 
1.79 
1.15 

-1.17 
-2.09 
2.57 

70.30 
-138.05 

68.30 
5.39 

-4.39 
-0.14 

4 .81  
1.13 

-12.75 
6.69 
36.68 
4.99 

-15.04 
0.97 

0.13 
0.46 

4.91 
2,25 

-5.96 

-6.39 
-1.20 

2.65 

0.13 
4.69 

-2.27 
-1.16 

4.35 

-9.41 
1.57 

3.14 

-2.16 
-1.4Y 

"1.70 

-0.04 
0.01 

4.46 
-0.05 
-0.16 
-1.48 
0.73 
0.93 
0.08 

-0.08 
0.08 

-0.02 
0.31 

-0.01 
0.10 

1.01 

2.85 

0.82 

30.84 
0.00 

-12.27 

-2.81 
1.30 

-1.50 
-3.74 
20.04 
-0.37 

-20.02 
4.61 
0.95 
1.62 
1.34 
1.77 

-5.15 

-0.03 
-3.33 

4.11 

-1.02 
3.67 

-1,09 
-0.61 

1.85 

-1.59 
2.24 

0.40 
0.51 

-1.19 
-2.11 
0.38 

-1.49 
-1 .04 

-0,42 
0.39 

0*25 
-1.05 
0,90 
1.64 
0.95 

-0 + 83 
-0.16 
-0.08 
0.15 
0.01 
0.01 
0.82 

0.63 
0.16 

-0.02 
0.02 

-0.01 
4.07 

"0.05 
0.09 

-0.70 

-1 .a7 

0.87 

4.83 

-21.300 
-3.244 

-0.890 
0.119 

0.188 
0,017 

0,161 
0.035 

-1.937 
0.257 

0.786 
0.390 
0.040 

-0.051 
-0.035 
4.076 
0.036 
0.004 
0.268 

-0.221 
0.127 

-0.076 
-0.016 

-0.009 
6.021 

0.024 

-0.054 
0.023 

-0.W 
4.025 

0.037 

-0.002 
0.032 

-0.039 
0.007 
0.001 
0.003 

4.M11 
0.010 

-0.026 
4.005 

-0.008 
0.002 

0.017 

0.018 
0.009 

-0.015 
4.003 
-0.008 
0.013 
0.018 
0.001 

4.025 
-0.011 

0.004 
0 .ow 
0.006 

0.081 

4.008 

0.000 
-3.517 
-0.095 
0.823 

-0.127 
4.135 
0.121 
0.471 

-2.615 
1.090 

0.559 
0.200 
0.021 
0.117 
0.006 

-0.281 
-0.082 

0.173 
0.245 
0.279 

-0.134 
-0.051 
-0.020 
0.026 
0.058 

4.032 
-0,087 
0.041 

-0.105 
4.077 
0.046 
0.021 

-0.019 
0.014 

4 . w 3  
0.024 

-0.024 
0.024 

0.054 
0.025 

-0.022 

-0.019 
-0.002 

0.004 
-0,007 
0.W6 

-0.006 
0.009 

-0.022 
-0.w4 
-0.007 
4.010 

-0.w1 
0.000 
0.004 

-0.011 
0.002 

0.005 

0.021 

Table 2 Fourier  transform  from  hourly  climatic  data 
f o r  Barrow, Alaska. 

SOLAR FLUX lW/rq.m) MBlENT TEMPERATURE IC) 

FREQUENCY  COStNE SINE COSINE SINE 
(Cyclyr) MPLITUDE WPLITUOE  MPLITUOE  PMPLITUOE 

0.00 
1 .oo 
2 .oo 
4.00 
3.00 

361.25 
362.25 
363.25 
364.25 
365.25 
366.25 
367.25 
368.25 
369.25 
726.50 
727.50 
728.50 
729.50 
730.50 
731.50 
732.50 
733.50 

1091.75 
734.50 

1092.75 
1093.75 
1094.75 
1095.75 
1096.75 
1097.75 
1098.75 
1099.75 
1457 .ao 
1as8.00 
1459.00 

1461.00 
1460.00 

1462.00 
1463.00 
1464.00 
1465.00 
1822.25 
1823.25 
1824.25 
1825.25 
1826.25 

1828.25 
1829.25 
1830.25 
2181.50 

1827.25 

2188. 50 
21~9.50 

2191.9 
2190.50 

2192.50 
2193.50 
2194.50 
2195.50 

-99.46 
79.01 

-3.91 
17.65 

-6.93 
12.66 

-2.84 
1.83 

52.50 
-94.85 
51.90 
2.57 

-3.40 
-6.66 

0.64 
3.39 

-2.95 

-2.70 
-10.71 

4.27 
3.24 

3.12 

-2.08 
1.08 

-0.77 
-2.00 
0.90 

4.25 
3.25 

-1.54 
"0.18 

0.15 
0.55 

0.10 
0.05 
0.76 

-1.52 
-0.34 

0.12 
-0.38 
0.12 

-0.12 

-0.09 
-0.02 
-0.27 
0.17 

-0.02 
0.17 

-0.01 
0.02 

-0.04 
0.06 
0.03 

-0.07 
0.16 

-10.48 

18.91 

0.82 

o .oa 

28.81 
0.00 

-9.64 
-9.67 

2.77 
3.95 

-9.42 
-3.02 

-2.08 
19.88 

-16.36 
1.02 

10.05 
-2.91 

3.18 
1.70 

-2.69 
-5.21 

1.44 
2.97 

-2.92 
3.60 

-2.24 
-1 .oo 

1.26 
1.14 

-0.17 
4.04 

4.86 
0.17 

-1.12 
1.55 

4,32 
-0.12 
0.53 
-0.38 
0.05 

-0.20 
0.57 
0.80 
0.37 
-0.23 
0.08 

-0.19 
0.15 

4.01 
0,oo 

4.19 
0.11 

0.07 
0.10 
-0.09 

0.00 
0.07 

-0.10 

4.02 
0.10 

-0.18 

-1.78 

-12.671 

1.300 
0.596 

-0.041 
-0.102 

0.041 
0.143 

-0.706 
0.055 

0.069 
-0.140 
-0.048 
-0.016 
4.031 
-0.049 

4.005 
0.092 

-0.065 
0.009 
0.009 
0.019 

-0.025 
0.001 

-0.015 
4.003 

0.021 
0.001 

-0.021 
0.024 

0.OM 
0.003 

-0.009 -0.m 
-0.001 
0.002 

-0.001 
0.007 

-0.009 
0.wo 

-0.004 
u.om 
4 "1 
0.002 

-0,002 

-0.004 
4.004 

-0.001 
-0 .om 
4.001 
0.006 
0.001 

-0.005 

-0.005 
4.008 

0.001 
0.004 

-14.814 

0.587 

0.058 

-7 .%8 
0.000 

0.121 

0.172 
1.395 

0.022 
-0.201 
0.137 

-0.576 
0,358 

0.194 
0.030 

-0.097 
0.055 

0,048 
0.012 

-0.096 
-0.016 
0.059 
0.052 

-0.028 
0.007 
0.003 

0,040 
0.002 

-0.028 

-0.009 
0.005 
0.021 
0.008 

-0.008 
0.002 

-0.W6 
0.013 

-0.003 
-0 ,M16 
0.002 
0.034 

-0.002 
4.002 

0.002 
0.000 

0.002 
0.002 

-0.001 
-0.003 

-9.004 
0.002 

4.005 
0.002 

-0.010 
0.002 
0.013 

-0.003 
0.006 

-0.006 
-0.004 

0.018 

- 0 . ~ 7  

w i t h  thermal  conductance u, solar  absorptance a ,  
and a surface film c o e f f i c i e n t  h, the boundary 
c o n d i t i o n   a t  x = 0 i s  

where q and 9 are  the  solar  f lux and ambient temp- 
erature. The remaining boundary cond i t ion  5s 

(14)  

where i s  the steady  heat  loss  from  the  earth's 
core. 

Thus, t o   p red ic t   t he  temperature v a r i a t i o n s   i n  
the  earth as a funct ion of  surface  conditions, it 
i s  necessary t o  express  the  solar  f lux and ambient 
temperature as a funct ion  of   t ime and then  solve a 
pa r t i a l   d i f f e ren t i a l   equa t ion  which involves  these 
forc ing  funct ions.  However, i f  we introduce  the 

Fourier  transforms, 

N 

N 

n=-N 

N 

n=-N 

9 ( t )  = 1 exp(iwnt), 

e (x , t )  = 1 Qn(X)  exP(iwnt), 

then  the  transform of equations (12)-(14) i s  

- k d2Qn 
iWnOn - - 

P C  axf- a 
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FIGURE 6 Predicted ground  temperature i n   t h e  FIGURE 7 Predicted ground  temperature i n   t h e  
Fairbanks  area  with  moderate  ground Fairbanks  area  with no ground  cover 
cover  (u = 1.5 W / 4 " C ) .  ( u  > > h). 

(20 1 

Thus, what was a p a r t i a l   d i f f e r e n t i a l   e q u a t i o n   i n  
the  t ime domain becomes  an o rd ina ry   d i f f e ren t i a l  
equatlon i n  the  frequency domain. 

Equation  (18) i s  easi ly  solved  subject  t o  equa- 
t ions  (19) and (20) to give 

(23 1 

The Fourier  transforms  given i n  Table 1 o r  2, can 
be used i n  equation  (21) and the   resu l t  can be 
transformed back to  the  t ime domain, using  equation 
(171, to   g ive  the  des i red  so lu t ion.  

A typ ica l   so lu t ion  us ing  the  Fai rbanks  data  is  
shown i n  Figure 6. The four  curves shown i n   t h i s  
f igure  are  the  predic ted ground  temperature d i s t r i -  
bu t ions   a t   so la r  noon on March 21, June 21, 
September 21,  and  December 21. For t h i s   so lu t i on ,  
a ground  cover w i th  thermal  conductance o f  1.5 
W / d ° C  was  assumed. Note that  the  permafrost 
extends t o  a depth o f  about 60 m w i t h   t h i s  ground 
cover  present.  Figure 7 shows the   so lu t ion   fo r   the  

same condi t ions  wi th  the ground  cover removed (u > 
> h ) .  Note t h a t  removal o f   the  ground  cover will 
completely thaw the  permafrost and greatly  increase 
the  th ickness  of   the  act ive  layer.  

This example po in ts   ou t  how  much o f  the  heat 
t ransfer  analysis  associated  wi th  cold  regions 
engineering can  be simpl i f ied  through  the use o f  
Fourier  transforms.  This was a very  simple exam- 
p l  e: however, a s im i la r  approach can be used i n  
the  analys is   o f  more complex problems tha t   invo lve  
thermal in te rac t ion   w i th   the  environment. 
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MNGTERM CREEP DEFORMATION OF ROADWAY EMBANKMENT ON ICE-RICH PERMAFROST 

Arvind Phukan 

Department of C i v i l  Engineering,  University of Alaska 
Anchorage, Alaska, 99508 USA 

Six  different  combinations of insulation  layers,   toe  berms, and air-ducting 
systems  were  installed  at  an embankment near Bonanza Creek t o  s t u d y  thermal 
degradation  at   side  slopes and toe  sect ions.  The performance o f  these  design 
measures has been monitored since  the completion o f  construction i n  1974.  Though 
some of  these  measures show encouraging  results i n  minimizing  long-term  thaw 
settlements,  creep  settlements  are recorded a t  some of the  central  sections of the 
embankment where so i l   condi t ions   cons is t  o f  generally  frozen  ice-rich  organic 
so i l s   to   f ine-gra ined   so i l s .  I n  t h i s  paper,  the  long-term  creep  deformations 
recorded for  the roadway  embankment near Bonanza  Creek are evaluated. Based  on 
a l l   da ta  recorded for  the  last  8 years, a long-term creep  deformation behavior of 
the roadway  embankment (about 7.6 m height) i n  ice-rich  permafrost is formulated. 
Based  on theoretical  analyses,  the  vertical  creep movements (wi th in  the  central 
portions of the embankment) are  calculated, and they show reasonable qualitative 
agreement wi th  the measured data. Measured  movements indicate  that  the primary 
creep movements occurred w i t h i n  t h e   f i r s t  3 years   af ter   the   construct ion.  The 
analysis presented  provides a r a t iona l   bas i s   fo r  embankment design on ice-r ich 
permafrost. 

INTRODUCTION 

Roadway embankments b u i l t  on permafrost have 
encountered  significant  deformation w i t h  t ime 
(Esch , 1973, 1978, Johnston , 1969, Phukan , 
1981). Previous  studies  (Figure 1) by the  Alaska 
Department  of  Transportation on the  roadways 
embankment constructed over permafrost have shown 
that  relatively deeper  thawing  beneath the roadway 
side  slopes  occurs,  even i n  areas  where the  
embankment th i ckness   benea th   t he   roadway  
centerline is sufficient  to prevent  thawing into 
the underlying permafrost. Because o f  snow cover, 
the   s ide   s lopes  will not  freezeback  the thawed 
port ions  near   the  toe  sect ions,  and therefore ,  
annually  deeper  thawing of underlying  permafrost 
often  occurs  beneath  the roadway s ide  s lopes.  
Those   p rob lems   a r e   fu r the r   i n t ens i f i ed  by 
increased embankment heights  and s teeper   s ide  
s lopes   wh ich   a r e   cons t ruc t ed   ove r   i ce - r i ch  
permafrost. I n  1974, t he  Alaska  Department of 
T r a n s p o r t a t i o n   i n s t a l l e d  s ix  d i f f e r e n t  
combinations  of insulation  layers,  toe berms, and 
air-ducting system a t  a newly constructed highway 
section near Bonanza  Creek t o  study the embankment 
slope  design i n  cont ro l l ing  thaw o f  permafrost 
beneath  roadway  s ide  s lopes  (Esch , 1978). 
Details of these design measures are  i l lustrated 
i n  Figure 1, and measurements have  been monitored 
since  the  completion  of  construction i n  1974. 
Though some o f  the   des ign   measures  show 
encouraging results i n  minimizing long  term thaw 
sett lements,   creep  sett lements  are  recorded  at  
most of  the  central   sections  of  the embankment 
where the  subsoil  conditions  consist of generally 
frozen  ice-rich  organic s o i l s  t o  s i l t y  so i l s .  
L i m i t e d   d a t a   a r e   a v a i l a b l e  on t h e   c r e e p  
deformat ion   behavior  o f  roadway embankment 
constructed on these  ice-rich  soils. 

This  paper  evaluates  the  creep  deformations 
recorded for  the roadway embankment constructed 
near Bonanza Creek, which is located approximately 
25 miles  west  of  Fairbanks on the  Parks Highway, 
Alaska, USA. Based  on the  data, a creep  theory is 
formulated to  predict  the  long-term  deformation. 
Results  of  the  laboratory  studies on ice-rich 
f r o z e n   s o i l   s a m p l e s  a s  w e l l   a s  some of t h e  
a v a i l a b l e   i n f o r m a t i o n  on i c e ,   a r e   u s e d   t o  
determine the magnitude of creep parameters. The 
predicted  creep  settlement  agrees  closely with the 
measured movements. 

SITE CONDITIONS AND INSTRUMENTATION 

The s i t e  located at  bnanza Creek l i e s  within  the 
discontinuous  permafrost  regions o f  Alaska, and 
the  thickness o f  permafrost is of the  order  of 30- 
40 m i n  the  regions. Esch (1978) reported  the 
detailed  information  regarding  the  construction 
and design measures for  this embankment section. 

The embankment was b u i l t  on about 0.6 m of ice-  
r ich  organic   soi ls   underlain by ice-r ich silt. 
The var ia t ion of frozen  moisture  content  of  the 
underlying  soi ls  is presented i n  Figure 2. The 
na tura l   vege ta t ion   near   the   s i te   cons is t s  of 
scattered  black  spruce,  tamarack,  willow, and 
a lder ,  which is  typica l  of t h e   i n t e r i o r  muskeg 
environments  i n  Alaska. The mean annual  
permafrost  temperature  recorded i n  an adjacent 
undisturbed forest  area is i n  the range of -lo t o  
-1.5'~ a t  a depth of 10 m. 
Three hundred and f i f ty- two thermocouples and 20 
thermistors  were  installed  both i n  horizontal  
s t r ings and i n  18 ver t ical   br ings  dr i l led through 
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t he  embankment. Readings of  both  thermocouples 
(accuracy  +0.2OC) and thermis tors   (accuracy  
+0,03°C) a r e  made monthly. Details  of  these 
Femperature  readings  are  given by Esch (1978). 
For th i s  s tudy,  the recorded temperature  readings 
by the  Alaska Department of Transportation  are 
evaluated, and t h e  data  at two different  sections, 
a t  s ta .  170+00 and s ta .  166+75, a re  shown i n  
Figures 3 and 4. 

Survey  measurements a re  made annually i n  l a t e  
September t o  monitor  annual  sett lements  at  
different  cross  sections.  Centerline  settlements 
recorded from 1976 t o  1981 at  cross  sections  sta. 
166+75 and s ta .  170+00 are  presented i n  Figure 5. 
Deformations recorded a t  other  cross  sections of 
t he  embankment l i e   w i t h i n   t h e  shaded portion o f  
the envelope shown i n  this  figure. 

THEORETICAL SETTLEMENT  ANALYSIS 

It can  be seen i n  Figure 5 t h a t   t h e  embankment 
b u i l t  on ice-rich  permafrost shows typical creep 
behavior w i t h  dis t inct   pr imary and secondary 
s t a g e s .  As shown i n  F igu res  3 and 4, t h e  
temperature a t   the  midpoints  of the embankment  was 
changing and approached s teady  s ta te   condi t ions 
af ter  6 years  of  construction. The effect of berm 
a t   t he   t oe   o f   t he  embankment on the  temperature 
d i s t r ibu t ion  is reflected  (see  Figures 3 and 4). 
The settlement reached the secondary creep stage 
af ter  3 years  of  construction, (2 years  after  the 
end o f  construction) and i n  practice one is mainly 
concerned with the deformation  during t h i s  stage. 

The following  equation may be written: 

u n i q u e  to  particular  frozen  soil . ;  and S and s 
are  arbitrarily  selected  settlement and sektlemenf 
rate,  respectively, which are introduced into  the 
equation t o  put it into normalized form. The four 
experimental  parameters ok,  K, ac ,  and n i n  
equa t ion  (2 )  can  be  obtained by p l o t t i n g  
pseudoinstantaneous deformation and steady  state 
se t t lement   ra tes ,   versus   the   appl ied   s t ress  i n  a 

Equation (2) can  be rewritten  as 
log - log  plot. 

s ( t )  = B1( a d ) k + B 2 ( u d ) n t  (3)  

where B1 clsk/%k, B2 C2Sc/uc * n  

Phukan (1982) investigated  the  creep  behaxior of 
ice-rich  frozen soil samples obtained from various 
regions of Alaska, 

I n  t he  new synthes is  presented here, these  data  as 
well a s  some of   the   ava i lab le   da ta  on i c e   a r e  
reviewed, and the  assumed creep  parameters for  
ice-rich silt are summarized i n  Table 1. 

TABLE 1 
SUMMARY OF CREEP PARAMETERS FOR ICE-RICH SILT 

Temperature 
Range B1 K E2 n 

(OC) (KPamk x cm)  (KPa-" x -1 cm) 

0 to  -1 10-2 1.5 5 x 2.7 

-1 t o  -3 5 X 10-4 1.9 0.7 x 10-6 2.7 

S ( t )  = s ( i )  + 9 t )  
Where: ;(t) timedependent  settlement; 

( ' )  Using equation (3)  and Table 1, it is now possible 
pseudo-instantaneous settlement; to   predict   the   deformation  ra tes   under   constant  

embankment load on ice-rich Dermafrost. ~~~~ 

S(c) ds = steady  state settlement 
rate;  d t  I n  order t o  introduce some cross-check between the 

theoretical.  treatment  described above and f i e l d  
measurements of embankment se t t lement ,  it is t time. 

A a given frozen soil temperature, ,(I) and important  to compare the  predictions  off;ered by 
,Stc) are  functions o f  the applied  Stress. t h i s  preliminary  analysis with t h e  recorded data 

presented i n  Figure 5. 
Based  on previous works  (Landanyi ) 1972, Johnston 
and Ladanyi , 1972, H u l t  , 1966, Vyalov , 19651, 
ah approximation  of t h e  plane-strain  condition 
equation (1) can  be written  as 

(3)1/2 k + 1 
where C1 = ( - )  

o1 and 0 a r e   t h e  major and minor pr incipal  
s t resses ,   respec t ive ly ;  u k ,  uc, K, n are  creep 
Pa rame te r s   dependen t   on   t empera tu re  a!d 

From the embankment construction  data,  the average 
dev ia to r   s t r e s s  below the  midsections  at   sta.  
166+75 and 170+00 may be calculated as 71.4 and 
88.2 KPa, respectively, and the  temperature range 
is about -0.5OC. Using the  creep  parameters of 
ice-rich  soils (Table l) ,  equation (3) may be  used 
to  predict t h e  settlement of t h e  embankment. The 
range of  settlement  calculated  for  the embankment 
for  different  time  periods  agree  with  the measured 
information  plotted i n  Figure 5. 

The foregoing analysis  for  the creep settlements 
of embankment i n  ice-rich  permafrost employed 
assumptions  concerning  the  uniformity  of  soil  
condi t ions and temperatures. Moreover, i t  was 
assumed t h a t   t h e  embankment  maintained i t s  
geometry (no significant change i n  height). This 
was done t o   p r e s e r v e   t h e   s i m p l i c i t y  of  t h e  
t reatment ,  and it  is  encouraging t o  observe  the 
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reasonable  success of t h e  method i n  predict ing 
field  behavior. 

C l e a r l y ,   t h e  embankment  design on i c e - r i c h  
permafrost will involve l i m i t i n g  the  height  of 
embankment  and t h e r e b y   s t r e s s   t o   k e e p   t h e  
settlement  within  allowable limits. Obviously, 
the  temperature beneath the embankment must also 
be maintained below the  freezing temperature. 

CONCLUSIONS 

An analysis has been developed for the  prediction 
of   set t lement   for  embankment b u i l t  on ice-r ich 
frozen soils.  As more creep  data for frozen so i l s  
of varying  ice  contents become avai lable ,   the  
creep  parameters  for  the  settlement  equation 
synthesized  here may be  modified t o   r e f l e c t   t h e  
properties  of  the  supported  soil   beneath  the 
embankment. "his will result  i n  a more rational 
basis for the  settlement  calculation. 

From a p r a c t i c a l   p o i n t   o f   v i e w ,  i t  i s  most 
important  that  the  effects of disturbance  of  the 
ground  thermal   reg ime  (due   to   cons t ruc t ion  
operations  or  naturally  occurring  changes i n  
terrain  conditions and climate), which may result 
i n  s ignif icant   set t lement   with  t ime,  be d u l y  
considered i n  the design o f  embankment i n  ice-rich 
permafrost. Moreover, depending on the   ex is t ing  
temperature and ice  content  of founded frozen 
m a t e r i a l s ,   t h e   h e i g h t  o f  t h e  embankment 
(reflecting  stress) may  be limited  to maintain the 
embankment settlement w i t h i n  an acceptable range. 
More information on creep  parameters af frozen 
s o i l s   a t   d i f f e r e n t   s t r e s s   l e v e l s  is required  to  
limit the maximum height of embankment that can be 
b u i l t  so that  only  negligible  deformation w i t h  
time occurs. 
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SEASONAL  FROST MOUND OCCURFLENCE,  NORTH FORK PASS, OGLLVIE  MOUNTAINS, 
NORTHERN YUKON, CANADA 
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'Department  of  Geography,  University of Ottawa,  Ottawa,  Canada  K1N  6N5 
2Departments of Geography  and  Geology,  University  of  Ottawa, Ottawa, Canada  K1N 6N5 

Between  1980  and  1982 a total of 65 seasonal  frost  mounds  were  observed  at  several 
localities  in  the  North  Fork  Pass,  interior  northern  Yukon. The majority  were  of 
the  frost  blister  variety,  although  icing  blisters  and  icing  mounds  also  occurred. 
The largest  was 3.5 m high.  Several  persisted  for  more  than 1  year and a  few 
experienced  reactivation  and  further  growth  in a second  winter.  Stratigraphic  in- 
vestigations,  togerher  with  ice  fabric  analyses,  suggest  the  mounds  result  from 
the  freezing  of  suprapermafrost  groundwaters  during  winter  freezeback  under  condi- 
tions  of  high  hydraulic  potential.  Piezometers,  installed  in  areas of active  mound 
formation,  indicate  pressures  ranRinR  from 40 to 80 kPa  are  associated  with  mounds 
1-2 m high. 

" 

INTRODUCTION 

Seasonal  frost  mounds  are  a  groundwater  dis- 
charge  phenomenon  resulting  from  increased  hydrau- 
lic  potentials  developed  by  suprapermafrost  ground- 
water  in  the  active  layer  during  winter  freezeback. 
They  form a distinct  group of ephemeral  and 
unstable  winter  landforms. 

ported  in  arctic  North  America (e.g., Brown and 
Berg  1980, p. 29, 82;  Leffingwell  1919, p. 158; 
Muller  1945, p. 59;  Porsild  1938, p. 47; Sharp 
1942;  Toth  1972, p. 161,  162;  Zoltai and  Johnson 
1978, p. 24,  27,  511,  only  a  few  studies  describe 
them  in  detail  (e.g.,  van  Everdingen  1978,  1982; 
van  Everdingen  and  Banner 1979). In some  instances, 
seasonal  frost  mounds  have  been  confused  with 
palsas  (e.g.,  Hughes  et  a1  1972, p. 38; Maarleveld 
1965, p.  10-11)  and  they  should  also  be  distin- 
guished  from  other  types of short-lived  ice-cored 
mounds  which  occur  in  tundra  regions  (e.g.,  French 
1971). In the USSR, seasonal  frost  mounds  have 
been  the  subject  of  several  in-depth  investigations 
(e.g., Shumskii  1964;  see  Williams  1965, p. 100, 
103, 211-212). 

Within  this  context,  this  paper  documents  the 
occurrence  and  internal  structure  of  seasonal  frost 
mounds  in  the  North  Fork  Pass  area of the  Ogilvie 
Mountains,  interior  Yukon  Territory  (64"35'N, 
138"18'W). At intervals  between  September 1980 and 
July  1982,  the  growth  and  decay  patterns  of more 
than 65  seasonal  frost  mounds  were  observed.  The 
measurement  of  hydraulic  pressures  associated with 
mound  activity ia also  reported. 

Although  their  occurrence  has  been  widely  re- 

STUDY AREA 

The seasonal  frost  mounds  described  here  occur 
in  several  locations  in  the  North  Fork  Pass  area 
between  kilometers 82 and 86 of the  Dempster  High- 
way  (Figure 1). The elevation of the  pass  is 
1,370  m a.s.1. The  mean  annual  air  temperature  is 
approximately -8'C and  average  precipitation  is 
480 m. The area  is  mapped  by  Brown  (1978)  as 
being  in  the  most  northern  zone  of  discontinuous 

Kllometres 

FIGURF. 1 Location  map of North  Fork Pass, interior 
Yukon,  showing  sites  (1-7)  where  seasonal  frost 
mounds  occur. 

permafrost.  However,  according t o  borehole  data 
(Foothills  Pipe  Lines [Yukon] Ltd.  19781,  perma- 
frost  temperatures  immediately  north  of  the  North 
Fork  Pass  are  between -BbC and  -5°C  below  an  active 
layer  which  varies  from 0.3 m to 2.0 m thick 
depending on site  conditions. The boundary  between 
continuous  and  discontinuous  permafrost  may  be  just 
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south of the  pass  at  an  elevation  of  approximately 
1,000 m a.s.1.  (Harris  et  al.  1983). 

Various  landforms  diagnostic o f  permafrost  con- 
ditions  are  present  in  the  vicinity of the  pass. 
These  include  ice  wedge  polygons,  poorly  sorted 
circles  and  stripes,  beaded  drainage  and  small 
thermokarst  ponds.  Solifluction is widespread on 
valleyside  slopes  above  1,450 m a.s.1.  Vegetation 
consists,  for  the  most  part, of shrub  and  tussock 
tundra  in  the  valley  bottom  and  alpine  tundra  on 
the  valleyside  slopes. 

MORPHOLOGY AND SETTING 

At  least 7 localities of frost  mound  activity 
have  been  identified  (see  Figure 1) , all of which 
are  associated  with  cold  mineralized  perennial 
springs. The mounds  occur  at  or  below  the  break 
of  slope  between  the  valleyside  and  the  floodplain 
of  the  East  Blackstone  River. The break of slope 
is  hydrologically  significant  since  it  approximates 
the  intersection  point  between  the  water  table  and 
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the  ground  surface.  Frost  blisters  usually form 
in  organic-rich  silts  covered  by  a  layer  of  peat 
and/or  tundra  vegetation  (Figure  2a)  while  icing 
mounds  and  blisters  (Figure  2b)  form  in  the  icings 
that  result from winter  overflow  caused  by  spring 
discharge. In all  localities,  alluvial fan 
deposits,  formed  where  small  tributary  channels 
j o i n  the  main  valley,  cover  the  lower  valley  slopes 
and  serve  as  primary  aquifers. The angles of slope 
of  all  sites  range  between 2" and 10'. Since  the 
mounds  occur on both  sides  of the valley,  aspect 
does  not  appear to be a  critical  factor  in  their 
distribution.  However,  aspect  may  influence  the 
timing  of  mound  activity,  since  freezeback  occurs 
earlier  on  northeast  facing  slopes.  This  limits 
the  availability of groundwater  and  may  explain  why 
the  largest  icings  occur on the  northwest  side o f  
the  valley  (sites 1, 3 ,  and 4 ;  see  Figure 1). The 
largest  mounds,  by  contrast,  occur  at  sites 5 and 6 
on the  northeast  side  of  the  valley  (see  Figures  1 
and  Za),  and are  associated with the  steepest  local 
relief (i.e., highest  hydraulic potentials). 

FIGURE: 2 P~lotograp~ls  i l l u s t r a t i ~ ~  the range and v a r i e t y  of seasonal. f r o s t  m o ~ n ~ ~ ~  North  Fork  Pass, 
i n t e r i o r   Y u ~ o n .  (a> F r o s t  b l i s t e r ,  3 . 5  m high on west s i d e  o f  North  Fork Pass, March 15,  1982, (b) Ic ing  
b l i s t e r ,   a p ~ r o ~ i ~ a ~ e l ~  200 m d o w ~ s l o p ~  from km 86, Bempster Highway, &rch 13, 1982. The b l i s t e r  i s  1 . 7  rn 
high and a s s o ~ i a t ~ ~  icings  extend t o  t h e  n e a r e s t   t r i b u t a r y  of the  East ~ ~ ~ ~ k s t o n ~  River. ( c )  Sect ion 
t ~ l ~ o ~ g l ~   f r o s t  b l i s te r  showing i c e  core and i n t ~ r ~ ~ ~ l   s ~ ~ a t i ~ ~ a p ~ y ~   S e p t ~ m ~ e r  2 5 ,  1980,  (d) Remnants of 
f r o s t  b l i s t e r s   a t  same l o c a l i t y  as Figure.  2(b)  but  observed ~ e ~ ~ t e ~ b ~ r  20, 1981. 
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1 (A) MOUND 1-2, SEPTEMBER 20, 1980 1 (B) MOUND 1-15, SEPTEMBER 14,1981 

FIGURE 3 Diagram  showing  the  internal  stratigraphy of three  frost  blisters. (A) Frost  blister 1-2. 
(B) Frost  blister  1-15. (C) Frost  blister 1-4. Ice fabric  diagrams  from  vertical  thin  sections  are 
plotted  on  Schmidt  equal  area,  lower  hemisphere  projections. For description  of  stratigraphy, see text. 

Mound  heights  range  from 0 . 5  m to 3 . 5  m while 
long-axis  basal  diameters  range  from 3 m t o  70 m, 
often  oriented  parallel to  the  local  slope. I n  
general,  the  seasonal  frost  mounds of the  North 
Fork  Pass  area  are  smaller  than  those  described 
elsewhere (e.g., Lewis 1962; van  Everdingen  1978, 
1982). On the other  hand,  their  frequency of 
occurrence  exceeds  all  others  previously  cited. 

In plan  the  mounds  may  be  either  circular, 
elongate,  lobate,or  complex.  The  mound  profile i s  
frequently  modified  by  dilation  cracks  up  to 35 cm 
wide, and  by  slumping o r  collapse  caused  by  melting 
of the  ice  core  (see  Figures  2c  and 2d). Scattered 
lumps  of  organic  material  observed  incorporated 
within  the  icings  indicate  that  explosive  rupture 
may  have  occurred in some  instances.  Frost  mounds 
were  observed  to  survive  the  summer  with  minimal 
degradation  or  thaw. Some were  reactivated  the 
following  winter;  in  one  instance,  reactivation 
resulred  in a doubling of both  mound  height  and 
length. 

INTERNAL STRUCTURE 

Stratigraphic  investigation,  along  with  detailed 
process  studies,  providesonemethod  of  distin- 
guishing  between  seasonal  frost  mounds  and  other 
morphologically  similar  frost  mound  phenomena  such 
as  palsas. 

Frost mound  stratigraphy  was  determined  either 
mechanically  using a motor-driven  coring  unit  and 
light  drilling  equipment,  or  manually  by  excavating 
along  dilation  cracks  and  areas of collapse. 

the  following  generalized  sequence.  This i s  also 
illustrated  in  Figure 3 which  shows  the  internal 
structures  of  three  mounds  located  at  site 1 (see 
Figure 1). All  are  covered  by a surface  vegetation 
mat which, during winter,  is  also  covered  by  vary- 
ing  thicknesses of packed  snow  or  icing  ice.  Be- 
neath  the  surface  organic  layer is a thin  (10-50  cm 
thick)  layer of peat  grading  into  organic-richsilt. 
This  contact  between  the  ice  and  silt i s  sharp. In 
many  mounds,  the  ice  is  layered  and  includes  bands 
o f  gas  bubbles  and  some  sediment  inclusions.  Gas 
inclusions  range  from  small  and  spherical to verti- 
cally  oriented  and  elongate  bubbles,  as  much aslcm 
in diameter  and 3-4 cm  long. In some  smallblisters 
less than 1.0 m  high,  the  mound  is  solid;  the  ice 
core forms an  epigenetic  ice  body  unconformably 
overlying  frozen  ice-rich  sediments.  By  contrast, 
the  larger  frost  blisters have cores  consisting of 
one  or  more  layers of clear  ice  which  are  usually 
arched  over a water-filled  chamber.  Typically,  the 
thickness of ice  varies  between 10 and 50 cm  and 
the  height  of  the  chamber  ranges  from 20 to 70 cm. 
The  horizontal  dimensions of the  ice  core arediffi- 
cult t o  document  as  are  the  sizes  and  shapes  of  the 
interior  water  chambers.  Based on the  drilling  and 

The  typical  mound  stratigraphy  is  summarized  by 
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sectioning  undertaken, it appears   tha t   the   shape  of 
t he   i ce   co re   r e sembles   t he   su r f ace   expres s ion  of 
t h e  mound, whi le   the   water  chamber i s  low and l e n s  
shaped,  During  winter  dri l l ing,   water  encountered 
i n  t h e  chamber was found t o   b e   c l e a r  and  sometimes 
s lushy;   dur ing   the  summer the  water was murky and 
d i r t y .  On several occasions  in  summer d r i l l i n g   a n  
empty  chamber was observed,  where  frost  mound rup- 
t u re  the  previous  winter  had  presumably  resulted i n  
drainage.  The sediment  located  beneath  the ice 
c o r e   c o n s i s t s  of i n  s i t u   l a y e r s  of f rozen  organic  
s i l t  and s i l ty  sand  with  gravel.  The bottom o f  t h e  

was closed a t  the   t op  and  had a f l ex ib l e   rubbe r  
diaphragm a t  t h e  bottom. A simple  pressure  meter 
was a t tached  t o  the  top.  Although  any  gas  pres- 
sures   contained  within  the mound were  released upon 
penet ra t ion  of t h e   c a v i t y  by t h e   d r i l l ,   t h e   i n s e r -  
t i o n  of the  piezometer  enabled  measurement  of  any 
hydraul ic   potent ia l   that   subsequent ly   developed.  A 
foam col lar ,   a t tached  to   the  piezometer ,   ensured a 
complete seal. Maximum values  recorded  over a 
?-day p e r i o d   i n   f o u r   f r o s t  mounds, a l l  between 1.0 
and 2.0 m high  (Figure 4 ) ,  ranged  between 40 and 
80 kPa.  Highest  potentials  were  recorded  in  the 

1 

i ce   core   p robably   cor re la tes   wi th   the   top  of the two i c i n g   b l i s t e r s  (1-23 and 1-24) wh i l e   t he  two 
f r o s t   t a b l e   a t   t h e   t i m e   t h e  mound formed.  Frost f r o s t   b l i s t e r s  (1-25 and  1-26) were s i g n i f i c a n t l y  
b l i s t e r s  1-2 and 1-15 (see  Figure 3 )  are t y p i c a l  lower.  This may r e f l e c t   t h e   d i f f e r e n t   t e n s i l e  
o f  t h i s   g e n e r a l   s t r a t i g r a p h y .  s t r e n g t h s  of t he   conf in ing   ma te r i a l s   bu t   equa l ly  

l e a s t  two ice-rich  sediment lavers i n   t h e   i c e   c o r e   f o u r   l o c a l i t i e s .  
F r o s t   b l i s t e r  1-4, however ,   incorporates   a t  may i n d i c a t e   d i f f e r e n t   h y d r a u l i c   g r a d i e n t s  a t  t h e  

(see  Figure 3 ) .  These  separated  ice of v i s i b l y  
d i f f e r e n t   c r y s t a l  and   bubble   charac te r i s t ics .   This  
mound was observed  to   experience  react ivat ion 
dur ing   the  1980-1981 winter,   following its i n i t i a l  
formation  the  previous  winter.  The sequence of 
sediment-rich and c l ea r   i ce ,   p re sen t   i n   t he   l ower  
p a r t  of t he   co re ,  may represent  a mul t ip le   cyc le  
of mound growth  where  water  with a high  suspended 
sediment  content was i n j e c t e d   e i t h e r  between  exis- 
t i n g   l a y e r s  of i c e   o r   i n t o  a n e a r l y   t o t a l l y   f r o z e n  
i ce   co re .  

Ice fab r i c   s tud ie s   ( s ee   F igu re  3)  a l so   sugges t  
t h a t   t h e  mounds r e s u l t  from t h e   i n j e c t i o n  of water 
rather   than  ice   segregat ion,   as   might   be  expected 
i f   t hey  were i n   p a l s a s .   I c e   c r y s t a l   o r i e n t a t i o n s  
were measured  using a four -ax is   un iversa l   s tage  
(Langway 1958). Two f a b r i c   p a t t e r n s   a r e   d i f f e r e n -  
t i a t e d :   f i r s t ,  a c h i l l  zone of small  ice c r y s t a l s  
with  c-axis   or ientat ions  forms a l o o s e   g i r d l e  
pa ra l l e l   t o   compos i t iona l   l aye r ing  and  perpendicu- 
lar to growth  direct ion;  and  second,   the  fabr ic  i s  
cha rac t e r i zed   a t   dep th  by l a r g e  (0.5-2.0 cm dia- 
meter )   ver t ica l ly   o r ien ted   long   co lumnar   c rys ta l s  
formed p a r a l l e l   t o   t h e i r   g r o w t h   d i r e c t i o n .  A 
p re fe r r ed   c - ax i s   o r i en ta t ion  normal to   the   g rowth  
d i r e c t i o n  was a l so   observed .   This   fabr ic   pa t te rn  
i s  similar t o  tha t   desc r ibed   fo r   l ake   i ce   o r  
i n j ec t ion   i ce   (Ge l1  1978;  Shumskii  1964)  and  might 
be   expec ted   in   the   f reez ing  of  a closed  water- 
f i l l e d  chamber. 

HYDRAULIC CONDTTIONS 

Although t h e   o r i g i n  of t hese   f ea tu re s  is  wel l  
known in   genera l   t e rms  ( e . g . ,  Muller  1945, p. 59- 
60; van  Everdingen  1978, p .  273-274), t h e   d e t a i l s  
of t h e i r  growth mechanism w i l l  no rma l ly   r e f l ec t  
s i te -spec i f ic   hydro logic   condi t ions .  

1981, i t  was noted   tha t  when the   wa te r - f i l l ed  
chamber was penetrated,   trapped  gases were re- 
leased.  On a t  least one occas ion ,   su f f i c i en t  
pressure was present   to   t emporar i ly   force  water 
15 c m  up the  borehole.  Presumably,  these  water 
pressures   represented   res idua l   p ressures   assoc ia ted  
wi th   the   hydraul ic   po ten t ia l s   necessary   for  mound 
growth the  previous  winter.   Accordingly,   piezo- 
meters   were  inser ted  in   several   act ively  growing 
mounds during March 1982. The piezometer  consisted 
o f  a PVC s t andp ipe   con ta in ing   s i l i cone   o i l  which 

Dur ing   d r i l l i ng  of severa l  mounds i n  September 

Pressure 

In kPa. 

Frost bllster - lcmg bllster 

FIGURE 4 Diagram  showing hydrau l i c   po ten t i a l s  
recorded a t  f o u r   s e a s o n a l   f r o s t  mounds, North  Fork 
Pass , March 16-23,  1982. 

DTSCUSSION 

Similar  measurements  of  hydraulic  potentials 
a s soc ia t ed   w i th   s easona l   f ro s t  mounds have  not  been 
repor ted   p rev ious ly   in   the   l i t e ra ture ,   a l though 
V. G .  Petrov  (see Williams 1965, p. 160)  attempted 
t o  deduce  the  pressures   involved  via   the  depression 
of t he   f r eez ing   po in t  o f  wate r   i n s ide  a mound. 
However, van  Everdingen  (l982),  using assumed den- 
s i t i e s  of   conf in ing   mater ia l s  a t  Bear Rock, N.W.T., 
i n f e r r e d   t h a t   t h e  minimum h y d r a u l i c   p o t e n t i a l  
necessary  to  form a 2.9 m high mound was 35.5 kPa, 
and f o r  a 4.9 m high mound was 56.8 kPa.  Although 
these   ca l cu la t ions  do  not   consider   the  planimetr ic  
dimensions  of  the mounds, i f  i t  i s  assumed t h a t  
t h e r e  i s  a general   re la t ionship  between mound 
he ight  and overal l   d imensions,  i t  would appear   that  
t h e  maximum potent ia l s   recorded  a t  the  North  Fork 
Pass  exceed  the minimum values  assumed to   ope ra t e  
ar  Bear Rock. A t  North  Fork  Pass,  using similar 
va lues   to   those  of van  Everdingen  (19821, a f r o s t  
mound 2.0 m high  (e.g. ,  1-26) would r e q u i r e  a 
minimum pressure  o f  38.7  kPa.  Since we observed 
pressures  as h igh   as  52 kPa a t   t h i s  mound, we 
assume t h a t   t h e   d i f f e r e n c e   r e f l e c t s   t h e   r e s i s t a n c e  
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to  deformation o f  the  confining  materials.  We  do 
not  think  that  higher  hydraulic  pressures  exist  in 
the  North  Fork  Pass  area,  since  the  maximum  dimen- 
sions o f  the  mounds  and  the  discharge  of  the  peren- 
nial  springs  are  considerably  less  than  at  Bear 
Rock.  Instead,  the  presence  of  peat  and  organic- 
rich  silts  in  the  North  Fork Pass are  not  condu- 
cive to the  retention  of  high  hydraulic  potentials 
because  the  threshold  values  for  mound  rupture  will 
be  relatively low. On the  other hand, the  number 
of  frost  mounds  exceeds  that o f  the  Bear  Rock 
locality. It may  be  that  the  generally  shallower 
active  layer  in  the  North  Fork Pass, the  dispersed 
nature of the  springs,  and  the  variability  of 
freezeback  at  the  high  elevation  all  favor  the 
formation  of small, but  numerous,  mounds. 

CONCLUSIONS 

The  occurrence of  seasonal  frost  mounds  is  rela- 
tively  common  in  the  North  Fork  Pass  area.  They  re- 
flect  suitable  site-specific  conditions  of  ground- 
water  discharge,  climate  and  the  presence  of  perma- 
frost  as  an  impermeable  lower  boundary to ground- 
water  movement.  Stratigraphic  studies  indicate 
that  the  mounds  possess  an  internal  structure  which 
differentiates  them  from  palsas.  The  ice  core,  as 
illustrated  by  ice  fabric  and  isotope  analyses,  in- 
dicates  injection  and  freezing of water  under 
conditions  of  high  hydraulic  potentials. 

The  direct  measurement  of  the  hydraulic  poten- 
tials  associated  with  seasonal  frost  mound  activity 
is  possible  using  a  simple  piezometer  apparatus. 
Although  more  measurements  are  required  from  a 
wider  range  of  localities,  the  data  presented  in 
this  paper  suggest  that  potentials  of  between 40 
and 80 kPa are  necessary  to form mounds 2.0 m  high. 
Large  mounds  probably  require  higher  potentials. 
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CRYOLITHOGENESIS AS A TYPE OF LITHOGENESIS 

A. I. Popov 

Faculty o f  Geography, 
Moscow  State  University, USSR 

The paper  examines a special,  climatically  controlled  type of lithogenesis,  namely 
cryolithcgenesis.  This  zonal  type of lithogenesis  is  dictated  by  the  processes o f  
cryodiagenesis  and  cxyohypcrgenesis,  occurring  specifically  in  the  polar  and  subpolar 
zones.  Typical  cryolithogenic  products of cryodiagenesis  and  cryohypergenesis  are 
distinguished,  along  with  thc  corresponding  peculiarities  of  their  geographical 
distribution. Some critical  comments  are  presented  with  regard  to  certain  alternate 
existing  concepts  of  cryolithogenesis. 

Recognition of cryolithogenesis as an  independ- 
ent  climatic  type of lithogenesis  was  a  logical 
consequence of elucidation of the role of cryogenic 
processes  in  the  earth's  crust  (Popov  1967).  The 
variety of interpretations  of  the  concept of cryo- 
lithogenesis  in  the  literature,  however,  requires a 
return  to  this  subject. 

Lithogenesis i s  not  only  the  formation of sedi- 
mentary rocks, but  also  the  formation of weathering 
crusts;  all  transformations of primary  and  second- 
ary  rocks  under  subaerial  and  subaqueous  conditions, 
i.e.,  under  thermodynamic  conditions  at  shallow 
depths,  characterized  by  low  temperatures  and  low 
pressure,  should  be  attributed  to  it.  All  the 
processes of exogenic  rock-formation  under  the 
effect of sedimentogenesis,  diagenesis  and  weather- 
ing  are  thus  processes of  lithogenesis.  Tho  inten- 
sity  and  the  zonal  character of the processes of 
lithogcnesis  are  determined  by  physical-geographical 
conditions  that  vary  from  one  natural  zone  to 
another. 

Catagenesis,  metagenesis  and  metamorphism 
corrcspond  to  different  thermodynamic  conditions 
characterized  by  high  temperatures  and  higher 
pressure.  Such  conditions  are  caused  by  endogenic 
factors  and are not  subject  to  natural  zonation, 

cesses,  cryolithogenesis  is  a  part of general 
lithogenesis. 

The  cryogenic  processes  should  be  regarded as 
processes of diagenesis  and  weathering  which  develop 
under  the  near-surface  thermodynamic  conditions; 
they  have no continuation  under  the  thermodynamic 
conditions of catagenesis,  the  subsequent  stage of 
transformation of  earlier-formed  rocks. 

and  high  mountain  regions of both  the  Northern  and 
Southern  Hemispheres. 

and  humid  lithogenesis  under  sufficiently  wet  con- 
ditions;  cryolithogenesis  occurs  under  the  action 
o f  ice  and  water  that  changes  its  phase  periodi- 
cally.  According to all  data  available,  the  ice 
type of lithogenesis  (Strakhov  1960)  should  be 
regarded  as  cryolithogenesis  (Popov  1967). 

physical-chemical  equilibration  of  sediment  in  a 

Because  cryogenic  processes  are  exogenic  pxo- 

Cryolithogenesis  is  active  in  polar,  subpolar 

Arid  lithogenesis  develops  under  dry  conditions 

Diagenesis  should  be  understood  not  only  as  the 

subaqueous  medium  (Strakhov  1960),  but  also as the 
physical-mechanical  equilibration  in  both  the  sub- 
aqueous  and  subaerial  media,  viz.,  compaction, 
relative  dchydration,  and  squeezing  out of  free 
water  and  migration of  loosely-bound  water 
(Shvetsov  1958,  Rukhin 1969, Shantser 1966, 
Lomtadze  1970,  and  others).  Consequently,  cryo- 
genic  processes  mainly  responsible  for  physical- 
mechanical  transformations  in  sediments  and  rocks 
and  contributing to their  long-term  consolidation 
should  be  understood  as  diagenesis  (cryo- 
diagenesis). ' Under  cryolithogenesis,  the  thermo- 
dynamic  factor of diagenesis,  i.e.  water  crystal- 
l i z a t i o n ,  suppresses the physical-chemical 
equilibration  but  does  not  exclude  it  altogether. 

Cryodiagenesis  is  the  long-term,  irreversible 
freezing of moist  sediments  and  dispersed  rocks; 
ice  forms  in  these  substrates as an  authigenic 
mineral.  Cryodiagenesis  influences  the  aleuro- 
pelitic  series of these  sediments  and rocks, which 
is  expressed  in  relative  dehydration of mineral 
aggregates  during  migration  of  both  free  and 
loosely-bound  water,  in  their  intravoluminal  con- 
traction  and  the  formation, as a  rule, of various 
types  of  ice  streaks  which  form  the  characteristic 
cryogenic  textures of a  diagenetized  perennially 
frozen  rock. No appreciable  changes  occur  in  the 
mechanical  makeup of thc  sediment or rock.  Cryo- 
diagenesis of coarsely  dispersed  rocks  (sands  and 
the  like)  is a simpler  process  associated  with 
fixation of freezing  free  water  in  situ,  with 
forcing  it  out of the  freezing  front,  with  forma- 
tion  of a massive  cryogenic  texture o r  centers of 
ice-formation  that  do  not  markedly  disturb  the 
structure of coarse  sediments,  and  also  with 
retaining  the  initial  mechanical  composition of 
coarse  clastic  and  other  materials. The formation 
of massive  wedge-ice  lattices  in  dispersed  rocks 
during  the  successive  frost  cracking  should  also  be 
referred  to  the  category of phenomena of cryo- 
diagenesis.  Also  included  here  should  be  the 
foxmation  of  the  ice  cores o f  pingos  and  palsas. 

rock  develops  during  its  subsidence  and  dehydra- 
tion,  the  effects of cryodiagenesis  cease  at  the 
stage of complete  disappearance  of  loosely  bound 
water  whose  presence  and  ability  to  migrate 

As thc  gravitational  compaction of a  dispersed 
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represents  the  most  important  factor of  cryodia- 
genesis.  The  freezing of a  moist  aleuropclitic 
rock  that  underwent  general  diagenesis  and  had  not 
frozen  previously,  but  had  become  only  moderately 
consolidated,  retaining  the  loosely-bound  water 
capable  of  cryogenic  migration,  is a process of 
diagenesis  with  all  the  mentioned  cryotextural 
aftereffects.  The  freezing of such  a  rock  is  not 
a  transition  to  the  stage of  catagenesis;  it  is 
only  a  pause  in  the  common  diagenesis of the  rock, 
during  which  originate new, cryodiagenetic  pro- 
cesses whose  textural  features  superimpose  upon 
the  textural  features of the  preceding  pre-cryogenic 
diagenesis.  Thus,  cryodiagencsis  can  manifest 
itself as the  primary  diagenesis  when  sediments, 
which  did  not  undergo  diagenesis  before,  frecze, 
but  it  can  also  act  as  secondary,  superimposed 
diagenesis,  when  rocks  freeze  which  did  undergo 
general  diagenesis  but  which  did  not  become  heavily 
consolidated  and  retained  loosely-bound  water 
capable of cryogenic  migration  (Popov 1967).  

Cryodiagenesis  also  manifests  itself  by  similar 
cryotextural  effects  in  longterm,  irreversible 
freezing of unconsolidated  moist  clayey  and  coarser 
weathering  deposits.  In  this  case,  cryodiagenesis 
appears  as  posteluvial  diagenesis. 

Clastic  formations  stand  out as products  of 
cryogenic  weathering in cold  regions of the  carth; 
they  result  from  physical  disintegration of crystal- 
line,  metamorphic  and  consolidated  sedimentary 
rocks.  Silty  formations  also  form  through  cryo- 
genic  weathering as an ultimate  result of disin- 
tegration of the  sand  and  coarscr  fraction  and 
aggregation of the  clay  fraction. 

by  systematic,  seasonal or diurnal  freezing-thawing 
of rocks.  Two  basic  mechanisms of cryogenic 
destruction of rocks  are  then  taking  placc: (1) 
cryogenic  weathering  proper as a result of the 
wedging  action of ice  in  relatively  large  fissures 
and  pores,  which  causes  the  formation of coarse 
detritus  (cryoclastites,  such  as  blocks,  rubble 
and coarse  sand),  and ( 2 )  cryohydrational  weather- 
ing  (Konishchev 1977) due to  the  variation  in 
pressure  in  thin  water  films  in  microfissures, 
which  is  the  result of phase  changes  which  cause 
the  formation of the  silty  and  fine-sandy  fraction 
(cryopelite).  Cryopelkte is the  end  product of 
cryogenic  weathering. 

of cryoclastites and cryopelites  is  restricted  to 
the  horizon of seasonal  freezing-thawing. The 
epigenetic  freezing of crystalline,  metamorphic 
and  compact  sedimentary  rocks  (sandstones,  aleuro- 
lites,  argillites,  limestones),  when a perennially 
frozen  rock  is  being  formed,  is  also,  in  the  end, a 
process of destruction.  During  this  process, 
mainly  free  water  freezes  in  fissures  due  to  tec- 
tonic  processes or denudation  that  relieve  the  rock 
mass of its  load. The subsequent  possible  thawing 
of these  rocks  (perhaps  in  a  short  period  of  time 
or  in  hundreds o r  thousands of years)  would  neces- 
sarily  lead  to  their  destruction  and  disintegration. 
Therefore  the  process of freezing of compact  bed- 
rocks should be regarded as a process of the  initial 
croygenic  weathering  and  also  as a process  that 
prepares  these  rocks €or destruction;  such  peren- 
nially  frozen  rocks  should  be  called  "rocks of  
cryogenic  pre-destruction." 

Cryogenic  weathoring  is  maniEcsted  most  fully 

Cryogenic  weathering  resulting in the  formation 

The process of niva tion  is  a woce ss of cryo- 
genic  weathering.  It  occurs  on  rock  surfaces  under 
the  conditions of diurnal  changes of phase  (ice- 
water)  in  the  peripheral,  intensively  moistened 
zone  in  the  immediate  vicinity of snowpatches  and 
glaciers.  Silty  nival  fine  material  is  the  product 
of nivation. 

The regelational  type of weathering  occurring 
at  the  contact o f  a glacier  bed  and  the  underlying 
rock  is an independent  type o f  cryogenic  weather- 
ing.  This  type of weathering  produces  character- 
istically  a  so-called  regelational,  fine  silt 
(Moskalevsky 1978) which  constitutes  the  bulk of 
the  fine  material  in  ground  moraines.  While 
glaciers  are  second,  after  rivers, in the volume 
of load  (Gurrels  and  Mackenzie  1974),  the  cryogenic 
process  should  be  considered  as one of the  most 
important  factors  in  the  complex  geological 
activity of glaciers. 

diverse,  and  involves  at  least  four  types. 

products o f  cryodiagenesis  are  the  following: 
(1) polpineral dispcrscd  ice-rich  rocks,  i.e., 
cryolitites, and (2) monomineral  ice  rocks  (veined, 
injectional, etc.),  i.e.,  cryolites.  The  products 
of cryogenic  weathering,  i.e., of cryohypergenesis, 
are  as  follows: (I) rocks o f  cryogenic  pre- 
destruction,  such  as  perennially  frozen  masses  of 
crystalline  and  other  compact  rocks; ( 2 )  cryo- 
clastites,  i.e,,  initial  products of cryogenic 
destruction,  such  as  blocks,  rubble  and  sand;  and 
( 3 )  cryopelites,  i.e.,  end  products of cryohypcr- 
genesis,  namely,  silty  loessial  fine  material.  The 
products of cryohypergenesis  are  components of a 
distinctive  cryogenic  crust of weathering. 

tion of "polar  lithogenesis"  (Lapina  et  al. 1968, 
Danilov 1978); the  conditions of sedimentogenesis 
in  polar  seas  are  the  main  criterion,  while  the 
processes of lithogenesis  under  continental  con- 
ditions  are  considerably  less  important. 

the  seas of the  cold  zone  takes  place  more 
appreciably on the  shelf  than  outside  it.  However, 
Strakhov (1976) concluded  that  there  was  no  single 
polar  type of lithogenesis  that  would  include  both 
polar  land  and  seas. The lithogenesis of sediments 
ovcr  the  major  part of polar  waters  is  mainly  the 
lithogenesis o f  an  oceanic  humid  type  that  docs  not 
differ  essentially  from  the  oceanic  type of litho- 
genesis  at  middle  latitudes. 

o r  o f  systematic  phase  changes on sediments and 
rocks  determines  the  classification of a  tcrritory 
ox a water  area  under  cryolithogenesis.  The  in- 
direct  effects of  floating  ice on sediments 
(transport of boulders),  the  presence of salt 
brines,  and  other  such  phenomena  without  direct 
influence o f  ice on sediments  and  rocks  cannot  be 
regarded  as  factors o f  cryolithogenesis. 

A definition of cryolithogenesis as a sedi- 
mentary  process  inherent  to  the  cold  regions  of  the 
earth  has  been  proposed  (Gasanov 1976). Under  that 
definition,  all  cryogenic  processes  that  are  not 
immediately  associated  with  sedimentation  are  not 
regarded  as  components  of  cryolithogenesis,  but  are 
understood as phenomena of cryogcnesis. 

In my  opinion,  the  restriction of cryolitho- 

Cryogenic  weathering  (cryohypergenesis)  is 

On the  basis of the  preceding  discussion,  the 

A number of authors  substantiated  thc  delimita- 

The  well-known  specificity of  sedimentation  in 

In  conclusion,  only  the  direct  influence of ice 
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genesis to participation o f  cryogenic  factors  in 
the  process of sedimentation, i.e., in  the  forma- 
tion of syngenetic  frozen  rock  masses,  is  erroneous 
because  a  number of links  within  the  complex 
process of  cryolithogenesis  such  as  cryogenic 
weathering,  freezing of bedrock,  cryodiagenesis of  
unconsolidated or poorly  consolidated  rocks  with 
epigenetic  freezing  are  omitted. 

It  is  only  through  consideration of the  clim- 
atically  preconditioned  specificity of diagenesis 
and  weathering  that  one  can  determine  properly  the 
type of  lithogenesis, in our  case,  cryolithogenesis, 
including  cryodiagenesis  and  cryogenic  weathering 
(cryohypergenesis). 

Researchers  regard  cryolithogenesis as a  sedi- 
mentary  process  because  of  the  strict  succession 
between  the  areas of denudation,  transportation of 
material,  and  its  accumulation  in  the  terminal 
runoff  basins.  This  approach  is  permissible  when 
this  succession  is  well  developed,  i.e.,  when 
there  is  a  causal  interrelationship  between  the 
areas of drift,  transportation  and  accumulation. 
However,  as  we  know  now,  such  succession  and 
interrelationship  is  very  inextensive  within  thc 
zone  of  cryolithogenesis.  Also,  the  manifesta- 
tion of cryolithogenesis  in  time  is  relatively 
restricted-from  the  end of the  Pliocene  to  the 
Holocene  inclusive. 

have  concluded  that  cryogenic  rocks  and  their 
complexes  are  formed  under  the  conditions of a 
limited  group of processes  inherent  in  the  areas 
of predominant  denudation,  predominant  accumula- 
tion,  and  relative  stabilization o f  the  surfaces 
undisturbed  by  drift or material  accumulation 
(Popov 1958) .  Each  specific  area  is  characterized 
by  its  own  complex of cryogenic  rocks,  which  may 
fail  to  reach  into  another  area. On the Tapyr 
Peninsula,  for  example,  under  the  conditions of 
denudation  and  downslope  material  movement, 
deposition o f  the  displaced  products of cryogenic 
weathering  and  their  local  accumulation  took  place 
on slopes  and  at  the  slope  bases,  in  depressions 
and  in  small  river  valleys  during  long  periods of 
time  corresponding  to  the  major  time  periods of the 
Pleistocene.  There  are  pertinent  examples  refcr- 
ring  to  the  other  two  mentioned  areas,  viz.,  areas 
of predominant  accumulation  and of relative  stabili- 
zation of accumulation  and  drift of cryogenic 
material. 

genesis in general  and  cryolithogenesis  in  particu- 
lar  can  be  realized  both  successively in stages 
from  the  drift  sources  to  the  terminal  runoff 
basins  and,  to a considerable  degree,  through 
closed  development  within  the  areas of predominant 
denudation,  predominant  accumulation,  and  relative 
stabilization of surfaces  without  drift or accumu- 
lation or complete  continuity  between  them. 

Under  the  conditions of accumulation  (in  large 
river  valleys,  in  deltas  and  in  the  sea),  the 
self-containment of the  type of formation of 
cryogenic  rocks  and  its  relative  independence of 
the  adjacent  areas of denudation  and  drift of  the 
cryogenic  weathering  products  are  particularly 
expressive.  The  following  materials  enter  such 
accumulation  areas:  material  formed  cryogenically 
on  water  divides,  products of river-washout of the 
Pre-Quaternary  and  Quaternary  "non-cryogenic" 

Based on sufficiently  extensive  field  data, I 

Apparently,  the  conclusion  is  true  that  litho- 

rocks,  considerable  percentage of the  present-day 
organic  materials  which  are  mainly  vegetative, 
part  of  sediment  runoff,  and  non-volcanogenic  and 
volcanogenic  eolian  materials.  All  these  become 
components  of  the  deposits of the  terminal  runoff 
basins  and  major  river  valleys  as  a  sum of non- 
cryogenic  and  cryogenic  products,  and  it  is  far 
from  being  clear  which of these  components  will 
prevail  in  each  particular  case.  This  is  greatly 
confusing fo r  those  researchers  who  are  studying 
only  products  of  cryolithogenesis  in  marine  sedi- 
ments of the  polar  basin. 

Observations  showed  that  during  both  sub- 
aqueous  and  subaerial  sedimentation  in  the  Arctic, 
cryogenic  weathering  in  a  thin  active  layer (0.2 
to 0 . 5  m) only  weakly  Yreprocesses"  the  accumulated 
material;  cryodiagenesis  fixes  its  initial  composi- 
tion  and  changes  only  its  mechanical  properties  and 
the  texture  due  to  ice  segregation.  Therefore  the 
mixed  composition of such  a  cryogenically  diagene- 
tized  rock  may  show  few  or  no  traces of previous 
cryogenic  weathering  at  the  stage of denudation  or 
at  the  place of accumulation.  The  areas of accumu- 
lation  and  the  local  areas of cryogenic  denudation 
in  the  Arctic  and  Subarctic  lack  direct  and  close 
continuity. 

Fully  independent  cryogenic,  mainly  cryo- 
eluvial  rock  formation  proceeds  under  the  condi- 
tions of  relative  stabilization of the  surfaces  not 
subject  to  drift o r  material  accumulation;  there  is 
often  no  input or output o f  material  underway  in 
these  areas.  This  is  illustrated  by  considerable 
areas  of  sone  plateaus,  vast  drainage  divides  of 
the  great  lowlands,  and  old  terraces of the  major 
river  valleys.  Under  such  conditions,  the  exogenic 
process at the  stage of cryogenic  weathering  with  a 
thin  cryogenic  weathering  crust  is  clearly 
autonomous;  an  example  are  loessial  formations of 
loessial  mantle loams. 

The  closure of processes  and  products of 
cryolithogenesis  within  the  areas of denudation 
and  drift,  and  the  well-known  autonomy of cryogenic 
exogeny  under  the  conditions of denudation  and 
slope  migration  were  already  discussed. 

products  of  Cryogenic  denudation  and  cryogenic 
weathering  crust  should  also  be  taken  into  account. 
Contrary  to  the  rather  widely  accepted  high  rates 
of  denudation  and,  in  general,  high  rates of 
development  of  exogenic  processes in permafrost  and 
tundra  regions,  the  data  available  show  irrefutably 
that  in  reality  the  areas of  stable  cooling  are 
characterized  by  relative  retardation of these 
processes  and  the  high  rates  are  an  exception.  It 
must  be  concluded  that  one  cycle of cryogenic 
denudation,  transportation  and  accumulation  can 
sometimes  extend  over  a  period of time  correspond- 
ing to the  Pleistocene,  i.e.,  over  the  entire  epoch 
of the  existence of permafrost  and  the  climate 
under  which  cryolithogenesis  occurs,  Hence  the 
inertness  and  the  relative  conservatism of 
materials  that  form  are  moved  and  accumulate  in 
the  course of cryolithogenesis,  and  the  long  time 
they  take  to  reach  the  terminal  runnoff  water 
basins. 

and  Quaternary  rocks  should  be  mentioned;  this  is 
a  process  bearing no relation t o  either  the  immedi- 
ate  cryogenic  denudation,  drift,  or  accumulation. 

The  rate  of  the  processes o f  formation of the 

The epigenetic  freezing of both  Pre-Quaternary 
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As was  already  shown,  this  is  either  a  process of 
cryodiagenesis or of the  initial  cryogenic  weather- 
ing,  i.e.,  cryogenic  pre-destruction  that  can 
operate  for a relatively  long  time. 

It  was  established  earlier  that  cryolitho- 
genesis  occurs  in  the  area  of  stable  cooling of the 
earth;  this  area  coincides  with  the  permafrost 
regime.  But  it  is  known  that  cryolithogenesis i s  
manifested  also  in  the  areas of only  seasonal 
freezing,  outside  the  limits of permafrost  occur- 
rence.  It  is  displayed  here  only  as  cryogenic 
weathering.  This is the  area of predominantly 
humid  lithogenesis,  and  cryolithogenesis  is  active 
here  only  under  certain  conditions.  This  zone  with 
a  combination of the  processes of humid  and  cryo- 
genic  lithogenesis  should  be  probably  named a cryo- 
humid  zone  and  referred to the  area of unstable 
cooling . 

The  recognition of cryolithogenesis  as  an 
independent  type o f  lithogenesis  (along  with  the 
arid  and  humid  types)  is  supported  by  the  following 
circumstance.  While  in  the  zones of arid  and  humid 
lithogenesis  the  major  lithogenesis  agent  is  water 
and  the  product  is a solid  mineral  constituent 
[transformed  sediments  and  materials of weathering 
crust),  in  the  zone of cryolithogenesis  the  major 
lithogenesis  agent  is  ice,  and  the  main  product  is 
also  ice  which  is  accompanied  by  important  solid 
mineral  products of cryolithogenesis.  This  unity 
of  agent  and  product  places  the  zone of  cryolitho- 
genesis  into  a  special  position;  the  cryohumid  zone 
with  its  exclusive  cryogenic  weathering  is  an  ex- 
ception. 

Ice  formation  imparts  clearly  expressed  indiv- 
idual  features to sediments  and  all  rocks  and  pre- 
conditions  their  originality  in  terms of lithology 
and  facies.  Freezing  accompanies  other  geological 
processes in the  cold  zone,  such  as  erosion,  water 
accumulation,  etc. To  a  considerable  degree, 
freezing  directs  all  exogenic  geological  processes 
along  a new, specific  path.  Besides,  freezing 
fixed  as  permafrost  represents  a  limit for the 
usual  subsequent  processes of rock  alteration  at 
positive  temperatures,  e.g.,  for  diagenesis  and 
catagenesis, 

ground  ice  do  not  enter  any of the  general  litho- 
logical  classifications,  which  by  itself is an 
indication o f  their  special,  exclusive  position. 
Their  seeming  ephemerality  and  relative  instability 
under the  thermodynamic  conditions of the  earth 
cannot  be  the  reason  for  such  exclusion.  Under  the 
conditions of  the  Arctic,  in  many  regions of the 
Subarctic  and  in  the  Antarctic,  many  underground 
ice  formations  remain  relatively  unaltered  during 
tens  and  hundreds of  thousands of years  and  have 
undoubtedly  a  right  to  be  singled  out as a  special 
group of rocks.  The  cryogenic  processes  causing 
most appreciable  changes  in  the  zone of hypergenesis 
of  the  cold  regions of the  earth  acted  during  the 
entire  Upper  Cenozoic  era  upon  considerable  areas 
of dry  land in the  cold  stages of the  Pleistocene. 

It  should  be  noted  that  frozen  rocks  and  under- 
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This  is an investigation  into  factors  affecting  seasonal  frost  penetration  in  organic  and 
inorganic  terrains  including  the  effect of the  water  table  on  freezing.  Five  different 
terrain  types  were  instrumented  with  frost  gauges  and s m  stakes.  Piezometers  were  used 
to record  water  table  fluctuations,  and  soil  thermistors  were  used  to  determine 
temperature  gradient  and  heat  flux.  Frost  penetration m n g  sites, and variation of frost 
depth  within  sites  was  investigated.  Where  the  water  table  was  at  the  surface and 
considerable flow occurred  through  upper  layers,  circulation  of  water  reduced  the  rate  of 
freezing  tnit  caused  cooling to occur mxe rapidly  in  deeper  layers,  but  where  Little flw 
was observed,  cooling  of 1-r layers  lagged  considerably,  resulting  in  more  rapid  frost 
penetration  in  upper  layers.  Freezing  of  positive and negative  relief  elements  was 
different €or bogs and fens.  Here  again,  the  elevation  of  the  water  table  was  largely 
resgonsible. 

An assortment of terrain  types  both  organic and 
inorganic  can  occur  within  one  watershed.  In  this 
paper  the  term  "terrain"  is  used  to  define a 
geographical  area  typified  by  the  soil  type, 
vegetation and hydrologic  characteristics  (for 
example bog or fen).  The  characteristics of each 
terrain  type  can  result  in a variety of freezing 
patterns  in  response to similar  macroclimatic 
stimuli.  During  winter , the  hydrologic and 
freezing regimes of a particular  terrain  type  are 
interdependent.  Price and FitzGibbon  (1982)  have 

that  in  organic  terrain  where  the  water 
table  is  at or near  the  surface  when  freezing 
begins,  the  pattern of subsurface  drainage  and 
runoff are  affected.  They  noted  in  both  mineral 
terrain  and  organic  soils  with  deeper  water 
tables,  freezing  has  little or no affect  on  local 
hydrology.  Obviously,  the  reverse i s  also  true. 
The  presence of the  water  table  at  the  surface 
will  have a strong  effect  on  freezing.  Thermal 
conductivity  is  directly  proportional to soil 
misture.  Higher  specific  heat  of mist soils, 
h v e r ,  demands  greater  energy loss for  cooling 
and  freezing.  Thus  peat  which  is mist but  not 
saturated  expriences  rapid  freezing  (Tyrtikov 
1959). The  role  of  water  overlying  permafrost  in 
organic  terrain  was  investigated  by  Ryden and 
Kostov (1980) who  €ound  freezing  rates  in 
depressed  (wetter)  areas to be 20% slower  than  in 
areas  which  were  elevated. 

The  freezing  of  sphagnum  hurmwxks  proceeds mre 
quickly  than  freezing  of  adjacent  depressions. 
Brown and Williams  (1972)  and F&manov (1961)  found 
higher  moisture  content of depressions to be 
prtly responsible.  Rananov (1961) also €ound 
that  the  increased  surface  area  of h m k s  
prmted a mre rapid  cooling. A similar  pattern 
of  freezing  in  ridge-trough  microrelief  of ribM 
€en  was noted by RaMnov (1961). He  found  deeper 
frost  in ribs (than  in  troughs)  but  with  less  ice 
(water)  content , hence,  equivalent  "frozen mass." 

In  addition  to  the  effect  of  hydrological 
conditions  on  freezing,  the  physical  and 
mechanical  properties  of  the  soil  and  vegetation 
are important. Brown and  Williams  (1972)  found 
mineral soils to  have  thermal  conductivity  roughly 
an order  of  magnitude  greater than dry  peat.  This 
results  in  greater  annual.  amplitude  in  soil 
temperature  for  mineral  terrains.  This paper is an 
investigation  of  the  hydrological  properties  which 
affect  the  formation and penetration  of  ground 
frost  in a watershed  containing  large  areas of 
organic  terrain. 

THESTUDYAREA 

A 17.4  km2  watershed  Lccated  in  Nipawin 
Provinciab  Park,  Saskatchewan  (lat. 53O 55' N, long. 104 45 W) was  instrumented  for  the  winter 
of 1981-1982.  Located  north of the 0 C mean 
annual isotherm,  it  is on the  southern  fringe  of 
the  zone  of  scattered  permafrost.  The  mean annual. 
precipitation  is  440 m (133 mn snow) (Fisheries 
and Environment  Canada  1978).  The  area is gently 
to moderately  rolling, and is  underlain  with a 
relatively  impermeable  glacial  till  which is 
blanketed  by a 120-200 cm sand layer. No 
permafrost  was emuntered in this  basin. 

The  watershed ( s h  in  Figure 1) contains  Eive 
distinct  terrain  types  consisting of mineral 
terrain  (Site 1), wet  low-lying bog (Site  2a) , 
sedge  fen  (Site 2b), dry  high-mor bog (Site 3 ) ,  
and  ribbed  fen  (Site 4). Organic  terrains  account 
for 35% of  the  area  of  the  watershed. On well 
drained  mineral  terrain  (sandy  soil)  the  daninant 
vegetation  is  white  spruce  (Picea  glauca)  and  jack 
pine  (Pinus  bamksiana)  with sane aspen  (Populus 
tremuloids) . Black  spruce  (Picea  mariana) and 
occasional balsam poplar (populus  balsamifera) 
dominate  lower  lying  areas on mineral  terrain. 
There i s  generally a 70 to 80% canopy m e r  and a 
ground m e r  of feather moss (Pleurozim 
schreberi).  open  areas  have  scattered  jack  pine 
and  are mered with a 5 n mat  of  lichens. 
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Figure 1 The  study  area. 

The  wet bog (Site  2a)  has a poorly developed 
hlrmnxky  microtopography  formed from sphagnum mss 
(sphagnum  fuscum)  and  is  covered  with  Labrador  tea 
(Ledum groenlandicum) . It  has  20  to 50% canopy 
cover -sed of black  spruce  and  tamarack  (Larix 
laricina) . Mean  peat  thickness  is 165 cm. The 
water table  was  very  close to the  surface  with 
small pools in  sane  depressions.  The  dry k g  
(Site 3) has a 60-80%  humnocky  ground  cover , 
camprised  primarily  of  sphagnum msses, with 
Labrador  tea  on  the  hurnnocks.  Mean  peat  thickness 
is  140 cm, and the  water  table  was 20-30 cm hlcw 
the  surface  (of  the  depressions) at the  onset of 
winter. 

The  open  sedge  fen  (site 2b) has low relief  and 
is  dominated by Carex  (sedges)  with scme willnv 
(Salix) and alder  (Alnus)  shrubs  at  the  edges. 
The  mean  peat  thickness i s  170 cm and the  water 
table was  at  or  above  the  surface.  Considerable 
flw was  observed  over  the  fen  at  high  water 
levels  during  the  autumn. R i W  fen  (Site 4) 
amsists  of  alternating  rib-trough 
microtop3graphy,  orientated  perpendicular  to  the 
general  direction  of  flaw. Low Carex  (sedges) 
grow in  the  troughs,  with  willow  and  alder  shrubs 
and sedges  grawing on the  ribs. Ribs are  spaced 
3-5 m apart  and  are  20-50 m in  length  and  10-20 m 
in  height.  Mean  peat  thickness is 180 an and the 
water  table  was  at  the  surface  of  the  troughs 
prior  to  freezeup. 

MEm"Ims 
A recording  piezaneter  was  installed  in all 

sample areas ezept €or the  wet bog (Site  2a). 
fie  piezometer  tube  was  constructed fran a 10 
diameter  plastic  pipe  extending 1.5 m below  the 
soil  surface, and 0.5 m above.  The  above  ground 
section of the piezmter was covered by an 
insulated  housing (R 12  fiberglass  insulation) , 
and an ethylene  glycol - methyl  alcohol  solution 
was poured  into  the  tube with-a small quantity  of 
light oil  (to prevent  evaporation  of the alcohol). 
This  was  largely  successful  in  pKeventing  the 
piezcmeter fran failing  due  to  freezing. A stage 
recorder  in a d e n  housing  recorded  the  water 
level  in  the tube. 

Each  site had 10 frost  gauges  (Rickard and 
Brown 1972) and 10 snow stakes  along a transect. 
At  each  station  along  the  transect  one  frost  gauge 
and one s m  stake  were  located  adjacently. 
Stations were located  from 5 to 10 m apart or as 
specified below. On mineral  terrain  (Site 1) I 
five  frost  tubes and five snow stakes  were 
situated  under  the  forest canopy, and  five  each  in 
the open. On the  high k g  (Site 3) they  were 
located  alternately  on hunmxk and depression, and 
similarly for rib and trough  in  the  ribbed  fen. A 
transect of 20  snow  stakes and 20  frost  gauges 
extended  fran  the low bog (Site  2a)  over  the 
adjoining  fen  (Site 2b), oriented  perpendicular  to 
the  direction of flow. 

At  each  site  one or two sets  of  thermistors 
were implanted  in  the  soil a t  depths of 10, 60, 
and 120 cm to measure  temperature. A mercury  in 
steel  probe and recording  thermograph  was also 
used in  the  sedge  fen  (Site 2b) with probes at 10 
and 60 cm. Air  temprature  data  were  recorded  at 
Site 3, and had  to be supplemented  with  records 
Erm the  LaRonge  weather  station  (125 h to  the 
mrth west)  due  to  instrument  malfunction. 
Correlation of Lqnge temperatures  with  on  site 
temp=ratures  was r = 0.98. 

RESULTS AM) DISCUSSICN 

Depth and  standard  deviation  of  frost 
penetration  are  shown  in  Figure 2 €or each  terrain 
type.  Considerable  variation  in  frost  depth  was 
displayed within  both  the  mineral  terrain  and  the 
high  (dry) bog. In  both of these  terrains,  the 
water  table  remained below the  freezing  front (see 
Figure 3 ) .  Much less variability  was  observed €Or 
the  fens and the low bq, where  the  water  table 
elevation  was  at or abwe the  surface  at  least 
during  the  first  few months of winter,  and  the 
freezing  front  was  in  contact  with  saturated  peat 
at  all  times.  This  is  shown for the  fens  (Site  2b 
and Site 4) in  Figure 3. It  was  found  that 
movement  of  water  through  the  saturated  zone 
imprted  heat  to  the  soil  (Figure 4). On 17 
etober, which  was  the  last  day  of  positive  mean 
daily tmpratures for 1981, the  temperature 
profile  for  the  fens  differed  markedly fran those 
of the  mineral and bog terrains  (Figure 4). In 
mineral and bog terrains,  the  soil  was  nearly 
isothermal.  In  the bogs , cool tapratures 
existed  at  depth  because of slow  heating  over  the 
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Fi'guTe 4 Ground  temperature pz-ofiles for  W e  
terrain  types  on 17 Octobev and 
15 December, 

sumner.  Insulative  properties  of  surface msses 
when  dry, and slow drainage  inherent  to bogs 
minimized  heat  exhange.  Water  in  the  fens,  on 
the  contrary,  exprienced  greater  volumes  of  flaw 
on  and  within  surface  layers  and  in  the  underlying 
mineral  aquifer,  allowing  greater  heat  exzhange 
than in the -5. Additionally,  the  saturated  fen 
surface  provided  little  insulative m e r ,  and  the 
unforested  condition  permitted  greater  direct 
solar  radiation  receipt.  Consequently,  wanner 
Wratures prevailed  in  the  fens,  particularly 
at  depth. 

By 15 December , 436 negative  degreedays  had 
accumulated.  From  inspection  of  the  temperature 
profiles  shown  for  this  date  (Figure 4 ) ,  it  is 
evident  that  in  the bogs mst of the  heat lost was 
fran  the  surface  layers,  and  cooling  of  deeper 
layers  was slow, whereas  in  the  fens,  flowing 
water  provided  the  mechanism  for mre rapid  heat 
exhange.  In  the  mineral  site,  large  changes  in 
surface  and  basal  tempsratures for the  dates  given 
(in Figure 4) reflect  the  greater  thermal 
conductivity  and lmer volumetric  heat  capacity  of 
mineral  soils. 

Frost  penetration  at  each  site  was  affected  by 
the  variable  height  of  surface  features  with 
respect to the  water  table,  vegetation 
characteristics,  and s m  accumulation  patterns. 
Discussion of these  effects  is  presented  site  by 
site. 

On the  mineral  terrain  both  frost  depth and 
snow depth  were  found  to be significantly 
different  between  forested  and open sites.  The 
difference  between mean values  were  tested  with 
t-test at a 95% significance  level. Sncrw 
accumulation  was 50% greater  in  the  open  area than 
under  the  dense  black  spruce  due  to  canopy 
interception.  Nevertheless,  on  mineral  terrain, 
significantly  greater  frost  penetration  occurred 
in the  open  areas than in  the  forested  location 
(see  Figure 5). This  is  contrary to Baldwin's 
(1956) and Tyrtikov's  (1959)  suggestion  that 
deeper frost  occurs  under  dense  coniferous 
forests.  Although  snow  cover is normally 
important  in  reducing  the  depth  of  the  frozen 
layer,  the  effect  of  the  forest  microclimate 
cannot be overlooked.  Longwave  radiation  emitted 
by  forest  bicmass is an important  source  of  energy 
for the sncwpack and  ground  in  the  forest 
ecosystem (Jeffrey 1968). Additionally,  lower 
wind  velocities  in  the  forest  reduces  sensible 
heat  exhange.  FitzGibbon (1976) found  windspeed 
in  similar  forest  conditions  near  Schefferville, 
Quebec to be 7.06 km/hr lcwer than in  the  open. 
Here, a canbination  of  these  factors  was 
sufficient to result in significantly less frost 
in the forested  area.  The  difference  in snw 
density  between  open  and  Eorested  sites sampled 
was not  significant  (n = 10) . The mss cover  in 
the  forest  appeared to have sane influence  on 
frost  penetration,  with less frost  forming  beneath 
m35s covered soil  than  in  ground  covered  by 
lichen. 

1 Mineral Terrain 

7 SNOW 

SNUW 

20 

40 *""" 

NOV ' DEC ' JAN FEB 

Figure 5 Freezing  and snow depth for mineral 
terrain  (top), dry bog (centre) and 
ribbed fen  (lower). 
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In  the  mineral  terrain  the frost depth  reached 
its maximum by 28  February and then  began to 
degrade  for  the  remainder of the  winter,  even 
though 43 continuous  subfreezing  days  followed 
totalling  486  freezing dwree- days.  This  was a 
result of the  rising  water  table  in  the  mineral 
aquifer  caused by icing of the drainage  channel 
250 m away.  The  rising  water  table can be seen 
fran  Figure 3. The  water  in  the  aquifer  had 
sufficient  heat  energy to cause  thawing  of frost 
at  that  locatio8, and raise  the  temperature  at  120 
an depth  by 3 C between 14 February  and 15 March. 
ELm 

In  the  wet bog (Site  2a)  the  water  table  was 
cloge  to  the  surface  at  the  time  of  freeze-up. 
Because of the  relatively low microrelief  and slnv 
subsurface  drainage,  ground  freezing showed Little 
variability m n g  sampling  stations  (Figure  2). 
Sncrw depth  also shcwed a very low standard 
deviation.  The  average  rate  of  frost  penetration 
was 4 &day , as canpared to 7 &day report4 by 
Ryden and Kostov  in a depressed  (wet)  area 
underlain  by  permafrost  in  Sweden.  The  lower 
rates  of  freezing  encountered  here  are  in  part  due 
to the  fact  that  permafrost  was  not  present. 
Initial  freezing  was  slower  than  in  the  dry lq 
(Site 3) because  of  the  high  volumetric  heat 
capacity  of  saturated  peat.  The  rate  of  frost 
penetration  remained  relatively  constant  when 
canpared  to  the  dry bog (Figure 2) , as a result  of 
the  physical  hcanogeneity  of  the  site,  and  the 
constant  saturated  moisture  conditions  experienced 
at  the  Ereezing  front.  Upward  heat  transfer  fran 
lower  layers  was  slight as reflected  by  the 
temperature  profiles  (Figure 4). The  heat  flux 

and only  dropping  slightly  in  response to thicker 
also remained  reasonably  constant  over  the  winter, 

s m  mer. 
Sedge  Fen 

In  the  sedge  fen  (Site  2b)  there  was  little 
surface  microrelief across the  transect.  The 
water  table  was  at or above  the  surface prior to 
freeze-up.  The  weekly  accumulation  of  snow  was 
evenly  distributed  across  the  transect w i t h  
standard  deviation  generally  half of that  for 
frost  depth.  Variability  in  frost  depth,  was 
related to zones  of  higher  subsurface  water flow. 
Shallaver  freezing  was  noted to m u r  where  most 
surface  water flow was  olxerved  prior to winter. 
Frost  depth  in  these  zones  was  typically  10-20 cm 
less than  in  other  parts  of  the  fen.  This  was of 
considerable  importance  to  winter  drainage  because 
it maintained a subsurface  "channel"  in the mst 
active  hydrological  layer (is. the  upper  layers 
of  peat  have  the  highest  hydraulic  conductivity, 
whereas  lcwer  layers  are ahmst impstmeable). 

An 11.4 m (water  equivalent) s m a l l  =curing 
between  20  and 23 December  reduced  the  temperature 
gradient  of  the  €en and caused  the  temperature 10 
an below the  peat  surface  to  rise  2.2Co  (while 
mean  daily  air  temperature dropped). In  high  flow 
zones,  total  degradation  of  the  frost  layer 
accurred  (depth of frozen  layer  was  initially 10 
to 13 an) and the  average  thaw  for  the  transect 
was 4.9 m. This  illustrates  the  large  thermal 
capacity  of  the  fen. 

In  the  sedge  €en  the  frozen  layer  not  only 
exkended  downward,  but  grew umard fran  the 
primary  freezing  surface  as a result  of  flooding 
and subsequent  freezing  of  the lower s m  layers 
which became saturated by water.  Water  seepage 
onto the surface  was  caused  by  a)  hydraulic 
pressure  created  by  the ewlsion of water  fran 
the  peat  as  it  froze, . b)  increased  hydrostatic 
pressure  created  by  the  overburden  pressure 
eErted by  the  snowpack  c)  artesian  pressure 
formed  as a result of the  impermeable  frozen  layer 
which  constricted  inflowing  water  beneath  (Price 
and FitzGibbn 1982). The  rising  hydrostatic 
pressure  in  the  fens  is  evident  fran  Figure 3. 

%LE! 

In  the  dry bog there  was a deep  water  table 
relative  to  the  sphagnum  hurmrxks.  Similar 
moisture  content  was  measured  in  both  positive and 
negative  relief  elements,  hence  specific  heat  and 
thermal  conductivity  were also similar.  Under 
such  conditions, Rcmanov (1961) found  freezing 
intensity to depend  exclusively on surface 
mrpholcgy  during  the  early  winter  before  the 
axmulation of a snow aver. B m n o c k s ,  which 
have  greater  surface  area,  experienced  deeper and 
mre rapid  freezing  than  depressions  (Figure 5). 
Here,  the  heat  flux  ratio  of  pogitive  to  negative 
relief elemnts was  2.1:l  between 15 to 29 
November.  Additionally,  the  difference  between 
snm depth  on  hurnnocks  vs.  depressions  was  not 
significant  until  after 31 January,  which 
indicates snow cover  may  not  have  been as 
important  as  surface form or proximity  to  the 
Water  table (no data  is  available  on s m  density 
during  this per id) . Between 31 January and 15 
February the heat  flux  for  positive and negative 
relief  elements  was  nearly  equivalent  as  was 
freezing  intensity. 

In  the  dry bog (Site 3) the  mean  rate of frost 
penetration  was  initially  higher  than  in  the  wet 

(Site  2a)  due  to  the l m r  volumetric  heat 
capacity of the  drier  surface. As the  freezing 
front  approached  the  water  table,  the  increased 
volumetric  heat  capacity  of  peat  at  the  freezing 
front  resulted  in  slower  freezing. 

Ribbed Fen 

Prior  to  freezing (17 October) , ribs  were 
cooler  than  troughs  (Figure 4 ) ,  but  by 15 December 
the  upper  layers of the  trough  were  considerably 
moler than ribs,  and  by 31 January  the  troughs 
ere  mler throughout  the  vertical  profile,  The 
heat  flux  for  troughs  was 3.5 times  greater  than 
for  ribs  between  15  to 29 November.  Although  the 
saturated  condition  of  the  troughs  resulted  in a 
higher  volumetric  heat  capacity  than  ribs, 
freezing  occurred  first  in  troughs  and  penetrated 
mre rapidly  (Figure  5). 

On 15 December, three (of five)  frost  gauges  on 
ribs  were  unfrozen  while  mean  frost  depth  in 
troughs  was 19.4 cm. There  was m e  evidence  that 
the  water  table  level  in  ribs  rose  slightly,  and 
that  water  circulation  through  ribs  might  have 
been  important  in  delaying  freezing.  It is 
possible  that  lateral  flow  may  have  occurred  in 
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ribs as deeper  freezing  in  adjacent  troughs  (in 
ddition to their  already  lower  position  with 
respect  to  the  water  table)  presented a barrier to 
flow in  the normal aoWnslope direction.  This 
might  explain  the p l s  of  unfrozen  water  that 
Ere observed  at  the  edge  of  the  fen  in  early 
winter. 

Frcm 15 February  onward,  the  difference  in 
frost  depth for ribs  and  troughs  was M longer 
significant.  This  coincided  with  the  period of 
rapidly  diminishing  water  inflows  (as  evidenced by 
the falling piezmetr  ic  water  levels sham in 
Figure 3) and with  frost  depths  in  ribs  and 
troughs  exeeding 40 cm. With  freezing  at  this 
depth  the  hydrologically  most  active  layer 
described by Ram# (1961) becanes inert, 
resulting in similar  oonditions  at  the  freezing 
front  in  ribs  and  troughs. As the  deepening 
snowpack  provided  greater  insulation, and as  water 
circulation  at  the  freezing  front  was  minimized, 
the  rate  of  frost  penetration in positive  and 
negative  elements  became  similar. 

ccNcLus1oNs 

Several  generalizations  on the effect of the 
groundwater  table on frost  penetration  can be 
made.  Where  the  groundwater  table  is  deep,  it  has 
little  effect  on  the  freezing  process,  but  as  the 
freezing  front  approaches  the  water  table,  the 
freezing  rate slows considerably.  Frost  which has 
already  formed  may  degenerate  if  the  water  table 
rises or a thick, low density  sncrwpack 
accumulates.  Where  the  water  table  is  close  to 
the  surface  and  water  experiences  little flow, 
fairly  homogeneous  freezing occurs. If the  water 
table is at or a b e  the  surface and considerable 
subsurface  flow  olxurs  (as  in  fens) , the  patterns 
of freezing  can be corrrplex.  Water  flowing  beneath 
the  frozen  surface  inhibits  deep  frost 
penetration.  The  effect oE s m  as  an  insulator 
is  important  but  can be overshadowed by other 
local conditions  such  as  forest  cover,  depth  to 
the  water  table,  or  surface mrpholqy of relief 
elements. - 
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PEDIMENTATION AND FLUVIAL DISSECTION I N  PERMAFROST  REGIONS 
WITH SPECIAL REFERENCE TO NW-CANADA 

Kuno P r i e s n i t z  and  Ekkehard  Schunke 

Department of Geography,   Universi ty  o f  GiSttingen, 
Federa l   Republ ic   o f  Germany 

The paper deals w i t h  the question, whether under periglacial  conditions the destruc- 
t ion  of pediments by fluvial  dissection  or the formation  of pediments are prevailing 
processes.  Studies on t h i s  problem w e r e  carried Out mainly in   the  Mackenzie and i n  
the  central Richardson Mountains, in  areas,  which since the beginning of the Quater- 
nary period are subject to periglacial  but  not to glacial  Conditions.  Pediplains are 
ccmmn in   the  whole area. Most of them are thought t o  be  periglacial  pediplanation 
surfaces (cryopediments) . The aim of the paper is to  report  observations about the 
main processes  causing the f o m t i o n  of these pediments by backwearing (intense slope 
re t rea t  of the  adjacent  steep slopes by mss wasting and rill-wash,  solifluction and 
sheet wash act ivi ty ,  favoured by the s u r p h ~ s  water fram the  steep  relief and nivation 
on the upper parts of the mipla ins ,   t ranspor t  of the debris across the pediments 
into  the main rivers).  Fluvial  action is d i f fe ren t   in  areas not  yet  affected by the 
dissection caused by i sos ta t ic   up l i f t  and i n  the marginal areas, where t h i s  dissec- 
t ion is very  intense.  Outside  the  recently  dissected parts there is no ccanpetitior, 
between cryoplanation and fluvial   activity.  

INTRODUCTION 

In  climatic geamorphology, the approach ex is t s   to  
make a dis t inct ion between the  c l imtmorphic  zones 
dcminatd by planation  (formation of plains) and 
'chose daninated by dissection  (formation of val- 
leys) (e.g. Biidel 1971 , 1977, 1982). With perhaps 
the exception of the hmid  tropics, 110 geomorphic 
zone generates so much controversy over the pre- 
vai l i rq   s tyle  of erosion as the arctic periglacial  
zone. The extreme positions are that the dominant 
gemorphic tendency i n  the periglacial  zone is (1) 
"excessive  valley-cutting"  ("exzessive  Talbildung" , 
Biidel 1977, 1982) or (2) most intense  pediplanation 
(Dedkov 1965) . 

Studies on these pr0bLems w e r e  made i n  1978 and 
1981 i n  the Mackenzie ard Richardson Mountains, 
especially  in  the  central Richardson Mountains ac- 
cessible by the Dempster Highway (an  area of con- 
tinuous  permfrost) , in  the  eastern and western 
foothi l ls  of both  ranges and ard the "Plains of 
Abraham" in   the  Canyon Ranges, SW of Norman Wells 
(an area of discontinuous  permafrost).  Cmparative 
observations w e r e  made i n  the Brooks Range near 
Atigun Pass, in  several  parts of A l a s k a ,  including 
the kct ic  Slope, and in   the  Canadian Archipelago. 

was that they have been subject to periglacial  cow 
di t ions since the beginning  of the Quaternary pe 
r i d  without  being  glaciated a t  any time (cf. Hug- 
hes 1969, Denny 1970, Douglas 1972, Prest  et al. 
1974) * Thus,if there exis ts  any "convenient natural 
test site" (Biidel 1982:63) for meeting pure and m- 
tu re   p r ig lac ia1   fea tures ,  it is here that w e  w i l l  
find it. M a n y  of the   d i f f icu l t ies   in  climatic gec- 
morphology arise fram the ccpnparison of forms of 
different age and maturity and from neglect of the 
time factor  (cf . Brunsd&n 1980 and Douglas 1980) . 
Areas i n  which a recent change i n  the general d e l -  
ing  style has mcured, as, e.g., those subject to 

The min   c r i te r ion   in   se lec t ing  these study areas 

periglacial  mrditions  for  only a few thousand 
years since the end of Pleistocene  glaciation, may 
be w e l l  suited for  process research, for studies 
on short  lived microforms or on modeling tendencies, 
but  they are not so w e l l  suited to demonstrate w h a t  
the typical climatomwphic rel ief   ( i rduding mesc- 
forms and macrofom) may be. I n  this regard the 
q l a c i a t e d  regions of NWCanada and Alaska offer 
idea l   codi t ions .  

gently  sloping  surfaces ( I ~ - I O O )  a t  the  foot of 
higher  mountains-are  very c m n  i n  the mentioned 
area. Their frequemy and ubiquity  suggests that 
the rmec lh t i c  environmental conditions  leading 
to their  formation are ccPranon and unspecific: 

P e d i p l a b i n  the s t r ic t ly   descr ipt ive sense of 

1. They ccmr a t  different  al t i tudes.  Many of 
them start r ight  from the valley  bottans  or the 
Iwest terraces of the  large  rivers. A t  medim 
al t i tudes of 303-903 m, they are most frequent. 
The highest &served pediplains  (not  cryophnation 
terraces) are situated a t  1,300 m i n  the Mackenzie 
Mountains. The formal difference between the plan- 
ation  surfaces  described  here and the  bet ter  k m n  
cryoplanation  terraces lies i n  their sizes and 
their   posit ions  relative to the muntain slope, not 
in  their   absolute  al t i tudes  (cf.  Czudek and D-k 
1970, French 1976:155 ff.). 

2. A strict dependence on permfrost  could  not 
be established: Frequency and appearance as w e l l  
as evidence of active backwearing (see belont) have 
been  &served to be the same both in  areas  with con- 

frost  (northern Richardson MomLains, 
5%?77and in  areas w i t h  discontinuous perma- 
frost   (Ft.  Simpson area, surroundings of the P l a i n s  
of Abraham i n   t h e  Nackenzie Mountains near 64%). 
Though it appears plausible  that the processes 
causing  cryoplanation are favored by permafrost, 
our cbservations seem t o  agree more w i t h  the views 
of Dernek (1969:56 f f . )  than w i t h  those of Reg- and 
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P&& (1976:107 f f . ) .  
3 .  A dependence  on lithology  could  not  be  estab- 

lished  either.  Pediplains cut rocks of a l l  kinds 
and ages: CarrJsrian sch is t s   in  the southern Richard- 
son Mountains, dolmites of Ordovician a d  Silurian 
age, as w e l l  as Devonian sandstones and shales  in 
the  Plains of Abraham area and sandstones, silt- 
s'mnes, and shales of Devonian, Mississippian, and 
lmer Cretaceous  age i n  the Richardson Mountains 
foothil ls .  

4. to  the  general orographic position, three 
types of pediplains m y  be distinguished,  piehont 
pediments, valley pediments and intermontane pedi- 
ments (classification by  Mensching 1958, 1973) (Fi- 
gures 1 and 2) .  

FIGURE 1 CryopAhent  with  sharp upper limit and 
inclination of 2O-4OI about 4 krn wide; crossed by 
shallw  valleys. Little Keel River Valley, North 
of "Plains of  Abraham:' Mackenzie Mountains. 

YIGURE 2 N a r r c w  valley-cryopediment shwing  dis- 
section by box-shaped valley. B e d r c c k  (Upper D e  
vonian  sandstone) is cut shargly by miment .  Cen- 
t r a l  Richardson Mountains (66 5 0 ' N ) .  

The features which suggest the momogenesis of 
the pediplains are described i n  the follming three 
sections. These treat, f i r s t ,  the steep slopes 
delimiting  the  pediplains a t  the upper end, second, 
the  pediplains themselves and the processes acting 
on their surfaces and, f inally,  the valleys to  

which the  pediplains  usually run. 

FIGURE 3 Mountain slope dissected by steep V-sha- 
p f i  valleys  into  triangular sections. Pediment irr 
terrupted by Carcajou Lake in   t he  course of Litt le 
Keel River, a caryonlike  incised  tributary of Car-  
ca jou  River, Mackenzie Mountains. 

THE STEEP RELIEF 
AT THE UPPER MARGIN OF THE PEDIPLAINS 

The marginal chains of the Mackenzie  and Richard- 
son Mountains mostly have the character of hqback 
mountains a t  1,100-1,600 m elevation. 

the mountain sides are deeply cut by V-sham val- 
leys, irdependent of the structure. The ;alleys 
have steep  recti l inear slopes of about 30 , very 
steep  longitudinal  profiles and, despite that, of- 
ten  f lat   f loors.  

Erosion i n  these  valleys is obviously  very in- 
tense. On the slopes, mass wasting  ard  rillwash 
dcaninate, w i t h  episodic  runoff and gravel  transport 
by meltwater in  the  valley  bottans. Valley-erosion 
cuts dmn to the local  erosion  base and then deve- 
lops widening flat  floors  without any change i n  the 
slope processes and slope profiles. Thus, small 
and Large valleys  are  characterized by the same 
slope angles of about 30° and f inal ly  the whole 
mountain slope becanes dissected  into very charac- 
teristic triangular  facets  (Figure 3 ) .  

The same processes  operate on these "triangular 
slopes" (cf. Biidel  1977:72) as on the  valley slopes, 
namely frost  wedging, mass wasting, and rillwash, 
and cause very intense backwearing. 

The characterist ic traits of the  relief are that 

THE PEDIPLAINS 

The important supply of frost  debris from above 
does not  lead t o  accumulation a t  the foot of the 
slope for denudational act ivi ty  a t  the upper edge 
of the  pdiplains  is capable of keeping the  foot 
of the steep slopes clean. Caranonly the upper li- 
m i t  of the pediplain is =ked  by a sharp knick- 
point, mst exceptions  being structurally  control- 
led. The processes  responsible for this denudatio- 
nal cleaning of the upper edge of the M i p l a i n s  
are solifluction and sheetwash, which w e r e  both 
&served directly and deduced f r m  micrc-forms, 
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FIGURE 4 Oblique vied f r m  aeroplane s ~ ~ i ~  s m  
upper end of ~ ~ o ~ ~ ~ t  and forms giving  evidemc 
of active s o l i f l u ~ t i ~ n  and sheetmash, NW af the 
"Plains of Abraham: Mackcnzie M o ~ n ~ i n s ~  

transport  pattexns, a d  sediment s t r u c t u e s ,  e.g.on 
W i p l a i n s  a t  the south side of Lit t le Keel River 
(P la ins  of Abraham) , and i n   t he  upper ends of mny 
valley pediments i n  the central  Richardson M o u r r  
t a ins  (cf . Figure 4 )  . 
and sheetwash i n  this orographic  position is the 
increased w a t e r  supply, c a u s d  by surface  runoff 
f ran the steep slopes and by meltwater frm s m  
trapped i n   t h e  mountainfoot  concavity. 

been foulad to be  slig~tlyofan-shaped, w i t h  slope 
angles  varying  fran 6 -12 . This allws solifluc- 
t ion  and sheetwash to   del iver   debris  to  stream chan- 
nels i n  a short  distance. W e  have se ldm observed 
that the entire  pediplain is an act ive "slope of 
transportation"  (cf. French 1976:156) ; most debris 
t r a n s p r t  is doneaf te r  a short  distance  of  nonli- 
near  transport-by  the  rivers  crossing  the pedi- 
plains  (cf.  Figure 5).  These rivers  are: 

small runoff channels  not connected t o  the m m  
tain  drainage and not eroding a t  all ;  

rivers  caning fran the V-shaped or flat-floored 
valleys of the  adjacent mountains, heavily  charged 
with  sediment (these are characterized by braided 
channels, either eroding  only weakly or more often 
f lming  above the e i p l a i n  level  thraugh  accmula- 
tions of them mn  sediments); 

0 s a w  rivers derived fran areas i n  the adjacent 
nmmtains which do not  supply  detritus,  e.g., sane 
quarz i te  areas An the McDermott syncline of the 
Mackenzie Mountains. These  rivers are able to cut  
shallow box-shapd valleys  into  the  pediplairA m 
being the maximum observed depth  cut  into  solid 
rock. These valleys expose the  sharply cut bedrock 
core of  the pedhents,  overlain by a fanglanerate 
of 0.5-3 m thickness. 

The lowe5 wts of the  pediplains, w i t h  slope 
arqles of 1 -5 , are usually inactive with  surfaces 
characterized by patterned ground, lichen-covered 
stones, or dense and undisturbed  tundra  vegetation. 

Given our observations of structure, genesis, 
and erosional intensity,  as w e l l  as  the  probable 
duration of periglacial  erosion  in  these  areas, 

The main factor  aiding a l l  types of sol i f luct ion 

The upper par ts  of the  pediplains have usually 

FIGURE 5 ~ ~ o p ~ ~ ~ ~ ~ s  w i t h  pediment passes and 
~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ e  mauntain ramants. ~ e g ~ ~ t ~ ~ n  masks 
now inactive t ransport-~ehs directed tmard  very 
shallm valleys. PSF: f e n t r q i o n  of the "Plains of 
~ r ~ ~ l ~  Mackenzie M ~ ~ n ~ ~ n ~ .  

most of the pediplains i n  a l l  probability are cryo- 
pd i rwn t s   i n  the sense of Macar (1969:138) and Czu- 
dek and D e m e k  (1 970:lOl;  1973) or cryoplanation 
forms fo l lming  Bryan (1 946  :639 f f  . ) and Danek 
(1963) The morphographic ard morphogenetic crite- 
r i a  described i n  these referencesmost of them are 
summarized by French (1976:155 f f . ) - f i t  the obser- 
ved forms s u r p r i s i q l y  w e l l .  

Since we lack  studies Over a long period a d  
sediments which would provide  independent  age esti- 
mates for  the  cryoplanation  surfaces, we can  only 
evaluate  the  probability whether or not periglacial  
processes would be  capable of producing  pediplains 
(includincj those several kilcmeters wide) i n   t he  
time available. The main view against a genesis  in 
cryoplanation is that which considers  the  pediplains 
as T e r t i a r y  forms which have  been preserved  or  only 
s l igh t ly  modified by Quaternary processes  (cf. BU- 
del  1971 , Washburn 1979 : 237 f f  .) . Arguments t o  
refute  such a view include the fol lwing  facts .  

ces in  several   par ts  of Yukon (cf. Bostock 1972) , 
e.g., i n   t he  Wernecke and Ogilvie Mountains, l ie  
c l e a r l y   a t  a higher  elevation  than the cryopediments 
and are dissected by the V-shaped valleys and the 
steep  frost   slopes a h r e  the  pediments. 

The k m n  glaciation  l imits and the "rather 
meagre understarding of changing climates of central  
Yukon during the Quaternary"  (Foscolos e t  al. 1977: 
1;  cf. Bostock 1966, Hughes e t  al. 1969, Zoltai and 
T q n o c a i  1974) suggest that, during most of the 
Quaternary, there must have  been some kind of a 
periglacial  climate i n  the Mackenzie and Richardson 
Mountains. Consequently, careful  extrapolation of 
present morphdynamic rates to the ent i re  Quater- 
nary m y  be  possible.  Extrapolating comparable 
studies of periglacial  denudation  (cf. French 1976: 
1 48, 172) and taking  into  account the age of those 
planation  surfaces which can  be  dated  (cf. Demek 
1969, Reger and Pkwi: 1976, Washburn 1979:240) , it 
may be argued that even the   l a rges t   pd ip la ins   in  
t he   meg lac i a t ed  parts of NW-Canada and Alaska 
( w i t h  the exception of the North Slope) can be ex- 

High levels interpreted as Tertiary relic SWfa- 
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plain& by the  present  cryoplanation rates. Thus, 
the actual  relief of this never-glaciated =ea my 
be  considered as one of the most pure and mature 
periglacial   re l iefs  i n  the world. 

cryoplanation i s  not  only a process of widening 
of preexisting  plains. ?s demonstrated by the re- 
sear& on cryoplanation terraces (as cmnpiled r e  
cently by  Karrasch 1972) and our rn dsservations 
i n  many perigiglacial areas, the slightest  concavity 
a t  the foot of a slope can start (by backwearing 
effects) the developnent: of a f ros t   c l i f€ / f ros t  
slope, and a cryoplanation  terrace/cryopediment. 

to be  solved seem t o  be (1 ) the reconstruction of 
the Tertiary  relief, (2)  the -ternary history 
with its fluctuations of the periglacial  climate 
a d  their geomorphic effects and (3)  quantitative 
studies of periglacial  backwearing rates  and cry- 
pediment grwth . 

In  this  context, the main problems which remain 

THE VALLEYS 

The valley network of the Mackenzie and Richard- 
son Mountains appears on the ground as w e l l  as on 
air photcgraphs and LANDSAT imagery to consist of 
two overlapping  river  systans:  an  older one w i t h  
wide shallm  valleys  originating  in  the  center of 
the mountain ranges, and a yarnge.r, mre sharply 
incised one, which is graving  retrogressively a t  
the expense of the  older one. 

ing the younger valley system fol lms  recent  u p  
l i f t s ,  by glacial  rebourd as w e l l  as by tectonics. 
R-ent isostat ic   Uplif t  is estimated a t  about 
1-203 m for  the Richardson Mountains. 

The sbuthern Mackenzie Mountains are  believed 
to have been recently  uplifted even more: i n  the 
Nahanni River area by as much as 485 m i n  postgla- 
cial time (Ford 1973) . The upper valleys,  not  yet 
affected by retrogressive  dissection, are sha l lm 
and flat-floored  with  depths of 2-3 rn, 10 m a t  the 
maximm, and widths of the broad gravel f i l l s  of 
up to  mre than hundred meters. The r ivers  mirq 
i n  anastanosing channels over the whole width of 
the valley  f lmr,   locally  undercuttiw the banks 
and local ly   res t r ic ted by the  gravel  fans of tri- 
butary  rivers. 

dest,  inactive  sections which suggests  that  the 
r ivers  have been flauing a t  the same level  since 
the beginning of the pediment formation. They are 
used t o  capacity by their gravel load and have m 
tedlency t o  dowrslJard cutting. 

The tributary r ivers  of the Mackenzie and the 
P e e l  River which are presently  incising have a 
total ly   different  appearance. Deep, Mrrm box- 
shaped canyons up to 100 m deep (note  the "Canyon 
Ranges") are curnnon.  The Nahanni Canyon, w i t h  
rock walls of mre than 1,ooO m in places,  repre- 
sents a mst impressive example of the  vertical  
erosion  achieved by an  antecedent  river. 

Fluvial  activity is i n  general limited to Sart 
runoff pericds during the s m e l t  season  (lasting 
several weeks to  several months depending on lati- 
tude) and exceptional heavy rain  events. Glacier 
and baseflm  runoffs are morphologically of secorr 
dary impxtance. Our a s s e s a n t  of f luvial   act ivi-  
t y   i n  a longterm periqlacial  environment is that, 

It seems evident, that the intense  erosion caus- 

The adjacent parts of the pediments are the ol- 

because the runoff i s  concentrated  into  short p i -  
cds, the r ivers  are capable of enormous erosion  ra- 
tes. This explains the overrating of p e r i g l x i a l  
vertical  erosion by Biidel ( int .  al.  1982: "zone  of 
excessive  valley-cutting") and others, who have g e  
neralized from areas of recent isostatic u p l i f t  as, 
e.g.,  Spitsbergen. 

The "normal case" in   the  sense of climatic gec- 
rrmrpholqy s e a  to be that the energy of a cmp- 
ratively  very  steep  longimdinal  gradient (up to 
several  degrees) is needed for  the through-trans- 
port of the heavy frost   debris  load. There seems 
to exis t  a long-term equilibrium  beween  different 
a d  seemingly antagonistic  tendencies  (formation of 
plains  versus formation of valleys),  which allcrrvs 
the  conclusion  that der stable  conditions the ac- 
tual s u f a c e  is t o  be  considered as mature i n  a 
climatiegemmphological sense as w e l l  as i n  a 
Davisian sense. Only i n  the steepest headwater re- 
gions or a f t e r  a break i n  the equilibrium  profile 
does considerable  vertical  erosion take place. 

The threshold  value of the gradient of r ivers  
used to capacity by the through-transport and of 
ver t ical ly  eroding r ivers  d@s of course not on- 
ly  on climatic  but also on other  enviromental f a e  
tors as, e.g., petrography and on,the  age of the 
actual re l ie f .  
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ALPINE PERMAFROST I N  TIAN SHAN, CHINA 

Qiu  Guoqing, h a n g   Y i z h i ,  and L i  Zuofu 

Lanzhou I n s t i t u t e  o f  Glaciology  and  Cryopedology, Academia S in ica  
People's  Republic  of  China 

The d i s t r i b u t i o n  of permafros t   in   T ian  Shan depends c h i e f l y  on v e r t i c a l  zona- 
tion.  Because of loca l   condi t ions ,  the lower limit of  permafrost  varies  from 
p lace   t o   p l ace :   t he  lowest limit is 2700 m on north-facing  slopes and 3100 m on 
south-facing  slopes,   about 1000 m below t h e   l o c a l  snow l i n e .  I n  genera l ,   the  
lower limit   descends 171 m with  each 1" i n c r e a s e   i n   l a t i t u d e  and 10.6 m with  each 
degree o f  increase  in  longitude.  Alpine  permafrost   can be  divided  into  three 
zones:   unstable   permafrost ,   t ransi t ional   permafrost ,  and s table   permafrost .  The 
map of permafros t   d i s t r ibu t ion  i n  Tian Shan i s  based on temperature  observations 
i n  bore   ho les ,   f ie ld   observa t ions  of cryogenic phenomena, and i n t e r p r e t a t i o n  of 
aerial photographs, The development of ground ice in  coarse-grained  sediments,  
bo th   bu r i ed   g l ac i a l  ice  and segrega ted   ice ,  i s  a p e c u l i a r i t y  of  Tian Shan. Under 
the s tone   s t r ipes ,   rock  circles, and  frost-heaved  rocks,  massive  ground ice i s  
found. An old  moraine  with a s i l t  content  of less than 15% has  proved t o  be r ich 
i n  ice. 

In   China,   the   Tian Shan s t r e t c h e s  for 1700 bn 
west t o  east and i s  100-300 Inn wide  from  south t o  
north.  There are many r idges  and f a u l t   b a s i n s  con- 
t r o l l e d  by the WNW and ENE t e c t o n i c   l i n e s  and o ther  
f a c t o r s .  Most o f  the   T ian  Shan c o n s i s t s  of meta- 
morphic  and  igneous  rocks.  Ridge  crests  generally 
exceed 4000 m a.s.1; the highest  summit, Tomor Peak 
i n   t h e  west, is  7443 m. Loca l   r e l a t ive   r e l i e f  i s  
usual ly  3000 m o r  more, so ver t ica l   zona t ion  of  a i r  
tempera ture ,   p rec ip i ta t ion ,  and landscape is i n e v i t -  
able. 

e leva t ion .  The gradien t  is 0.33"-0.37"C/100 m 
between 1830 and 3000 m a.s.l., and 0.61"-0.66"C/100 
m between 3000 and 4000 m (Zhang  and Xie 1962). 

In   genera l ,   there  are two zones with high 
p r e c i p i t a t i o n :   t h e   f i r s t  i s  coincident   with the 
forest-s teppe zone  (about 1800-2500 m), with  pre- 
c i p i t a t i o n  of  about 600 mm/year; the second l ies a t  
t h e  snow l i n e ,   w i t h   p r e c i p i t a t i o n  of from 500-700 t o  
more  than  1000 mm/year. About 90% of the annual 
p r e c i p i t a t i o n  i s  concentrated  in  the  period  from 
April   to  October.   Observations show t h a t   t h e  p r e  
c i p i t a t i o n   d e c r e a s e s  from west t o  east. 

With rising e leva t ion ,  a series of  landscapes 
is  encountered,  namely,  desert and semideser t ,  
forest-steppe,  subalpine-alpine meadow, and cold 
desert .   Their   boundaries  vary with s lope 
o r i e n t a t i o n ,   l a t i t u d e ,  and  longitude. 

f r o s t   d i s t r i b u t i o n .  

The  mean annual a i r  temperature  decreases  with 

A l l  these affect the c h a r a c t e r i s t i c s  of perma- 

PERMAFROST  DISTRIBUTION 

The t o t a l   a r e a  of permafrost i n  the  Tian Shan 
of  China is about 63,000 km2 (Figure 1). The dis-  
t r i b u t i o n  shows both  ver t ical   zonat ion and la t i -  
t u d i n a l  and long i tud ina l   va r i a t ions .  

According to   observa t ions  and 4 years  of ground 
temperature  measurements i n   t h e  Kuyxian Pass  
region of the  middle  Tian  Shan, the lower l i m i t  of 
a lpine  permafrost  is a t  2700 m on  north-facing 
s lopes and 3100 m on south-facing  slopes  (Qiu  and 
Zhang 1981). The lower limit v a r i e s ,  however, be- 
cause of d i f f e r e n c e s   i n   r e l i e f ,   s u r f a c e   c o v e r ,  geo- 
l o g i c - l i t h o l o g i c   c h a r a c t e r i s t i c s ,  and p r e c i p i t a t i o n ,  
and does  not  coincide  with a pa r t i cu la r   con tour   l i ne  
(Table 1). Despi te   var ia t ion,   the   lower limit 
always l ies  i n  the  subalpine-alpine meadow zone, 
h igher   than  the l o c a l  tree l i n e ,  and 1 6  900-1200 m 
lower  than the snow l ine .  These c h a r a c t e r i s t i c s ,  
t oge the r   w i th   t he   d i s t r ibu t ion  of  cryogenetic 
phenomena, are use fu l   a id s  when mapping permafrost 
t h rough   t he   i n t e rp re t a t ion  of aer ia l   photographs 
(F igure  1). 

the   permafrost   and  the  depth of t h e   a c t i v e   l a y e r  
var ies   wi th   e leva t ion .   Uaual ly ,   the   depth  of sea- 
sonally  frozen  ground is 1-2 m a t  1000 m a.s.1. and 
becomes 4-5 m adjacent   to   the  lower limit of perma- 
f r o s t ,   w h i l e   t h e   a c t i v e   l a y e r   i n   t h e   p e r m a f r o s t  
region is 4-5 m t h i c k   i n   t h e   v i c i n i t y  of the  lower 
limit, becoming 5 2  m i n   t h e   s t a b l e   p e r m a f r o s t   a r e a  
o f  the  high  mountains.  Generally,  there are three 
zones of alpine  permafrost:   the  unstable  zone,  the 
t rans i t iona l   zone ,  and the s t a b l e  zone. 

frozen  ground  has a mean annual  temperature of -0.1' 
t o  -0.2"C, so it i s  very  unstable. For example, in 
t h e  Kuyxian  Pass  region, the r a i n f a l l   i n  1972 was 
100 mm higher  than  normal, and the permafrost   table  
observed i n   d r i l l   h o l e  F5 descended t o  a depth of 
3.5 m. I n  1973-1975, annual   p rec ip i ta t ion  was 
normal, and the permafrost   table   gradual ly   re turned 
t o  a depth of 2.7 m (Figure  2).  

m i n  t h e  Kuyxian  Pass  region,  the  permafrost is a s  

The thickness,   temperature,  and s t a b i l i t y   o f  

Adjacent t o   t h e  lower l i m i t ,  the   perennia l ly  

However, at  h igh   a l t i t udes ,   fo r  example at 3200 
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FIGURE 1 Distribution of frozen ground in Tian Shan, West China. 

TABLE 1 Selected  data on the lower limit of alpine  permafrost i n  the Tian Shan. 

Vertical   distance 
Elevation of permafrost  Elevation  Elevation of between permafrost 

lower limit (m) of g l ac i a l  snow l i n e  (m), lower limit 

S i t e  Location N NE/NW E/W SW/SE S ( m) N S ( m) 
slope  facing  terminus  slope  facing and snow l i n e  

Miaoergou 43'00'ii 
94'15'E 

Kuyxian Pass 42'56'N 2700 
86'53' E 

Source of 43'07'N 
Urumqi River 87'00'E 2900 

42'48'N 3250 Motosala 8 6 0 0 8 ' ~  

29 50 3600 4200 
( SW) 1250 

3100 3700  3900  4100 1100 

3250  3600  3800 4200 925 

3390 

Xaxilegan 43'46'N 
84"27'E 2920 3050 3250 3600 870 

Congtailan 41'54'N 
80'18'E 

42'04'N 3ooo 
80'16'E TuLasu 

3350 

3250 
3140 (NE) 

4000 920 

Koqikarbaxi 41'42'N 
80'00'E 3000 3100 3070 4 100  950 

FIGURE 2 Isogeothem of d r i l l  holes F5 and Dl98 i n  
the Kuyxian Pass region. 

much as  100 m thick and has  a mean annual ground 
temperature of -2'C, which can be defined  as  stable 
permafrost. As a resul t ,   the   level  of the perma- 
f ros t   t ab le   d id   no t  change during  the same 4-year 
period no matter how  much the  ra infal l   f luctuated 
(Figure 2 ) .  Moreover, i n  1981 the  temperature a t  
the  level  of zero annual  amplitude remained the same 
as   t ha t  measured i n  1973. Gorbunov (1978) assumed 
that at  7000 m the ground temperature might be a s  
low as  -20' to  -25'C, but  the  presence of such 
highly  stable  permafrost  remains t o  be proven. 

In   the   t rans i t iona l  zone, between the  unstable 
and stable  zones,  permafrost  thicknesses  increase 20 
m for each 100- increase   in   e leva t ion   a t  Miaoergou 
in   the  east and 50 rn for  each 100 m at   the  source of  
the  Urumqi River In the central  region. 
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Because  the lower limit of a lpine  permafrost  
v a r i e s  in a l t i t u d e  and the  width of t h e   t r a n s i t i o n a l  
zone   var ies   f rom  p lace   to   p lace ,  i t  is impossible t o  
associate   the  boundaries  of the   th ree   zones   wi th  
specif ic   e levat ions.   Nevertheless ,   b inary 
regression  analysis   provides   the  fol lowing  equat ion 
f o r   p r e d i c t i o n  of t h e   e l e v a t i o n  o f  t h e  lower 
permafrost l i m i t :  

H 11089.5 - 10.6X - 171.2Y 

where H = e l e v a t i o n  of  lower limit (m) 
X = longi tude (") 
Y = l a t i t u d e  ( O )  

The c o r r e l a t i o n   c o e f f i c i e n t  of t h i s   e q u a t i o n  is 
0.915. This  equation shows t h a t  the l a t i t u d i n a l  
v a r i a t i o n  of t h e  lower l i m i t  of permafrost i s  -171.2 
m/lat. I O N ,  which d i f f e r s  from the data   presented by 
F u j i i  and  Higuchi ( 1 9 7 8 )  and Zhou and Guo (1978). 
This   equat ion  a lso shows a long i tud ina l   va r i a t ion   o f  
-10.6 m/long. 1°E, which  might be caused by t h e  
decrease of p r e c i p i t a t i o n  from w e s t  t o  east. Since 
the   T ian  Shan  extends  through 21' of longitude  (from 
74' t o  95'E), t he   l ong i tud ina l   va r i a t ion  of t h e  
limit should  not  be  omitted. 

GROUND ICE 

The development o f  ground ice in the   Tian Shan 
depends on geologic-geomorphologic  conditions. 
There are few ice ve ins   in   the   c racks  of the   f rozen  
bedrock;  permafrost is u s u a l l y   i c e p o o r  on scree 
slopes and in the   g rave l  and pebbles in   wel l - sor ted  
a l luv ia l   fans   because   they  are well drained. Perma- 
f r o s t  in c layey   so i l s  on gen t l e   s lopes ,   i n   i n t e r -  
montane  depressions, and i n  hollows a t  the boundary 
between a l l u v i a l   f a n s  is usua l ly   r i ch  i n  ground ice  
(Qiu  and Zhang 1981) . 

The fol lowing  discussion is concerned  with 
ground ice i n  coarse-grained  sediments,  which may be 
a p e c u l i a r i t y  of the  Tian Shan. 

Exogenous Ground Ice 

A t  the  source  of  the Urumqi River,   buried ice  
o c c u r s   i n  L i t t l e  Ice Age moraines. A 10-m-thick 
bu r i ed   g l ac i a l   i ce  body is  exposed i n  a na tura l   cave  
of the  ice-cored end  moraine of Glacier 6 .  The ice 
is preserved by t he   p ro t ec t ion  of t h e   d e b r i s  
mant le .   In   addi t ion ,   the   Tomor type   g lac ie r ,  which 
has a grea t   dea l  of avalanche  cover  and a super- 
glacial   moraine,   forms  s imilar   kinds of buried 
g l a c i a l  ice. 

Another  kind  of  buried ice i s  from buried 
snow. For  example, on the south  s lope of Haxilegan, 
a snow depos i t  was covered by a r t i f i c i a l  waste rocks 
in May 1977, and i n  a year i t  had become a 20-50 c m  
i c e   l a y e r .  It appears   that   bur ied  "snowice" may be 
formed in places   wi th   th ick  snow depos i t  and f re -  
quent  rock  avalanches  in w e s t  Tian Shan. 

Endogenous Ground Ice 

(1 )  Segregated  ground  ice i n  s e d i m e n t s   r i c h   i n  
fine-grained materials: The d e l u v i a l - e o l i f l u c t i o n a l  
d e p o s i t s   i n   t h e  Tian Shan are usual ly   poorly  sor ted,  

and  segregated ice w i l l  form i f   t h e r e  is an  appro- 
p r i a t e  water supply.  For  example, in well D-135, on 
a gen t l e   s lope   ad jacen t   t o  a s t e e p   c l i f f   i n   t h e  
Kuyxian  Pass  region, it was found t h a t  a d e l u v i a l  
sandy  c lay  layer   containing 25-35% grave ls  and 
pebbles is underlain by a d e l u v i a l   d e b r i s   ( s l o p e  
wash) l aye r   w i th  21-31% f ines .  The upper   layer   has  
a ne t t ed - s t r a t i f i ed   c ryogene t i c   s t ruc tu re   (mine ra l  
l aye r s   s epa ra t ed  by ice veins   and  horizontal  ice 
l aye r s )   w i th  a volumetric ice content o f  60%, and 
t h e   d e b r i s   l a y e r   h a s  a conglomeratic  cryogenetic 
s t r u c t u r e   ( d e b r i s  cemented by ice lenses)   wi th  a 
volumetr ic  ice content  of 55%. This  kind  of  ground 
ice has  been  found i n  many p laces   i n   t he   T ian  Shan. 

( 2 )  Segregated  ground ice in glac iof luvia l -  
de luv ia l   depos i t s   w i th   a l t e rna t ive  beds of coarse  
and  fine-grained material: This kind of ice occurs  
i n  a swampy lowland a t  the  source of  the  Urumqi 
River. As a result o f   syngene t i c   f ro s t   ac t ion ,  a 
t h i c k  ice layer  0 5 0  cm) with a volumetric ice 
content  of 95% has  formed  beneath  the new permafrost 
t ab l e   (o ld   ea r th   su r f ace ,  as ind ica ted  by t h e  
presence of humic materials and  decayed  roots). Due 
to   the  impermeabi l i ty  of the  massive  ground ice,  t h e  
a c t i v e   l a y e r  i s  usua l ly   s a tu ra t ed  and therefore  
experiences  strong  frost   heaving. This r e s u l t s   i n  
many f ros t - sor t ing  phenomena on the s lopes  and the 
swampy Lowland, including  upheaving  stones  (Figure 
3 ) ,  s t o n e   s t r i p e s   ( F i g u r e  4 1 ,  and  rock circles. 
According t o   p i t   o b s e r v a t i o n s ,   t h e   s o r t e d   s t o n e s  are 
s t a n d i n g   i n  the pr incipal   f rost-heaving zone of the 
a c t i v e   l a y e r ,  and between the  base of t he   so r t ed  
s tones  and the permafrost table there  is an  undis- 
turbed  zone.  This  demonstrates  that   frost   sorting 
i s  d i r ec t ly   r e l a t ed   t o   t he   heav ing   p rocess   t ha t  
occu r s   i n  the ac t ive   l aye r .  

t h e  Kuyxian  Pass  region, a 110-m-thick permafrost 
l aye r   occu r s  in the  Alaxigongjin Moraine t h a t  is 
r i c h  in i ce   l enses  and ice horizons and has a 
s t ra t i f ied   conglomera t ic   c ryogenet ic   s t ruc ture .  
Based on i ts  d e p o s i t i o n a l   c h a r a c t e r i s t i c s  and cryo- 
g e n e t i c   s t r u c t u r e ,  as s e e n   i n   d r i l l   h o l e   s a m p l e s ,  
Qiu  and Zhang (1981) pointed  out that t h i s  is a 
syngenetic  permafrost  formed in assoc ia t ion   wi th  
sediment  aggredation  during  glacier  advance and 
recession,  and t h e  ice l a y e r s   t h e r e   d i f f e r  from 
b u r i e d   g l a c i a l  ice. 

ground ice could  form i n  a sediment  containing  such 

(3 )  Ground ice in coarse-grained  deposits:  In 

There are two logica l   explana t ions   for  how such 

n \ v  I I .*""- 

FIGURE 3 Upfreezing  stone  and  the  underlying perma- 
frost. 
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ness less than 20 m; a  stable  permafrost  zone  with 
tcp below -2'C and  permafrost >IO0 m; and a traf- 
s i t i o n a l  zone  between them. The lower limit of 
alpine  permafrost  and the  boundaries  between  zones 
vary and do not  coincide with par t icu lar   contour  
l i n e s .  

and longi tudina l   var ia t ions .  For  each 1' of 

and with  each 1' of longi tude   to   the  east, the  lower 
limit drops 10 m. 

sediments, with i ce   con ten t s  as high as 50-952, a 
c h a r a c t e r i s t i c   t h a t  may be a p e c u l i a r i t y  o f  t he   T ian  
Shan. 

The lower limit of  permafrost shows l a t i t u d i n a l  

~ l a t i t u d e   t o   t h e   n o r t h ,   t h e  lower limit drops 171 m; 

Several  kinds o f  ground ice develop in coarse 
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PERMAFROST T H A W  ASSOCIATED WITH TUNDRA FIRES I N  NORTHWEST  ALASKA 
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Thaw depths ,   soi l   temperatures ,  and vegetation  cover were measured  between 1978 
and 1982 in  tussock  tundra on  burns  representing  current,   1,2,3,4,5,7,8,9,  and 10 
y e a r   o l d   f i r e s   i n   e i t h e r   t h e  Seward Peninsula  or  the Noatak  River  areas of Alaska. 
Percentage  increase of thaw in  tussock  tundra on f l a t   t e r r a i n  was 10-40% during 
t h e   f i r s t  5 years   fo l lowing   f i re   wi th  a possible  peak a t  2 years  and a r e t u r n  
n e a r l y   t o   p r e f i r e  thaw depths by the  tenth  year .  Thaw depths  following f i re  were 
s igni f icant ly   deeper   in   tussock   tundra  on slopes ( > 5 % >  than on f l a t t e r   t e r r a i n .  
Tussock  tundra soi l   temperatures  were s i g n i f i c a n t l y   h i g h e r  i n  a 3-5 week old  burn 
t h a n   i n  an  unburned  control,  but were s i m i l a r   t o   t h e   c o n t r o l   i n  a 10 year   old 
burn ,   Increases   in   vascular   p lan t   cover   fo l lowing   f i re   in   tussock   tundra   averaged  
10%  per  year  during  the  10  years  following  f ire and could  account   for   decreases   in  
thawing and soi l   temperatures   over   this  time. Other  factors,   such as seasonal  
time of  burning,  thickness  of the so i l   o rganic   hor izons  and tussock  densi ty ,  
vary   reg iona l ly  and may a f f e c t   p o s t f i r e  thawing.  Prolonged  deeper  thawing  found 
i n  burned white spruce  taiga  emphasizes  the  importance  of  vegetation  recovery  for 
ame l io ra t ing   pos t f i r e  thawing  regimes. 

INTRODUCTION 

Lightning-caused  tundra  f i res   const i tute  a 
n a t u r a l  form o f  arc t ic   Vegeta t ion  and s o i l  
dis turbance which potent ia l ly   can  produce  act ive 
layer  changes and permafrost  degradation. 
I n d i v i d u a l   f i r e s  as l a r g e  as 980 km2 have  been 
re orted  (Racine  19791,  and more than  3,800 
km s burned in  northwest  Alaska  in  1977,  alone.  
Although it i s  c lear   tha t   permafros t   condi t ions  
could   be   a f fec ted   over   l a rge   a reas ,   re la t ive ly  
l i t t l e  is  known about how f i r e   a f f e c t s   a c t i v e  
layer   thicknesses  and so i l   t empera tures  of 
tundra ,   par t icu lar ly   wi th   respec t  t o  changes 
over time spans  of as many as 10  years  (Viereck 
and  Schandelmeier  1980). 

Our s tudy   repor t s   ac t ive   l ayer   th ickness  
measurements  from  burns up t o  10 yea r s   o ld   i n  
northwest  Alaska and a t t empt s   t o   cons t ruc t  a 
vegeta t ion-so i l  thaw word model t o   desc r ibe  eco- 
system  changes  due t o   n a t u r a l   f i r e .  Between 
1978  and 1982 we made measurements  of thaw 
depths  and  vegetation  cover  at  a wide va r i e ty   o f  
sites represent ing 2 week t o  10 year  old  burns 
i n   t h e  Seward Peninsula or Noatak  River  areas 
(Figure  1).  By surveying a wide  range  of  burned 
si tes in  northwest  Alaska, we attempted  to 
o b t a i n   d a t a   t h a t  would permit  us  to  propose 
hypotheses  which  suggest how quickly and  by what 
mechanisms the  permafrost   responds  to   f i re .  

The avai lable   information on fire-permafrost 
r e l a t ionsh ips   has  been suuunarieed recent ly  by 
Viereck  and  Schandelmeier (1980)  and Brown and 
Grave  (1979). Long term information (8-20 
years)   for   act ive  layer   changes  fol lowing  ta iga 
f i r e s   h a s  been  presented by Viereck  (1981)  for 

in te r ior   Alaska  and by Mackay (1977) and Black 
and Bliss (1978)  for  northern Canada a t  Inuvik. 
These  reviews  indicate  that   there are r e l a t i v e l y  
few long term measurements o f  thaw depths 
fol lowing  tundra  f i res   in   Alaska.  Much o f  the 
research to da te   has   dea l t   w i th   t he   f i r s t  and 
second  year  postfire thaw measurements,  such as 
those by Wein and Bliss (19731, Brown e t  a l .  
(19691,  Racine  (19811, and Hal l  e t  a1 (19781, 
which for   tussock  tundra,   general ly  show 
increases   of  10-40% over  controls.  Continued 
monitoring by Johnson and Vie reck   ( i n   t h i s  
volume)  of thaw depths  over 5 years  following a 
1977 t u n d r a   f i r e  on the  North  Slope  represents 
some of  the  longest  monitoring of p o s t f i r e  thaw 
pa t t e rns   i n   t undra   t ha t  i s  ava i lab le .  

STUDY AREAS 

The Noatak  River and Seward Peninsula  study 
areas  are located above and below the   Arc t ic  
Ci rc le ,   respec t ive ly ,  and a r e  a t  or  near  the 
boundary  between  tundra and ta iga  in   northweat  
Alaska  (Figure 1). White  spruce  (Picea  glauca) 
fo re s t s   ex t end   i n to   t he  southeaste-se of the  
Seward Peninsula and in to   t he  lower  drainages  of 
the  Noatak  watershed.  In a l l  o ther   respec ts ,  
both  areas  are a r c t i c  in character   with con- 
tinuous  permafrost. Mean annual  temperatures 
are   about  -80 t o  -50 C and annual   p rec ip i ta t ion  
probably  ranges  between 22 and 50 cm (Racine 
1979). 

the western  Brooks Range as  it courses  primarily 
westerly  through a 644 km long,  generally  broad 

The Noatak  River  drains  over 33,600 km2 of 
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FIGURE 1 Location and year  o f  burn  for  areas 
s tudied between 1978 and 1982 i n   t h e  Seward 
Peninsula and Noatak  River  watershed,  northwest 
Alaska. 

TARLE 1 si tes  Samplqvi Retween 1977 and 1982 in N w t I w e - t  Alanka for Study 
o f  Tundra F ire -Permafros t   Re la t ionsh ipa .  

" 

Name North  West Date* R u m  a t  Time 
F I = ~  Y B h v  Since 

Lntitude  LonAitude 
" 

of Sample" 

sewatd Peninsula 
m e - C r e e k *  65O 17' 164O 45' 6/29/71 7 ,8 ,10  
UCita Creek 
Irnnlruk I.eke* 

650 6 6 '  l63O 0 ' 7/09/77 1 , 2 , ?  
650 3 5 ,  163O 10: 7/09/77 1 , 2 , 3  

Arctic River hp0 14' 165"  36 7/23/77 I 

NoaLak River  WaterRhed 
Kougururok Rlverr" 67" 59' 161' 55' 7/17/72 
Poktovi lr  Creek 

10 
680 01' 161" 20' 7/13/72 

Noatak R. m i t e s  1-5,7* 67O 58' l 6 l 0  50' 7/14/71 4,5 
10 

5 
Kungiakrok  Creek* 
Uchuqrak H i l l a  fi8O 01' 161° 35'  1/14/77 

Mukachink Creek 
67O 51' 161° 5 5 '  6 / 2 1 / 8 2  
670 54' 160° 55' 1 / 1 2 / 8 2  

0.1 
0.05 

I 

1. As r e p o r t e d   i n  Bureau of Land nanilgament (RLM) F i r e  Detail 3IIWfR. 

* rnccsnive Rtltdy R i t e s .  

lowland tha t   separa tes   the  Brooks Range i n t o  two 
smaller  mountain  groups.  elevations  vary from 
sea   l eve l  where t h e   r i v e r   e n t e r s  Kotzebue Sound 
t o  over  1,830 rn in  the  mountains,   with  about 66% 
of  the  watershed  occurring below 610 m eleva- 
t ion.  Lowland areas  (below 610 m) are  generally 
covered  with  tussock  tundra  with  patches of 
white  spruce  forest   along  the lower  reaches  of 
t h e   r i v e r .   s o i l s   a t e   s l i g h t l y   a c i d i c  and 
have  surface  organic   layers   in   the  inter tussock 
spaces of 5-14 cm thickness. 

The general ly  lower  than 914 m, 320 km by 
192 km Seward Peninsula  consists o f  r o l l i n g  
uplands,   interior  basins,   coastal   lowlands,  and 
a c e n t r a l  mountain  range. Deep s i l t y   l o e s s  
deposits  cover much of  the  area,  and Soi l8  
generally  are  moderately  to  highly  acidic,  with 
organic   mat ter   thicknesses   in   the  inter tussock 
spaces of up t o  20-30 cm. Sedge tussock  tundra 
i s  dominant on the   ro l l ing   gent le   s lopes ,  with 
w i l l o w  shrub  thickets  along  drainageways and 
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sedge wet meadows on poorly  drained  f lats.  

Peninsula  has  been  reviewed by Racine  (1979) and 
tha t   for   the  Noatak by Racine e t  a 1   ( i n  
preparat ion) .  Tundra f i r e s  have  been f a i r l y  
extensive  in  both  areas  during  the  1970's.  An 
estimated 3,000 km2 burned i n   t h e  Seward 
Peninsula i n  Ju ly  1977 and 640 km2 burned  during 
1977 in   t he  Noatak basin,  Based on present  
da ta ,   tundra   f i res   appear   to   be  of more frequent 
occurrence  in  these two areas  than  elsewhere  in 
a r c t i c  Alaska. 

1972 (21, 1977 ( 3 ) ,  and 1982 ( 2 )   f i r e s  were 
v i s i t e d   i n   t h e  Seward, Noatak,  or  both  (Table 
1, Figure  1). A l l  of  the  Noatak  River  fires 
v i s i t e d  were loca ted   near   the   r iver   in   the  lower 
t o  middle pa r t  of  the  watershed below an  eleva- 
t i on  of 305 m. Seward Peninsula sites included 
Imuruk Lake and Utica  Creek on a large  (940 
km2 1 1977 burn, a 1971 burn a t  Coffee  Creek 
about 75 miles north  of Nome, and a second 1977 
burn at   Arct ic   River   in   the  northwestern  par t   of  
the  peninsula.  Data from t h e s e   f i r e s  were 
supplemented  with  information on unburned  tundra 
vegetat ion and so i l s  obtained  in  1973 by Racine 
and Anderson (1979) and Holowaychuk and Smeck 
(1979) in the  Seward Peninsula and by Ugolini 
and Walters  (1974) i n   t h e  Noatak  River  area. 

The known f i re  h is tory   for   the  Seward 

Eight  different  burns  representing 1971 (11, 

METHODS 

Thaw depths were measured  with a steel probe 
pushed v e r t i c a l l y   i n t o   t h e  ground u n t i l  stopped 
by the   f ros t   t ab le .   Therefore ,   ra ther   than  
measuring  the  distance t o  the O0 C isotherm  in  
t h e   s o i l ,  we-measured  the  distance  to  an  ice- 
cemented  surface. Thaw depths were measured 
both from the  ground sur face   (ac t ive   l ayer  
thickness)  and/or from a hor izonta l   re fe rence  
s t r i n g   t i e d   t i g h t l y  between two s takes  5-10 m 
apart.  Also  recorded was the  dis tance from the 
s t r i n g   t o   t h e  ground surface so t h a t   p r o f i l e  
cross  sections  of  both  the ground surface and 
the  frost   table  could  be  constructed  to examine 
in t e r r e l a t ionsh ips  and the  roughness o f  both. 
When probing in  tussock  tundra,   the  type  of  sur- 
face   ( l ive   o r  dead  tussock,  intertussock  space, 
f ros t   s ca r ,   e t c . )  through which the  probe  passed 
was recorded  each time. Soil temperatures were 
measured with a YSI Telethermometer and a long 
steel thermistor  probe. 

plant  cover,   density,  and biomass  sampling i n  
1 m x 1 m plots   or   a long  t ransects   extending 
from unburned i n t o  burned  tundra. One thaw 
depth measurement was taken   in   the   cen ter  of 
each 1 m x 1 m p lo t ,  and i n  most p lo t s  4 addi- 
t i o n a l  measurements were taken midway between 
the   cen ter  and the  corners  of  the  plot .  A t  
3 Seward Pen insu la   s i t e s   (Tab le   l ) ,  thaw 
depths and vegetat ion were  sampled once i n  each 
of 3 years  following a 1977 f i r e ,   I n   a d d i t i o n ,  
p r e f i r e  (1973) thaw and vegetat ion measurements 
were obtained by Racine  (1979) and Bolowaychuk 
and Smeck (1979) a t   t h e  Seward Peninsula-Imuruk 
Lake sites. During  July and August of e i t h e r   o r  
both 1981  and 1982, s e v e r a l   s i t e s   i n   t h e  Noatak 

Probing was carr ied  out   in   conjunct ion  with 
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area (Table  1) were probed a t  10-14 day i n t e r -  
vals.   Additional one-time  depth-of-thaw 
measurements were obtained a t  remote sites i n  
both  the  Noatak and Seward Peninsula,  repre- 
eenting  both  burned and unburned  tundra. 

RESULTS 

Depth of Thaw 

Because  thaw  depths  vary  seasonally and with 
s u r f i c i a l   c o n d i t i o n s  of so i l   t ex ture ,   exposure ,  
drainage and vegetation  cover,  we found i t  
necessary   to   cont ro l   these   var iab les  as much a s  
poss ib le   to   permi t   de tec t ion  of t h e   e f f e c t s  of 
f i r e  on thawing. We achieved  this   control  by 
l imit ing  our   discussion  pr imari ly   to   tussock 
vegeta t ion  on 2 types o f  t e r r a i n :  on f l a t s  
( s lopes  less than 5%) and on s lopes  (angles  of 
5 %  or  more).  Because we could  not  obtain 
unburned (cont ro l )  thaw measurements a t  a l l  burn 
s i tes  and because  measurements were t aken   a t   t he  
d i f f e r e n t  s i tes  i n   d i f f e r e n t   y e a r s  and a t  d i f -  
fe ren t   s tages   in   the   p rogess ion   of  summer 
thawing, we constructed  composite  seasonal thaw 
curves  €or  unburned  (control)   tussock  tundra  in 
the  Seward Peninsula  (Figure  2)  and  the  Noatak 
(Figure  3). 
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FIGURE 2 Thaw depths  in  burned  and  unburned 
tussock  tundra  in  the Seward Peninsula a t  d i f -  
f e r e n t  times during  the summer, on d i f f e r e n t  
slope  angles ( 4 5% vs. ,521, and for   varying 
number of years   s ince  f ixe.  

Seward Peninsula.  Although  the  unburned 
thaw  depth  measurements were obtained i n  d i f -  
fe ren t   years  and a t   d i f f e r e n t  sites, the 
r e su l t an t   cu rve   appea r s   t o   de f ine   f a i r ly  well 
( r 2  = .96)  the  seasonal thaw p a t t e r n   f o r  
unburned  (control)  tussock  tundra on f l a t  
t e r r a i n   i n   t h e  Seward Peninsula  (Finure  2). BY 

h 10 

p l o t t i n g  thaw depths   s imi la r ly  meas;red i n   r e l a -  
t i ve ly   f l a t   t u s sock   t undra  sites i n   t h e  Seward 
Peninsula  representing 1, 2, 3, 7,  8, and 10 
years   fol lowing  f i re   (Figure 21, we can  deter-  
mine that  the  depth  of thaw increased by a maxi- 

a f t e r  which i t  re turned   near ly   to   cont ro l   l eve ls  
by the   seventh,   e ighth,  and tenth  years.  

showed a much g r e a t e r  and probably  longer 
l a s t i n g  thawing  response  (Figure  2).  Without a 
r e l i a b l e   c o n t r o l  for these  s loping s i tes ,  we a r e  
unable   to  compute the  actual   percentage  increase 
i n  thawing  due to   f i r e   €o r   t hese   s lopes .  In 1 
case,  however, we found  increased  thawing  of 
over 100% 1 y e a r   a f t e r  a f i r e  on a s teep ,  12-13% 
slope.  

Noatak  River. The unburned  (control) thaw 
curve  for   the Noatak  River  area  (Figure 3 )  was 
constructed from a composite  of  several thaw 
curves  obtained by monitoring thaw a t  unburned 
s i tes  through  portions  of  the  1981 and  1982 
summer thaw seasons. We a l s o  used 1960  thaw 
d a t a  from  Ogotoruk  Creek a t  Cape Thompson 
(Johnson  19631,  west of the Noatak  study area. 
The composite  curve i s  similar t o   t h a t   d e t e r -  
mined fo r   t he  Seward Peninsula,  with a d a i l y  
rate of thaw o f  0.4-0.5 cm per day for   both 
areas. 

on a June 1982 tussock  tundra  burn  in  the Noatak 
show a f i r s t   y e a r   i n c r e a s e   i n  thaw of 20-30X. 
On a nearby 10 year  old  tussock  tundra  burn, 
thaw depths were only 10-15% deeper  than  the 
control.   Three,  4 and 5 year  old  burned  tussock 
tundra sites were thawed 16-223 deeper  than  the 
control.   Other 4 and 5 year  old  burned  tussock 
tundra sites sampled i n   t h e  Noatak were located 
on s lopes   g rea te r   than  5%,  f o r  which no 

Burned tussock  tundra sites on s teeper   s lopes  

Thaw depth  measurements i n  July-August 1982 
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FIGURE 3 Thaw depths   in   burned and unburned 
tussock  tundra  in  the  Noatak  River  watershed 
a t  d i f f e r e n t  times during  the summer, on d i f -  
fe ren t   s lope   angles  ( 4  5% VS. > 5x1, and 
€or  varying numbers of years   s ince   f i re .   For  
symbols  see  Figure 2. Unburned 1960 tussock 
tundra thaw measurements fox Ogotoruk Creek 
Valley,  Alaska are from Johnson  (1963). 
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spaces o f  tundra  burned  10  years  ago were not  
s ign i f i can t ly   h ighe r   t han   t he  unburned  control 
(Table 21, bu t  were s i g n i f i c a n t l y  lower by 
3 O - 4 O  C than  temperatures a t  comparable  depths 
i n   t h e   r e c e n t   b u r n   ( t  = 5.1; p 5 0.001). 

Such d i f fe rences  were ephemeral,  however, 
and  depended on weather  conditions.  With the 
onset   of   ra ins  and cool,  cloudy  weather i n  
August, we detected l i t t l e  temperature  dif-  
ference  between  the  recently  burned  area and the  
unburned control   (Table  2) .  

DISCUSSION AND CONCLUSIONS 

Role  of  Revegetation 

The resu l t s   p resented   here   sugges t   tha t ,  
fol lowing  f i re   in   tussock  tundra on l e v e l  
t e r r a in ,   ac t ive   l aye r   t h i cknesses  and s o i l  tem- 
pera tures  rise r e l a t i v e l y   r a p i d l y  and then 
r e tu rn   t o   p reburn   l eve l s   w i th in  as few as ten 
years. We h y p o t h e s i z e   t h a t   t h i s   r e l a t i v e l y  
rapid  recovery i s  due l a r g e l y   t o  a rap id  
reestabl ishment  of graminoid  cover  following 
f i r e   (F igu re  4 ) .  

A t  one Noatak  River  tussock  tundra s i te  
burned i n  1977, and  probably  representing  an  old 
dra ined   lake   bas in ,   l ive   vascular   p lan t   cover  
had  reached  levels of 75-90% i n   f i v e   y e a r s ,  due 
to  the  rapid  regrowth  mainly  of E. va  inatum 
(36%) and  Betula  nana  (26%).  Six weeks + a ter a 
June 21, 1ntusx tundra   f i r e  on the Noatak 
River  (Figure l), we measured  covet of 40% 
contributed  mainly by regrowth of E. va  inatum 
tussocks which  had leaf   l engths  o f - 2 0 h  
by the  end of  July.  Such da ta  show how quickly 
E. va  inatum  leaves  can grow t o  overhang and 
T h a h t e r t u s s o c k  spaces,   increasing 
r e f l e c t i o n  and  reducing  the  penetration  of 
rad ia t ion .  

about one h a l f  of the  recorded  tundra fires be- 
tween 1956 and 1981 i n  the  Noatak  watershed 
occurred  during  June,  with the o the r   ha l f  
occurring  during  July.  For  those  June  burns 

Racine e t  al .  ( i n   p repa ra t ion )  found t h a t  

Depths  in Intertuasock Spaces (IT) and in Erio horum va inatum  Tussocks (TT) and 
TABLE 2 July-August 1982 Tussock Tundra Soil Temperature8 ( O  C) a t  10 and 20 cm 

Depth o f  Thaw (cm) in Intertussock  Spaces ';n ax U n b u m h o l ,  a  June 21, 1982 
Burn and a 10-Year Old B u m  (Average 1 Standard  Deviation, n = 4-10). 

Unburned  Control  June 21, 1982 Burn  July 1972 Burn 

11 July 30 July 9 August 11 July 29 July 10 August 14 July 9 Augu,st 

Temperatures at 10 cm 
IT 2.420.8 4.4T0.8 4.lf0.9 7.1f1.0 8.121.0 4.921.0 4.321.2 4.6z1.0 

12.7k1.5 12.4i0.6 10.9t0.3 20.7f0.1  16.7* 11.721.3 14.331.4 11.1*0.8 

Temperatures at 20 cm 
IT O.O* 2.2f0.4  2.4t0.7 3.3H 4.920.3 2.8Z0.7 1.020.6 
TT 7.622.1  9.120.6  9.421.0  15.8t0.4  13.9*  8.4?2.0 8.822.1 

3.120.7 
7.920.6 

Depth of Thaw 
IT 18.4*5.5 27.2t3.8 29.4f5.4  24.3f5.3 35.7*5+3 36.225.7 26.4T5.0 40v5f5.2 

* Assumed 
* n = l  
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FIGURE 4 Percent  cover and percent   increase  in  
thaw d e p t h   i n   r e l a t i o n   t o  time s i n c e   f i r e   i n  
tussock  tundra. 

followed by favorable  growing condi t ions,   the  
rapid  regrowth  of  sedges as described  above 
could  reduce  heat  absorption and increase  sur- 
face  a lbedo  re la t ively  quickly.  In  c o n t r a s t ,  
d a t a  from mid t o  la te  July  burns  indicate  slower 
rates of   revegetat ion:   in   the Noatak by the end 
of   Ju ly   l ive   vascular   p lan t   cover  on a mid-July 
burn  had  reached  only  about 10% with E. v_agi- 
natum leaf  lengths  of  only 4-9  cm; following the 
=July 1977 Kokolik  River  burn on the  North 
Slope  of  Alaska,  Hall e t  a l .  (1978)  reported 
only 5-10% vascular  plant  cover  regrowth by the 
end of August  1977,  These  observations  suggest 
that   vegetation  regrowth  does  not  contribute  to 
reduct ion  of   heat   absorpt ion and increase  of 
a lbedo   in   the  same year  of a mid-summer f i r e .  
These  differences  in  system  response  to  t iming 
o f   f i r e   sugges t   t ha t   t he re   a l so  may be some d i f -  
ference i n  rate of recovery  of  the  permafrost 
t ab  le. 

Bole  of  Organic  Thickness 

I n  addi t ion  to   inf luences  of   revegetat ion on 
p o s t f i r e  thawing pa t te rns ,   the   th ickness  of the 
intertussock  organic  soil   horizon  remaining 
a f t e r   f i r e   f u r t h e r   c o n t r o l s   t h e  rate o f   pos t f i r e  
permafrost  recovery. Our measurements  suggest 
t h a t  i n  the  Seward Peninsula,  tussock  tundra 
generally  has  deeper  organic  horizon  thicknesses 
(20-30 cm) and g r e a t e r  sphagnum moss cover  than 
in   the  Noatak,  where tussock  tundra  organic 
horizons are only 10-14 cm and sphagnum is less 
common. I n   t h e  Seward Peninsula on most tussock 
tundra s i tes ,  less than 5 cm of   th i s   o rganic  
horizon is l o s t  i n  a f i r e  (Racine  1977)  and, as 
a r e s u l t ,   t h e   i n c r e a s e   i n  thaw 7-10 y e a r s   a f t e r  
f i r e  i s  propor t iona l ly  lower i n   t h e  Seward 
Peninsula sites than   i n   t he  Noatak sites (Figure 
4) .  Based on t h i s   f i n d i n g ,  we suggest   that  
postf i re   bui ldup  of   the  organic   horizons i s  not  
rap id  enough to   account   for   the  observed  rapi-  
d i t y  o f  p o s t f i r e   s t a b i l i z a t i o n .  

Role  of  Slope 

On s lopes   g rea te r   than  5%, p o s t f i r e  thawing 
was always  deeper  than in  tussock  tundra on 
flats.   Unfortunately,   without  an  adequate 
unburned c o n t r o l   f o r  such  slopes, we cannot 
determine  percent  increases  in thaw due t o   f i r e .  
We hypothesize  that  the  increased  thawing we 
found on s lopes may relate to   g rea t e r   d ra inage  
and i n s o l a t i o n  which would r e s u l t   i n   g r e a t e r  
dry ing ,   l ead ing   to   g rea te r   f i re -caused   fue l  con- 
sumption and damage to   vege ta t ion  and underlying 
organic   so i l   hor izons .  Delayed revegetat ion due 
t o  slower plant  growth  rates where tussocks are 
absent   o r   sparse  may prolong  periods o f  
i n c r e a s e d   s u s c e p t i b i l i t y   t o  thawing  while 
increased   inso la t ion  a t  t h e   s o i l   s u r f a c e  may 
produce  greater  thawing. We generally  have 
found pref i re   tussock   dens i ty  and  cover to   be  
lower, and the  burning  to   be more severe, on 
slopes  than on f l a t s ,  so t ha t   s lopes  would not  
b e n e f i t  as much from the  combination o f  rap id  
tussock  regrowth and s u r v i v a l  of an   insu la t ing  
organic  horizon. I n  addi t ion ,   the   shrubs   tha t  
a re   p ropor t iona te ly  more abundant i n   t h e   i n t e r -  
tussock  spaces o f  tussock  tundra on s teeper  
s lopes   usua l ly  do no t   con t r ibu te   s ign i f i can t ly  
t o  regrowth  of  cover (25% or more) u n t i l  at 
l e a s t  7-10 yea r s   a f t e r   f i r e .   Las t ly ,   a l t hough  
bryophytes  (e.g.,  Ceratodon  purpurea,  Marchantia 
polymorphs) can  develop  high  cover  rapidly on 
burned sites. we do not  believe  that   thev  siplni-  
f i c a n t l y   r e d u c e   t h e   a b i l i t y   o f   s o i l   t o  thaw  and 
may a c t u a l l y  slow  the  development  of a vascular  
plant  cover. 

. . -  

-Tundra/Taiga Comparison 

Viereck  (1981)  suggests  that  thaw s t a b i l i z a -  
t i on   fo l lowing   f i r e  may be more r a p i d   i n   a r c t i c  
regions  of Alaska with low mean annual tem- 
pera tures  ( - 8 O  t o  -go C )  t han   i n   t a iga  areas of 
inter ior   Alaska  having  higher  mean annual tem- 
pera tures  (-3.50 C) .  However, ou r   r e su l t s  from 
burned  tundra  f la ts  and slopes  of  the Noatak 
River  and Seward Peninsula areas suggest   that  
recovery  of   the  pref i re   permafrost   table  may be 
de layed   s ign i f icant ly  where surface  revegeta- 
t i o n  is slow, and that  regrowth  of  the  vegeta- 
t i o n  is  a funct ion  of   the  preexis t ing 
vege ta t ion ,   s lope   cha rac t e r i s t i c s ,  and  timing  of 
t he   f i r e .  
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1 

Ground i ce   occu rs   w i th in   spec i f i c   geo log i c   env i ronmen ts   a long   t he   A laska  Highway 
Gas P i p e l i n e   i n   t h e  Yukon T e r r i t o r y .  A t  sha l low  depths ,   i ce   i s  commonly I n   t h e  
fo rm  o f   i ce   lenses   (aggradat iona l ) ;   ra re ly   in   the   fo rm  o f   i ce  wedges. Great 
thicknesses o t  aggradat ional   ice  are  present where t h i c k   f i n e - g r a i n e d   p o s t g l a c i a l  
sediments  have  accumulated.  Epigenetic  ground  ice has  formed i n   f i n e - g r a i n e d  
sediments  under  poorly  drained  ground  adjacent t o  streams,  lakes, swamps, ponds 
and  drainageways. It has also  formed in   f ine-gra ined  sediments  draped  over  
t runcated  permeable  strata,  i n   f i ne -g ra ined   sed imen ts   cmp lex l y   i n te rbedded   w i th  
coarse-grained  sediments and in   f ine-gra ined  sed iments   ad jacent   to   bedrock   va l ley  
wal ls .   Genera l ly ,   ep igenet ic   ground  ice has formed i n  environments  where ample 
groundwater  has been suppl ied  to   aggrading  permafrost   tab les,   env i ronments 
cha rac te r i  zed by high  groundwater  gradients. 

INTRODUCTION 

The Alaska  Highway Gas P i p e l l n e   p a r a l l e l s   t h e  
Alaska  Highway i n   t h e  Yukon T e r r i t o r y   ( F i g u r e  1). 
It fo l l ows   ma in l y   va l l eys  and lowlands. All 
t e r r a i n   e x c e p t   t h e   f i r s t  5 km has  been g lac ia ted.  
However, d i s t r i b u t i o n   o f   p e r m a f r o s t  and v a r i a t i o n s  
i n   l o c a l  geology,   most   spec i f ica l ly   the  past  and 
present  hydrogeologic  environment , governs t h e  
d i s t r i b u t i o n   o f  ground  ice. 

831 Km 

F igu re  1: The A1 aska  Highway Gas Pipe1  ine  Route 
through Yukon. 

Invest igat ions  conducted a1 ong the  p ipe1 i ne 
r i g h t - o f - w a y   i n d i c a t e   t h a t  more than 80% o f   t h e  
t e r r a i n   t r a v e r s e d   n o r t h   o f   K l u a n e  Lake i s  
p e r e n n i a l l y   f r o z e n ,   t h a t   s i g n i f i c a n t l y   l e s s   t h a n  
one-hal f   o f   the  ter ra in   t raversed  between  K luane 
Lake  and Takh in i   R iver  (KP 379) i s  p e r e n n i a l l y  
f rozen,   tha t   less   than 20% o f   t h e   t e r r a i n  
t raversed  between  Takhin i   R iver  and KP 653 i s  
pe renn ia l l y   f rozen ;  and t h a t   l e s s   t h a n  5% of t h e  
t e r r a i n   t r a v e r s e d   s o u t h   o f  KP 653 i s   p e r e n n i a l l y  

f rozen  (Table 1). Ground i c e   i s  found i n  
d i f ferent :   concentrat ions  throughout  most frozen 
ground,  but i t  i s  o n l y   p r e s e n t   i n   h i g h  
concent ra t ions   in   spec i f i c   geo log ic   env i ronments .  

Ground  Jce i s  most  abundant i n   t h e   f o l l o w i n g  
permafrost  environments: (1) shal low  depths--  
main ly   aggradat ional   ice and l o c a l l y   i c e  wedges 
(ground i c e   c l a s s i f i c a t i o n   a c c o r d i n g  t o  MacKay 
1972); ( 2 )  a reas   o f   f ine-gra ined  pos tg lac ia l  
deposi ts--a1  luvium and e o l i a n   s i l t ;  ( 3 )  p o o r l y  
drained  areas  adjacent  to  surface  water--mainly 
swamps, lakes and streams; ( 4 )  areas  where 
near   sur face   f ine-gra ined  s t ra ta   rece ive  
groundwater  recharge  from  permeable  strata; (5)  
val ley  bot toms  having  extensive  f ine-grained 
sediments  adjacent t o  bedrock  va l ley  wal ls ;   and 
(6 )  d is in tegra t ion   mora ines- -complexes   o f   g lac ia l  
deposits  formed on s tagnant   g lac ia l   ice.  

SHALLOW GROUND I C E  

Ice  lenses  occur   f requent ly   in   the  upper  2-4 m 
where permafrost i s   p resen t   (Tab le  l ) ,  e s p e c i a l l y  
where f lne-gra ined  sediments  over l ie   coarse-  
textured  sediments.   Typical   areas  occur  north of 
Kluane  Lake  between  KP's 133 and 221  (cf.  78-CS-2 
i n   F i g u r e  2)  where till and g l a c i o f l u v i a l   d e p o s i t s  
are  adjacent  to  broad  braided  channels  or   outwash 
plains,   which  provided  moderate amounts of 1 oess 
upon deglac ia t ion.   Dur ing  deglac ia t ion  permafrost  
began t o  aggrade and an a c t i v e   l a y e r  was 
establ ished. As loess was deposited,  the base of 
t h e   a c t i v e   l a y e r   r o s e  and water  perched on t h e  
permafrost i n   t h e   f a l l   e v e n t u a l l y  became 
i n c o r p o r a t e d   i n t o   t h e   t o p  of the  permafrost .   In  
areas  where  loess has been re-deposited  by 
slopewash,  aggradational  ice i s   s i m i l a r l y  
i n c o r p o r a t e d   i n t o   t h e   p r o f i l e .  

t h e   p r o f i l e  where t h e   a c t i v e   l a y e r  has th ickened 
and th inned  due Do ,effects of c l i m a t i c  changes, 
f o r e s t   f i r e s  and mass wastage.  Peat beds i n  a 
sequence o f   i cy   co l luv ium  (ma in ly   re -worked  loess)  

Aggradat ion  ice has a l so  been inco rpo ra ted   i n to  

1030 
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Table 1: Summary of   f rozen/unfrozen  terrain - 
ground  condit ions. 

110165 I 69.7 I 17.8 9.2 I 3.3 1 06.8 
185-219 1 66.3 I 15.3 I 2.6 I 15.8 I 58.2 

* Low - (10% excess i c e   b y  volume; Medium - 10-20% 
excess  ice by volume;  High - >20%  excess i c e  by 
volume. 

78 - CS - 2  ( T )  
78 -08 

7 6 - 0 - 1  
76-0s 

8 . 8 4 m  END OF HOLE 

15 10 m END OF HOLE 

Figure 2: Bore   ho le   logs   fo r  78-CS-Z(T)  and 
76-01-1. Peat ( P t ) ,  l oess  (OL, SM) and vo lcanic  
ash  (VA) i n  78-CS-2(T) show h igh   mo is tu re   con ten ts  
(r ight-hand  column) whereas t h e   u n d e r l y i n g   g l a c i a l  
d r i f t  have low  mois ture  contents   except   for   the 
upper few metres.   Thick  organic-r ich  loess 
(Pt-OL, ML) i n  76-01-1 shows h igh   mo is tu re  
conten ts   th roughout   i t s   th ickness .  USC - U n i f i e d  
S o i l   C l a s s i f i c a t i o n ;  Dp - Depth; P f C  - Permafrost 
C l a s s i f i c a t i o n ;  MC - Moisture  Content. 

and peat on a s lope   a t   t he   Qu i   11  Creek t e s t   s i t e  
have  been  dated a t  10,600 f 170 (BGS-738), 6,340 
140 (BGS-739) and 3,670 f 120 (BGS-751). Th i s  
suggests   tha t   thaw  in te rva ls   occur red   shor t l y  

~ i ~ u ~ e  3: Ice w ~ d g e ~  ~ u r i e d  by ~ r g a ~ i ~ - r i ~ h  
~ j ~ ~ ~ ~ r a i n e ~  a l ~ u v i u m ,  v o ~ ~ a n ~ c  ash and peat near 
Q u i l l  ~ r e e ~ .  

a f t e r  10,600 B.P., 6,400 B.P. and 3,700 B.P. 
a1 l o w i  ng m a t e r i a l   t o  be eroded  downslope. A t  
s i t e s   o f   d e p o s i t i o n   t h e   a c t i v e   l a y e r   r o s e  and i c e  
lenses were i n c o r p o r a t e d   i n t o   t h e   p r o f i l e .  N o t  
o n l y  has aggradational  ice  developed  here,  but i t  
a l s o  must  have  developed i n   f l a t  areas  where  the 
a c t i v e   l a y e r   t h i c k e n e d  and th inned  w i thout  
sediment  accumulation.  Climate may have  been 
warmer than  present between  about 10,000 and 3,500 
years B.P. and then  subsequently was coo le r   t han  
present   un t i l   recent ly   (Denton  and S t u i v e r  1967, 
Rampton 1970). The White  River Ash (deposi ted 
about 1,220 years ago (Hughes et   a l .   1962))  shows 
no s i g n   o f  movement a t   t h e   Q u i 1  1 Creek t e s t   S l t e  
(KP 155)  and throughout  the  area;  th is  suggests 
f r i g i d   ' c o n d i t i o n s  and general  landscape s t a b i l i t y  
s i n c e   i t s   d e p o s i t i o n .  

Kluane Lake. Polygonal   pat terns  ( the i r   sur face 
expression)  can be recognized on a i r   p h o t o s   o f  
t e r r a i n   u n d e r l a i n  by f ine-grained  sediments  near 
the  Alaska  border.   Further  south where i c e  wedges 
are   weak ly   ac t i ve   o r   inac t ive ,   they   a re   p resent  i n  
peat  near  White  River and i n   t h e   s u b s u r f a c e   a t   t h e  
Q u i l l  Creek t e s t   s i t e   ( F i g u r e  3). A t  t h e   l a t t e r  
l o c a t i o n   t h e   l a r g e r   i c e  wedges a r e   r e l i c  as t h e y  
are  bur ied  by  a l luv ium,  vo lcanic   ash and organics. 
I c e  wedges a re   ra re l y   p resen t   i n   coa rse - tex tu red  
f l u v i a l   d e p o s i t s  and d r i f t ;  e.g., Hughes et a1 . 
(1962)  noted  polygonal  trenches  developing on 
mora in ic   topography   s t r ipped  o f   i t s   o rgan ic   cover  
near KP 50. 

I c e  wedges are  present i n  some areas  north o f  

EOLIAN AND ALLUVIAL ENVIRONMENTS 
NORTH OF KLUANE  LAKE 

Pos tg lac ia l   eo l i an  and f l u v i a l   a c t i v i t y  has 
resu l ted   i n   t he   accumu la t i on   o f   t h i ck   f i ne -g ra ined  
depos i t s ,   espec ia l l y   i n   a reas  where sources of 
wind-blown  loess  are  c lose  at  hand (Rampton 1981). 
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For example, s i l t   b l o w i n g   o f f   t h e   D o n j e k   R i v e r ' s  
b r a i d e d   f l o o d p l a i n  (KP 140) onto  moss-covered  sub- 
s t r a t a  has r e s u l t e d   i n   t h e   b u i l d u p   o f   o r g a n i c - r i c h  
and i c y  1 oess t o  depths of over 7 rn (cf. 76-0-1 i n  
F igure 2).  The cont inuous   ra in   o f   loess  upon t h e  
landscape  p lus   a l luv ia l   ac t ion  and f l u c t u a t i o n s   i n  
c l i m a t e   l e a d i n g   t o  mass wastage  have a l s o   r e s u l t e d  
i n   r e d e p o s i t i o n  o f  f i n e - g r a i n e d   a l l u v i u m   i n   v a l l e y  
bottoms  dur ing  postglacial   t ime. As shown by t h e  
nature  o f   the  permafrost  and h igh   mo is tu re  
c o n t e n t s   i n   b o r e h o l e   l o g  81-01-060 (F igure 4), i c e  
lenses  are  very common i n   t h e  more than 10 rn o f  
f ine-grained  organic  sediment  that   accumulated on 
an i m p e r f e c t l y   d r a i n e d   a l l u v i a l   p l a i n   d u r i n g   t h e  
l a s t  8,000 years .   Var iab le   th icknesses   o f   i cy  
organic- r ich  f ine-gra ined  a l luv ium,  which  cap 
gent ly -s lop ing   coarse- tex tu red   sed iments   in   o ther  
places (e.g. between  KP's 25-40,  55-71,  75-125, 
and 169-213) , general l y  have s i m i l a r   o r i g i n s .  

I c e   l e n s e s   a r e   a l s o   a s s o c i a t e d   w i t h   t h i n  beds 
o f   f ine-gra ined  sed iments   w i th in   coarse- tex tu red  
a l l u v i a l  fans.   This  ice  probably has  an 
e p i g e n e t i c   o r i g i n   f o l l o w i n g  adandonment o f   t h e   f a n  
by sur face and subsurface  water  f low,  which  would 
tend  to   mainta in   unf rozen  ground  condi t ions.  

a1 l u v i  a1 fan  north  of   Beaver  Creek where organics 
and  f ine-gra ined a1 luv ium  over l ie   g rave l  and sand 
(KP 7-16). Groundwater movement th rough   th i s   f an  
has main ta ined  re la t i ve ly   h igh   subsur face  
temperatures. A t  t h e   t o e   o f   t h e  a1 1 u v i a l   f a n  
where it abuts  against  bedrock,  springs and t a l i k s  
have  developed  because o f  warmish  water  being 
forced to   t he   su r face   t he re .  Ground i c e   i s  
r e s t r i c t e d   t o   t h e   o r g a n i c s  and f i  ne-grained 
a l l uv ium due t o   t h e  groundwater  f low  (cf.  
80-11-010 i n   F i g u r e  4). Ground i c e   h e r e   i s  
probably  epigenet ic,  as the  area has been 
s u b j e c t e d   t o  a number of   thermokarst   cycles.  

Of s p e c i a l   n o t e   i s   t h e   d i s t a l  edge o f  a l a r g e  

PERMAFROST  ENVIRONMENTS ADJACENT TO SURFACE  WATER 

In  sporadic  permafrost   south  of   Kluane Lake, 
ground i c e   i s  abundant  where  ample  groundwater  has 
been suppl ied  to   aggrading  permafrost   through  the 
subsurface  from  water  bodies  or  from  groundwater 
moving  toward  these  water  bodies. Under  normal 
cond i t i ons ,   t he   agg rad ing   pe rmaf ros t   t ab le   i s  
i s o l a t e d   f r o m  a water  supply by t h e   i n i t i a t i o n   o f  
permafrost  development,  but  where  water  bodies 
occupy t a l   i k s ,   w a t e r  can be l a t e r a l l y   s u p p l i e d   t o  
the   permaf ros t   tab le   (F igure  5 ) .  Thus extens ive 
i c e   l e n s i n g  and massive i c e   i s   o f t e n  found 
adjacent t o  swamps, ponds, lakes,   r ivers   and 
d r a i  nageways. 

Massive i c e  and ice  lenses  under  palsa-type 
mounds extend t o  depths  o f  9 m near  Sulphur  Lake 
(KP 258) and t o  depths o f  4-5 m near  Jake's  Corner 
(KP 504) and  Morely  River (KP 614-625) i n  areas 
a d j a c e n t   t o  ponds o r  swampy areas i n  broad  poor ly 
drained  depressions  (Figure 6). Groundwater  must 
have moved from t h e  ponds (commonly of   thermokarst  
o r i g i n )   o r   f r o m   t h e   t a l i k s   u n d e r l y i n g   t h e  ponds t o  
an aggrad ing   permaf ros t   tab le   in   the   ad jacent  
te r ra in .   Permaf ros t  and ground i c e  has probably 
aggraded  and  degraded i n t e r m i t t e n t l y   d u r i n g   p o s t -  
g lac ia l   t ime ,  as witnessed by ac t ive   thermokars t  
a t   t h e s e   l o c a l i t i e s .  

81-01-060 
81-05 8 O - l l - O 1 0 ( S )  80-09 

10.00 
10.00 
I m l  I 

END 

10.3m END OF HOLE 

F igu re  4: Borehole  logs  for  81-01-060 and 
8O-ll-O10(S). See F igu re  2 f o r   e x p l a n a t i o n   o f  
USC, Dp, PfC, MC. 

I Normal Condltlons 1 Adjacent Water Supply 

I A: Time One - . P  re-Permafrost 

0 Tlme Two - Permafrost Aggrading 

Legend: 
- Qmund Surlaca --- Gmund Water Table 

Flow Lines #A Permafrost 

Figure 5 :  Ground wa te r   cond i t i ons   i n   a reas   o f  
aggrading  permafrost where  no surface  water body 
i s  present  ("normal  condi t ions")  and w i th   su r face  
water body present.  Note  that  water m a y  f l o w   t o  
or   f rom  water  body depending upon p o s i t i o n   o f  
water  table.  

Abundant ice  lenses and massive ice   a re   p resent  
i n  sediments  under ly ing  low  ter races  ad jacent   to  
Pine  Creek (KP 288.5), Marshal 1 Creek (KP 300) , 
A ish ih i k   R ive r  (KP 315) and  McClintock  River 
(KP 466.5). A t  Marshall  Creek and A ish ih i k   R ive r ,  
ground i c e   i s   f o u n d   i n  sediments  under ly ing  f lood 
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USC 
ML 
15 
tG 

ICE t CL 

CL 

5M 
IM IC  

10.00n END OF HOLE 

7 9 5  - D l 7  79 - 09 

IODO m END OF HOLE 

F igu re  6: Logs o f   bo reho les   d r i l l ed   ad jacen t  t o  
ponds or poorly  drained  ground  near  Sulphur Lake 
(8O-P/L-C-l5B)  and Morley  River  (79s-017). Dri 11 
holes on we1 1 -drained  uplands  adjacent t o  8O-PlL- 
C-15B are  character ized by low  ice  contents .  See 
F igu re  2 f o r   exp lana t ion   o f  USC, Dp, P f C ,  MC. 

0.5 km 4 Borehole Legend: 
I Unfrozen 
I Low  to medlum Ice content 

I Hlah Ice contents and 
W Medlum  to hlgh ice content I 

F igu re  7: Ground condi t ions  under ly ing  Marshal  1 
Creek  and A i s h i h i k   R i v e r   t e r r a c e s  and f loodpla ins.  
See Table 1 f o r   q u a n t i f i c a t i o n   o f   i c e   c o n t e n t s .  

p l a i n s  and low   te r races   t o   dep ths   o f  9 and 6 m, 
respec t i ve l y   (F igu re  7).  Permafrost  aggradation 
and t h e   f o r m a t i o n   o f   g r o u n d   i c e   a t   t h e s e   l o c a l i -  
t i e s  has undoubtedly  occurred  af ter   the  format ion 
o f  t h e   p o s t g l a c i a l   t e r r a c e s  and f l o o d p l a i n ,  as t h e  
ground  immediately  under  the  stream  creating  these 
landforms  would  have been  thawed a t   t h a t  time. 
The ground  ice has developed i n  zones o f   h i g h  
groundwater  gradients;  whether  the  area i s  one o f  

t and 
L o w  Terraces -p-Lacwtrino Plain 

Inset Oxbows 
with Beaches and Sand hnw 

on Surface 

F igu re  8: Ground c o n d i t i o n s   u n d e r l y i n g   t e r r a i n  
adjacent t o  McClintock  River and  Marsh  Lake. See 
F igu re  7 for   borehole  explanat ion.  

d ischarge  to  the  streams,  recharge  f rom  the 
streams  or  varies  according t o  season i s   n o t  
known. C l e a r l y  however,  ample  water was being 
prov ided  to   the  aggrading  permafrost   tab le.  

Near McCl intock  River (KP 466.5), i ce  lenses 
and massive i c e  have  developed t o  depths o f  9 m i n  
g l a c i o l a c u s t r i n e   c l a y s  and s i 1   t s   t h a t   u n d e r l i e  
l a c u s t r i n e  and e o l i a n  sands (F igure 8). I c e  
under l y ing   t he   l acus t r i ne   p la ins   pos tda tes   t he  
d ra inage   o f   t he   l a te -g lac ia l   l ake ;   i ce   under l y ing  
the   t e r races   pos tda tes   t he i r   f o rma t ion .  The 
abundance o f  ground i c e  can be expla ined by an 
ample  supply of   water  moving  short   d istances from 
the  water   bod ies   ( r i ver   o r   lake)   a long sand 
p a r t i n g s   i n   t h e   c l a y s  t o  an aggrading  permafrost 
t a b l e   i n   t h e   l a c u s t r i n e  sediments.  Ground i c e  
present   to   depths   o f  6.5 m under an i s o l a t e d  
p a l s a - l i k e  mound i n   t h e   l a r g e   a l l u v i a l - l a c u s t r i n e  
complex  near  Marsh  Lake's  outlet (KP 460) probably  
developed  s imi lar ly .  

PERMAFROST  ENVIRONMENTS ADJACENT TO 
AREAS OF GROUNDWATER DISCHARGE 

Ice  lenses  are common i n   t h e   l a c u s t r i n e   c l a y s  
and c layey t i l l s   t h a t  form  the  near-surface  sub- 
s t r a t a  on the  slope  west of Pine Creek (KP 288). 
Here lacust r ine  sediments  b lanket  a va l l ey   bo t tom 
(F igure 9 ) .  Erosion o f  unconsol idated  deposi ts by 
stream and g l a c i e r   a c t i o n   t a   f o r m   t h e  Val l e y  
t runcated  permeable  s t ra ta and a1 lowed  groundwater 
t o  be discharged on the   sur face   o f   the   s lope as 
evidenced by spr ings a t  t h e  base of   scarps  a long 
the  s lope. Thus ample groundwater was suppl ied 
q u i c k l y   t o  any aggrading  permafrost   table on t h e  
lower  slope.  Massive  ice i n  sediments  east   of  
Cracker  Creek (KP 334) m a y  have a s imi  1 a r   o r i g i n .  

s l o p i n g  banks o f   ma jor   s t ream  va l leys ,  e.g., t h e  
Marshall  Creek  Val l e y  ( K P  299) and the   Takh in i  
R i v e r   v a l l e y  (KP 379), a lso   con ta in   g round  w i th  

Unconsolidated  sediments  forming  the  moderately 
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1\ Sand 

\ 
0 

Borehole Legend: 
i  Unfrozen 

Medium to  high i m  content 
I Low to medium ice content 

nr Spdngs noted along base 01 scarp 

10 - 

Figure 9: Ground cond i t i ons   under l y ing   s lope   t o  
west of Pine Creek. See Table 1 f o r  
q u a n t i f i c a t i o n  of ice  contents .  

h igh  ice  contents ,   which may  be due t o  groundwater 
discharge. A t  Takhlni   River,   geophysics and 
d r i l l i n g   o u t l i n e d  a wedge of   f rozen  low-permeabi l -  
i t y  c lays   w i th   h igh   i ce   con ten ts   (F igu re  10). 
However, exposures  a long  the  Takhini   River show 
sand p a r t i n g s  and bands o f   s i l t y   f i n e  sands 
interbedded i n   t h e   g l a c i o l a c u s t r i n e  sequence, 
Probably,  groundwater  moving  through  these more 
permeable s t r a t a   c r e a t e d  a damp environment on t h e  
r i v e r  banks. This   a l lowed  vegetat ion  favorable  to  
permafrost  aggradation t o   f l o u r i s h .  Groundwater 
continued t o   f l o w  t o  the  aggrading  permafrost  
t a b l e ,  and ice   lenses  and massive  ice  developed. 
Obstruct ions  o f   groundwater   f low  l ines by the  
permafrost  would  cause  the  groundwater t o  move 
above and bel ow t h e   i n i t i a l   p e r m a f r o s t  pod, and 
cause i cy   pe rmaf ros t   t o   f o rm  a t  some height  above 
s t ream  leve l  and t h e   o r i g i n a l   l e v e l  o f  t h e  
groundwater  discharge. 

PERMAFROST  ENVIRONMENTS  ADJACENT TO 
BEDROCK VALLEY  WALLS 

Large  areas  near  the  base of   extensive  bedrock 
va l ley  wal ls   are  under la in   by  massive  ground  ice 
t o  depths  exceeding 9 m i n   t h e   T a k h i n i  and 
Medenhall   River (KP 359) Val l e y  bottoms.  These 
areas  are  marked by  an abundance of thermokarst 
depressions. 

Permafrost  probably  formed  immediately  after 
drainage of the   g lac ia l   lake ,   espec ia l l y   near   the  
base o f   v a l l e y   w a l l s  where moist   condi t ions  would 
p r e v a i l .  Water f a l l i n g  on the  surrounding 
bedrock-cored  uplands  entered  the  groundwater 
system by s e e p i n g   d i r e c t l y   i n t o   t h e  bedrock  or 
through  permeable  strata on the  bedrock  surface. 
This  water was probably   d ischarged  a t   the base of 
the   va l ley   wa l ls   o r   f lowed  th rough  sed iments   to  
incised  streams as i d e a l i z e d   i n   F i g u r e  11. Thus 
s t r a t a  a t  t h e  base of   the  aggrading  permafrost  
were saturated  by  groundwater  f rom  the  surrounding 

Borehole Legend 

I Low to medium ice mntent 
I Unfmzen 

I Hlah Ice contents and 
Medium to high ice content 

iasslve ICB - 10 

- 15 

20 

to 45 m to 35 m to 25 m I 

F igure 10: Ground c o n d i t i o n s   i n  west bank o f  
Takhini   River.  See Table 1 f o r   q u a n t i f i c a t i o n   o f  
i ce   con ten ts  . 
uplands i n  a zone of   h igh  groundwater  gradients,  
and  ground i c e  formed as the  permafrost  aggraded. 

Areas  where  permeable  sandy beds a r e   i n t e r -  
bedded w i t h   t h e   s i l t s  and c lays  are most favorable 
for   the  accumulat ion  o f   ground  ice,  as water can 
q u i c k l y  move toward  the  aggrading  permafrost 
tab le.   Th is  may  be the  case i n   t h e  Mendenhall 
R i ve r   va l l ey ,  where cu r ren ts  may have deposited 
sandy b e l t s  when the   va l ley   ac ted  as an o u t l e t  f o r  
t h e   g l a c i a l   l a k e   w i t h i n   t h e  Mendenhall and Takhin i  
R ive r   va l l eys .   I n   t he   Takh in i   R i ve r  Val ley,  areas 
of   h igh  ground  ice  are most common near  bedrock 
va l l ey   wa l l s ,   espec ia l l y  where the  base o f   t h e  
ad jacent   va l ley   wa l ls   i s   covered by  permeable 
sandy ti 11s or g l a c i o f l   u v i a l  sands and gravel s 
Perhaps the   g lac io f l uv ia l   sed imen ts   a re  
i n te r l aye red   w i th   t he   g lac io lacus t r i ne   sed imen ts  
and act  as a medium f o r  groundwater movement t o  
aggrading  permafrost,  Lacustr ine  sediments i n   t h e  
c e n t r a l   p a r t   o f   v a l l e y s   a p p e a r   r e l a t i v e l y   f r e e  of 
ground  ice, as has been documented  by boreholes 
west o f   t h e  Mendenhall  River  crossing. 

DISINTEGRATION MORAINES 

Par t   o f   the   rou te  between  Enger  Lakes and White 
R ive r  (KP 40-KP 63) crosses  d is in tegrat ion  mora ine 
(Rampton 1971) cha rac te r i zed  by d iscont inuous 
lenses and beds of   interbedded  diamicton (till), 
silt, sand, and gravel   (Figure 12) i n  an a rea   o f  
re la t i ve ly   con t inuous   permaf ros t .   Th ick   i ce  
lenses and massive  ice  are common to   depths  of 
over 20 m. Many s t ra ta   a re   p robab ly   inc l ined  and 
v e r t i c a l  due t o   m e l t - o u t   o f  dead i c e   c o n t a i n i n g  
much eng lac ia l   deb r i s  and under l y ing  much 
supraglac i  a1 debr is  and to   depos i t i ona l  and 
deformational  processes common t o   t h e   t e r m i n a l  
t one   o f   g lac ie rs .  The diamicton (till) i n   t h e  
d i s i n t e g r a t i o n   m o r a i n e s   i s  commonly loose and 
coarse-textured.  This complex c o n f i g u r a t i o n   o f  
s t ra ta   a l lows  g roundwater   to  f low through 
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Figure 11: Diagramatic  cross-section  showing 
cond i t i ons   l ead ing   t o   g round   i ce   f o rma t ion   du r ing  
permafrost   aggradat i  on i n   g l   a c i   o l   a c u s t  r i  ne 
sediments  at base o f  bedrock  Val l e y   w a l l s .  

permeable  sediments t o   f o c i i   o f  ground i c e  
format ion  dur ing  permafrost   aggradat ion.  The 
complex c o n f i g u r a t i o n   o f   s t r a t a  has l e d   t o  a very 
i r r e g u l a r   d i s t r i b u t i o n   o f  ground i c e  as 
i l l u s t r a t e d   i n   F i g u r e  12. 

a l t hough   poss ib le   occu r rences   o f   re l i c t   g lac ie r  
i c e  cannot be d iscounted .   Dur ing   g lac ia t ion   the  
O°C i so therm  p robab ly   rose   to   the  base o f   t h e  
glacier.  Permafrost  would  then  degrade 
s u b g l a c i a l l y ,  and me l t  any  ground i c e   p r e v i o u s l y  
present.   Our i   ng  degl   aci   at ion  permafrost   would 
immediately  begin t o  aggrade  and  water  would be 
conducted t o   f o c i  i o f  ground i c e   f o r m a t i o n   v i a  
permeable s t ra ta  f rom  lakes,  ponds o r   t h e  
s a t u r a t e d   t a l i  ks under l y ing  them. A1 t e r n a t e l y ,  
subglac ia l   mel twater  from basa l   me l t ing   o f   the  
decay ing   g lac ie r  may have  been dr iven  through 
permeable s t r a t a  by the   hydrau l i c   g rad ien t   c rea ted  
by g lac ier   overburden  th ickness;  much  as has been 
env isaged  fo r   the   fo rmat ion  o f  massive i c e   i n   t h e  
Mackenzi  @-Beaufort  region (Rampton 1974). 

Most ground i c e   i s   p r o b a b l y   e p i g e n e t i c ,  

CONCLUSIONS 

Ground i c e  has developed  along  the  p ipel ine 
r o u t e   t h r o u g h o u t   l a t e   g l a c i a l  and p o s t g l a c i a l   t i m e  
(approx imate ly   the   las t  13,000 years) .  Ground i c e  
most commonly occurs as aggradat ional   ice  or  
ep igenet ic   i ce .   Aggradat iona l   i ce  i s  most 
ex tens i ve  where water i s  perched upon a r i s i n g  
pe rmaf ros t   t ab le ,   e i t he r  where t h e   t a b l e   i s   r i s i n g  
due t o   a f t e r e f f e c t s   o f   f o r e s t   f i r e s ,  mass wastage 
or   chang ing   c l imat ic   cond i t ions   o r  where 
con t inuous   depos i t i on   o f   f i ne -g ra ined   ma te r ia l s   i s  
o c c u r r i n g .   E p i g e n e t i c   i c e   i s  most extensive  where 
ample  groundwater i s   a v a i l a b l e  and  can be 
t r a n s m i t t e d   v i a  permeable s t r a t a  or under  high 
groundwater  gradients  to an aggrading  permafrost 
t ab le .   Th i s   usua l l y   occu rs   ad jacen t   t o   r i ve rs ,  
lakes, ponds, and permeable t a l i k s   o r   i n   d i s c h a r g e  
areas  adjacent t o   t runca ted   unconso l i da ted  
sequences or  bedrock  Val  ley  walls. 

7 9  - c s , -  1 
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F igu re  12:  Logs  of boreholes 79-CS-1 and 78-CS-1 
(T )   show jng   t he   h igh   deg ree   o f   va r iab i l i t y   o f  
s t r a t a  and ground i c e   c o n t e n t s   i n   d i s i n t e g r a t i o n  
moraines. These d r i l l  ho les   a re   w i th in  100 metres 
o f  one another. See F igu re  2 f o r   e x p l a n a t i o n   o f  
USC, Dp, P f C ,  Mc. 
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This   paper   presents  a model i n  which  Rayleigh  convection  of  the  water  in  an  active 
l a y e r  i s  r e spons ib l e  fo r  the   r egu la r i ty ,   s i ze ,   and   shape   o f  some types  of  s o r t e d  
pat terned  ground.   These  convect ion  cel ls   resul t   in   uneven  mel t ing of the  under- 
l y ing   i ce   f ron t   du r ing   t hawing .  The r e su l t i ng   undu la to ry  ice f r o n t   p r o v i d e s  a 
pa t te rn   o f   which   sor ted   s tone   po lygons   and   s t r ipes  are t h e   " f o s s i l   m i r r o r . "  The 
model p red ic t s   t he   w id th   t o   dep th -o f - so r t ing   r a t io   fo r   so r t ed   pa t t e rned   g round .  
Fur thermore ,   the   model   p red ic t s   the   ex is tence   and   wid th  t o  dep th -o f - so r t ing   r a t io  
of   underwater   sor ted  polygons.   These  predict ions  are   corroborated  with  f ie ld  
s tudy   da t a  from  both  "normal"  and  underwater  sorted  polygons. 

INTRODUCTION 

Sorted  pat terned  ground is a p e r i g l a c i a l  phenom- 
enon  which  displays many unusual  and  oftentimes 
s t r i k i n g l y   b e a u t i f u l   c h a r a c t e r i s t i c s .  Near  per- 
fectly  hexagonal  stone  polygons  (Figure I) a r e  
common i n  remote   loca t ions   above   t imber l ine   in   the  
highest  mountains  and  even a t  sea l e v e l   i n   t h e  
arct ic .   Sorted  polygon  widths   range  f rom a few 
cen t ime te r s  up t o   g i a n t  forms o f  10 m or more 
(Washburn 1980 p -  1 4 2 ) .  Networks of r e g u l a r ,  
so r t ed   po lygons   o f t en   t r ans fo rm  in to   pa ra l l e l ,  
s o r t e d   s t r i p e s   a s   t h e   t e r r a i n   c h a n g e s   t o   s l o p e d .  
Fur thermore ,   the   impress ive   regular i ty  o f  s o r t e d  
pat terned  ground may extend   over   severa l   square  
k i lometers  a t  a s i n g l e   s i t e  (Richmond 1949) .  

Among t h e  most i n t e r e s t i n g   s o r t e d   p a t t e r n e d  
g round   f ea tu re s   a r e   t he   nea r ly   cons t an t   w id th   t o  

FIGIJRE 1 R e l i c t  sorted polyqon, Arapahoe Pass, 
Front Range of Colorado. Stone polygon i s  approxi- 
m a t d y  13 m ac ross .  

dep th -o f - so r t ing   r a t io s   fo r   any   s i ze  form  and t h e  
occurrence  of  sorted  polygons on t h e  bottom of 
shallow  lakes  or  ponds.   Meinardus (1912) no t i ced  
t h a t   t h e   c h a r a c t e r i s t i c   w i d t h  o f  so r t ed   pa t t e rned  
ground  increases   as   the  depth-of-sor t ing  increases .  
Sorted  polygons,  which  presumably  have  been  formed 
underwater,   have  been  reported  (e.g. ,   Jennings 
1960) and i n   f a c t   o f t e n   o c c u r  a t  the  bot tom of a 
pond o r   l a k e   a t  lower  elevations  than  "normal" 
sor ted  pat terned  ground.  

f o r   t h e   r e g u l a r i t y   o f   s o r t e d   p a t t e r n e d   g r o u n d  which 
e x p l a i n s   t h e s e   u n u s u a l   c h a r a c t e r i s t i c s   i n c l u d i n g  
t h e   p r e d i c t i o n  of the   w id th   t o   dep th   r a t io   o f  a 
b road   c l a s s  of sorted  polygons  observed  both  above 
and  below  water. The scope  of   this   paper  is as 
f o l l o w s .   F i r s t ,  a br ie f   rev iew of previous  models 
for   sor ted   pa t te rned   ground  format ion  is g iven .  
Next, a new model f o r   t h e   r e g u l a r i t y  of s o r t e d  
pat terned  ground is  presented.   This   convect ion 
model then  i s  supported  with  width  and  dcpth-of- 
s o r t i n g  measurements  of  both  "normal"  and  under- 
water   sor ted   po lygons .   F ina l ly ,  many i n t e r e s t i n g  
charac te r i s t ics   o f   sor ted   pa t te rned   ground  a re   ex-  
p la ined   wi th   the   use  o f  t h i s  model. 

It  i s  g e n e r a l l y   a g r e e d   t h a t   t h e   o r i g i n   o f   p a t -  
terned  ground i s  polygenet ic   (Caine  1972) .   There 
are many mechanisms  which  can  cause a homogeneous 
mixture   of   small   and  large  s tones  to  become s o r t e d  
or s e g r e g a t e d   t h r o u g h   f r o s t   a c t i o n :   c r y o s t a t i c  
p r e s s u r e ,   d i f f e r e n t i a l   f r o s t   h e a v e ,  and  upfreezing 
of s t o n e s   a r e   p o s s i b l e  mechanisms  (Washburn 1956) .  
Other   models   for   sor ted  pat terned  ground  formation 
invoke some sort o f  cracking   by   des icca t ion ,   o r  
thermal   cont rac t ion   in   seasonal ly   f rozen   ground  or  
permafrost  (Washburn 1980 p. 156). 

Although a l l  these   p rocesses   do   occu r   i n   na tu re ,  
it i s  gene ra l ly   ag reed   t ha t   t hey   a r e   i nadequa te   i n  
e x p l a i n i n g   t h e   r e g u l a r i t y  of a l l  sor ted  forms.  The 
noncracking  mechanisms  require  an  init ial   regular- 
i t y   o f  some k i n d   t o   b e   d e v e l o p e d   i n   t h e   s o i l   p r i o r  
t o   s o r t i n g .  The cracking  mechanisms  yield  crack 

This   paper   p resents  a Rayleigh  convection  model 

1036 



1037 

networks  too  small  (desiccation  cracking) ox too 
large  (permafrost  cracking)  to  explain  most  sorted 
polygons  or  stripes.  Furthermore,  none  of  these 
mechanisms  can  adequately  explain  the  constant 
width  to  depth-of-sorting  ratio  in  sorted  polygons, 
the  transition from sorted  polygons  to  sorted 
stripes,  the  increase  in  depth-of-sorting  with 
depth of the  active  layer,  the  regularity of poly- 
gon  networks or the  occurrence of sorted  polygons 
underwater. 

The  model  presented  here  suggests  that  thermally 
driven  convection or  “Rayleigh”  convection  of  the 
water  in  the  active  layer  can  explain  the  interest- 
ing  characteristics of  a broad  class of sorted  pat- 
terned  ground.  Rayleigh  convection  has  been  ad- 
vanced  as an explanation  for  sorted  patterned 
ground  before.  Nordenskjold (1909) suggested  that 
sorted  polygons  axe  a  result of convection  currents 
in  the  ground  due  to  the  temperature  difference  be- 
tween  the  surface of the  frost  table  and  the  sur- 
face of the  thawed  ground.  Low  (1925)  and  Gripp 
(1926,  1927,  1929)  proposed  that  currents  capable 
of  lifting  stones  occurred  due  to  the  density  in- 
version of water  between  273 K and  277 K. However, 
Elton  (1927)  showed  that  the  flow  caused  by  this 
density  difference  is  too  weak  to  carry  stones.  The 
model  developed  in  this  paper,  while  involving 
Rayleigh  convection, is substantially  different 
from  the  convection  models  discussed  above. 

RAYLEIGH  CONVECTION  MODEL  FOR  SORTED 
PATTERNED GROUND REGULARITY 

This  section  discusses  the  implications  Rayleigh 
convection  cells  in  an  active  layer  would  have 
toward  sorted  patterned  ground  formation. First, 
the  new  model  for  inducing  regularity  in  the  active 
layer is discussed.  Then,  a  summary o f  the  princi- 
pal  results of the  mathematical  analysis  for  the 
onset o f  Rayleiyh  convection  cells  in  the  active 
layer  is  given.  It  should be emphasized  that  this 
model  in  no  way  attempts  to  explain  the  entire  for- 
mation  process  of  sorted  patterned  ground;  rather, 
it  provides  a  mechanism  for  the  occurrence of regu- 
larity  in  the  active  layer. 

Formation o f  Undulatory  Ice  Front  by 
Rayleigh  Convection 

During  the  warmer  months,  the  top  portion  of  the 
permafrost  melts  to  form  the  active  layer.  The 
active  layer is thus  water-saturated  earth  bounded 
below  by thawing,  but  still-frozen,  soil at 273 K 
and  bounded  above  by  either  air or standing  water 
if it  lies  below  a  shallow  lake or pond.  For  model- 
ing puxpses, it  is  assumed  that  the  upper  surface 
is  at or near  277 K. This  situation  often  occurs 
naturally  (e.g., Ives  1973,  Washburn 1980 p. 5 9 ) ;  
situations  where  the  surface  temperature  is  differ- 
ent  from  277 K are  easily  incorporated  into  the 
theory  (see  Ray  et  al.  1983). It is  well  known 
that  in  this  temperature  range,  the  density o f  
water  increases  with  temperature,  reaching a maxi- 
mum  value  at  277 K. 

Since  the  density of the  water  near  the  upper 
surface  (at  277 K) is  greater  than  that  near  the 
lower  ice-liquid  interface  (at  273 K), the  system 
is  potentially  unstable  and  will  tend  to  form 

convection  cells  (Figure 2 ) .  Lord  Rayleigh  (Strutt 
1916)  showed  that  convection  cells  do  not  form  in 
every  fluid  layer  with an inverse  density  stratifi- 
cation.  The  onset of convection  cells  is  controlled 
by  apposing  forces.  The  density  gradient  and 
corresponding  buoyancy  forces  must be large  enough 
to  force  the  fluid  to  circulate.  The  viscous  drag, 
which  in  an  active  layer  is  a  function of the  vis- 
cosity  of  the  water  and  the  permeability of the 
soil,  must be small  enough  to  avoid  damping  out  the 
circulation  cells.  This  criterion  is  commonly  ex- 
pressed  in  terms o f  a  critical  value of the Ray- 
leigh  number ( R a ) ,  a  dimensionless  parameter  de- 
fined as the  ratio of the  buoyancy  force  divided  by 
the  product of the  viscous  drag  and  the  rate of 
heat  conduction: 

(1 

where pc is the  density of the  fluid  at  its  refer- 
ence  temperature  (water at 273 K), Cp is  the  heat 
capacity  at  constant  pressure, $ is  the  thermal  ex- 
pansion  coefficient, AT is  the  temperature  differ- 
ence  imposed  across  the  depth E ,  k is  the  permea- 
bility,  g  is  the  gravitational  acceleration, A, is 
the  thermal  conductivity,  and p is  the  shear  vis- 
cosity.  Any  parameter  which  makes  the  Rayleigh 
number  large  contributes  to  the  formation  of  Ray- 
leiyh  convection  cells,  The  critical  Rayleigh 
number,  above  which  the  onset of convection  cells 
will  occuc  in  the  active  layer,  will  be  given  when 
the  results of the  mathematical  analysis  are sun- 
marized. 

With  the  aid  of  these  Rayleigh  instability  argu- 
ments,  a  sequence  of  events  is  now  proposed  for  the 
formation  of  sorted  polygons.  First,  it  is  assumed 
that  the  permeability, k, of the  soil  is  initially 
too  low  for  the  density  inversion to result  in 
Rayleigh  convection  cells;  that is, the k which 
appears  in  the  numerator  of  Equation (1) i s  so 
small  that  the  Rayleigh  number  is  below its criti- 
cal  value.  The  thickness o f  the  active  layer is 
often  nearly  tho  same  each  year  (Ives  1973, 

AIR OR STANDING WATER 

CONVECTION 
CELLS, 

GROUND SURFACE 
/AT 277K 

ICE/  LIOUIO INTERFACE 
AT 273K 

FIGURE 2 Two-dimensional  cross-section of hexa- 
gonal  Rayleigh  convection  cells  in  the  active 
layer.  Note  the  resulting  uneven  melting  of  the 
permafrost  front. 
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Washburn  1980  p. 59). Frost  heave  causes  vertical 
(the  primary  degree of freedom fo r  movement)  expan- 
sion of the  active  layer. On thawing,  it  does  not 
settle  to  its  original density:  that is, it stays 
slightly  lofted.  Corte (1962) has  shown  experimen- 
tally  that  up  to 10% increase in  volume  of the 
active  layer  can  result  from as  few as 10 freeze- 
thaw  cycles.  Application of the  Blake-Kozeny  equa- 
tion  (Bird  et  al. 1960 p. 199)  indicates  that  a 10% 
volume  increase  can  result  in an increase in per- 
meability of nearly 70%. After  many  such  freeze- 
thaw  cycles,  the  active  layer  will  have  lofted 
enough to  reach  a  permeability  which  allows  the 
critical  Rayleigh  number to  be reached. If the 4 K 
temperature  difference  is  present  across  the  active 
layer,  all  properties  appearing  in  Equation (1) 
will  be  nearly  constant  except  the  permeability, k, 
and the  depth, L. 

Attaining  the  critical  Rayleigh  number  then  is 
first  possible  when  the  nonconstant  parameters in 
the  Rayleigh  number  reach  their  extreme  values; 
that  is,  k  is  large  enough  to  achieve  the  onset  of 
convection  when L is at  its  maximum  (deepest  annual 
thaw).  Note  here  that  the  Rayleigh  number  is  larg- 
est  when  the  upper  surface  temperature  is at or 
near 277 K. This  implies  that  convection  cells 
will be initiated at  that  time of the year  when  the 
upper  surface  temperature is about  211 K. 

Earlier models which  attempted to explain  the 
regularity of patterned  ground  by  Rayleigh  convec- 
tion  were  based on the  contention  that  these  weak 
circulatory  currents  could  cause  direct  movement of 
the  larger  stones  which  form  the  borders  of  sorted 
polygons,  The  model  developed  in  this  paper is not 
based  on  any  argument  that  Rayleigh  convection 
cells  can  move  stones  directly  to  effect  a  sorting 
process. In contrast,  this  model  contends  that 
Rayleigh  convection  determines  the  regularity  in- 
directly  through  its  influence on the  shape of the 
ice  front  which  underlies  the  water-saturated 
porous  medium. 

The  influence of Rayleigh  convection on the 
shape of the  underlying  ice  front  was  ignored in 
earlier  Rayleigh  convection  models  which  attempted 
to  explain  patterned  ground  regularity.  The  Ray- 
leigh  convection  cells  determine  the  shape of the 
underlying  ice  front  because  they  induce  uneven 
heat transfer to  this  front. In regions of down- 
flow, the  transport of warmer  water  from  the  upper 
surface  to  the  ice  front  will  cause  increased  melt- 
ing;  conversely,  in  regions of upflow,  the  trans- 
port  of  colder  water  from  the  ice  front  will  retard 
melting.  Figure 2 shows  a  schematic o f  the  two- 
dimensional  cross-section of the  resulting  undula- 
tory  ice  front.  Note  the ice "peaks"  upder  the  up- 
flow  regions  and  the  ice  "valleys"  under  the  down- 
flow  regions. It can be  proven  that  the  plan form 
configuration of the  Rayleigh  convection  cells  will 
be  hexagonal. 

The  presence of hexagonal  undulations  on  the 
thaw  front  then  influences  any  sorting  processes 
which  are  slowly  occurring  in  time  such  that  the 
sorting  mirrors  the  pattern of the  underlying  ice 
front.  This  could  occur  by  any one or combination 
of possible  sorting  mechanisms  such  as  cryostatic 
pressure,  differential  frost heave, and  primary 
frost  sorting.  This  paper  does not  attempt to 
determine  which  mechanism  or  combination  of  mecha- 
nisms  causes  the  sorting  process to  mirror  the 

patterned  ice  front.  Indeed  it  is  not  possible  to 
infer  from  the  field  data  taken  in  this  study  which 
mechanism  caused  the  sorting.  However, it is  pos- 
sible to determine if  the  geometry  and  characteris- 
tic  spacing  of the patterned  ground  correspond to 
that  which  would  be  induced  by  an  undulatory  ice 
front  caused by Rayleigh  convection. If  this  model 
fox explaining  the  regularity of patterned  ground 
is correct,  then  the  ratio of the  polygon  width to 
depth-of-sorting  should  be  equal  to  the  width  to 
depth  ratio  predicted  by  the  mathematical  model 
assuming  that  the  depth-of-sorting  is  nearly  equal 
to  the  depth of the  active  layer  when  free  convec- 
tion is initiated. 

Summary  of  Principal  Results  From  Mathematical 
Analysis 

In  order  to  determine  the  critical  Rayleigh 
number  above  which  convection  will  occur  and  the 
corresponding  convection  cell  width to  depth  ratio, 
a linear  stability  analysis was carried  out. 
Although  this  analysis  is  straightforward,  it  is 
quite  lengthy  and  hence  only  the  principal  results 
can  be  summarized  here.  The  interested  reader  de- 
siring  more  details  of  the  analysis  is  referred  to 
Ray (1981) or Ray  et  al.  (1983). 

The  governing  equations for fluid  flow  and  heat 
transfer  in  the  unstably  stratified  active  layer 
are  Darcy's  Law,  the  equations of motion,  the  ther- 
mal  energy  equation, and the  equation of continu- 
ity. Also,  an  equation  of  state  is  required  which 
describes  the  increase of water  density  with  tem- 
perature  between 273 K and 277 K. The  boundary 
conditions  needed to  solve  these  equations  corre- 
spond to specified  temperatures of 273 K and  211 K 
at the  lower  and  upper  boundaries,  respectively. 
In addition,  in  the  case of "normal"  polygons 
formed in an active  layer  bounded  above  by  air, 
the  upper  and  lower  boundaries  are  assumed  to  be 
impermeable. In the  case of underwater  polygons, 
this  latter  condition i s  relaxed  at  the  upper 
boundary;  this  leads  to  dramatically  different 
predictions. In  addition,  for  both  "normal"  and 
underwater  polygons,  an  energy  balance  condition 
must  be  satisfied  at  the  lower  ice  front  boundary 
which  is  allowed  to  be  compliant  in  that it can 
deform  in  response  to  the  convection  cells.  The 
resulting  linear  stability  theory  solution is novel 
in allowing  for  this  compliant  boundary. 

This  system  of  equations  and  boundary  conditions 
is solved  using  the  formalism  of  linear  stability 
theory. For the  case of "normal"  polygons,  linear 
stability  theory  predicts  a  critical  Rayleigh num- 
ber Rac=27.1 for the  inception  of  convection  Cells 
and  a  corresponding  convection  cell  width  to  depth 
ratio  given  by 

For the case of parallel  stripes on a slope, 
theory  predicts  a  critical  Rayleigh  number  of Ra,= 
27.l/cos $, where $ is the  angle of inclination. 
The corresponding  width  to  depth  ratio  is  then  in 
the  range 2.685hfi23.81, depending on the  slope 
angle  and  the  magnitude of the  subsurface  flow  in 
the  active  layer. 

Sorted  stone  polygons  formed  underwater  are 
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pred ic t ed  t o  have a s m a l l e r   c r i t i c a l   R a y l e i g h  num- 
ber  (Rac=L7.1)  and a correspondingly  higher   width 
t o   d e p t h   r a t i o :  

x - = 5.07 
L 

( 3 )  

T h e o r e t i c a l   c o n s i d e r a t i o n s   s u g g e s t   t h a t   t h i s   r a t i o  
may depend  on t h e  water depth.  However, we have 
i n s u f f i c i e n t   d a t a   t o   w a r r a n t   r e f i n i n g   t h e   t h e o r y   a t  
t h i s  time. 

These r e s u l t s   a l l o w   p r e d i c t i o n   o f   t h e   c o n d i t i o n s  
f o r  which  convection cells w i l l  form. When t h e  
physical  parameters  of  an  active  layer  bounded 
above by air  y i e l d  a Rayleigh number j u s t  above 
27.1 ( i .e , ,  t h e   p e r m e a b i l i t y  i s  l a r g e  enough f o r  
f low) ,   convec t ion   ce l l s   should  form which  have a 
width t o   d e p t h   r a t i o  of about 3 . 8 .  When t h e  Ray- 
l e i g h  number of an ac t ive   l aye r   be low a shallow 
l a k e   o r  pond goes  just   above 17 .1 ,  c o n v e c t i o n   c e l l s  
wi th  a w i d t h   t o   d e p t h   r a t i o  of about   5 .1   should 
form. 

FIELD STUDIES 

The f i e l d   s t u d i e s  were designed t o  test  t h e  
h y p o t h e s i s   t h a t   t h e   r e g u l a r i t y  of so r t ed   pa t t e rned  
g round   co r re sponds   t o   t ha t   p red ic t ed   fo r   Ray le igh  
convection cells. This  would  suggest  that   Rayleigh 
convec t ion   i n   t he   ac t ive   l aye r  is  r e s p o n s i b l e   f o r  
the   observed   regular i ty   o f   sor ted   pa t te rned   ground.  
If Rayleigh  convection is involved   in   sor ted   po ly-  
gon i ncep t ion ,  it would  have  occurred  long  ago  in 
r e l i c t   s i t e s   t h a t   a r e  now polygonal ly   pat terned;  
however, sites about to  form sor ted   po lygons   a re  
v e r y   d i f f i c u l t   t o   i d e n t i f y .   F o r   t h i s   r e a s o n ,   t h e  
f i e l d   s t u d i e s   p r e s e n t e d  below  focused on measure- 
ments of exis t ing   sor ted   po lygons  as a t e s t  of t h e  
Rayleigh  convect ion  hypothesis .  

Two sets of   da ta  were co l l ec t ed .   F igu re  3 i s  a 
p l o t   o f  18 da ta   po in t s   t aken  from a wide  range  of 
"normal." so r t ed   po lygon   s i zes ,   t ha t  is, where t h e  
a c t i v e   l a y e r  w a s  bordered  above  by  air .  The dark 
points   are   diurnal   small   polygon  data   whereas   the 
l i g h t   p o i n t s  arc da ta   fo r   po lygons  formed  over 
longer  time per iods .  The c h a r a c t e r i s t i c   w i d t h  i s  
an  average  of   center- to-center   measurements   for  
severa l   ad jacent   po lygons .  The depth w a s  found  by 
t renching   th rough  the   s tone   border  o f  a polygon, 
then  measuring  from  undisturbed  ground  reference 
l e v e l   t o   t h e  bottom of t h e   s o r t e d   b o r d e r ,   o r   t o   t h e  
point   where  the  s tones  were n o  longe r   o r i en ted  
v e r t i c a l l y .  A l i n e a r   r e g r e s s i o n   o f   t h e s e   d a t a  
y i e l d s  a s lope   o f  3.6 and   an   i n t e rcep t  of 0.041 m 
wi th  a c o r r e l a t i o n   c o e f f i c i e n t  of 0.98. This slope 
of 3 . 6  agrees   reasonably w e l l  w i t h   t h e   t h e o r e t i c a l  
va lue   o f  3.8 given  by  Equation ( 2 ) .  

The d a t a   p l o t t e d  i n  F igure  4 a r e  from  measure- 
ments  taken i n   t h e  manner  described  above  for  poly- 
gons  appearing  on  the  bottom  of  shallow  lakes  or 
ponds. A l i n e a r   r e g r e s s i o n   f i t   o f   t h e s e   d a t a  
y i e l d s  a s lope   o f  5.7 w i th   an   i n t e rcep t   o f  -0.18 m 
and a c o r r e l a t i o n   c o e f f i c i e n t   o f  0.94. This   s lope  
agrees   reasonably w e l l  w i th   t he   va lue   o f  5.1 given 
by Equation ( 3 )  . 
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FIGURE 3 "Normal" sor ted   po lygons :   Charac te r i s t ic  
width  versus  depth-of-sorting. The d a r k   p o i n t s   a r e  
d a t a  from diurna l   sor ted   po lygons .  
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FIGURE 4 Underwater   sor ted  polygons:   character is-  
t i c  width  versus  depth-of-sorting. 

DISCUSSION 

The excellent  agreement  between  measured  and 
p r e d i c t e d   v a l u e s   o f   t h e   w i d t h   t o   d e p t h   r a t i o s   f o r  
both  normal  and  underwater  polygons  provides  con- 
v inc ing   suppor t   fo r   t he   hypo thes i s   t ha t   Ray le igh  
c o n v e c t i o n   i n   t h e   a c t i v e   l a y e r  was r e spons ib l e  for 
t h e   r e g u l a r i t y   o f   t h e   s o r t e d   p a t t e r n e d   g r o u n d  
stddied  hare.   This  Rayleigh  convection  model  can 
a l s o   e x p l a i n  many o t h e r   c h a r a c t e r i s t i c s   o f   p a t -  
terned  ground.   For   example,   the   constant   width t o  
dep th -o f - so r t ing   r a t io   obse rved  for "normal"  sorted 



polygons   fo l lows   f rom  the   fac t   tha t   for  9 depth 
a c t i v e   l a y e r ,   t h e   c r i t i c a l   c o n v e c t i o n  ce l l  w i d t h   t o  
depth ra t io  is 3.81.  This   then   expla ins   the   wide  
r ange   i n   so r t ed   pa t t e rned   g round  sizes s i n c e   t h i n -  
n e r   a c t i v e   l a y e r s  w i l l  produce  smaller  polygons.  

cells w i l l  be   hexagonal   in  a h o r i z o n t a l   a c t i v e  
l aye r ,   t h i s   imp l i e s   t ha t   t he   mi r ro r ing   s tone   po ly -  
gons   a l so  w i l l  tend  toward  this   shape.  Many inves-  
t i ga to r s   have   no t i ced   t h i s   p re fe r r ed   shape  of 
so r t ed   po lygons ,   e spec ia l ly   i n  smaller, d i u r n a l  
forms (see Ray e t  a l .  1983). The r e g u l a r i t y  and 
e x t e n t  of some sorted  patterned  ground  networks 
s u g g e s t   t h a t ,  when cond i t ions  are conducive t o  
Rayleigh  convection  on  any  part  of a s i te ,  they  
probably   p reva i l   th roughout   the  s i te .  

The t r a n s i t i o n  from sor ted   po lygons  t o  s o r t e d  
s t r i p e s  i s  p red ic t ed  by the  Rayleigh  convect ion 
model as wel l .  It is w e l l  known in  thermal  convec- 
t i o n   t h e o r y   t h a t  as a sa tura ted   porous  medium 
undergoing  Rayleigh  convection i s  t i l t e d  from t h e  
horizontal ,   the   three-dimensional ,   polygonal   con-  
vec t ion  cel ls ,  which   occur   in   the   f la t   conf igura-  
t i o n ,  become two-dimensional rol l  cel ls  o r i e n t e d  
downslope  (Canbarnous  and  Bories  1975). I n  a 
s loped  active layer ,   such  two-dimensional   rol l  
cells would melt t h e  ice-water i n t e r f a c e   i n t o  
t r o u g h s   a n d   r i d g e s   r u n n i n g   p a r a l l e l   t o   t h e   f a l l  
l i n e .  The r e s u l t i n g   s o r t e d  forms would  then  be 
p a r a l l e l   s o r t e d   s t r i p e s  (Ray e t  a l .  1983). The 
f a c t   t h a t   t h e   c r i t i c a l   R a y l e i q h  number i s  p red ic t ed  
t o   i n c r e a s e   w i t h   s l o p e   a n g l e  may e x p l a i n   i n   p a r t  
why s t r i p e s  are not   observed  on  s teeper   s lopes.  

F ina l ly ,   t he   occu r rence  of underwater   sor ted 
polygons  can  be  explained  in   l ight  of the  Rayleigh 
convection  model.  Figure 5 shows a network  of 
underwater  polygons  on  the  bed of a s h a l l o w   l a k e   i n  
t h e  Snowy Range of Wyoming. Freezing  of  a shallow 
pond i n  a per iq lac ia l   envi ronment  w i l l  e x t e n d   i n t o  
the  bed  below it and  produce  an active layer  which 
is bordered  above by s t and ing  water during  thaw 
cond i t ions  . 

Figure  4 shows t h a t  the measured  width t o   d e p t h  
r a t io   fo r   unde rwa te r   po lygons  i s  seen  t o  agree  re- 
markably w e l l  wi th   the   va lue   o f   5 .1   p red ic ted  by 
the  Rayleigh  convect ion  model .   Note   that   the  

S ince   theory   p red ic t s   tha t   Rayle igh   convec t ion  
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p r e d i c t e d   c r i t i c a l   R a y l e i g h  number for   underwater  
polygons is 17.7 as opposed t o  27.1 f o r  "normal" 
polygons.   This   implies   that   underwater   sor ted 
polygons may be observed  under less cons t r a in ing  
condi t ions  than  "normal"   pat terned  ground (i .e,  , 
lower   permeabi l i ty ,   sha l lower   ac t ive   l ayer ,   reduced  
temperature   gradient) .   Throughout   the  Southern 
Rockies, most l a rge   ac t ive   so r t ed   po lygons  are on 
t h e   b e d s  of ephemeral  ponds, Commonly t h e s e  poly- 
gons  do  not   cont inue  onto  the  shore  above  the  high 
water   l eve l   and  may be  found a t  e l e v a t i o n s   s e v e r a l  
hundred meters lower than  those  of  "normal"  poly- 
gons (Ray 1981  p-  2 3 0 ) .  

CONCLUSIONS 

The  model p re sen ted   he re   hypo thes i zes   t ha t   t he  
r egu la r i ty ,   s i ze ,   and   shape  of some types   o f   so r t ed  
pat terned  ground  can  be  explained  by  Rayleigh  con-  
v e c t i o n   c e l l s   i n   t h e   a c t i v e   l a y e r .  The model  pre- 
d i c t s  a wid th   t o   dep th -o f - so r t ing   r a t io   o f  3.8 f o r  
"normal"  sorted  polygons  and a width  to   depth-of-  
s o r t i n g   r a t i o   o f  5.1 for   underwater   sor ted  polygons 
which  compare  favorably  with  f ield  measurements  of 
3.6  and 5.7,  r e spec t ive ly .   F ina l ly ,  many i n t e r e s t -  
i n g   c h a r a c t e r i s t i c s  of sor ted   pa t te rned   ground  can  
be  explained  by  this   Rayleigh  convect ion  model .  
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GELIFLUCTION DEPOSITS AS  SOURCES OF PALEOENVIRONMENTAL  INFORMATION 

Richard E. Reanier  and  Fiorenzo  C. Ugolini 
College of Forest  Resources,  University of Washington 

Seattle, Washington 98195 USA 

A gelifluction lobe above  treeline  at Walker Lake in  the  Brooks  Range of Alaska was 
examined for pedological and palynological evidence of the  expansion of the  boreal 
forest  during  the Holocene. Soil pits  excavated to the  base of the  active  layer 
(1 m )  revealed organic rich  material  consisting of ancient  vegetation  buried  by  the 
advancing lobe front. Laminations, platy soil structure,  slickensided soil peds,  and 
"plough  marks" from pebbles  in  this  organic-rich  deposit  indicate  basal  sliding  is  an 
important component of downslope movement. Radiocarbon  dates  obtained from 
buried  organics  indicate  a  relatively  constant lobe advance  rate of about 3.21 mm 
y r  -1 throughout much of the Holocene. A paleosol buried  beneath  the  advancing 
lobe shows  that  a  degree of soil  development  comparable to  that of modern  soils of 
the  area was  achieved  by  about 3,200 years B.P. Pollen spectra from the  buried 
organic  layer  differ  markedly from the  regional  lake pollen record,  but  give  evidence 
that  the  treeline  has  recently  advanced  to  its modern position  during  the  past 5 ,000  
years,  and  has  not  been more expanded in the  past. We conclude  that  gelifluction 
deposits  contain  valuable  paleoenvironmental  data for studies of vegetation  history 
and soil development.  Such  deposits  are  particularly  important  in geomorphic 
situations  where  lakes  and  bogs  are  absent  and  site-specific  information is required. 

INTRODUCTION 

Historically,  studies of periglacial phenomena 
have  concentrated  on geomorphic description  and 
on analysis of physical  properties  and  processes 
involved  in  landform  development  (Washburn 1980). 
Paleoenvironmental  uses of periglacial  landforms 
generally  have  been  restricted to regional 
inferences  about  former climates from the  presence 
of relict  landforms. Climatic inferences  are  based 
upon  analogy with climatic parameters  associated 
with  similar active  landforms. Gelifluction , the 
gradual downslope flow  of water-saturated soil  in 
permafrost  affected  regions,  results  in  such 
periglacial  landforms  as  gelifluction  sheets, 
benches,  lobes,  and  streams  (Washburn 1980),  
Benedict (1976) suggested  that  deposits  buried 
beneath  advancing  gelifluction  features  should 
provide  high-resolution  palynological  and 
pedological  records. 

As  part of a  multidisciplinary study of Holocene 
treeline  changes in the  southern  Brooks  Range of 
Alaska (Brubaker  et  al. 1983, Garfinkel  and 
Brubaker 1980, Goldstein 1981, Ugolini et  al. 1981, 
19821, we examined gelifluction  lobes as potential 
sources of information on treeline  fluctuation. If 
the  treeline  had  expanded  beyond  its  present limit 
during  the Holocene, as  it  did  in  northern  Canada 
(Bryson  et  al. 1965, Kitchie and  Spear  1982), we 
reasoned  that  gelifluction  deposits  near  the  treeline 
would contain  a  record of that  expansion. We 
report  here  the  results of palynological  and 
pedological  investigations of one lobe located  above 
Walker Lake (67O9'N,  154°22'W) in  the  south 
central Brooks Range of Alaska (Figure 1 ) .  

STUDY AREA 

The Walker Lake study  area was selected 
because of i ts  well-defined treeline  and 

FIGURE 1 Map  of study  area. 

noncalcareous  parent  material  suitable for 
pedogenic  studies  and 14C dating.  The  south 
facing  slope  where  our  study was centered is 
composed of  low grade  quartz-muscovite  schist of 
Paleozoic age (Nelson and  Grybeck 1981). The 
slope is mantled to an altitude of about 525 m by 
drift of the  late Wisconsin Walker Lake glaciation 
(Figure 11, but was overridden  by  the  earlier  and 
more extensive  Itkillik  and Kobuk glaciations 
(Hamilton 1982).  Walker Lake is near  the  boreal 
forest  and  shrub  tundra  transition.  The 
altitudinal limit of continuous  forest  occurs  at 
about 550 m at  the  study  site. White spruce 
(&ea gluuca) dominates the  forest  at  treeline  and 
in well-drained areas, while black  spruce (%ea 
marianu) dominates the  poorly  drained  areas  at 
lower altitudes.  Quaking  aspen (PoptlZus 
tremubides) and  paper  birch ( B e t u h  p a p y r i f e m )  
are  secondary  tree  species.  Ericaceous  shrubs 
and  lichens  are common in  the  forest  understory 
and  in  the  shrub  tundra  above  treeline.  Alder 
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(AZnus crispa) and willow (Salis spp.)  are locally 
abundant  in  draws  and along stream  banks.  The 
area  is within the zone of discontinuous  permafrost 
(Brown and PBwe 1973). 

The  gelifluction  lobe  examined here  is  located  at 
an altitude of 620 m ,  approximately 70 m above  the 
limit of continuous  forest  (Figures 1 and 2 ) .  It is 
about 35 m in  axial  length with the  axis  oriented 
downslope at 175O azimuth.  The  surface  gradient 
is 1 4 O  and  the lobe is from 1 to 1.5 m thick. 
Active layer  thickness  in midsummer is about 1 m. 
It is a  turf-banked lobe (Benedict 1976) with a 
continuous  cover of shrub  tundra. Although the 
lobe is located  above  the  continuous  forest  limit,  a 
solitary  white  spruce  grows on the lobe near  its 
western margin 13 m upslope from the lobe front, 
and  several white spruce  seedlings  are  present. 

METHODS 

Five trenches were  opened along the lobe axis 
in order to  examine the  internal  structure of the 
lobe (Figure 2 ) .  Soil profiles  were  described  in 
each trench  and one of the  profiles was selected 
for  laboratory chemical analyses.  Fabric 
measurements  were made in this same profile. Soil 
description followed standard methods (cf. Ugolini 
et al. 1981). Soil textural  analysis  utilized 
standard  sieve  techniques  for  the  fraction  coarser 
than 4 + and  a  Sedigraph 5000D particle  size 
analyzer  for  the  fines  after  pretreatment  for 
organic  matter and iron  removal, Soil chemical 
analyses  were made on the  air-dry soil fraction 
finer  than -1 $ (2  mm). Details of the  analytical 

procedures  are  given in Ugolini et al. (1981). 
Samples of the  buried or anic  deposit  were  taken 
for pollen analysis  and ei4C dating  (Figure 2 ) .  
Radiocarbon  samples  were stored  at 3 O C ,  air-dried, 
and  carefully examined under magnification to 
remove any  rootlets  prior  to  submission  for  dating. 
The  dates  were  run  by  Beta  Analytic, k c .   a f t e r  
dispersion  in  hot HCl to remove carbonates  and 
have  been normalized to  -25 per mil I3C. Pollen 
samples  were processed  by  standard  acetolysis 
techniques  (Faegri  and  Iverson 1975). Extracted 
pollen was mounted  in  silicone  oil and  counted 
under 400X magnification'  until  at  least 300 grains 
were  identified  in  each  sample. 

RESULTS AND DISCUSSION 

Structural Analyses 

Fabric  measurements  taken from 100 stones 
between 25 and 75 cm below the  surface  at  the 
soil profile location (Figure 2 )  show long-axis 
orientation  parallel  to  the lobe axis  (Figure 3 ) .  
The mean fabric  dip  angle  is 26.6O with an  angular 
deviation of 12.  Oo as compared  with a lobe surface 
gradient of about 140. The mean fabric azimuth is 
178.5O with an angular  deviation of 42. Oo, while 
the lobe axis azimuth  was  estimated to  be 175O 
true. Such  fabric  orientations  are commonly found 
in  gelifluction  deposits  (Benedict 19761, and  have 
been taken as  evidence of active lobe  movement. 

Although the  exact mechanism of gelifluction 
movement, whether by flow or by sliding along 
shear  planes, remains  undetermined ( Washburn 
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FIGURE 3 Scatter  plot of fabric  measurements, 

1980) , basal  sliding  appears  to  be  an  important 
component of downslope movement of this  lobe. 
The soil structure of the lobe material is dominated 
by  fine  to  very  fine  platy  structure  (Table I), the 
development of which is favored  by  ice  segregation 
that  preferentially forms planes  parallel  to  the soil 
surface  (Benedict 1976). Such  planes  are  potential 
places for sliding  to  occur  as  the  active  layer 
thaws. Detailed field examipation of the 
still-frozen Alb horizon  revealed  apparent  glide 
planes  separated  by  thin  segregation  ice  lenses. 
The soil peds  had  shiny,  slickensided  surfaces  due 
to  the  orientation of fine  muscovite  plates. 
Occasional stones  protruding  into  the  organic 
horizon from the  overlying C2 horizon  had  left 
striae  and  "plough  marks"  several cm long in  the 
Alb  material. 

Rates of  Movement 

Radiocarbon  dates of 1,830t50 years B .P. 
(Beta-28401, 4,010260 years B.P. (Beta-2645),  and 
6,610t100 years  B.P. (Beta-2840) were  obtained 
from the  buried  organic  horizon 4 . 1 ,  12.4 ,  and 
20.6 m from the  lobe  front,  respectively. A plot 
of these  dates  (including  the  present)  against 
distance from the  lobe  front  is  linear (r2=0.99) and 
indicates  a  relatively  constant  rate of movement of 
about 3.21 mm yr  -1 throughout most of the 
Holocene at  the time resolution examined here 
(Figure 2 ) .  This  compares with other  reported 
northern  hemisphere  basal movement rates 
determined  by 14C dating  ranging from 0.6  to 10 
mm yr  (Benedict 1976, Alexander  and  Price 
1980) .  No attempt was made to  correct for 
calendar  age o r  for mean residence time of soil 
carbon  as  others  have  done  (Benedict 1970) 
because of differences among calibration  curves 
and  the  apparent  unreliability of 14C ages less 
than  about 500 B .P. (Stuiver 1982). However. the 
use of reasonable  estimates of residence time 
(300-500 y r )  in  the  regression would tend  to 
somewhat increase  both  the movement rate  and 
correlation. 

Pedological Analyses 

Soils of the  study  area  have  been 
characterized  by Ugolini et  al. (1981). The  soils 
are weakly podzolized;  those  displaying  albic 
horizons  fail  to meet the  spodic  horizon chemical 
requirements of the Soil Taxonomy (Soil Survey 
Staff 19751, and  are  classified  as  Dystric 
Cryochrepts  together with  similar soils  lacking 
albic  horizons. Soils of the  gelifluction lobe lack 
albic  horizons,  except immediately beneath  the 

TABLE 1 Selected morphological and chemical data from  soil profile. 

+ + + +  
. , I .  

EC C  Cp Fed  Fep A I d  A l p  

Horizon (cm) ( m i s t )  Texture  Structure  Consistence Roots Boundary 1:1 m h o  Cm" % x % % % X  
Oepth Color pH  1:5 

01 2-1 clah&r sp.: JIUI~~QFUS uommaie and bmpe tm n i g m  needles 

02 1-0 Oecomposed organic  material 

A 1  0-1 5YR 3/2 

82 1-15 lOYR 3/3 

C 1  15-50 lOYR 4/4 

C2 50-109 IOYR 4/3 

A lb f  109-117 lOYR 3/2 

B2bf 117-127 l O Y R  4/4 

Cbf 127-155+ lOYR 5/4 

s i 1  2vTcr fr.ss,sp 3v f l f  aw 4.10* 101.3 12.3 

g l  2f-vfpl fr.ss.sp 2v f4 f  cs  3.f7 72.7  2.7 

gl 2f-vfpl  fr,ss.sp I v f  aw 1.82 7.47 0.60 

g l  2f-vfpl fr.ss.sp l v f  aw 4.74 6.52  0.93 

g s i c l  3vfpl fr,ss,sp l v f  aw 4.44 13.24  4.73 

g l  2f-vfpl fr.ss.sp none cw  4.68 7.95 1.00 

g l  2f-vfsbk fr,ss,sp none 5.03 5.46 0.50 

5.3 1.64 0.77 0.39 0.39 

1.5  2,11 0.70 0.32 0.27 

0.76 2.13 0.58  0.48 0.39 

0.75 2.05 0.66 0.37 0.31 

2.8 2.41 1.24 0.57 0.56 

0.92  2.47  0.93  0.36 0.31 

0.50  1,89  0.42  0.40  0.32 

Abbreviations: 1:2 

.Texture: s i -s i l ty :   c-c lay:  1-loam: g-gravelly. t Subscript p indicates Na-pyrophosphate extractable form. 
Structure: 2-moderate: 3-strong:  vf-very  f ine or th in;  cr-crumb; pl-platy;  Subscript indicates form' 

Consistence: f r -moist .   f r iable:  ss-wet, s l i gh t l y   s t i cky :  

Roots: 1-few: 2 -comn:  3-many; vf-very  fine:  f-fine. 
Boundary: a-abrupt;  c-clear; w-wavy; s-smooth. 

sbk-subangular  blocky. 

sp-wet. s l i g h t l y   p l a s t i c .  
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consistent with greater  rates of both  physical  and 
chemical weathering  in  the  surface  horizons. 

62bf 

Portlclr rizo. 0 

FIGURE 4 Particle  size  distribution  in soil profile. 

single  white  spruce  tree. Detailed  morphological 
and chemical analyses of a  profile  extending 
through  the lobe to  the paleosol beneath  (Figure 
2 )  are  presented  in  Table 1. The  Alb  horizon 
(buried  surface  horizon) of the paleosol is very 
dark  grayish  brown  in color and  contains  an 
amount of readily  oxidizable  carbon (C) exceeded 
only  by  that of the modern surface  horizon. C is 
lower in  the BZbf horizon  than  in  the modern 132 
horizon,  perhaps  as  a  result of in  situ  oxidization 
after  burial, A similar trend  is seen in  the 
humified carbon  fraction ( C p )  , As measured  by 
electrical  conductivity (EC) , ionic strength 
similarly shows  a  peak  in  the  Alb  horizon  but is 
nearly  an  order of magnitude lower in  the  buried 
than  in  the modern solum. However, both 
Na-dithionite and  Na-pyrophosphate  extractable Fe 
and AI reach  peak  values  in  the  paleosol, 
suggesting  the  preburial soil  was at  least  as well 
developed as  the modern soil,  Carbon  and 
extractable  sesquioxide  values for other  soils  near 
treeline  in  the  study  area  are comparable to  levels 
reported  here (Ugolini et al.  1981).  The 
interpolated time of burial ,of this  portion of the 
paleosol,  and  therefore  the  date of cessation of 
surficial  pedogenesis, is 3 , 2 0 0  years ago (Figure 
21, by which time the Holocene soils  above  treeline 
had  evidently  reached modern levels of 
development. 

The  particle  size  distributions of the soil 
horizons for material  finer  than -4 Q show 
strikingly similar modes in  the medium silt ( 5  to 
6 9) and  in  the  pebble (-4 to -2 $) size  classes 
(Figure 4 ) .  The bimodal pattern may result from 
comminution of the  quartz-muscovite  schist  during 
gelifluction  itself, or may be  a  distribution 
inherited from till  (cf, Dreimanis and  Vagners 
1971). The  particle  size  distributions  generally 
show the poor sorting  characteristic of gelifluction 
deposits,  Despite  the  overall  similarities,  the two 
A1 horizons  differ from the  other  horizons  in 
having,  relatively more material  in  the  silt  and  clay 
fractions (5  to 1 2  6) and less material  in  the  sand 
and  gravel  fractions (-4 to 5 9 ) .  This  result is 

Pollen Analyses 

A t  the  outset of this  investigation it became 
obvious  that  the  reliability of pollen data from 
gelifluction  deposits  needed  to  be  tested. Pollen 
from lake  cores  has  been  "smoothed"  by mixing in 
the  water column before  deposition on the  lake 
bottom.  However,  soil  pollen may reflect 
microscale heterogeneity  in  plant  distrlbutions, SO 

that  samples of the same age from the same 
locality may have  dissimilar pollen spectra. 
Accordingly, we examimed paired  samples of the 
buried  organic  material  taken from points  about 
0.5 m apart on a  line normal to  the lobe axis  to 
see i f  contemporaneous  samples  had similar 
spectra.  The sample pairs  were  taken from 
distances of 0 . 2 ,  1.5, 4.1 ,  9.6,  12.6,  and 20 .6  m 
from the  lobe  front  (Figure 2). Using a 
multinomial homogeneity test  reported  by Mosimann 
(1965: test A 7 ) ,  we evaluated  the  null  hypothesis 
that  the  pairs  had  the same true  proportions of 
the  seven pollen types  in  Figure 5. In five of the 
six  pairs  the  hypotheses of homogeneity was 
rejected  at  the 0.05 level of significance. 
Gramineae (grasses)  Cyperaceae  (sedges),  and 
A r t w r n . i s i a  typically  contribute  the  highest 
individual  terms  to  the  total  chi-square,  reflecting 
the  higher  heterogeniety of these  taxa.  This is 
understandable  since  these  are  anemophylous  taxa 
producing  large  amounts of pollen and all  grow 
locally  on the  lobe  today.  The  chance  proximity of 
such  plants to the  portion of soil that  eventually 
becomes a  llsamplell may explain  the  higher 
heterogeneity of these  taxa  in  the pollen spectra. 
When these  three  taxa  are  excluded from the  test ,  
the homogeneity hypothesis is not  rejected  in  any 
case  at  the 0.05 level.  These  results  indicate  that 
the  interpretation of changes  in  the  relative 
abundances of Gramineae, Cyperaceae,  and 
A r t e m i s i a  must  be made with caution. 

Pollen preservation  in  the  gelifluction lobe 
samples is generally  poor  in  relation  to normal 
preservation  in  lake pollen records. Pollen 
degradation  in  the lobe takes  the form of both 
crumpling  and  corrosion;  degradation  generally 
increases with sample age. However, even  in  the 
oldest samples some  well preserved  grains  were 
encountered,  and in the  youngest  samples poorly 
preserved  grains  were  found. Of the  taxa  in 
Figure 5, Cyperaceae  and Gramineae seemed most 
susceptible  to  corrosion  and  are  possibly 
underrepresented  in  the  samples, while &ea 
pollen  seemed relatively  unaffected  by  corrosion. 
Fragile Juniperus pollen  was not  preserved  in  the 
lobe  deposits,  although Juniperus communia is 
common on the lobe today. However, a Juniperus 
needle was recovered from the 4,000 year old 
sample,  suggesting  that  this  species was present 
at  the  site  throughout  the  record. 

Brubaker  et  al. (1983) have  recently completed 
a  detailed  study of late Wisconsin and Holocene 
vegetation  changes  in  the  central  Brooks  Range 
based on lake pollen records.  The major 
vegetation  changes  in  the  region  occur  prior  to  the 
beginning of our  gelifluction lobe record  at 6,600 
years B. P. The  exception is the  establishment of 
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the  boreal  forest  at  the  south  shore of Walker Lake 
about 5,000 years B.P. Otherwise,  this  younger 
portion of the  record is conspicuous  by  its  lack of 
change. 

Pollen spectra from the  buried  organic  layer 
how systematic  departures from those of the 
regional  lacustrine  record.  In  contrast to the 
regional  spectra, A r k m i &  pollen percentages 
dominate those of other  taxa  throughout  the 
gelifluction lobe record,  reaching  levels of 40-60% 
of the pollen sum (Figure 5). Pollen of Ericaceae 
and Gramineae are  insignificant components of the 
regional  spectra,  but  reach much higher  levels  in 
the  gelifluction  deposit. Be-tuZa percentages  are 
perhaps half those of the  lake  records.  Spores of 
Lycopodium and monolete spores of the Filicales 
(ferns) dominate the  total pollen throughout  the 
gelifluction lobe record,  exceding 90% of the  total 
microfossils  in  the  oldest sample (Figure 5). This 
may result  in  part from differential  preservation 
due  to  the  high  resistance of these  spores  (along 
with conifer  pollen)  to  both  corrosion  and  oxidation 
(Havinga 1967). However these  spores  are common 
in  surface  litter samples from the  study  area,  and 
increases  in  these  types  in  the  regional  record 
between 8,000 and 10,000 B.P. have  been 
interpreted  as  increasing  abundances of 
Lycopodium and  ferns  in  the  vegetation  (Brubaker 
et  al.  1983). 

In  addition to these  overall  differences  between 
the two records,  changes  in  the pollen percentages 
of specific  taxa  are  seen  in  the lobe record which 
do not  occur  in  the  lake pollen record. Gramineae 
pollen percentages  reach a minor peak  in  the 3 , 2 0 0  
year old samples. Both Ericaceae  and  Cyperaceae 
percentages  increase in the  gelifluction lobe 
samples younger  than 1,800 years. &ea pollen is 
absent from the 6,600 year old gelifluction lobe 
sample,  consistent with the  very low regional 
&ea percentages  at  this time. The  arrival of 
the  boreal  forest  at  the  south  shore of Walker 
Lake at  about 5,000 years 13. P. is accompanied by 
lake pollen &ea percentages of about 20% that 
remain relatively  constant  to  the  present.  In  the 
gelifluction  lobe, &ea percentages of 1-2% occur 
in  the 4,000 and 3 , 2 0 0  year old samples. Samples 
younger  than 1,800 years from the lobe have &ea 
percentages  between 5 and 10%. while modern 
surface  litter samples  from the lobe have 
percentages  between 14  and 21%. In the  absence 
of any  change  recorded  in  the lake record,  these 
increases in &ea percentages  in  the  gelifluction 
lobe record  suggest  treeline  has  advanced  recently 
to i ts  modern position from lake  shore  altitudes 
(200 m) where  it  stood  about 5,000 years  B.P. 
Latitudinal  treeline  in  the Alatna River  valley (35 
km east of Walker Lake)  apparently  reached  its 
modern position  about 1,500 years ago (Brubaker 
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FIGURE 5 Pollen percentage  diagram from the  buried  organic  layer of the  gelifluction  lobe. 
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:t al.  1983). Modern treelines a 
in  the Alatna vallev  are  both 

i t  Walker Lake and 
at  about 550 m 

altitude,  although thk treeline on the Alatna River 
is about 50 km farther  north. 

CONCLUSIONS 

The  degree of soil  development exhibited  by  the 
buried paleosol and  the %ea pollen percentages 
that  suggest  a  recent  increase of treeline  to  its 
modern altitude  both  indicate  that  treeline  did  not 
expand  beyond  its modern position  during  the 
Holocene. This conclusion  was reached  by  others 
solely  on the  basis of soil  (Ugolini et  al. 1981) and 
lake pollen (Brubaker  et  al. 1983) data. We have 
also  shown that  basal  sliding is an  important 
component of gelifluction lobe movement at  this 
site,  This  study  has  demonstrated  that  gelifluction 
deposits  are  useful  sources of paleoenvironmental 
data. Paleosols preserved  beneath  advancing  lobes 
contain information about  past  degrees of soil 
development.  The  advancing lobe front  buries 
organic  matter which can be  used  to  date lobe 
activity  and  to  calculate  past  rates of movement. 
The  buried  organic  material  contains a fossil pollen 
record  useful  in  documenting  past  vegetation 
changes. 

Shortcomings in the  use of gelifluction  deposits 
in paleoenvironmental  studies  include  the  excessive 
labor  required  to  excavate  samples, pollen spectra 
heterogeneity  resulting from the  effects of nearby 
individual  plants,  and  the poor degree of pollen 
preservation which may bias  the  record. However, 
gelifluction  deposits  are  frequently  found  in 
locations  where  lakes  are  absent,  and may be  the 
only available  source of paleoenvironmental  data. 
Additionally,  gelifluction pollen records  can 
complement lake pollen records  by  providing 
information about local vegetation  not  recorded in 
the  lake  records. 
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INVESTIGATION OF THE AIR CONVECTION  PILE 
AS A PERMAFROST  PROTECTION DEVICE 
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Winter  performance  and  summer  characteristics  were  measured for the  air  convection 
pile  permafrost  protection  device.  Velocity  and  temperature  profiles  were 
measured  in  the  tube  and  annulus  of  air  convection  piles  having  below  ground 
lengths  of 3 m (10 ft)  and 6 m (20 Et) containing 0.25 m (10 in) diameter  tubes 
concentric  with  a 0.46 m (18 in) diameter  outer  piles.  It  was  found  that  there 
was  turbulent flow  in  both  the  tube  and  annulus  and  that  the  thermal  performance 
could bg 53pressed  in  terms  of  Nusselt  and  Rayleigh  numbers  by the,equation Nu = 
0.21 Ra * for temperature  differences  between  permafrost  and  ambient  air 
temperature  exceeding 14% (25'F). In another 3 m (10 ft)  pile,  ice  formation 
rates  were  measured  under  simulated  summer  conditions. It was  found  that  a 
maximum  ice  thickness of 3 . 8  cm (1.5 in)  is  obtained  and  that  the  rate of 
formation  is  very  slow for aboveground  heights  of  about 2 m ( 7  ft) or more. 
Although  the  air  is  conceptually  stagnant  during  summer,  air  movement  was  detected 
in  the  device for surface  winds  exceeding 2 . 0  m/s (4.5  mph) for the 3 m (10 ft) 
pile  and 4.5 m/s (10 mph) f o r  the 6 m (20  ft)  pile. 

INTRODUCTION 

Thermal  protection  of  permafrost  is  a 
well-recognized  concern  whenever  construction of 
any  type  is  contemplated  in  arctic  and  subarctic 
regions.  The  removal  of  naturally  insulating 
vegetation  can  cause  increased  melt  depths  for 
permafrost  in  the  summer  and  possible  lack o f  
refreezing  in  the  winter.  This  potential  problem 
was  identified  early  in  the  planning for the 
Trans-Alaska  Pipeline  and  a  vigorous  program  was 
undertaken  to  find  the  most  effective  permafrost 
protection  device  (Jahns  et al, 1973) .  

There  are  two  obvious  means  of  protecting 
permafrost  in  pipeline  projects.  These  both 
involve  active  refrigeration.  One  method  is  to 
cool  the  fluid  before  it  is  pumped  into  the 
pipeline  and  the  other  method  is  to  refrigerate 
the  outside of the  pipeline  along  its  entire 
passage  through  permafrost.  The  first  method  is 
feasible  for  a  gas but  not  a  liquid  since  fluid 
friction  is  much  higher  with  the  liquid  pipeline 
necessitating  periodic  and  large  amounts o f  
cooling  along  the  pipeline  route.  Refrigerating 
the  pipeline  wall i s  possible  with  both  liquid  and 
gas  pipelines,  but i s  extremely  costly.  This 
techique  was  used  in  the  Trans-Alaska  Pipeline  in 
sections  where  pipeline  elevation  above  the 
permafrost  was  not  possible. 

Elevating  and  insulating  a  pipeline  removes 
most  of  the  direct  heating  problem  but  not  the 
indirect  effect  caused  by  the  removal  of 
vegetation  during  construction.  This  problem  also 
arises  whenever  buildings,  highways,  or  any  other 

type  of  construction  is  attempted  in  permafrost 
regions.  One  method  of  protecting  the  permafrost 
i s  to  install  passive  devices  in  the  permafrost 
that  will  transport  heat  out of the  permafrost in 
winter,  when  the  permafrost  temperature  exceeds 
ambient  temperature,. - to refreeze  and  possibly 
subfreeze  the  permafrost.  These  devices  should 
cease  operation  in  the  summer  when  the  permafrost 
is colder  than  ambient  air.  These  devices  can 
operate  through  transport of  a  gas,  a  liquid, or 
liquid  and  vapor  through  a  phase  change  (heat 
pipes). Several  different  devices of all  three 
types  were  tested  by  Galate,  et  al  (1973)  to 
determine  overall  heat  removal  rates.  The  type  of 
device  ultimately  selected fo r  the  pipeline  was  a 
heat  pipe  although  it  was  among  the  most  costly 
devices. An air  device,  commonly known as  the  air 
convection  pile,  was  not  chosen  for  the 
Trans-Alaska  Pipeline  because o f  the  lack  of  a 
detailed  understanding of its  performance  and 
because  of  concerns  about  possible  summer 
problems.  Although  the  heat  pipe  had  higher  heat 
removal  rates  in  the  laboratory  tests,  Galate 
(1975)  showed  that  both  devices  exceeded  a minimum 
heat  removal  rate  set  by  computer  simulations  for 
installations in permafrost.  Because  the  air 
convection  pile  is so inexpensive  compared  to  heat 
pipes  (about  one-tenth  the  cost)  and  because  it 
has a potential  of a longer  service  life,  research 
has  continued  on  the  performance  and 
characteristics of the  air  convection  pile. 

tube-in-tube  device  that  is  installed  in 
permafrost  at  depths  of 3 - 18 m (10 - 60 ft). As 

The  air  convection  pile is an open  system, 
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shown  in  Figure 1, an aboveground  head  section 
keeps  precipitation  out of the  pile  and  allows 
passage  of  ambient  air  through  the  pile  where,  in 
winter,  the  warmer  permafrost  heats  the  air  in  the 
annulus  causing  air to enter  the  tube,  pass  down 
to  the  bottom,  rise  up  the  annulus,  and  exit  back 
to the environment.  The  outer  tube  is  typicallly 
0.46 m (18 in) diameter  and  can be made 
of  heavy  gauge  steel  if  the  pile  is  to 
support an above  ground  load.  The  inner  tube  is 
typically  a  thin  gauge  material, 0.25 m (10 in)  in 
diameter,  and  extends  nearly to the  bottom of the 
pile  leaving  only 0.15 m (6 in) of clearance. A 
support arm can  be  attached  to  the  aboveground 
section  if  a  load  is  to  be  supported as in  an 
elevated  pipeline. 

support arm 
ground Level 

I I aenwfrost a t  

, w q  

bentant temp- 
erature hZS-32°F) 
( -2  to  0 C )  

4 warmed air 
outlets 

outer p i p e  u inner tube 
(a) P i l e  (b) Head 

FIGURE 1 The air convection pile. 

Even  though  the  construction of the  air 
convection  pile  is  very  simple,  the  heat  and  mass 
transfer  mechanisms  are  actually  very  complicated. 
Although  the  driving  force  is  natural  convection, 
there  is  unequal  heating  of  the  annulus  because  of 
radiation  heat  transfer  from  the  outer  pile  to  the 
inner  tube  which  provides  heat for both  the  tube 
and  the  annulus.  Also  the  tube  flow  acts  as  a 
drag on the  annular flow and  there  are  entrance 
effects  in  both  the  tube  and  annulus.  The 
experiments  by  Galate (1975) were  done  in a heated 
calorimeter  bath  with  a  refrigerated  chamber  over 
the  aboveground  head  and  measured  only  the  overall 
thermal  performance in the  device. No measurments 
were  made of the  velocity or temperature  profiles 
in  the  device. An early  mathematical  model 
developed  by  Reid et a1 (1975) predicted 
temperature  and  velocity  profiles  as  well  as 
thermal  performance  based on assumed  heat  transfer 
modes  in  the  tube  and  annulus.  One  objective o f  
the  study  reported  here was to  perform  detailed 
velocity  and  temperature  measurements  as  well  as 
measure  overall  performance  to  better  understand 
the  heat  and  mass  transfer  mechanisms  and  to 
develop  correlations  based  on  the  observed 
mechanisms  and  data. 

The concerns  relative to the summer behavior  of 
the  air  convection  pile  were  that (1) because  of 
the  very  low  pressure  drops  through  the  pile,  it 
might  be  susceptible  to  wind  induced  forced 
convection,  and (2) moisture  might  enter  the  pile 
by diffusion  and/or  condensation,  forming  ice at 
the  frost  line,  and  possibly  completely  blocking 
the  air flow through  the  pile  in  the  following 
winter,  when  the air temperature  falls  below  the 
permafrost  temperature.  Galate  (1975)  reported 
some  observations  of  the  first  effect  but  provided 
no  data as to  a  possible  threshold  velocity or 
magnitude of the  effect.  Additional  objectives  of 
the  study  reported  here  were  to  investigate 
possible  ice  formation  and  wind  induced 
circulation  during summer. 

THERMAL PERFORMANCE 

A full-scale  prototype  air  convection  pile  was 
constructed  and  instrumented.  Since  the 
predominant  driving  force f o r  the  flow  is  the 
temperature  difference  between  the  permafrost  and 
the  ambient  air,  it  was  decided to simplify  the 
apparatus  by  using  ambient room air  as  the  source 
and  heating  the  outer  pile  wall.  The  difference 
in  temperature  level o f  the  experiments  relative 
to arctic  conditions  was  correlated  by  the 
Rayleigh  number  as  discussed  below. A simulated 
below  ground  section  was  constructed  of  galvanized 
ducting,  wrapped  with  copper  tubing,  and  covered 
with  insulation  as  shown in Figure 2. This 
section  was  built  to  be  expandable  and data were 
taken €or both 3 m (10  ft)  and 6 m (20 E t )  depths, 
A hot  water  supply  system  which  could  control  and 
measure  the  temperature  and flow rate  of  the  water 
was  constructed.  The  inner  tube  and  head  assembly 
were  also  constructed from galvanized  sheet  and 
tubing. 

around o u t l % e % $ i ~  - 
i l e  outer  wall, ,020 'mt 
mer tube. ,020'in. thick 

5 p i l e  head 
6 hot  water  heater, domerrtic 
7 PUW. agal/min 
8 flow meter 
9 pressure gage 

10 cool water out l e t  
11 hot  water 

13 thermocouples  soldered to Wall8 
12  pressure r e l i e f  valve 

and water pipes t o  measure wall 
and water  temperatures (16) 

FIGURE 2 Test configuration. 
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Details of the  instrumentation  and  experimental 
method  were  reported  previously  by  Evans  and  Reid 
(1982). Velocity  and  temperature  profiles 
obtained  by  hot  wire  anemometer  and  thermocouple 
traverses  were  reported for the 3 m (10 f t )  heated 
length  in  the  same  reference.  The  velocity 
measurements  were  complicated by  the  discovery o f  
low-frequency  turbulent flow (4 -28  Hz). This 
required  signal  conditioning  and  linearization  to 
obtain  the  true  time  average  velocity at each 
point, 

Velocity  and  temperature  profiles  were  measured 
at  three  vertical  positions  in  the  pile. A 
typical  velocity  profile  at  the  bottom o f  the  tube 
is  shown  in  Figure 3 along  with  the  curve 
calculated for fully  developed  turbulent  flow from 
Kays (1966). Profiles  at  upstream  sections  were 

0,lW u.i 5 0.20 iocatlon m..) 
; : : : !  : , : ; :  : : : :  4 

FIGURE 3 Velocity  profile i n  the  tube. 

somewhat  different,  showing  the  flow  progressing 
to  a  fully  developed  state.  Figure 4 shows  a 
measured  profile  at  the  top of the  annulus  along 
with  calculated  curves for  fully  developed  laminar 
and  turbulent  flow in an annulus  from  Knudsen  and 
Katz (1958). It can  be  seen  that  the  profile 
resembles  neither  laminar o r  turbulent  flow.  At 
lower  (upstream)  locations,  the  profiles  were 
basically of the  same  shape.  Typical 
dimensionless  temperature  profiles  are  given  in 
Figure 5 .  

velocity pmti1ea in tha 
annulus 

Test position 124"(3,1 m) 
from bottom o f  pile 

0.0 ' . " ! ' : ! :  
o ' .bn .;It $6 .OB' d o  L o c r t l o n  (tu from outer wall) 

FIGURE 4 Velocity  proflle  in t h e  annulus. 

The  dimensionless  temperature, 8. is  defined 
as 

position Y is defined  such  that Y = 0 i s  the  outer 
pile  wall  and Y = 1.0 is  the  centerline of the 
pile.  (The  tube  wall  is  located  at Y 0.44.)  

INNER TUBE WALL 

0 1 TEST POSITION "D" 
X f 0.13 

0.0 I ; , , . .  

10.5 
- Y  I .O 

FIGURE 5 Temperature  Profiles 

The sh&e of  tce  velocity  profile  in  Figure 4 
does  not  resemble fully developed  turbulent  flow 
because of the  unequal  heating from the  walls  and 
the  strong  coupling  of  the  momentum  and  energy 
equation  through  the  buoyancy  Eorce.  There  are 
three  distinct  regions  in  each  profile.  From  the 
tube  wall,  at Y = 0.44, is an inner  boundary  layer 
developing  off  the  tube  wall.  From Y = 0.4 to 
0.075 then  is  core  type of flow in which  the 
velocity  increases  linearly with Y. Finaliy for 
P C 0.075 there  is  an  outer  boundary  layer  being 
generated off  the  outer  pile  wall  at Y = 0. The 
maximum  velocity  occurs  at Y = 0.05, 1.1  cm (0 .45 
in) from the  outer  wall.  The  profiles  taken  at 
the  bottom  to  the  pile  showed  this  general  profile 
is  already  almost  fully  developed  only a short 
distance of the  annulus.  This  is  due  to  the  high 
amplitude of the  turbulence  at  this  point 
generated  by  the  turn o f  the flow at  the  bottom of 
the  pile. 
Average  velocities  in  the  tube  and  annulus  as  a 

function of temperature  difference  between  the 
ambient  and  outer  pile  wall  are  shown  in  Figure G ,  
The  overall  heat  removal  rates  are  shown  in  Figure 
7 .  

+ 6 m tube 

3 m annulus 

I 
0 IO 20 30 40 50 

AT ("C) 

FIGURE 6 Average  velocities in the  Tube  and  Annulus. 

where  Ti = ambient  air  temperature  and T, = outer 
pile  wall  temperature.  The  dimensionless  radial 



The  dat a f o r  the 6 m (20 ft) below  ground 
section  were  not  reported  in  the  previous 
reference,  but  the  velocity  and  temperature 
profiles  were  similar  in  shape  as for the 3 m (10 
ft)  section.  The  velocities  and  overall  heat 
removal  rates  are also  given  in  Figures 6 and 7 ,  
for the 6 m (20 ft)  pile. 

/ 
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AT ( O C )  

FIGURE 7 Overall  heat  removal rate for 
the  air  convection  pile. 

Since  the  measurements of air  convection  pile 
performance  were  made  at  a  higher  temperature 
level  than  occurs  with  permafrost,  the AT between 
pile wall  and  inlet  air  temperature  in  the 
laboratory  does  not  correspond  directly  with  the 4T 
t ha t  would  be  measured in a  field  application. 
The  important  parameter  that  governs  the  driving 
force for heat  transfer  is  the  Rayleigh  number, 
defined  as: 

where 
g 2 gravitational  acceleration 
B = volume  coefficient  of  expansion 

AT = temperature  difference  between  inlet 
air  and  outer  pile  wall 

r = radius of the  pile 
c1 = thermal  diffusivity 
v = kinematic  viscosity. 

The  relationship  between  the  Rayleigh  number and, 
arctic AT assuming  a  permafrost  temperature  of 0 C 
(32’F) is  shown in Figure 8. The  results f o r  the 
heat  transfer  rate  can  also  be  expressed  in  a 
dimensionless form by the  Nusselt  number,  which is 
defined  as I 

AATk 

where 
9 = heat  transfer  rate 
A = heated area of the  pile  (outside 

k = thermal  conductivity. 
+ bottom) 

8.5 - 
Log (Ra) -. 

8.0 -- 

I 
0 IO 2 0  30 50 

Arctic AT(’C) 

FIGURE 8 Relationship  berween  Rayleigh 
number  and  arctic AT. 

The plot of (Nu), versus (Ra)r for the  results 
of these  experiments  and  the  results of Galate  et  al. 
(1973) are  shown  in  Figure 9. All  the  results 
fall  on  the  same  curve  since  the  pile  is  equally 
effective  per  unit  length for any  total  length of 
pile. For the  same AT, the  total  heat  transfer 
will  be  twice  as  great fo r  a pile  of  twice  the 
length  because o f  the  heated  area  factor  in  the 
Nusselt  number as shown above.  Above  a  Rayleigh 
number of  about 2 . 5  X IO7 ( l o g  (&I,.= 7 . 4 ,  
arctic A T  = 14OC (25OF)), the  curve 1s 
approximately  a  straight  line  which is determined ’ 

by  the  equation: 

(Nu), = 0.21 (Ra)r0’29 (1) 

The  results for Q predicted from equation (1) 
and  shown  in  Figure 9 are  about 10% lower  than 
given by Calate (1976) for a 3 m (10 ft) air 
convection  pile. As shown in the  same  reference, 
the air convection  pile  has a heat  removal  rate 
about 30% lower  than  that  attained  by  heat  pipes. 
However, as discussed  earlier,  both  types of 
device  exceed a minimum  required for permafrost 
installation.  This  is  because  the  heat  transfer 
to the  permafrost i s  governed  by  a  series of 
thermal  resistances which  include the  thermal 
resistance in the  soil  and  the  thermal  resistance 
from  the  pile  to  the  ambient  air.  The  latter 
resistance  is  zero for the  air  convection  pile but 
not  zero for heat  pipes.  Also  the  thermal 
resistance  in  the  soil  is  large  and  may  dominate 
the  other  resistances.  The  important  result is 
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that  the less expensive  air  convection  pile 
provides  adequate  thermal  protection  of  the 
permafrost. 

3 m pile 
6 m pile 
3 m pile,  Galate  et a1 197.3 

FROST AND ICE FORMATION 

As discussed  earlier, one concern  about  the  air 
convection  pile  was  that  ice  might  form on the 
walls of the  pile  during  summer.  It  was 
postulated  that  the  ice  could  bridge  the  annulus 
of the  pile  and  prevent  or  delay  the  start  up  of 
the  pile  the  next  winter.  Therefore,  a  study  was 
undertaken  to  determine  the  degree of frost and 
ice  formation  in  the  annulus  of  the  pile  under 
arctic  conditions and to  obtain a method  or 
methods  to  reduce  or  stop  the  ice  formation. 

TO  determine  the  effects  and  the  amounts  Of  ice 
formation  another 3.05 m (10 ft)  model  of an air 
convection  pile  and  a  simple  environmental  chamber 
were  constructed  as  described by  Reid  et  a1 
(1982). The  pile  wall  was  refrigerated  and  the 
environmental  chamber  temperature  controlled  to 
simulate  actual  arctic  conditions. 

During  a  test  the  following  parameters  were 
monitored  and  recorded:  pile  wall  and  inner  tube 
temperature,  chamber  humidity  and  temperature,  ice 
thickness,  volume  and  Einal  mass,  and  the  annulus 
concentration  gradient.  The  ice  thickness  Was 
measured  by a profilometer  riding on a track 
attached  to  the  tube  wall. From the  profiles,  the 
ice  volumes  were  determined  by  integrating  the 
cross  section  and  revolving  it  about  an  axis.  The 
final  ice  mass  was  found by letting  the  ice  melt 
at  the  end  of a test  and  weighing  the  resulting 
water.  The  chamber  humidity  and  the  annulus 
concentration  gradient  were  determined  using  an 
hygrometer  system  which  gave a reading  in  percent 
relative  humidity.  The  percent  relative  humidity 
was  converted  to  absolute  humidity  ratio  using  the 
dry  bulb  temperature  and  psychrotnetric  chart. 

the  paper  by  Reid  et  al (1982). Two important 
observations  can  be  made  from  the  results.  First, 
the  rate  of  ice  formation  is  relatively 
insensitive  to  ambient  humidity,  but  is  very 

Detailed  results  from  this  study  were  given  in 

sensitive to the  length  of  air  convection 
pile  above  the  ground  surface.  Vertical  humidity 
traverses  in  the  annulus  showed  a  concentration 
gradient  consistent  with  this  observation  since 
the  diffusion  path  length  is  larger  for  longer 
unheated  necks.  The  second  observation  is  that 
the  maximum  ice  thickness  levels  off  at 3.8 cm 
(1.5 in) after 25-30 days. It was  postulated  that 
the  maximum  possible  ice  thickness  is  governed  by 
a  conduction,  convection,  and  radiation  heat 
transfer  balance.  That i s ,  after  the  ice  obtains 
a certain  thickness no further  increase  in  this 
thickness  is  possible  at  that point  due to the 
surface  temeratures  not  being low enough for any 
moisture  to  freeze  to  ice.  The  ice  will  continue 
to  increase  in  thickness on levels  where  the 
thickness  is  less  than  the  maximum  possible  ice 
thickness.  This  was  verified  by  the  data  which 
showed  that  the  ice  volume  was  still  increasing 
when  the  maximum  ice  thickness  had  leveled  out. 
Another  concern  with  ice  formation  is  whether a 
partial  blockage  will  prevent  the  pile from 
starting  to  operate  during  the  following  winter. 
A  test  designed for the  thermal  performance 
apparatus  using an inflatable  bag  showed  that 
partial  blockage  would  not  prevent  winter 
operation.  Approximate  calculations  have  also 
shown  that  ice  may  sublimate  out  of  the  pile  in 
l0 - 50 days  during  the  winter  depending on the 
amount of  blockage. 

that  ice  formation  should  not  be  a  problem  under 
stagnant  air  conditions  since  the  maximum  ice 
thickness  will be 3.8 cm  (1.5  in). However,  added 
protection  can  be  obtained  by  always  using  an 
aboveground  height o f  at  least  2.1 m (7 ft) which 
includes 1.4 m (4.5 ft) for the  neck  and 0.7 m 
( 2 . 5  ft) fo r  the  inlet and outlet  section. 

The  conclusion  from  this  part of the  study  was 

EFFECT OF SUMMER WIND 

As mentioned  earlier,  another  concern  during 
summer  was  that  wind  blowing  across  the  pile  head 
might  cause  circulation  of  ambient  air  throught 
the  device  causing  additional  permafrost  melting. 
The  same  experimental  apparatus  as  was  used  for 
simulated  winter  performance  testing  was  used  for 
this  study.  However,  the  hot  water  supply  was 
replaced  by  a  chiller  to  cool  the  pile  wall 
approximately 6 . 5  C (11.7 F) below  the  ambient 
temperature  in  the  laboratory. A large  air  supply 
was  constructed  which  included  straightener  tubes 
to  provide  a  relatively  uniform  flow  field.  The 
wind  speed  was  slowly  increased  while  the  hot  wire 
anemometer  probes  were  being  monitored  and the 
wind  speed  was  recorded  at  which  flow  just  started 
in  the  air  convection  pile.  This  critical  wind 
speed  was 2.0 m/s (4 .5  mph) for the 3 m (10.0  ft) 
pile  and 4 . 5  m/s (10.0 mph) for the 6 m (20 ft) 
pile. The  rate of heat  transfer  from  the  air  to 
the  pile  wall  was  measured for the 10 ft pile  at  a 
wind  speed  of 4 . 5  m/s (10.0 rnph). A mass flow 
rate of 0.0133 kg/s (1.75  pound  mass/min)  and  a 
heat  transfer rate of 9.6 W (32.9 BTU/hr)  were 
measured.  These  measuremnts  were  not  made for the 
6 (20 ft)  pile  because of the  inadequacy of the 
chiller  to  cool  the  pile for the  long  period  of 
time  necessary  to  make  the  traverses. 



The  important  observation in  this  section is 
that for piles  of 6 m (20 ft) in  depth,  summer 
induced  circulation  may  not  be  a  problem  since 
winds  will  seldom  exceed 4.5 m/s (10 mph). IC 
appears  that  this  effect  may  be  approximately 
linear  such  that  piles of 12 m depth or greater 
may  not  be  wind  sensitive  because  winds  above 9 
m/s (20 mph)  are  rare in summer.  Further  data  are 
needed,  however, to fully  define  the  effect o f  
summer  winds. 

SUMMARY 

Prototype 3 m (10 ft)  and 6 m (20 Et) air 
convection  piles  were  constructed  and  performance 
was  measured  as  a  function  of  Rayleigh  number. 
These  results  are  given  in  Figure 9 and  equation 
(1) with  the  relationship  between  Rayleigh  number 
and  arctic AT shown in Figure 8. Measured 
velocity  profiles  showed  turbulent flow  in  both 
the  tube  and  annulus. 

An additional 3 m (10 ft) prototype  pile  was 
placed  in  an  environmental  chamber  simulating 
summer  conditions  and  the  rate  of ice  formation 
monitored  as  a  function of chamber  humidity  and 
uncooled  neck length (height  that  protrudes above 
ground).  IC  was  found  that  the  maximum  ice 
thickness  in  the 10 cm ( 4  in) annulus  would be 3.8 
cm (15  in). The  rate of ice  formation  was  only 
weakly  dependent on chamber  humidity  bui  decreased 
Greatly as the  uncooled  neck  length  was  increased 
such  that  very low rates  were  obtained  if  the 
height  above  ground  surface  was 2.1 m (7  Et). 

summer  conditions  but  this  effect  was  very 
dependent on below  ground  length.  Since flow did 
not  start  until  the  wind  velocity  equaled 4.5 m/s 
(10 mph)  in  the  6 m (20 ft) pile,  wind  sensitivity 
may  be  negligible for  longer  piles, 

The  pile  was  shown to be wind  sensitive  under 
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SOME EXPERIMENTAL RESULTS ON SNOW COMPACTION 

Eugenio Retarnal 

G e o t e c h n i c a l   D i v i s i o n ,   I n s t i t u t e  of Research 
& T e s t i n g  Materials ( IDIEM) , Universidad  de 

C h i l e ,   P l a z a   E r c i l l a  883, Santiago, C h i l e  

T h i s   p a p e r   p r e s e n t s   t h e   r e s u l t s   o f  snow f i e l d   c o m p a c t i o n   a t  snow  tempe- 
r a t u r e s   n e a r  O'C and  some s t r e s s - s t r a 2 n   p r o p e r t i e s   o b t a i n e d   f r o m   r i g i d  
p l a t e   l o a d   a n d   u n c o n f i n e d   c o m p r e s s i o n  t e s t s .  The d a t a   a n d   r e s u l t s  of 
some l o a d  t e s t s  p e r f o r m e d   a t   b u t e r  

I N T R O D U C T I O N  

I n   t h e   m o s t   s o u t h e r n   p a r t  of c o n t i n e n t a l  
C h i l e   ( l a t , 4 5 ° - 5 5 0 s )   a n d   i n   a r e a s   s u f f i c i e n  
t l y  s e p a r a t e d   f r o m   t h e   s e a ,   t h e r e   a r e   l a r g e  
a r e a s   c o v e r e d   w i t h   s n o w   a l m o s t   a l l   y e a r r o u n d  
w i t h   a m b i e n t   t e m p e r a t u r e s   c h a r a c t e r i s t i c d l y  
f l u c t u a t i n y   b e t w e e n  - 1  0"and  +5OC. These  
t e m p e r a t u r e s   g r a d u a l l y   d i m i n i s h   t o w a r d   t h e  
i n n e r   p a r t  of t h e   s o u t h e r n   c o n e  of South Ame- 
r i c a   a n d   a l s o   t o w a r d   t h e   s o u t h .   T h e   s y s t e -  
m a t i c   d i m i n u t i o n  of t e m p e r a t u r e   m e a n s   t h a t  
a t   t h e   S h e t l a n d   I s l a n d s   t h e   a v e r a g e   a n n u a l  
i s o t h e r m  i s  - 2 O C  a n d   a t   M a r g a r i t a  Bay ( l a t .  
6 8 O l O ' S ,   l o n q .  67OO5'W) it  i s  -6°C. Dur ing  
summer t h e   i s o t h e r m   a t   t h e   S h e t l a n d   I s l a n d s  
i s  l ° C ,  a t   M a r g a r i t a  Bay i t  $ s  O°C, a n d   i n  
w i n t e r  i t  i s  -7"  and -14OC. r e s p e c t i v e l y .  
T o w a r d   t h e   i n n e r   p a r t   o f   t h e   A n t a r t l c   c o n -  
t i n e n t ,   t e m p e r a t u r m   c o n s t a n t l y   d i m i n i s h ,  
a n d   t h e y   c h a n g e   a b r u p t l y   w h e n   t h e   c o a s t a l  
a r e a s   a r e   l e f t   b e h i n d .  

a r e a s   r e q u i r e   a e r i a l   t r a n s p o r t a t i o n ,   a n d  
c o n s e q u e n t l y ,   t h e r e  i s  n e e d   o f   m e t h o d s   t o  
i n c r e a s e   t h e   b e a r i n g   c a p a c i t y  of snow  and 
.&f8 w o r k i n g   t e c h n i q u e s   f o r   t h e   c o n s t r v c t i o n  
of a i r f i e l d s  on d e e p   t o   n o t   v e r y   t h i c k  wow. 
Of s p e c i a l   i n t e r e s t   f s   t h e   c a s e  of snow ten- 
p e r a t u r e s   n e a r  D O C  s i n c e   t h e r e   a r e   v e r y   f e w  
e x p e r i m e n t a l   d a t a   d e a l f n g   w f t h  snow i n   t h e  
t e m p e r a t u r e   r a n g e  -5°C t o   t h e   m e l t i n g   p o i n t ,  
wh ich  i s  o f   i m p o r t a n c e   f o r   C h i l e .  

T h i s   p a p e r   a d d s   d a t a   o b t a i n e d   f r o m   f i e l l d  
c o m p a c t i o n  of snow i n   t h e   v i c i n i t i e s  of t h e  
Lonqu imay   Vu lcan   i n  a t e s t   f i e l d   l o c a t e d   a t  
1 , 4 0 0  m a b o v e   s e a   l e v e l   a n d   d a t a   f o r   t e s t s  
p e r f o r m e d   a t   t h e   C o l l f n s   G l a c i e r ,   K i n g  Geor- 
g e   I s l a n d   ( S h e t l a n d   I s l a n d s ) .  

T h e r e f o r e  human a c t i v i t i e s   i n   t h e s e  

T E S T S   A T  L O N Q U I M A Y  

The  Longuimay  Vulcan, 2 , 8 6 0  m h i g h ,  i s  
l o c a t e d   i n   t h e   s o u t h e r n   A n d e s   M o u n t a i n s  (kt, 
3 8 O 2 6 ' S ,  l o n g . 7 l 0 1 4 ' w ) .  An a r e a  was s e l e c -  
t e d   n e a r  i t s  s o u t h   s l o p e   a n d  1 , 4 0 0  m h i g h  
b e c a u s e  of t e m p e r a t u r e   s i m i l a r i t i e s   w i t h  
t h e   A n t a r c t i c   P e n i n s u l a .  

t e d   u s i n g  a Bomag BW 75 S ,  two s t e e l   w h e e l  
r o l l e r   w i t h  a g r o s s   w e i g h t  o f  9 2 8  kg.   The 
f i r s t   t y p e  of t e s t   f i e l d   w a s   b u i l t  by j u s t  
p a s s i n g   t h e   r o l l e r   w i t h o u t   v i b r a t i o n   o v e r  
t h e   e x i s t i n g   n a t u r a l   s n o w ,   w h i c h   h a d  a t o -  
t a l   t h i c k n e s s   o f   a b o u t  80 c m .  F o r   t h e   f i r s t  
f i v e   p a s s e s   t h e   r o l l e r   w a s   a s s i s t e d   b y  a 

Two t y p e s   o f   t e s t   f i e l d s   w e r e   c o n s t r u c -  

A n t a r c t i c a   a x e   a l s o   p r e s e n t e d .  

s y s t e m  of c a b l e s   a n d   w i n c h e s   a n d   b y  a t h i n  
r u b b e r   c a r p e t  1 0  m by 1 . 2  m p u t   o v e r   t h e  
snow s u r f a c e .   F r o m   t h e   f i f t h   p a s s   t h e  ro- 
l l e r  w a s   a b l e   t o   o p e r a t e   i n  a s e l f   m o v i n g  
way w i t h   o r   w i t h o u t   t h e   r u b b e r   c a r p e t   a n d  
w i t h o u t   a s s i s t a n c e   f r o m   t h e   c a b l e - w i n c h  
s y s t e m .   I n   F i g u r e  1 i s  p r e s e n t e d   t h e   e x p e -  
r i m e n t a l   c u r v e   o f   t h e   v a r i a t i o n   o f   u n i t  
w e i g h t  of snow of t h e   u p p e r   p a r t   v e r s u s   t h e  
n u m b e r   o f   p a s s e s .  

A s e c o n d   t y p e  of t e s t   f i e l d  was b u i l t  
u s i n g   a n   e x c a v a t i o n   o f   a b o u t  8 m by 1 .5 m 
i n   p l a n   a r e a   a n d   f i l l i n g  i t ,  f r o m   t h e   h a r d  
s o i l .   s u r f a c e ,   w i t h   c o m p a c t e d   s n o w .   F o r  
t h i s   p u r p o s e   t h e   f i r s t   l a y e r  of l oose   snow 
was p u t   o v e r   t h e   e x i s t i n g   s o i l   w i t h  a l o o s e  
t h i c k n e s s   o f   a b o u t  2 0  c n   a n d   t h e n   c o m p a c t e d  
u s i n g   t h e   x o l l e r ,   w h i c h   p a s s e d   o v e r   t h e  r u b -  
b e r   c a r p e t   d u r i n g   t h e   f i r s t  4 - 5  p a s s e s .  ~n 
t h i s  way a t e s t   f i e l d  8 m l o n g  by 1 .  2 - 1 .  5 m 
w i d e   w i t h  a t o t a l   h e i g h t  of a b o u t   8 0  cm was 
b u i l t .  On t h e   s u r f a c e  of t h e   t e s t   f i e l d  
s e v e r a l   v e r t i c a l   l o a d  t e s t s  w e r e   p e r f o r m e d  
u s i n g  a 30 cm d i a m e t e r   r i g i d   l o a d   p l a t e .  
The r e s u l t s  of a t y p i c a l  t e s t  a x e   p r e s e n t e d  
i n   F i g u r e  2 .  I n   F i g u r e  3 i s  shown   the   va -  
r i a t i o n  of t h e   t a n g e n t   d e f o r m a t i o n   m o d u l u s  
E v s .  t i m e   ( T a n g e n t   m o d u l u s  i s  o b t a i n e d  from 
t h e   s t r a i g h t   p a r t s  o f  t h e   c u r v e s  of F i g u r e  
2 w h i c h   h a v e   s i m i l a r   s l o p e s ) .  To o b t a i n   t h e  
v a l u e  of E t h e   c l a s s i c a l   e q u a t i o n   w a s   u s e d :  

E E q s B  (.l-Pz ) I 
P P 

where  
q s  = t o t a l   i n t e n s i t y   o f   c o n t a c t   p r e -  

B = d i a m e t e r ,  3 0  cm 
p = P o i s s o n ' s   r a t i o ;  0 . 3 5  c o n s i d e r e d  

1 = i n f l u e n c e   f a c t o r ,  ~ r / 4  
p p  = m e a s u r e d   s e t t l e m e n t  
I n  F i g u r e  4 t h e   r e s u l t s  o f   u n c o n f i n e d  

s s u r e  

€or t h i s   c a s e  

c o m p r e s s i o n   t e s t s   a r e   s h o w n .   T h e  t e s t s  
w e r e   p e r f o r m e d   w i t h   s a m p l e s   t a k e n   f r o m   t h e  
t e s t   f i e l d   a n d   w i t h   d i f f e r e n t   d e g r e e s  of 
c o m p a c t i o n .  

TESTS A T  COLLINS G L A C I E R  

C o l l i n s   G l a c i e r  i s  l o c a t e d   a t   K i n g  
G e o r g e   I s l a n d .   T e s t s   w e r e   p e r f o r m e d   d u r i n g  
w i n t e r   o v e r  a m u l t i l a y e r   s y s t e m  of metamor-  
p h i c  snow  and   i ce .  

1054 
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V e r t i c a l  r i g i d   p l a t e   l o a d  t e s t s  were 
p e r f o r m e d   a t   d i f f e r e n t   b o t t o m   l e v e l s  of two 
p i t s   d u r i n g   t h e i r   e x c a v a t i o n .   T h e s e   p i t s  
w e r e   a l s o   u s e d   f o r   g e t t i n g   t h e   s t r a t i g r a p h y  
of t h e   s n o w - i c e   s y s t e m   s h o w n  i n  T a b l e  1 .  

TABLE 1 S t r a t i g r a p h y   o f   t h e   - P i t s .  

P IT  D E P T H  (cm) DESCRIPTION 

1 0-33  Loose  snow 
33-36 
3 6 - 1 7 0  

I c e  
I n t e r c a l a t e d   t h i n   l a -  
y e r s  ( 1-5 c m )  of medium 
t o   h a r d  snow  and i c e  
l a y e r s  

” ” 

2 0-37  Loose  snow 
37-47  Medium t o  h a r d   s n o w  
47-52  Hard i c e  
52-85  Medium  snow 
85-90  Ice  
90-93  Loose  snow 
93-95 I ce  
95-105 

105-1 08 
108-1  27  Medium  snow 
1 2 7 - 1  8 5  I c e  

Loose  t o  medium  snow 
I c e  

i m p o r t a n c e .  

shows t h a t   u n d e r  a f i r s t   l a y e r  o f  l o o s e  
snow  o f   abou t   35 -40  c m ,  a t  t h e  t ime  and  
u n d e r   t h e   c o n d i t i o n s  of t h e   f i e l d  t e s t s ,  
t h e r e  i s  a m u l t i l a y e r   s y s t e m   o f  i c e  a n d  
snow a n d  i t s  d e f o r m a t i o n   m o d u l u s  E, a l s o  
a f f e c t e d  b y   c o n s i d e r a b l e   c r e e p ,  i s  compara-  
b l e   t o   t h e  same modu lus  a s  t h a t  of a s o f t  
t o   h a r d   c l a y ,   d e p e n d i n g   o n  t ime.  T h i s  l e -  
vel c o u l d   b e  a r e l a t i v e l y   g o o d   s u b b a s e   f o r  
u p p e r   L a y e r s  of compacted  snow for s k i w a y s  
a n d   p r o b a b l y  a s  a r u n w a y   f o r   e m e r g e n c i e s  o r  
r e s t r i c t e d   u s e .  I t  i s  c o n v e n i e n t   t o   p o i n t  
o u t   t h a t   t h e   t e m p e r a t u r e   o f   d e e p e r   l a y e r s  
o f   t h e   g l a c i e r   t e n d   t o   d i m i n i s h ,   a n d   c o n s e -  
q u e n t l y   t h e i r   e n g i n e e r i n g   p r o p e r t i e s   t e n d  
t o  i m p r o v e .  

a n d   a l s o   f r o m   t h e  same t e s t s  on   compac ted  
snow i t  seems t h a t   t h e   a p p l i e d   p r e s s u r e -  
s e t t l e m e n t   b e h a v i o r   c o u l d   b e   r e p r e s e n t e d   b y  
a b i l i n e a r   s y s t e m   w i t h  E ~ e c  a n d   E t 9   a p p r o x i -  
m a t e l y   i n d e p e n d e n t  of t ime  a t  least f o r  
t < l O - 1 5  m i n   a c c o r d i n g   t o   F i g u r e   1 1  * I n  
t h i s   f i g u r e ,  qL w o u l d   v a r y   w i t h  t i m e .  I f  
it i s  s u p p o s e d   t h a t   f o r   l a n d i n g s  t ‘ 0 ,  t h e  
d e f o r m a t i o n   w o u l d   b e   d e f i n e d  f o r  E,,,, E t g ,  
a n d  8,. 

E x p e r i m e n t a l   w o r k  a t  C o l l i n s   G l a c i e r  

F r o m   t h e   l o a d  t e s t s  a t  C o l l i n s   G l a c i e r  

ACKNOWLEDGMENTS 

I n   F i g u r e  5 a r e  shown t h e   r e s u l t s  o f  a 
v e r t i c a l   l o a d  t e s t  p e r f o r m e d  a t  a d e p t h  of 
33 cm i n   P i t  1. I n  F i g u r e  6 c a n   b e   s e e n  
t h e   v a r i a t i o n   o f   t h e   d e f o r m a t i o n   m o d u l u s  E ,  
o b t a i n e d  a s  a s e c a n t   m o d u l u s   b e t w e e n   t h e  
o r i g i n   a n d  a s e t t l e m e n t   o f   0 . 1   a n d  0.2 c m ,  
v e r s u s  t ime.  I n   F i g u r e  7 a r e  p r e s e n t e d   t h e  
d a t a   o f  a l o a d  t e s t  a t  a d e p t h  of 40  c m  i n  
P i t  2 .  I n   F i g u r e  8 i s  shown t h e   v a r i a t i o n  
of  E v e r s u s  t ime i f  E i s  o b t a i n e d  a s  a se- 
c a n t   m o d u l u s   i n   t h e   c u r v e s   o f   F i g u r e   7 , a n d  
i n   F i g u r e  9 t h e   v a r i a t i o n  of t h e   m o d u l u s  
o f   d e f o r m a t i o n   i f  E f s  o b t a ? n e d  a s  a t a n g e n t  
m o d u l u s   f o r   l a r g e   s e t t l e m e n t s   f r o m   t h e   s a m e  
c u r v e s .   F i n a l l y   i n   F i g u r e  1 0  i s  p r e s e n t e d  
t h e   v a r i a t i o n   o f  E i n  a d e e p e r   l o a d  t e s t  
p e r f o r m e d   i n   P i t  2 f f  E i s  obta i ’ned  a s  a 
t a n g e n t   m o d u l u s   f o r   l a r g e   s e t t l e m e n t s .  

COMMENTS A N D  CONCLUSIONS 

I t  c a n   b e   s e e n   t h a t   s n o w ,   u n d e r   t h e  
c o n d i t i o n s   d e s c r i b e d ,   c a n   b e   c o m p a c t e d   u s i n g  
l i g h t   e q u i p m e n t   a n d   t h a t   w i t h   5 - 1 0   p a s s e s  
of t h e   r o l l e r   u s e d  i t  is p o s s i b l e  t o  g e t  a 
u n i t   w e i g h t   o f   a b o u t   6 . 5 - 1  kN/m3. P r o b a b l y  
w i t h   h e a v y   e q u i p m e n t ,   s u c h   a s  a heavy   rub -  
b e r   - t i r e d   r o l l e r ,   t h e   r e s u l t s   w o u l d   b e  
b e t t e r .  

The i n f l u e n c e   d e p t h   o f   c o m p a c t i o n  f o r  
t h e   r o l l e r   u s e d  was b e t w e e n  1 5  a n d  2 0  cm. 
V i b r a t i o n s   w e r e   n o t   u s e f u l   f o r   c o m p a c t i n g  
snow - 

The v a l u e s  of E a r e  h i g h l y   c o n t a m i n a t e d  
w i t h   c r e e p ,   w h i c h  i s  a v e r y   i m p o r t a n t  € a c -  
t o r  i n  snow  and i c e  b e h a v i o r   u n d e r   l o a d .  A S  
a c o n s e q u e n c e ,   t h e   l o a d   s p e e d  i s  o f   g r e a t  

T h e   a u t h o r  i s  g r a t e f u l   t o   t h e   D e p a r t -  
m e n t   f o r   t h e   D e v e l o p m e n t  of R e s e a r c h ,   U n i -  
v e r s i t y   o f   C h i l e ,   f o r   s u p p o r t i n g   t h i s   w o r k  
a n d   a l s o   t o   t h e   C h i l e a n  A i r  F o r c e   f o x   t h e  
l o g i s t i c   s u p p o r t  a t  A n t a r c t i c a .  
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I /  REMARKS : 

-abt/ 

2 smooth whr l  drums #lotic rollrr 
Influrner  depth of 
Compaction : 15 ern apron. 
Snow Umprratun : z - 0.S.C 
Air trmmraturr ; 5.C 

I 1 
m 20 

I 1 1 1 
30 bo 50 w m NUMBER OF PASSES 

FIOURE 1 variation of the suprfifiol snow  unit woighi VS. number ot pa- using  a BW 15 $ 0 2 1  kp) rollrr 

SYMBOLS : 

o : Atkr 1Srrc. of raeh load inerrmrnt 
A : After Wmin. el rack load  incrrmrnt 

REMARKS : 

Snow trmplrarura : - 0.5'C 
Air trmprraturr : 5.C 
Plate diarnrcar : 30 em 
Compactmd  snow 
imit wdght : l .06kNlm' 

(0.72 lonlm' ) 
I 

4 I 
h 

SETTLEMENT, 
ROUE P k t i m l   r t t l n m n t s  in a cmpactmd t r l t  fimld of )(lcm. in thiekmss during a rigid plalr load UsI .  
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9-  

8 -  

1 -  
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S -  

L -  

REH4RKS : 

- Two amwth WW drumr 928 kg Italic roller 
- Rat0 01 compr~rrion : 0.16 m m l r  

FIGURE 4 Slrasr - strain curvms from uneon1in.d eompresslon Imrtr of cornpoctd m o w .  

d l ’  

300 - 

200 - 

l o o  - 

SYMBOLS : 

A : At t k  baginning of ooeh load incrrmmnt 
o : After  Zmin. of aach loud incrmmmnt 
0 : After  10min. of loch load incrarmnt 

REMARKS: 

IC. unit  weight : 4.B hNlrn’ 
Air  tmmpemturm : - 6’C 
IC. tawroturn , -11’C 

I Y  Depth of tart : 33em 

FIGIS€ S Vwticol sottbmants  in a layard snow-ice system  during a rigid plate load test, Collin5  Glacier, Pit 1. 
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REMARKS : 

Depth  of tart : 33em 
Rigid plate  diameter : 90cm 
Ice unit  weight : 4.0 kN/ma 
Air trmprraturm : - 6.C 
Ice tmperature : - 1l .C 

I I I I 

4 6 8 10 12 14  16  18 
I I - T ( m i n l  

1 ( sec 1 
FIGURE 6 Variation of E VI. time from tho load test of Figura 5 if E is obtained as a *Writ morMw for wll M t t h W d S .  

I 1 1 1 I I I 
0 I20 240 360 480 600 720 S K I  fM lOB0 

Collins Glacier. Pit 1. 

SYMBOLS : 
o : At t h m  bmginning  of  math Iwd inermrmnt 
A : Aftw  I lmin. of  mach load incrmmmt 

REMARKS: 

Deplh of test : 4Ocm 
Rigid plate  diametar : 30 ern 
Ice unit  weight : 4.B k N /ma 
Ice  temprraturm : -0.8-C 
Air  tempuature : -O.BeC 

OO I,,,,,,, a2 a4 a6 0.8 1.0 1.2 1.4 p [ e m ]  
FHilRE 7 V l r t h l   w t t h n m t s   i n  a  layered  snow-ice s y h m  duing a rigid  plate  load temt . Collins Glacimr, Pit 2. 

E (Pa x 1 0 3 )  E [ k g / c m 2 ]  REMARKS : 

$ 26000 I 3mI 2o 1 ,~ Depth o; test 

w 

0 

: LOcm 

34000 340 

30000 300 

la unit  weight : 4.0 kN/m3 
Air tempraturo : -0.8-C 
la trmperalun : - O . U e C  

14OW 140 

10000 [ l o o o  1 * L 6 8 10 12  14  16 18 T ( m i n )  
I I I I 1 I L - 
0 120  240 360 LBO 600 720 840 950 1080 T ( s c c  1 

FIGURE 8 Variation of E vs. tirna from the load tart of Figure 7 if Eisobtalnad asa   Wan t  rnodulusfor w I I  Yttlemmnts. 



1059 

REMARKS : 
Dmpd of tort : LOcm 
Rigid plat# diamotw : l o r n  
In unit tempomtun : 4.O kNlm’ 
Air  tornpmratura : - 0.6.C 
lca *mparotue : -0.I.C 

I I I 

IO 20 30 LO 50 60 io = T ( rn in l  
I I 
0 600 1200 le00 WKI SO00 3600 l200 ( 40C 

FIGURE 9 Variation of E vs. timm froma load test if E is obtained a5 a tangent modulus for lorga rmttlrmants. 
Collins Glacior, Pit 2. 

W 6ooot 601 

REMARKS : 

Dopth of (Ut  : SOcrn 

Rigid plate diarnatmr : “n 
I c a  unit might : 4.8kN/mS 

Air hmpraturm : - 2.C 
Ica tompmratm : - 10.C 

w 
K 

v) 

K e 

a 

B 

FIGURE 11 Vortical sertlaments. P, in a 1ayar.d snow-icr system 



POWER LINES I N  THE ARCTIC AND SUBARCTIC -A EXPERIENCE I N  4LASKA 

Robert W. Retherford 
In te rna t iona l   Engineer ing  Company, Inc. .  813 D S t r e e t ,  Anchorage,  Alaska 99502 USA 

There is a substant ia l   background of experience  on  the  design,  construction,  and 
opera t ion  of  power l i n e s  on and in the f rozen   ear th  of Alaska.  This  paper  contains 
a d i g e s t  of mostly  successful  examples of Alaska power l ine  e lements   operat ing  with 
the   f rozen   ear th .  The paper   cons iders   foo t ings ,   anchors ,   s t ruc tures ,   conductor   and  
electric grounding. Examples are   taken  f rom  operat ing power systems  which  serve 
the  small v i l l a g e  (50 consumers) ;   the   l a rge   u rbanl rura l  community (50,000 con- 
sumers);  and a number o f  f e d e r a l ,   s t a t e  and i n d u s t r y   i n s t a l l a t i o n s .  

INTRODUCTION 

Ice ,  snow, wind,  heat  and  cold make and re- 
make t h e   f r o z e n   e a r t h  of the  world 's   nor thern 
l a t i t u d e s .  Much of Alaska is i n  t h i s   r e g i o n  so 
i ts  r e s i d e n t s  must deal  with  those  changing ele- 
ments  (Eaton e t  a1 1975). Power l i n e   c o n s t r u c t i o n  
and  operat ion  has  grown with  Alaska's  development 
and gained  experience i n  l i v i n g   w i t h   t h i s   e n v i r -  
onment. 

Long-term weather  records do n o t   e x i s t   i n  
most of Alaska. Experience  has   a lso shown t h a t  
climates may d i f f e r   d r a s t i c a l l y   w i t h  small changes 
i n   l o c a t i o n  and e l e v a t i o n .   S k i l l   i n   r e a d i n g   t h e  
evidence o f  nature  is then  important   in   decis ion-  
making  which may r a d i c a l l y  alter t h e   f e a s i b i l i t y  
of p ro jec t s .  

D i f f e rences   i n   t he   wea the r  criteria chosen 
for   the   des ign  o f  electric l i n e s   l i s t e d   h e r e i n  
a r i s e   p a r t l y  f r o m   t h e   s u b j e c t i v i t y   t h a t   r e s u l t s  
from these   condi t ions .  Other d i f f e r e n c e s   i n  t he  
t e r r a i n ,   f l o r a  and fauna of a l i n e   l o c a t i o n  pro- 
vide  the  chal lenge  that   encourages  innovat ive 
s o l u t i o n s  t o  match t h e   v a r i e t y  of Alaska ' s   ear th  
and  sea. 

The wer load   capac i ty   des ign   fac tors   chosen  
t o   a s s u r e   r e l i a b i l i t y   i n  a power l i n e  are in f lu -  
enced by the   va lue  of the   a f fec ted   p roduct   o r  
s e rv i ce .  For  example:  Loss of power t o   t h e  
Prudhoe Bay o i l   f i e l d s   c o u l d   s h u t  down a cash  flow 
of $2 mi l l i on /h r .   wh i l e   t he  loss of hydroe lec t r i c  
power t o  a typical  comunity of Sourbeast  Alaska 
might  require  replacement by u s i n g   d i e s e l   f u e l  
costing  about  $1,00O/hr. 

The experience  described is with power l i n e s  
in   Alaska,   a l though  not  a l l  are loca ted   wi th in  a 
s t r ic t   permafros t   reg ime.  Examples are included 
for   foo t ings .   anchors ,   s t ruc tures ,   conductors ,   and  
grounding. 

ALASKA  POWER LINES 

The key map (Figure  3)  shows the  approximate 
loca t ion  of a selected  group of power l i nes .  
Table 1 lists t h e   l i n e s ,   g e n e r a l   d a t a ,  and a key 
i n d i c a t o r   p o i n t i n g   t o   s p e c i f i c   e x p e r i e n c e  de- 
s c r ibed  in more d e t a i l   i n   t h e   t e x t .  

106 0 

SPECIFIC EXPERIENCE  ITEMS 

Footings 

Many convent ional   foot ing  designs are i n  use 
on the  power l i n e s  of Alaska ,   such   as   g r i l l ages ,  
concre te ,  and  tamped e a r t h  where t h e   s o i l  condi- 
t ions   a l low.   In   permafros t   reg ions   there   a re  
o f t e n   s t a b l e   s o i l s  where these  designs are accept- 
able. Examples of designs  used  where  the  freeze- 
thaw  cycle  operates i n  u n s t a b l e   s o i l  are i l l u s -  
t r a t e d  by a photo  or  drawing  and/or  text i n  t h i s  
s ec t ion .  

(1 )   Grave l   back f i l l   f o r  wood-pole i n s t a l l a -  
t ions  has   been  used  successful ly .   Using  local  
so i l   ins tead   has   p roduced   severe   f ros t  - j ack ing  
i n  many i n s t a l l a t i o n s .   F i g u r e  1 shows a t y p i c a l  
g r a v e l   b a c k f i l l   c o n s t r u c t i o n   u n i t ,  which  has  been 
used  on  Lines 4 ,  12,  and 14. 

(2) A bogshoe composed of a c ross log  and 
o u t r i g g e r s   t o   s t a b i l i z e   p o l e   s t r u c t u r e s   i n  muskeg 
has been  used  with  limited  success. The shoe 
works ,   bu t   i f   f ro s t   j ack ing  takes p lace  on t h e  
po le ,   t he  whole  assembly will t ip   wi th   the   p re-  
vai l ing  winds.  The design, shown i n   F i g u r e  2, is 
used on l i n e  3 .  

(3 )  Use of p i l i n g   t o   ' r e i n f o r c e   p o l e s   o r  
p rov ide   su i t ab le   po le   s tubs   has  a success fu l  his- 
tory.   Figure 4 shows a t y p i c a l   i n s t a l l a t i o n   f o r  
an  H-frame wood pole  l ine.   These  units  have  been 
used on l i nes   3 ,  4 ,  and 5 .  Single  and mul t ip l e  
steel H-pile  have  been  used  successfully  for  metal  
tower   foo t ings   in  muskeg and  permafrost   soi ls  on 
l i n e s  8 .  11, 13  and  for  anchors on l i n e  16 
(Proctor  and  Meyers  1978). 

t 
FIGURE 1 Grave l   back f i l l  FIGURE 2 Bogshoe for  
€or power po le s  power poles  
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FIGURE 3 Key map 

TABLE 1 Selected  Alaska  power 

Lines - 
1. 
2. 
3 .  
4. 
5. 
6. 
7 .  
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 

Annex  Creek - Juneau 
Eklutna-Anchorage-Palmer 
Cooper  Lake-Anchorage 
FBKS to  Hiway  Park 
Intn'l  Sta-BuRec 
Kodiak-Navy  Tie 
FBKS-Healy 
Beluga-MacKenzie Pt. 
Snettisham-Juneau 
Prudhoe  Bay 
MacKenzie  Pt.-Teeland 
North  Pole  to  FBKS 
Teeland-Willow 
FBKS-Big  Delta 
Bethel-Napakiak 
Elennallen-Valdez 
Tyee-Wrangell-Petersburg 
AVEC Systems 

lines 

Year 
Energized 

1915 
1954 
1959 
1960 
1965 
1966 
1967 
1968 
1973 
1975 
1975 
1976 
1978 
1978 
1980 
1982 
1983 
1968 

kV 
Level 

22 
I15 
115 
69 
115 
69 
138 
138 
138 
69 
230 
138 
115 
138 
40 
138 
138 
12.5 

Footnotes of Table 1: 
11 1.27  cm. radial  ice + 0.383  KPa of  wind  at  -18OC - 

E1ev.-m 
HiILo 

1060/10 
280112 
106015 
1851146 
60150 
300110 
5001103 
6015 
300110 
1313 
110112 
1351145 
115149 
6301146 
3016 
810110 
5301-310 
120110 

Weather 
Criteria 

- 11 

Specific* 
Experience 

15,  16, 23 
1 
1, 3,  6 ,  12 
1 
4 
18 
8, 10,  11,  19 
3 .  20 

5 ,  27 
20 
1, 6, 14 
3, 13, 20 
6, 9, 13 
22, 27 
3,20 

24 
20, 21 

- 21  1.27  cm. radial  ice + 0.192  KPa of  wind + NESC  constant  at -18'C 
31 2.54  cm. radial  ice + 0.192  KPa of wind at  -18% 

Additional  criteria  also  used  for  design  in specific locations or for 
extreme  conditions. 

- 
* Refer  to  numbered  paragraphs  in  text. 
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(4)  A three-legged 
bogshoe ( t r ipod)   w i th  a 
s l iding  necklace '   around 
the   po le  is  i n  use on 
l ines  where  severe   f rost  
ac t ion   causes   d i f fe ren-  
t i a l  movement  of po le  
and  bogshoe  (Figure  5). 

(5) A sand-water 
s lur ry   has   been   success-  
f u l  as b a c k f i l l   i n  re- 
gions o f  cold (-12'C) 
permafrost .  The s l u r r y  
is  prepared and del iv-  
ered  unfrozen  to   each 

FIGURE S Rein fo rc ing  pole  si te where i t  is 

ice e n c r u s t e d   t i d e   f l a t  ho le s  of the   t emporar i ly  
suppor t ed   s t ruc tu re  
and  allowed t o   f r e e z e .  

Line 10 u s e d   t h i s   b a c k f i l l .  
( 6 )  Extra   depth of s e t t i n g   f o r   p o l e s  in- 

s t a l l e d   i n   p e r m a f r o s t   h a s  worked well i n  many in- 
s t a l l a t i o n s .  A r u l e ,   r e f e r r e d   t o  as t h e  ". .. o ld  
Tsytovich  rule. . ."   (Sanger  1969),   says  that  embed- 
ment in   permafrost   should be twice   the   th ickness  
of the   act ive  ( f reeze- thaw)  zone.  With t h i s  
guidel ine,   extra   depth  has   been  used  successful ly  
with  and  without   gravel   backfi l l   (see (1) above). 
Lines 10, 12,  and 14 use  extra-depth.  

p i l i n g  on wood pnles poured   in to   the   po le  

- NOTE ! SELECT CLEVIS BOLT 8 CHAIN TO PROVIDE 

FOR SOME SLIPWOE WHICH MAY OCCUR 
WRING StAlON&L FROST CHANGES. 

FOR 4 SNUG FIT.BUT NOT TIOW. TO ALLOW 

ELEVATION VIEW 
N.T.6. 

SECTION F-F 

N.T.S. 

FIGURE 5 Tripod  bogshoe  with  s l iding  necklace 

(7 )  P o l e   b e a r i n g   p l a t e s   a t t a c h e d   t o   p o l e s   o r  
po le   s tubs   (F igure  6 )  a r e   b e i n g   u t i l i z e d  in some 
ins ta l la t ions   in   permafros t .   Exper ience   has   been  
mixed with  such  devices  (Sanger  1969). New ef-  
f o r t s   a r e   r e p o r t e d ,  where t h e   s t r e n g t h  of the  in-  
s t a l l a t i o n  i s  increased by a t t a c h i n g   p l a t e s   t o  
po le s   u s ing   sp iked   g r id   f a s t ene r s .  

(8) A p l a s t i c   b o o t   f o r   p o l e s  or p o l e   s t u b s  
has  been  used i n  a few i n s t a l l a t i o n s   w i t h  mixed 
r e s u l t s .  The purpose is t o  r e d u c e   t h e   f r i c t i o n   a t  
t h e   i n t e r f a c e  between t h e   a c t i v e   l a y e r  and t h e  
pole   o r   s tub .   This   boot  is i n s t a l l e d  on l i n e  7 
(Breckenfelder  and  Osborn  1965). See Figure 7 .  

(9)   Soi l   s tab i l iza t ion   us ing   "se l f -powered"  
h e a t   t r a n s f e r   d e v i c e s   t o  remove hea t  from s o i l  i s  
be l i eved  t o  have   been   s t a r t ed   i n   A laska   i n   t he  
1950s by two ind iv idua l s  on s e p a r a t e   t r a c k s ,  a 
Salcha  River  homesteader named J. C. Balch,  and  an 
engineer  named E. L. Long. The Balch  tube (a l i q -  
uid  convect ion  system),   the  Long p i l e  (a   l iqu id /  

- L 

Lei n 

l d  I 

PLASTIC S L L N E  
FOLD  BACK ON 
ITSELF m PROVIDE 
TWO LAVERS or 
PLASTIC roa 
SLIPPINO. 7 I 

FIGURE 6 Pole   bea r ing  FIGURE 7 P i l e   b o o t   f o r  
p l a t e s   f o r   f o u n d a t i o n  wood p o l e   s t u b  
s t a b i l i z a t i o n  

vapor  convection  system)  and  subsequent  "frost 
tubes"  have  been  applied  to Alaska power l i n e  
foot ings  with  success   s ince  that   t ime.   Three com- 
mercial products  used  today  with power l i n e s   i n  
Alaska are those  manufactured by Arctic Founda- 
t ions ,   Inc .  of Anchorage, AK, Thermodynamics, Inc,  
of S e a t t l e ,  WA and  McDonnell-Douglas Astronaut ics  
Company in Richland. WA. A sketch of  a t y p i c a l  
i n s t a l l a t i o n  is  included as Figure 8. Line 14 
uses  some o f  these  devices .  

(10) A screw anchor  footing  has  been  used 
w i t h   v a r i e d   r e s u l t s   f o r  aluminum towers on l i n e  7 
(Breckenfelder and  Osborn  1965).  Figure 9 is a 
sketch of the   foo t ing ,   and   F igure  IO shows a foot-  
i ng  which f a i l e d  when one  anchor  jacked more than 
ano the r .   O the r   foo t ings   i n   t h i s   des ign   con t inue  
t o  be   successfu l .  

(11) A concrete  pad r e s t i n g  on a g rave l  pad 
on uns t ab le  ground  ha3  been  successful  in  provid- 
i n g  a s t a b l e   f o o t i n g   f o r  guyed metal  towers.  Fig- 
u r e  11 shows such a un i t   r ep lac ing  a former   fa i led  
screw  anchor  footing on l i n e  7 .  

POWER FOUNDATION DRIVEN&& 

ANCHORS 

FIGURE 8 Crpo anchwr 
f o r  power po le  
s t a b i l i z a t i o n  

FIGURE 9 Tripod  screw 
anchor   tower  foot ing 
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FIGURE l o  Screw ancI1;llor FIGURE II Concrete 
tower f O O t i R g  pad on gravel 

Anchors 

Many convent iona l   so i l   anchors   used  as stand- 
a r d   p r a c t i c e  i n  o t h e r  areas are i n s t a l l e d  on  power 
l i n e s   i n   A l a s k a .  Examples include  expanding 
anchors ,   cone  anchors ,   p la te   anchors ,  and log  
anchors .  A s  w i t h   f o o t i n g s ,   s t a b l e   s o i l   a l l o w s  
t h e s e   p r a c t i c e s  even i n  permafrost   regions.  With 
u n s t a b l e   s o i l s  and  permafrost some examples of 
successfu l   anchor ing   techniques  are descr ibed as 
fo l lows  : 

(12)   Pr ior   to   the   advent  of t he  power in- 
s t a l l ed   s c rew  anchor s  a low grade   concre te   (or  
s o i l  cement )   backf i l l   used   to   encase  a convention- 
a l   anchor   ( l og ,   p l a t e ,   e t c . )   p l aced  in a watery,  
muskeg bog would g ive   exce l l en t  r s u l t s .  The 
weight of approximately  1 .2   to  2 . 4  m of conc re t e  
and i t s  a b i l i t y   t o   f l o w   i n t o   t h e  weave of f i b r e ,  
muck and  water  and  then  set  up has  developed  5.5 
t o  11 tons  of working  s t rength.  A number  of t h e s e  
anchors on l ine 3 have  survived  the  great   Alaska 
ear thquake of 1964. 

(13) The  power i n s t a l l e d  screw anchor  has  been 
used  with  success   in  muskeg and a v a r i e t y  of per- 
mafrost .  It is b e l i e v e d   t h a t   t h e  screw anchor 

5 

T H I ~ L I V L  NUT 

HELIX SIZE A$ REQUIRED 
BV &EMMY UNIT 

FIGURE 1 2  Screw  anchor 
r e i n f o r c e d   h e l i x   f o r  
g l a c i a l  t i l l  

h a s   f i r s t   b e e n   t e s t e d  
and  used  in  dense till 
on l i n e  7 i n  1965 (King 
and  Crory 1965). Other 
i n s t a l l a t i o n s   f o l l o w e d  
a s  more powerfu l   d r i l l -  
ing  motors  became 
ava i l ab le   (Re the r fo rd  
and King 1970) . 
Anchors of t h i s   t y p e  
are i n   u s e  on l i n e s  7, 
8, 11, 12, 13,  14,  and 
17  ( see   F igure   12) .  

(14) Some perma- 
f r o s t  soils a r e  so hard 
t h a t   t e c h n i q u e s   f o r  
p lac ing   anchors   inc lude  
p r e d r i l l i n g  of a re- 
d u c e d   s i z e   h o l e   i n t o  
which a screw  anchor is 
i n s t a l l e d .   L i n e  12 has 
such  anchors e 

S t r u c t u r e s  

Convent iona l   s t ruc tures  as known from  stand- 
a r d   p r a c t i c e  in o ther   a reas   such  as s i n g l e  wood 
p o l e s   ( l i n e s   2 ,  3 ,  4 ,  5, 6 ,  12 ,  and 1 4 ) ,  guyed-Y 
( l i n e  9), and  four-legged  self-supporting  galvan- 
i z e d  steel ( l i n e s   2 ,  3 ,  7, and 9) have  been  used 
for  Alaska power l i n e s .  Rugged t e r r a i n ,   w e a t h e r  
r e l a t e d  phenomena,  and e f f e c t s  of o p e r a t i n g   i n  
permafros t   so i l s   have  spawned innovat ive   des igns .  
One  of t h e   o l d e s t  power l i n e s  i n  Alaska   ( l ine  1) 
has  experienced a broad  range of t hese   cond i t ions .  
The perseverance of t he   ope ra to r s  o f  t h e   l i n e   h a s  
generated  numerous  innovat ions  (see  Conductor)   in  
t h e i r   c o n t i n u i n g   e f f o r t s   t o   m a i n t a i n   t h e   l i n e  and 
adapt  it to  the  environment  (Wallenburg 1915, and 
Baum 1916) .  Severe  wind, snow, and i c e  on h igh ,  
s t eep   s lopes  and r i d g e s   r e s u l t e d   i n   r e l o c a t i o n  of 
s e c t i o n s  of l i n e  1 and 9 t o   b e t t e r  sites. Some 
o ther   unusua l   des igns  are descr ibed as fol lows:  

(15) A few of t h e   o r i g i n a l  steel towers of 
l ine  1 were sub jec t ed  t o  creeping snow f i e l d s   a n d  
severe  unbalanced  loading  from  broken  conductors 
under  heavy ice loads .   Success fu l   r epa i r  and pre- 
ventive  maintenance was accomplished by using 
t i m b e r   s p l i n t s   t o   p r o t e c t  and r e i n f o r c e   t h e  steel 
l e g s .  

FIGURE 1 4  115 kV t r i p o d  
g r a v i t y   s t a b i l i z e d   s t r u c t u r e  

(16) A four- 
legged, X-braced 
wood po le   s t ruc -  
t u r e  was used  on 
l ine 1 t o  resist 
t h e  snow creep  and 
high  winds at  
o t h e r   l o c a t i o n s  
(Figure 13). 

(17) Follow- 
i n g   t h e  1964 
ear thquake,  emer- 
gency  replacement 
of f a i l e d  power 
l i n e   s t r u c t u r e s  
was made using a 
g r a v i t y - s t a b i l i z e d  
t r ipod  arrangement  
( l i n e  3 ) .  This  
s t r u c t u r e  was 
later used on a 
new l i n e  in a mus- 
keg swamp ( l i n e  5). 
See  Figure 14. 

(18)   Strong 
winds moving up 
s l o p e   a c r o s s  a 
power l ine nea r  
Kodiak ( l i n e  6 )  
l i f t e d   t h e  con- 
d u c t o r   t o  make 
contac t   wi th  i ts  
suppor t ing   c ross -  
arm. A s t r u t   i n -  
s u l a t o r  added  pre- 
ven t s   excess ive  
swing. 

(19) The 
four-way guyed-Y 
tower of l ine 7 
was i n s t a l l e d  i n  
many l o c a t i o n s  
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FIGURE 15 Guy s a f e t y  l i n k  

where   the   f ros t   condi t ions   could   p roduce   d i f fe r -  
e n t  movements o f  tower   foot ings and  guys (Fig- 
ures 9 and 10 ) .  A guy s a f e t y   l i n k  was provided   to  
a l low a measured  amount of s l a c k   t o   b e  added t o  a 
guy upon f a i l u r e  of a shear   p in   (Breckenfe lder  and 
Osborn  1965).  See  Figure  15. 

(20) A guyed,  hinged X-shaped metal  tower de- 
s ign   (F igu re  16) was developed t o   p r o v i d e  a f l e x -  
i b l e   s t r u c t u r e   t o l e r a n t  o f  d i f f e r e n t i a l  movements 
of tower  foot ings and guy anchors.  The guy yoke 
sys t em  a l lows   unba lanced   fo rces   t o   d i s t r ibu te  
smoothly  through  the  tower  s t ructural   system  with 
y o k e   f a i l u r e   p r i o r   t o   t o w e r  damage. Aluminum lat- 
tice and steel tube  configurat ions  have been used 
on l i n e s  8, 11, 13, 16,  and 17 (Rankin  and 
Retherford  1967, LaRue and Retherford  1977).  

(21) A guyed,  hinged  pi-shaped metal tower 
design  using a guy yoke  system similar t o   t h e  
X-tower desc r ibed   i n  (20) above is being  used on 
l ines   wi th   ex t remely   long   spans   in   the   rug-  

ged f j o r d s  of 
sou theas t e rn  
Alaska.  (Steeby 
et  a 1  1979). 

(22)  A 
g r a v i t y   s t a b i -  
l i z e d  A-frame 
s t r u c t u r e  was 
developed  for  
use  on  road- 
less t e r r a i n  
and  permafrost 
lands.  It i s  
p a r t  of a 
s i n g l e  wire 
electric power 
de l ivery   sys-  
tem t o  mini- 
mize  costs  of 
electric l i n e s  
i n  remote 
a r e a s   ( B e t t i n e  
and  Retherford 
1981.  Rether- 
f o r d  e t  a1 
1982).  See 
Figure  17. 

Conductor 

A few  unique 
experiences with 
power conductors i n  

sc r ibed .  
(23) Very  heavy 

i c i ~ g  a€ the  power 
e o n d u ~ t o r s  at high 
 elevation^ (1000 m) 
on l i n e  1 r e ~ u ~ t e d  
i n   t h e  i n ~ t a l ~ a t ~ o n  
of ~ ~ p p e r  c l ad  steel 
conductors  With 
r e ~ a t ~ ~ e ~ y  high re- 
s i ~ t a n c e  so t h a t  
electric € u ~ ~ e n ~  
~ ~ u ~ d  h e a t   t h e  con- 
d u c t o ~  and  prevent 

~ l a s ~  are de- 

F€WRE 18 Reared ~ o n a ~ e ~ 5 r  
G r o u ~ d ~ n ~  required 

af e l e c ~ r i c  sys- 
terns i n  Alaska 
is a c c o a p l ~ ~ h e ~  
- a6 in  o t h e r   a r e a s  - t h r o u ~ ~  garth e ~ e c t r o ~ ~ s  
whieh a r e   d e s ~ g n e d  fo r  t h e  s o i l  r e a ~ s t ~ ~ i t y  found. 
Large regions of ~ ~ a s k a  have p e r ~ ~ n e n t l y   ~ r o ~ e n  
soils with  a  very h i ~ h  r e s i s ~ ~ ~ i t y .  One such  area 
i s  ~ r u d h o e  Bay ( l i n e  10) a and it  has  been  given 
s p e c ~ a ~   a t t e n t ~ a n  by t h e   o ~ e r a t o r  - Sahio ~ l a s k a  
? e ~ r o l e u m  Co.  other s p e c i a l   ~ i t u a t i o n  is t h a t  
5€ t h e   s i n g l e  wire ~ t ~ u n d  r e t u r n  electric trans- 
~ i s s ~ o ~  s y ~ t e m  now b e i n g   d e ~ o ~ s t r a t e d   etherfo for^ 
et a1 1 ~ 8 ~ ,  Eaton 1974 and 1975). The ~ ~ ~ ~ o ~ i n ~  
p a r a ~ r a ~ h s   d e s c r i ~ e  soae s p ~ ~ i € i c   ~ x ~ e r i e n c e s  te- 
gar din^ ~ ~ Q u n d i n g :  

( 2 6 )  The 69 kV t r a n s m i s g i o n   s y s t e ~  a t  ~ r u d h o e  
Bay c a ~ ~ i e ~  a n e u ~ ~ a ~  ~ g ~ o u n d   w i r e )   u n d e r  t h e  
phase c o n d u ~ t o r ~  and a phase wire I F ~ a t c h e r F '  on 



e a c h   s t r u c t u r e   t o   p r o v i d e   s u p p o r t  and  grounding 
should  phase  conductors come loose   f rom  insu la tors  
( l i ne   10   F igu re   25 ) .  The underrunning  ground con- 
duc tor   p rovides  fo r  f a s t e r ,   s u r e r   r e l a y i n g   a n d  
added   sa feguards   aga ins t   acc identa l   contac t  of 
phase  conductors. 

(27)  The s i n g l e  wire ground r e t u r n  transmis- 
s i o n  l i ne ,  in operation  between  Bethel  and 
Napakiak,  Alaska  since  1980  ( l ine 15) has   pr imary 
ear th   connec t ions  a t  each  end. A t  Bethel  an  aban- 
doned steel well cas ing   about  60 m deep  extending 
through  permafros t   in to   o ther   l ayers  of s o i l  pro- 
v i d e s  a r e s ib t ance  of about  3.6 ohms. The elec-  
t rode   sys tem a t  Napakiak c o n s i s t s  of e ight   ground 
r o d s  abouf 10 m long  and 10 m apart   connected by 
a 107 mm bare  copper wire i n  a t rench  about  
0.6 m deep  and  provides a r e s i s t a n c e  of about  2.9 
ohms. This ground g r i d  is i n s t a l l e d   i n  a thaw 
bulb near t h e  Kuskokwim River.  Eaton  (1975)  sug- 
g e s t s   t h a t   i f  a hemispheric  contact  zone  between a 
thaw  bulb  and  permafrost is assumed, r e s i s t a n c e  
(R) of t h e  thaw  bulblpermafrost   contact  can be es- 
t imated as fol lows:  

R - p / 2   p i  r 

where 
p = r e s i s t i v i t y  of the   permafros t  
r = r a d i u s  of the  hemisphere 
I d e n t i f i c a t i o n  of thawed  zones wi th in   permafros t  
by electro-magnet ic   techniques was suggested  and 
demonstrated on l i n e  15  by D. Gropp  (Gropp 1977). 
This  method makes a r a p i d   l o c a t i o n  of s u i t a b l e  
t h a w   b u l b s   f o r   f u r t h e r   i n v e s t i g a t i o n  as p o t e n t i a l  
grounding  e lectrodes i n  permafrost   zones  possible.  
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THE ROLE OF SPECIFIC SURFACE AREA AND RELATED INDEX PROPERTIES 
I N  THE FROST HEAVE SUSCEPTIBILITY OF SOILS 
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So i l   p rope r t i e s   impor t an t   t o  the f ros t   heave  phenomenon must   be   ident i f ied   to  
e s t a b l i s h  which  index  property tests c a n   a i d   i n   e v a l u a t i n g   f r o s t   h e a v e   s u s c e p t i -  
b i l i ty .   Fol lowing  a cons ide ra t ion   o f   ex i s t ing   f ros t   heave   t heo r i e s ,   t he   f ros t  
heave mechanism was i d e n t i f i e d  as being  fundamental ly   re la ted  to  the s p e c i f i c  
s u r f a c e  area of t h e   s o i l .   S p e c i f i c   s u r f a c e  area may be   re la ted   to   index   proper ty  
test results, s p e c i f i c a l l y ,   t h e   l i q u i d   l i m i t   a n d  the clay  mineralogy  of   the  f ine 
fract ion.   Laboratory  f rost   heave tests were performed t o   d e v e l o p   r e l a t i o n s h i p s  
between  index  propert ies   and  f rost   heave  suscept ibi l i ty .  Bsts were performed on 
soi l   mixtures   consis t ing  of   uniform  sand w i t h  5 % ,  lo%, and 20% f i n e s   o f   d i f f e r e n t  
mineralogic  composition,  representing a range   of   spec i f ic   sur face  areas, Over 30 
f ros t   heave  tests were conducted on 11 d i s t i n c t   s o i l   m i x t u r e s .  The f ros t   heave  
test consis ted  of   f reezing a s o i l  column and  not ing  the  intake  of  water i n t o   t h e  
specimen as well as t h e   f r o s t  heave.  Using the concept   of   segregat ion  potent ia l ,  
t h e   f r o s t   h e a v e   s u s c e p t i b i l i t y  of a s o i l  was found to   i nc rease   w i th   i nc reas ing  
percentages  of   f ines ,   decreasing  act ivi ty  o f  t he   f i ne   f r ac t ion ,   and ,   fo r  a speci-  
f i c   f i ne   f r ac t ion   mine ra logy ,   i nc reas ing   l i qu id  limit o f   t h e   f i n e   f r a c t i o n .  

INTRODUCTION 

Throughout the h is tory   o f   the   deve lopnent   o f  
f ros t   heave   t heo r i e s ,   t he   spec i f i c   su r f ace  area 
has b e e n   i d e n t i f i e d ,   e i t h e r   d i r e c t l y   o r   i n d i r e c t -  
l y ,  as a s o i l   p r o p e r t y   i m p o r t a n t   t o   t h e   f r o s t  
heave mechanism. Taber (1930) noted the impor- 
t ance   o f   the   s ize   and   shape   of   the   so i l   par t ic le  
t o   f r o s t   h e a v e .  Beskow ( 1 9 3 5 )  noted  Taber's 
theories   and  fur ther   considered  the  importance  of  
the  adsorbed  layer  of water on the sur face  of t h e  
s o i l   p a r t i c l e .  Using r e l a t i o n s h i p s  between g r a i n  
s ize ,   adsorbed water, and f ros t   heave ,  Beskow 
developed  one  of t he  f i r s t   f r o s t  heave  suscepti-  
b i l i t y  criteria. 

Modern researchers have  continued t o   n o t e   t h e  
s p e c i f i c   s u r f a c e  area as a fundamental s o i l  pro- 
p e r t y   i n   t h e   f r o s t   h e a v e  mechanism. The models 
presented by H i l l e r  (1972,  1978)  and  Takagi  (1980) 
i n d i r e c t l y   i d e n t i f y   t h e   s u r f a c e  area charac te r i s -  
t i cs  of a s o i l  as playing  an  important   role   in  
f rost   heave  behavior .  They suggested that  water 
f lowing  to  a forming ice  l e n s  mst pass  through a 
"frozen  f r inge" or "zone o f  diffused  f reezing,"  
where f r ee   po re  water is f rozen.  "hese concepts, 
along w i t h  present  theories  regarding  f low  through 
f rozen   so i l   (Hoeks t ra  and Mlller 1967),  suggest 
t h a t   s p e c i f i c   s u r f a c e  area i s  indeed  important i n  
the f ros t   heave  mechanism. Konrad and b r g e n s t e r n  
(1980, 1981) fu r the r   sugges t  the importance  of the 
f rozen   f r inge .  They found tha t   t he   pe rmeab i l i t y  
o f   t he   f rozen   f r inge  was a c o n t r o l l i n g   f a c t o r   i n  
the   f ros t   heave   response  of soils.   Since  Hoekstra 
and Miller (1967)  suggest that  t h e  ease with  which 
water migra tes   th rough  f rozen   so i l  i s  r e l a t e d   t o  
the  cont inui ty   of   adsorbed water l a y e r s  on t h e  
s o i l   p a r t i c l e   s u r f a c e s ,  Konrad and b r g e n s t e r n ' s  
t heo ry   i nd i r ec t ly   no te s   t he   i n f luence   o f   spec i f i c  

s u r f a c e  area on t h e   f r o s t   h e a v e  mechanism. 
'he r e l a t i o n s h i p s  between s p e c i f i c   s u r f a c e  area 

and  index  property tests are well known. By con- 
s ider ing   the   fundamenta l   na ture  of the  Atterberg 
L i m i t s  (ASTM 423-66 and D424-59) and s o i l   g r a i n  
s i z e   d i s t r i b u t i o n s  (ASTM D4422-63) ,  t h e   s i g n i f i -  
cance of t h e   s p e c i f i c   s u r f a c e  area t o  these index 
proper t ies  may be  demonstrated.   Specifically,  
Graboska-Olszewska (1970) concluded  that   the  
l i q u i d  limit of a s o i l  (ASTM 4 2 3 - 6 6 )  i s  i n t i m a t e l y  
r e l a t e d  t o  i ts  s p e c i f i c   s u r f a c e  area. The rela- 
t i o n s h i p   o f   g r a i n   s i z e   d i s t r i b u t i o n s   t o   s p e c i f i c  
surface area may be   in fer red  by no t ing   t he  rela- 
t ionship   o f   sur face  area t o   s o i l   p a r t i c l e   s i z e  and 
a s smed   pa r t i c l e   shape .  

In an   a t t empt   t o   be t t e r   de f ine  the ro l e   o f  
s p e c i f i c   s u r f a c e  area and re la ted   index   proper t ies  
t o   t h e   f r o s t  heave   suscep t ib i l i t y  o f  s o i l s ,  a 
l abora to ry   t e s t ing  program was undertaken. "he 
f ros t   heave   response   o f   severa l   so i l   mix tures   rep-  
resent ing  a range  of   specif ic   surface areas was 
determined in a f ros t   heave  test cell. Relation- 
sh ips   be tween  f ros t   heave   suscept ib i l iy ,   spec i f ic  
s u r f a c e  area, and  Atterberg Limits were derived 
f o r  the so i l s   cons idered  i n  the   s tudy .  'Ihe re- 
sults of the study are presented  herein.  

DESCRIPTION OF TEST SYSTEM AND PROCEDURES 

The f ros t   heave  test consis ted  of   f reezing a 
s o i l  specimen  and  noting  the  intake  of water i n t o  
the specimen as well as t h e  change i n   v e r t i c a l  
he ight .  No attempt was made t o   d u p l i c a t e   f i e l d  
condi t ions  in t he   l abo ra to ry  test program. Al- 
though it  is d e s i r a b l e   t o   a p p l y   t h e  results of 
t h i s  and   o the r   l abo ra to ry   i nves t iga t ions   t o   ac tua l  
f i e l d   s i t u a t i o n s ,   o n l y   r e l a t i v e   f r o s t   h e a v e   s u s -  

1066 



1067 

l t i b i l  . i t  ies, as measured i n   t h e   l a b o r a t o r y ,  were 
determined. The f ros t   heave  tests were performed 
under  "worst case" cond i t ions   t o  minimize t h e  
in f luence   o f   va r i ab le s   o the r   t han   spec i f i c   su r f ace  
area. To achieve   condi t ions   tha t  were most  con- 
duc ive   to   f ros t   heaving ,  the specimen was sa tu-  
r a t e d  and t h e   f r e e  water sur face  w a s  maintained a t  
approximately the same l e v e l  as the Eros t   f ron t .  

The so i l s   u sed  i n  the laboratory  study  consis- 
ted  of  an  extremely  uniform  fine  sand  (Astoria 
Sand), Hanover S i l t   w i t h   t h e   p l u s  No. 200 s i e v e  
(0.74 mm) s i z e s  removed,  and r e l a t ive ly   pu re  
kaol ini te   and  montmori l loni te .  The Dl0 of the 
Astoria  sand was .I4 mm with a C, of 1.4. 
The Ill0  of  the s i l t  was  .006 mm with a C,, of  
3.8. Kaolinite  and  montmorillonite were obtained 
from the  Clay  Mineral   Society  of America (CMSA), 
Columbia, Mssour i .  The s p e c i f i c   s u r f a c e  areas 
for   the   kaol in i te   and   montmor i l lon i te  were pro- 
vided by t h e  CMSA. The s p e c i f i c   s u r f a c e  area of 
Hanover S i l t  was determined by consider ing i t s  
g r a i n   s i z e   d i s t r i b u t i o n  and  employing s p e c i f i c  
sur face  area calculat ion  procedures   given by the 
Asphal t   Ins t i tu te  (1979). 

The f r o s t  heave cel l  used i n   t h i s   i n v e s t i g a t i o n  
i s  an   adapta t ion   of   the  ce l l  descr ibed by Mageau 
(1978). The f ros t   heave  ce l l  cons is t s   o f  a 30.5 
c m  (12.0 in.)   long by 10.2 cm (4.0  in.) I.D., by 
15.2 cm (6.0 in.)  O.D. ny lon   bar re l .  The specimen 
i s  p laced   ins ide   the  ce l l  and  an aluminum top   cap  
and  bottom  plate  serve as constant  temperature 
boundaries. The temperatures  of the top  cap  and 
bottom p l a t e  are maintained a t  constant   values  by 
circulat ing  constant   temperature   f luids   through 
h e a t  exchange  mazes  within the cap  and  plate. To 
a i d   i n   t h e  boundary  temperature  control  and  to 
prevent   rad ia l   hea t   f low,   the  ce l l  was placed i n  a 
r e f r i g e r a t o r  whose temperature was maintained a t  
approximately 2'C (36'F). A 50 m l  (7.75 in.3) 
buret  was connected t o  the water i n t a k e   l i n e   a n d  
the  flow  of water i n t o  or out   of  the specimen 
during a test was noted by the change i n   t h e  water 
l e v e l   i n   t h e   b u r e t .  The change i n   t h e   h e i g h t  
( r e f l ec t ing   f ros t   heave )  of t h e  specimen  during 
the test  was measured  with a l i n e a r   v a r i a b l e   d i f -  
fe ren t ia l   t ransformer  (LVDT). The temperature 
along the length  of the  specimen was monitored 
with the rmis to r s   ad j acen t   t o   t he   so i l  embedded i n  
the wall o f   t he   f ros t   heave  ce l l  barrel. P r i o r   t o  
f reez ing ,  the specimen was consolidated  one-dlmen- 
s ional ly   under  50 kPa (7  p s i )   p re s su re  and  allowed 
to   reach  thermal   equi l ibr ium  with  the  ambient  re- 
fr igerator   temperature .  

INTERPRETATION OF FROST HEAVE TEST RESULTS 

In  conjunction with the development  of a mech- 
a n i s t i c   f r o s t   h e a v e   t h e o r y ,  Konrad and  Morgenstern 
(1980, 1981) presented a parameter  referred t o  as 
the seg rega t ion   po ten t i a l  ( S o ) ,  which was def ined 
as: 

vO SP0 - grad T (1) 

i n  which, 

SPo = seg rega t ion   po ten t i a l  

VO - water in t ake   f l ux  

grad T - temperature   gradient   across   the  f rozen 

At near   s teady-state   condi t ions  ( i .e . ,   very small 
f r o s t   p e n e t r a t i o n   r a t e )  this parameter, as d e t e r -  
mined i n  a f ros t   heave  test ,  was found t o   b e  con- 
s t a n t   f o r  a g i v e n   s o i l  when the   suc t ion  a t  the 
f r o s t   f r o n t  I s  small ( i . e . ,  a small depth  of un- 
f r o z e n   s o i l ) .  

h r the r ,   t hey   deve loped  a r e l a t i o n s h i p  between 
segregat ion  potent ia l   and  the  permeabi l i ty  of t h e  
f rozen   f r inge   such  that  the f ros t   heave  character- 
is t ics  of a s o i l   c a n   b e   r e l a t e d   t o  i t s  segrega t ion  
p o t e n t i a l  as determined  under  controlled  labora- 
t o r y  test cond i t ions .   Spec i f i ca l ly ,  a high  segre- 
ga t ion   po ten t i a l   imp l i e s  a h igh   f ros t   suscep t ib i l -  
i t y .  To compare t h e   f r o s t   h e a v e   s u s c e p t i b i l i t i e s  
of  v l r i o u s   s o i l s  one  needs  only to compare  segre- 
ga t ion   po ten t ia l   va lues  as determined i n   t h e  
laboratory.  A de ta i l ed   exp lana t ion  o f  t he   de t e r -  
d n a t i o n  of SP f rom  labora tory   resu l t s  i s  given 
by Mageau and  Sgennan in this volume. 

f r i n g e  . 

TEST PROGRAM AND RESULTS 

A t o t a l  of   31  f rost   heave tests were performed 
on  various  combinations  of  sand, s i l t .  and d i f f e r -  
ent   types  of   c lay.   Astor ia   sand was used i n  each 
test toge the r   w i th   f i ne   f r ac t ions   cons i s t ing   o f  
various  combinations  of silt .  montmorillonite, 
poor ly   c rys t a l l i zed   kao l in i t e ,  and  well-crystal-  
l i zed   kaol in i te .   Mixtures   conta in ing  5%, IO%, and 
20X f i n e  material were considered. In mixtures 
wi th  a spec i f ic   percentage   o f   f ines ,   the  composi- 
t i o n  of t h e   f i n e   f r a c t i o n  was varied by consider- 
ing   d i f fe ren t   combina t ions  of s i l t ,  montmoril- 
l on i t e ,   and   t he  two types   o f   kaol in i te .  'he spe- 
c i f i c   s u r f a c e  areas f o r   t h e   s o i l   m i x t u r e s  were 
determined as the  weighted  smmation  of   specif ic  
s u r f a c e   a r e a s   f o r   t h e   v a r i o u s   s o i l   t y p e s  compris- 
ing the mixture. 

The seg rega t ion   po ten t i a l  was c a l c u l a t e d   f o r  
each   f ros t   heave  test us ing   t he  measured in take   o f  
water and the   t empera ture   g rad ien t   in   the   f rozen  
f r inge .   Thermis tors   c lose   to   the   es t imated   loca-  
t i on   o f   t he   focen   f r inge  were used t o   e s t a b l i s h  
the temperature  gradient  (Rieke 1982). 'Ihe re- 
s u l t s  from Test 2 1  were chosen t o   i l l u s t r a t e   t y p i -  
cal  r e su l t s .   Hgures  1, 2, and 3 show t h e   f r o s t  
f ront   pene t ra t ion   versus  time, water intake  and 
heave  versus time, and  temperature  gradients,  
r e spec t ive ly ,   du r ing  Test 2 1. 

Table 1 p r e s e n t s   t h e   r e s u l t s  of the 31 f r o s t  
heave tests and l i q u i d  limit tests performed on 
the   var ious  mixtures  of f i n e s .  Flpres 4 and 5 
show a well-defined  relationship  between  segrega- 
t i o n   p o t e n t i a l  (SFo) and   spec i f i c   su r f ace  area. 
Liquid l i m i t  ve r sus   spec i f i c   su r f ace  area rela- 
t i o n s h i p s   f o r  the three   types   o f   c lay-s i l t  combin- 
a t i o n s  are shown i n  Figure 6. 

Frost  heave  and  index  property tests were a l s o  
performed on a specimen  of s i l t y  sand (SM) obtain- 
ed  from a si te on t h e  North  Slope  of  Alaska t o  
allow a preliminary  comparison  to  be made between 
t h e   a r t i f i c i a l l y   p r e p a r e d   l a b o r a t o r y  materials 
used i n  t h i s   i n v e s t i g a t i o n  and  remolded n a t u r a l  
s o i l s .  The results o f   t he   f ros t   heave  and  index 
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Test  21 
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7.5% S i l t  1 
2 .5% Poorly Crystallized 
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FIGURE L Frost f r o n t  penetration  versus time FIGURE 2 Heave  and water intake versus time 
for   tes t  21. f o r  t e s t  21. 

TABLE 1 Frost Heave and Index Property Test 
Results for Soil Mixtures. 

Liquid 
Limit 

Specif lc o f  
Surface  Fine  Fines (SP,,) 

Segregarlon 

Percent  Percent 
Potent ia l  

Astor ia  Hanover Percent Ap Fraction  Factor' ","2 
Test Sand Silt Clay m IS (L'-ff) % ( R f )  % o~-sec 

1 80 0 2U (M)' 19.5 135 14.8 2561 
2 9 s  5 0 0.25 - 
3 95  4.87 135 3.70 227 

9.74 135 7.41 1565 

. .  

4 sn ," 1; t l  .. 
5 90 10 0 

.. > ,  
0.50 - 

6 8U 20 0 1.0 - 1063 
2Y3 

6.54 56 10.7 1846 
3.27 56 5.36 841 

i: :t 3" 6.97 99 7.07 1338 
4.20 66 6.06 1112 

13 95 1.5 3.5 (M) 3.48 99 3.54 302 
1 1  05 2.10 66 3.03 212 

7n 19 9,1 80 1; ; \;;I 1.93 29 17.1 2395 
1.98 58 13.8 2223 .. .. 

21 90 7.5 i.i ( b K )  0.96 29 8.53 1361 
22 95 3.75 1.25 (PK) 0.48 29 4.27 541  
23 95 3.75 1.25 (UK)l  0.31 26 2.88 478 
24 80 15 5 (WK) 
25 80 4 16 N K I  

1.25 26 11.5 1916 
1.80 31 25.9 3870 

" " 

29 90 5 - 5  (Pk) 
30 45 2.5  2.5 (PK) 0.71 40  6.25 1036 

1.43 40 12;5 2189 

31 Y5 0 5 (PK) 
33 90 u 10  PK 

1.18 75 6.67 2319 

34 80 0 20 I P K ]  4.70 75 26.7 4737 
2.35 75 13.3 3353 

.." 

'M = mon'unorillonlte; WK 3 w e l l - c r y s t a l l i z e d   k a o l l n i t e ;  PK = poorly 

Z R f  = j % f i n e s )  ( X  c l a y   s i z e s   i n   f i n e  f r a  

c r y s t a l l i z e d   k a o l i n i t e .  

L L f  f 

minus No. 200 sieve = 27%; ana X rnlnus .002 mrn i n  
fine  fraction - 30%. 

Temperature ("C)  

DISCUSSION OF TEST RESULTS 
FIGURE 3 Temperature prof i le  along specimen 
in test 21. 

t e s t s  on this specimen are  as  follows: SPo = 
2682 rnm2j0C-aec; LL of  fine  fraction = 49.2%; XI 

Figures 4 and 5 show a strong  correlation be- 
tween segregation  potential and specific  surface 
area  for soil dxtures  with fine  fractions con- 
s i s t ing  of montmorillonite-silt, poorly crystal- 
l ized  kaol inite-s i l t  (PIC), and well-crystallized 
kaolinite-silt  (WK). A strong correlation between 
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FIGURE 4 Segregation potential v e r s u s   s p e c i f i c  
surEace  area  fox  montmoril lonite  mixtures.  

FIGURE 5 Segrega t ion   po ten t ia l  versus specific 
sur face   a rea  for  kaol in i te   mix tures .  

140; I I I I I I I I I I  

120 - Montmori 1 l o n i   t e - S i  1 t r 

100 
Y t 1 
.? 80-Well 
.E ._ Crystal   1 i zed 
1 Kaol i ni  t e  

CT 

Poorly  Crystal  1 i zed 
Kaol i n i  te-Si  1 t 

10 20 30 60 100 
S p e c i f i c  Surface Area (rn'/g) 

FIGURE 6 Liquid l i m i t  versus  specific sur face  
a rea .  

l i q u i d   l i m i t  of t h e  fine f r a c t i o n  and the s p e c i f i c  
sur face  area of the f i n e s  i s  shown i n  Figure 6 .  
From t h e s e   r e l a t i o n s h i p s  and t h e   f a c t  that the 
s p e c i f i c   s u r f a c e  area of the  specimen I s  s t rongly  
dependent upon t h e   s p e c i f i c   s u r f a c e  area of t h e  
f i n e   f r a c t i o n ,  i t  may b e   i n f e r r e d   t h a t  a fundamen- 
t a l  r e l a t i o n s h i p   e x i s t s  between the segregat ion 
p o t e n t i a l  and t h e   l i q u i d  limit o f  t h e   f i n e   f r a c -  
t i o n   f o r  a l l  of the   so i l   mix tures   cons idered .  

Figure 7 shows the   s eg rega t ion   po ten t i a l   ve r sus  
t h e   l i q u i d  limit o f   t h e   f i n e   f r a c t i o n   f o r  mont- 
m o r i l l o n i t e - s i l t   f i n e s ,   p o o r l y   c r y s t a l l i z e d   k a o l i -  
n i t e - s i l t ,  and   we l l - c rys t a l l i zed   kao l in i t e - s i l t  
f i nes ,   r e spec t ive ly .  The results presented  indi-  
cate the   pe rcen t   f i nes   has  a much l a rge r   i n f luence  
on t he   s eg rega t ion   po ten t i a l   t han   t he   l i qu id  l i m -  
it. 

The results shown i n  Figure 7 a l s o   i n d i c a t e  
tha t   s eg rega t ion   po ten t i a l  i s  a function  of the 
clay  mineralogy  of   the  f ine  f ract ion.  It appears 
t ha t   mix tu res   w i th   we l l - c rys t a l l i zed   kao l in i t e  
exh ib i t   g rea t e r   s eg rega t ion   po ten t i a l s   t han  mix- 

L i q u i d   L i m i t  (%) 

FIGURE 7 Segrega t ion   po ten t i a l  versus l i q u i d  
limit o f   f i n e   f r a c t i o n  for a l l  tests. 

tures   with  montmori l loni te .  The segregat ion po- 
t e n t i a l  of mixtures   with  poorly  crystal l ized 
k a o l i n i t e  were i n t e rmed ia t e   t o   t he   o the r   c l ay  
mineral mixtures. 

These  observat ions  suggest   that   the   f rost   heave 
s u s c e p t i b i l i t y  i s  dependent on the clay  mineralogy 
of  t h e   s o i l .  A convenient  index  property  to 
i d e n t i f y  the predominant c l a y   m i n e r a l   i n  a S o i l  
mass i s  t h e   a c t i v i t y .  The a c t i v i t y  i s  c l a s s i c a l l y  
def ined as follows: 

P l a s t i c i t y  Index 
X by weight   f iner   than  2~ Activity* Ax: 

( i .e .  X c l a y   s i z e s )  

'Ihe d e f i n i t i o n   o f   a c t i v i t y   u s e d   i n   t h i s   i n v e s t i g a -  
t i o n  is  d i f f e r e n t  from tha t   g iven  in pxl. (2) i n  
t h a t   t h e   l i q u i d  limit i s  employed i n  the nuaerator  
in place  of the p las t ic i ty   index .  Also, t h e  ac- 
t i v i t y  i s  a s s o c i a t e d   w i t h   t h e   f i n e   f r a c t i o n   o n l y ,  
rather t h a n   t h e   e n t i r e  sample.  Thus, 
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Liquid L i m i t  LL of f i n e   f r a c t i o n ,  L,, 
Act ivi ty   of  the = 
f i n e   f r a c t i o n ,  

A,  

L I  

c l a y   s i z e s  i n  
f i n e   f r a c t i o n  

(3 )  

LL 

Cons ide r ing   t he   r e l a t ive   va lues  of ALL f o r  
calcium montmori l loni te ,   poorly  crystal l ized  kao-  
l i n i t e  and   wel l -c rys ta l l ized   kaol in i te ,  i t  is sug- 
ges ted  that  as t h e   a c t i v i t y  of t he   c l ay   mine ra l  in 
t h e   s o i l   d e c r e a s e s ,   t h e   s e g r e g a t i o n   p o t e n t i a l   a n d ,  
h e n c e ,   f r o s t   h e a v e   s u c e p t i b i l i t y   i n c r e a s e s .  'Ihis 
conclusion i s  cons i s t en t   w i th   obse rva t ions  made by 
Lambe e t  a l .  (1969), who found that  c l a y s  with 
h igh   ac t iv i t i e s ,   spec i f i ca l ly   Na-monnnor i l l on i t e ,  
decreased   f ros t   heave  when added t o   f r o s t   s u s c e p -  
t i b l e  materials. 

Because   the   segrega t ion   po ten t ia l  is s t rongly  
inf luenced by the percentage   o f   f ines  in t h e   s o i l  
and the l i q u i d   l i m i t   a c t i v i t y   o f   t h e   c l a y   m i n e r a l s  
in t h e   f i n e   f r a c t i o n  i t  i s  poss ib le   to   deve lop  a 
gene ra l   pa rame te r   t ha t   r e l a t e s   i ndex  test results 
to   s eg rega t ion   po ten t i a l   va lues .  It was noted 
t h a t   t h e   s e g r e g a t i o n   p o t e n t i a l   i n c r e a s e d  as t h e  
percentage  of  f ines (% minus No. 200 s i e v e  (0.74 
mm) inc reased ,   t ha t  is: 

SPO a X f i n e s  (4) 

It was a l s o   n o t e d   t h a t  as t h e   l i q u i d  limit a c t i v i -  
t y  o f   t h e   f i n e   f r a c t i o n   i n c r e a s e d ,   t h e   s e g r e g a t i o n  
po ten t i a l   dec reased ,   t ha t  is: 

SP0 a - . 1 

%L 
Combining Eqs .  ( 4 )  and (5) : 

SPoa - % f i n e s  

P t L  

SPoa 
( % f i n e s ) ( %   c l a y   s i z e s  in f i n e   f r a c t i o n )  

LLf f 
( 6 4  

kt u s   d e f i n e  the r i g h t   s i d e  of Eq. (6c)  as t h e  
f i n e s   f a c t o r ,  R f ,  t h a t  is: 

Rf = ( % f i n e s ) ( %   c l a y   s i z e s   i n  fine f r a c t i o n )  

LLf f 
. (7 )  

The f i n e s   f a c t o r  was c a l c u l a t e d   f o r  each tes t  
and the results are p r e s e n t e d   i n  Table 1. Figure 
8 shows a s t rong   co r re l a t ion   be tween  R and  segre- 
g a t i o n   p o t e n t i a l .  Also i n c l u d e d   i n  hgure 8 are 
the r e s u l t s  of a f ros t   heave  test  and  index  pro- 
p e r t y  tests performed  on  the  f ield  sample.  It is 
encouraging t o   f i n d  a good cor re la t ion   be tween the 
segrega t ion   po ten t ia l   and  Rf f o r  the n a t u r a l  
s o i l .   " I u s ,   f o r  the so i l s   cons ide red  i n  t h i s   i n -  
v e s t i g a t i o n ,   t h e  results from  index  property tests 
( s i e v e   a n a l y s i s ,   l i q u i d  limits, and  hydrometer 
a n a l y s i s )  may b e   r e l a t e d   t o  the segregation  poten- 
t i a l  with a reasonable   degree of confidence. 

As it i s  present ly   def ined ,  Rf i s  the result of 
observations  of t es t  da t a   and   t he   a t t empt   t o  re- 
l a t e  t h e  results of t he   obse rva t ions   t o  a common 
parameter. Thus 4 is an  empirical   parameter.  

( ) Laboratory 
Test Resul kS > . 

I " 

I- 

t 0 .  

Result from tes t  
on natura l  soi l  

1 

100 I I I I I I I I  I I I 1 I I l l  

1 3 10 30 100 

Fines Factor ,  Rf 

FIGURE 8 Segregation  potential  versus  fines 
factor, R f .  

Empir ica l   re la t ions  are usefu l  in that   they  can 
se rve   t o   g ive   an   e s t ima te  of a desired  para-  
meter. In this  regard Rf may a i d   i n  the more 
complicated  problem  of  identifying  frost   suscepti-  
b l e   s o i l s   u n d e r   f i e l d   c o n d i t i o n s .  Another r o l e  
t h a t   e m p i r i c a l   p a r a m e t e r s   c a n   f u l f i l l  is i n  con- 
t r i b u t i n g   t o   t h e  development  of a more fundamental 
understanding  of   the phenomena with  which  they are 
assoc ia ted .  This r o l e  i s  poss ib l e   on ly   i f   one  i s  
famil iar   'wi th   the  basic   development   of   the   empir i -  
cal  parameter.  Following t h i s  philosophy,  the 
fundamental s o i l   p r o p e r t i e s   t h a t   a f f e c t  Rf may be  
analyzed  with  respect  to  improving  our  understand- 
ing   o f   ex i s t ing   f ros t   heave   mode l s .  

In the model presented by Konrad and 
Morgenstern (1980), t h e  amount o f  the unfrozen 
f i lm  water   between the sur face  of a c l a y   p a r t i c l e  
and  the  f rozen  pore water i s  d i r e c t l y   r e l a t e d   t o  
t h e  ease with  which water flows  through  the  frozen 
f r inge .   S ince   the   permeabi l i ty  of t he   f rozen  
f r i n g e  was i d e n t i f i e d  as the c r i t i ca l  f a c t o r  in- 
f luenc ing   t he   s eg rega t ion   po ten t i a l  o f  s a t u r a t e d  
s o i l s ,  the abundance  of  unfrozen  film water h a s  a 
d i r ec t   bea r ing  on t h e   f r o s t   h e a v e   s u s c e p t i b i l i t y  
o f   t h e   s o i l .  The test results i n d i c a t e ,  however, 
tha t   a l though  montmor i l lon i te   has  a higher  unfro- 
zen   water   conten t   than   kaol in i te ,   kaol in i te  has 
cons i s t en t ly   h ighe r   s eg rega t ion   po ten t i a l s .  'Ihis 
f ac t   sugges t s   t ha t   t he   pe rmeab i l i t y  o f  t h e   f r o z e n  
f r i n g e  i s  n o t   s o l e l y  a function  of  the  abundance 
of   unfrozen  f i lm water. S p e c i f i c a l l y ,   t h e  ease 
with  which water migrates  through the f rozen  
f r i n g e  i s  r e l a t e d   t o   t h e   r i g i d i t y   o f   t h e   u n f r o z e n  
water f i l m s .   N o t i n g   t h a t   t h e   r i g i d i t y  of the 
adsorbed water l a y e r s  i n  k a o l i n i t e  i s  less than 
that  of  adsorbed  layers i n  montmorillonite (Grim 
1962), the   permeabi l i ty   o f   the   f rozen   f r inge  
shou ld   be   g rea t e r   fo r   kao l in i t e   t han   fo r  



montmorillonite. 
Rf c o n s i d e r s   t h e   e f f e c t  of the  unfrozen  f i lm 

water r i g i d i t y  upon the   s eg rega t ion   po ten t i a l  by 
no t ing   t ha t   c l ays   w i th  low a c t i v i t i e s ,   s u c h  as 
kao l in i t e ,   have  less r igid  unfrozen water f i l m s  
and,   hence,   h igher   f rozen  f r inge  permeabi l i t ies  
and  segregat ion  potent ia ls .  Thus, assuming t h a t  
the l i q u i d  limit a c t i v i t y   o f   t h e   f i n e   f r a c t i o n  as 
defined i n   t h i s   i n v e s t i g a t i o n  i s  an  acceptable  
p a r a m e t e r   t o   d i s t i n g u i s h   t h e   r i g i d i t y  of t h e  un- 
f rozen   f i lms ,  i t  can  be  seen tha t :  

SPo a - ( 8 )  

This  i s  i d e n t i c a l   t o  Eq. (5 )  that  was i n i t i a l l y  
used to   deve lop  Rf .  

The s p e c i f i c   , s u r f a c e  area of a s o i l  may be 
considered  to  be a func t ion  o f  t h e  amount and  na- 
t u r e  of t h e   f i n e s  in the s o i l .  This i s  reasonable 
s i n c e   t h e   f i n e   f r a c t i o n ,  owing t o  the small g r a i n  
sizes ,  c o n t r o l s  the s p e c i f i c   s u r f a c e  area of the 
s o i l .  &re spec i f i ca l ly ,   t he   ex t r eme   va lues   o f  
s p e c i f i c   s u r f a c e  area f o r   c l a y   g r e a t l y   i n f l u e n c e  
t h e   s p e c i f i c   s u r f a c e  area of a s o i l  mass. There- 
f o r e ,  i t  i s  reasonable  to  expect a r e l a t i o n  be- 
tween t h e  amount of f i n e s   i n   t h e   s o i l  and t h e  
cont inui ty  of the unfrozen water fi lms.  hence,   the 
permeabili ty  of the f rozen   f r inge .  Noting t h e  
inf luence  of the   f rozen   f r inge   permeabi l i ty   on   the  
segrega t ion   po ten t ia l ,  the r e l a t i o n s h i p  between 
the amount of f i n e s   i n  a soil.  and the segregat ion 
p o t e n t i a l  of the s o i l  may be  expressed  approxi- 
mately as: 

SPo u %fines  (9) 

This r e l a t i o n  i s  i d e n t i c a l   t o  that presented as 
Eq. ( 4 )  i n   t h e  development of Rf. 

1 

PtL 

SUMMARY AND CONCLUSIONS 

Over 30 f ros t   heave  tests were conducted on 11 
d i s t i n c t   s o i l   m i x t u r e s .  Using the  concept  of  seg- 
r e g a t i o n   p o t e n t i a l ,   t h e   f r o s t   h e a v e   s u s c e p t i b i l i t y  
of a s o i l  was found to   i nc rease   w i th   i nc reas ing  
percentages   o f   f ines ,   decreas ing   ac t iv i ty  of t h e  
f i n e   f r a c t i o n ,  and f o r  a s p e c i f i c   f i n e   f r a c t i o n  
mineralogy,   increasing  l iquid limit of t h e   f i n e  
f r a c t i o n .  These r e l a t i o n s h i p s  were summarized by 
introducing a term r e f e r r e d   t o  as t h e   f i n e s   f a c -  
t o r ,  R f ,  ( r e  Q. (7 ) ) .  The f ines   f ac to r   a l l ows  
i n d e x   p r o p e r t y   t e s t   r e s u l t s   t o   b e   r e l a t e d   d i r e c t l y  
t o  the f r o s t   s u s c e p t i b i l i t y  of a s o i l ,  owing t o  
t h e   s t r o n g   c o r r e l a t i o n  found  between  segregation 
p o t e n t i a l  and t h e   f i n e s   f a c t o r .  Based on an anal- 
y s i s   o f   t h e   f i n e s   f a c t o r  i t  may be  demonstrated 
that  the  permeabi l i ty   of  the frozen  fringe  and, 
hence, a so i l ' s   t endency   t o   heave ,  are a func t ion  
of   not   only  specif ic   surface area b u t   a l s o   t h e  
mineralogy  of   the  f ine  f ract ion.  It i s  hypothe- 
s i z e d   t h a t   f i n e   f r a c t i o n s  w i t h  h ighly   ac t ive   c lay  
minerals  have less mobile  unfrozen water f i l m s   i n  
the f r o z e n   f r i n g e   r e s u l t i n g   i n  a reduced  frozen 
f r inge   permeabi l i ty .  
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DETERMINATION OF THE THEFWL PROPERTIES OF FROZEN SOILS 

D. W. Riseborough, M. W. Smith  and D. H.  Halliwell 
Geotechnical  Science  Laboratories,  Geography  Department 

Carleton  University,  Ottawa Canada K1S 5B6 

This  paper  describes  the  development  of  a  method for  determining  soil  thermal 
properties  (conductivity  and  diffusivity)  at  temperatures  close to O°C, based 
upon  the  transient  heat flow  from  a  cylindrical  copper  probe. A very  small  heat 
input  and  a  very  sensitive  temperature  measurement  system  allow  the  maximum 
temperature  change in the soil sample  to  be kept to  less  than  0.loC.  The soil 
sample  is  first  cooled  to  about  -1OOC.  to  ensure  ice  nucleation,  and  then 
determinations  are  done  at  closely  spaced  intervals on a  warming  curve.  At  each 
temperature,  a  least  squares  regression on the  time-temperature data i s  used  to 
determine  the  soil  propertles.  The  analytical  solution  is  sensitive to both  the 
soil  conductivity  and  the  apparent  heat  capacity;  therefore  the  latter  is  also 
determined  independently  using  the  unfrozen  water  content  curve  obtained  via 
time  domain  reflectometry.  Results for two  saturated  silts  are  presented. 

INTRODUCTION 

In the  temperature  range  just  below O°C, 
the  thermal  properties  of  soils  containing  water 
can  change  significantly  with  small  changes i n  
temperature. As the  volume  fractions of ice  and 
water  are  temperature  dependent,  methods  requiring 
prolonged  and  substantial  heating  of  a  soil  sample 
cause  a  change in the  properties  being  measured. 
Because of such  limitations  it  has  not  been 
possible  to  reliably  determine  the  thermal  prop- 
erties of soils in the  temperature  range O°C 
to -2OC (e.g., Penner 1970). Unfortunately,  for 
many  practical  studies of s o i l  thermal  regimes 
it is  precisely  this  range  of  temperatures  which 
is of concern. Kay et  al. (1981) do present 
results  for  thermal  conductivity,  for  one  soil,  at 
a  temperature  of -0.7OC. 

This  paper  describes  two  stages  of  development 
of a  technique,  based on transient  heat  flow from 
a  cylindrical  probe,  for  the  determination of the 
thermal  properties of frozen s o i l s  (conductivity 
and  diffusivity) in the  temperature  range Oo to 
-Z0C, as well as beyond  this. 

Typically,  conductivity  probes  are  designed  on 
the  basis  of  a  theoretical  heat  flow  model  which 
assumes  a  line  heat  source,  with  heat  capacity of 
zero  and  infinite  thermal  conductivity  (see 
Farouki 1981). This  approach  requires  that  the 
sample  be  heated  continuously,  until a rate of 
temperature  rise  which i s  linear  with  the 
logarithm  of  time  is  attained.  The  slope  of T 
versus  log(t)  is  then  used  to  determine  the 
conductivity. In  frozen  soils  close  to O°C, 
this  procedure  is  not  feasible,  since  the  unfrozen 
water  content  of  fine-grained  soils  changes 
rapidly  with  small  changes i n  temperature. 
As  water  changes  phase,  latent  heat of fusion is 
absorbed  or  released.  The  apparent  heat  capacity 
of  the  soil  is  a  function  of  the  rate  at  which  the 
change  of  state  occurs,  and  this  rate i s  a 
function  of  temperature.  Also,  ice  and  water 
differ i n  thermal  conductivity.  Therefore,  as  the 
volume  fractions of ice  and  water  are  temperature 

dependent,  the  thermal  properties o f  the  soil 
mixture  must  change  accordingly. Thus, any  method 
requiring  prolonged  heating o f  a soil  sample  will 
cause  a  change in the  properties  being  measured. 

THE "CONDUCTIVITY"  PROBE 

The  design  of  the  probe i s  based  on  the  analy- 
tical  model of transient  heat flow  from a cylinder 
o f  infinite  Conductivity  given  by  Jaeger (1956): 

AT - ( Q / X )  - G ( ~ , T )  (1) 

where AT is the  temperature  change  at  the 
probe-soil  interface  and 

G ( a , T )  = (B2/iT3) * 

Jrn 1 - exp (-ru2> du ( 2 )  

U3O(U) 

where 

V(u) - (u.Jo  (u) + a.J1 (u))~ + (3)  

(u.Yo(u) + a.Y1(u)>2 

and 

c1 = 2 c/c,, r = Kt/a2 (4) 

All  symbols  are  defined  in  the  notation  list 
at  the  end of the  paper.  This  formulation  assumes 
perfect  thermal  contact  between  the  probe  and  the 
soil.  For  a  cooling  period  following a short 
pulse of heat,  temperature  change  can  be  analyzed 
by  the  following: 
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G ( ~ , T )  = ( 2 o Z / , A .  

lW 
( 5 )  

exp ( - (T-To)u2) - exp  (-Tu2)' du 

u30(u) 

f o r  r>TO, and  where fo = K t  /a2 is t h e  
length   o f   the   hea t ing   per io l .   Both   the   pu lse  
method (equat ion 5) and the   con t inuous   hea t ing  
method (equat ion 2 )  have  been  tes ted in our  
experiments.  

I n   t h e   t h e o r y  for t he   s t anda rd   need le   p robe ,  
G(c,=) i s  s i m p l i f i e d  by assuming  tha t   the   p robe  
h e a t   c a p a c i t y  and r a d i u s  are z e r o ,  and by t h e   u s e  
for  s u f f i c i e n t l y   l a r g e  times (e.g. ,   see  Farouki 
1981). To u s e   t h e  method €or  smaller times - i.e. 
t o  limit AT a n d / o r   t o   d e t e r m i n e   t h e   d i f f u s i v i t y  - 
the  complete  form  of G ( ~ , T )  must  be  used. A 
s e n s i t i v i t y   a n a l y s i s  of G(~,T), using  the  para-  
meters f o r   o u r   p r o b e ,   i n d i c a t e d   t h a t   t h e   p u l s e  
method is p r i m a r i l y   s e n s i t i v e   t o   s o i l   c o n d u c t -  
iv i ty ,   whereas   the   cont inuous   hea t ing  method is 
s t r o n g l y   s e n s i t i v e   t o   b o t h   c o n d u c t i v i t y  and 
d i f f u s i v i t y .  

The   probe   rad ius   and   hea t   capac i ty   en te r   in to  
t h e   s o l u t i o n  of G(~,T), and t h e r e f o r e  must  be 
a c c u r a t e l y  known. The model a l s o   a s s u m e s   t h a t   t h e  
thermal   conduct iv i ty  of the   p robe  i s  i n f i n i t e ;  in 
p r a c t i c e ,   t h i s  means the t r u e   c o n d u c t i v i t y  must  be 
v e r y   l a r g e   r e l a t i v e  to t he   conduc t iv i ty  of t h e  
material u n d e r   t e s t .  

The probe,  made of  copper (A - 380 W m-l  
C - l ) ,  is 220 mm l ong  and 6.0 mm in diameter .  
Heat   f lows  out   radial ly   f rom a c o i l  of cons t an tan  
r e s i s t a n c e  wire wound on a small copper rod 
which i s  i n s e r t e d   i n  a hole   bored  a long  the 
l e n g t h  of the p robe ;   s i l i con  heat s i n k  compound 
was used t o   e n s u r e  good thermal   contac t .  The 
temperature  a t  t h e   p r o b e - s o i l   i n t e r f a c e  is  
measured w i t h  a t h i n   f o i l   t h e r m o c o u p l e  (Omega type  
COl-T) r e f e r e n c e d   t o  the temperature   bath.  
Temperature i s  recorded   v ia  a nanovoltmeter 
(Kei thley Model 181)   wi th  a s e n s i t i v i t y  of 2 50 
nV. A small i n p u t  of heat and t h e   v e r y   s e n s i t i v e  
temperature  measurement  system (+ 0 . 0 0 1 0 ~ )   a l l o w  

b e   k e p t   t o  0.1%. T h i s   r e q u i r e s   t h a t   t h e  
experiment   be  protected  f rom  thermal  and electri- 
cal d i s tu rbances .  The  measurement  system 
i s  guarded  and  grounded, and connect ions are 
pro tec ted   f rom  thermocouple   e f fec ts .  The system 
i s  shown in Figure 1. 

A least s q u a r e s   r e g r e s s i o n  is  performed on 
the   t ime- tempera ture   record   to   de te rmine  the b e s t  
f i t  of t h e   s o i l   t h e r m a l   p r o p e r t i e s   t o   t h e s e   d a t a .  
The method  proved reliable i n  t e s t   m a t e r i a l s  
(water  i n  a weak g e l a t i n   s o l u t i o n ,  and i c e ) .  

In   add i t ion   t o   t he   p robe   measu remen t s ,  the 
unf rozen   water   conten t  (8,) versus   t empera ture  
(T)   r e l a t ionsh ip ,  is d e t e r m i n e d   f o r   t h e   s o i l ,  
u s ing   t he   t echn ique  o f  time domain  ref lectometry,  
(TDR), (see P a t t e r s o n  and  Smith  1981).  These 
data are used t o   c a l c u l a t e   t h e   s o i l   a p p a r e n t   h e a t  
capaci ty ,   which i s  t hen   u sed   t o   cons t r a in   t he  
s o l u t i o n   f o r   c o n d u c t i v i t y   f r o m   t h e   h e a t   p r o b e  
d a t a .  So fa r ,  the  technique  has   been  appl ied 
t o   s a t u r a t e d   s a m p l e s ,   i n   o r d e r   t o   r e d u c e   t h e  
p o s s i b i l i t y  of mois ture   migra t ion ,  and t o   e n s u r e  
e f f e c t i v e l y   z e r o   c o n t a c t   r e s i s t a n c e .  

i t h e  maximum temperature  rise i n   t h e   s o i l  sample t o  

EXPERIMENTAL METHODS 

Thermal property  determinat ions  have  been 
u n d e r t a k e n   f o r  remolded  samples of Caen silt and 
Cas tor   sandy loam. ( P e r t i n e n t   p h y s i c a l   p r o p e r t i e s  
f o r  these s o i l s  are summarized i n  F igu re  2 ) .  The 
s o i l  sample was f i rs t  f r o z e n   t o   a b o u t  -1OOC ( t o  
ensu re  ice n u c l e a t i o n ) ,  and thermal   p roper ty  
de t e rmina t ions  were made a t  var ious   t empera tures  
on a warming cyc le .  

A TDR probe was a l s o   i n s e r t e d  in the s o i l  
s ample   fo r   de t e rmina t ion  of Ou a t  each  tempera- 
t u r e   ( s e e   F i g u r e  2). S o i l   a p p a r e n t   h e a t   c a p a c i t y ,  
(C,) was ca lcu la ted   f rom:  

where C (T)  i s  the   vo lumet r i c   hea t   capac i ty  of 
the   so i f - ice-water   mix ture ,  Lf is t h e   l a t e n t  
heat of f u s i o n ,  Vw i s  t h e   s p e c i f i c  volume  of 
water, and (dOU/dT) is t h e   s l o p e  of t he   un f rozen  
water con ten t   cu rve   a t   t empera tu re  T. 

De te rmina t ions   were   f i r s t   pe r fo rmed   fo r  Caen 
s i l t ,  us ing   t he   pu l se  method. The procedure 
followed was t o   h e a t   t h e   p r o b e   f o r  a shor t   pe r iod  
( t y p i c a l l y   1 5  s )  and then   a l low it  t o   c o o l   t o  i t s  
o r ig ina l   t empera tu re .  The tempera tures   dur ing  the 
coo l ing   pe r iod  were used t o   s o l v e   f o r   t h e   s o i l  
thermal p r o p e r t i e s   v i a   t h e   r e g r e s s i o n   p r o c e d u r e .  
However, a t  temperatures  above - ~ O C ,  an 
unexpected  problem was encountered. The time- 
temperature  trace was h i g h e r   f o r   s u c c e s s i v e   r u n s  
at  t h e  same tempera ture   (F igure  31, t hus  
y i e l d i n g  non r e p e a t a b l e   r e s u l t s   ( c f .  Kay e t   a l .  
1981). 

This   can  be  explained by h y s t e r e s i s   i n   t h e  
unfrozen water con ten t   t empera tu re   r e l a t ionsh ip  
(see P a t t e r s o n  and  Smith  1981). When a sample is 
h e a t e d   f o r   t h e   f i r s t  time a t  any  temperature ,   the  
warming curve  of   the  unfrozen  water   content  
r e l a t i o n s h i p  is followed. However,  once t h e  
sample  begins   to   cool  i t  w i l l  n o t   r e t u r n   a l o n g  
t h i s   c u r v e ,   b u t  will f o l l o w  some in t e rmed ia t e  
curve  (Figure 4 ) .  When i t  is heated   aga in  i t  will 
fol low a new warming c u r v e ,   t o   r e t u r n  on ano the r  
scanning   curve ,  and 80 o n .   T h i s   i n t e r p r e t a t i o n  
was examined by p l ac ing  a sample o f  Caen s i l t  i n  a 
tempera ture   cont ro l led   ba th  (+ O.0loC) and 
s u b j e c t i n g  it  to   a l t e rna t ing   t empera tu res   be tween  
-0.6OC and -0.25OC. Values  of e,, d e t e r -  
mined us ing  TDR (Figure 41, i n d i c a t e d   h y s t e r e s i s  
between  successive  runs a t  t h e  same temperature .  
Whi l e   t he   e f f ec t  of h y s t e r e s i s  on t h e  volume 
f r a c t i o n s  o f  ice and water i s  small, i ts  e f f e c t  on 
the apparent  heat capacity  (which  depends on 
dBu/dT) w i l l  be l a r g e   b e c a u s e   o f   d i f f e r e n c e s   i n  
dBu/dT on h e a t i n g  and coo l ing ,  and  between 
success ive   runs .  

as de te rmined   fo r   t he  Caen s i l t  sample   us ing   the  
p u l s e  method. A t  each   tempera ture ,   the   h ighes t  
value  of   conduct ivi ty  was determined on t h e   f i r s t  
r u n ,   w i t h   v a l u e s   g e n e r a l l y   d e c l i n i n g  f o r  each 
success ive   run .   Success ive   va lues  of conduc t iv i ty  
were c a l c u l a t e d   u s i n g  a v a l u e   f o r  C which 
became inc reas ing ly   e r roneous .  whifst t h e   t r e p d  

F igure  5 shows a p l o t  of conduc t iv i ty   ve r sus  T 
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i n   c o n d u c t i v i t y   v a l u e s   d e t e r m i n e d  f o r  t h e   f i r s t  
run a t  each  temperature  seems c o n s i s t e n t ,  the 
re su l t s   above  -3.9% are u n r e l i a b l e ,  

It i s  concluded ,   therefore ,  that  t h e   h e a t  
pu l se  method cannot   be  used  to   determine 
s o i l   t h e r m a l   p r o p e r t i e s   w h e r e   h y s t e r e s i s   i n   t h e  
unfrozen water c o n t e n t   r e l a t i o n s h i p  is l a r g e .  
The a l t e r n a t i v e  method chosen was t o   h e a t  the 
probe   cont inuous ly   for   about  3 min,  but a t  a 
very low rate (less than  1 W m-'), in o r d e r ,  
a g a i n ,   t o  limit the   t empera ture  rise t o  less than  
0.1OC. Whils t  i t  would  be p r e f e r a b l e  t o  c a r r y  
out  a number  of de t e rmina t ions  a t  any  one 
t empera tu re ,   t he   hys t e re s i s   e f f ec t   desc r ibed   above  
does   no t   a l low  th i s .   Ins tead ,   the   p rocedure  
followed was t o   p e r f o r m   c o n d u c t i v i t y   d e t e r -  
minat ions at closely  spaced  temperatures   on a 
warming cyc le .  

A s e n s i t i v i t y   a n a l y s i s  of equa t ion  ( 2 )  for 
c o n d u c t i v i t y ,   d i f f u s i v i t y  and h e a t   c a p a c i t y  showed 
that markedly  different   combinat ions of these 
propert ies   can  produce  probe  heat ing  curves   which 
are i n d i s t i n g u i s h a b l e ,   w i t h i n   t h e   l i m i t s  of 
measurement  accuracy.  Attempts t o   d e t e r m i n e  a l l  
p rope r t i e s   s imu l t aneous ly ,   t he re fo re ,  are p r o n e   t o  
e r r o r ,   s i n c e   a n   i n c o r r e c t  estimate of  one  property 
w i l l  b e   o f f s e t  by i n c o r r e c t   e s t i m a t e s   o f   t h e   o t h e r  
p r o p e r t i e s .  The on ly   p rope r ty   t ha t   can   be   de t e r -  
mined independent ly  i s  C,. However, as 
dgu /dT   approaches   i n f in i ty  (1.e. a t  very warm 
f r e e z i n g   t e m p e r a t u r e s ) ,  i t  becomes i m p o s s i b l e   t o  
a c c u r a t e l y  estimate Ca. The re fo re ,  the analy- 
t i ca l  procedure  followed was t o   e v a l u a t e  a l l  
three the rma l   p rope r t i e s ,  and s a t i s f y   t h e  
fol lowing cr i ter ia .  

1. The the rma l   p rope r t i e s  combine t o  produce 
the  observed   hea t ing   curve   ( to   wi th in  +.O0loC). 

2. Each   p rope r ty   p lo t s  as a smooth  funct ion o f  
temperature  (which seems phys ica l ly   reasonable . )  

The d a t a  were f i rs t  ana lysed   wi thout  
c o n s t r a i n i n g   t h e   s o l u t i o n   t o  C ( ~ , T )  f o r   a n y  of t h e  
the rma l   p rope r t i e s .  The r e s u l t s   o f   t h i s   w e r e  
p l o t t e d .  The c a l c u l a t e d   h e a t   c a p a c i t i e s  were 
compared t o   t h o s e   e s t i m a t e d   u s i n g   t h e  TDR f r e e z i n g  
c h a r a c t e r i s t i c   d a t a .  A smoothed f u n c t i o n  was 
f i t t e d  t o  t h e  combined h e a t   c a p a c i t y   d a t a .  The 
smoothed va lues  were then   u sed   t o   cons t r a in  G ( ~ , T )  
i n   t h e   d e t e r m i n a t i o n  of conduc t iv i ty ,  

The r e s u l t s  of this procedure are shown i n  
F igures  6 ,  7, 8. Some s c a t t e r  s t i l l  r e m a i n s   i n  
t he   va lues  f o r  conduc t iv i ty ,   a l t hough   t he   p lo t  of 
d i f f u s i v i t y   d e t e r m i n a t i o n s  i s  most s a t i s f a c t o r y .  
Fo r   conduc t iv i ty ,   t he   s ca t t e r  i s  g r e a t e s t  a t  
temperatures  above -1OC; i n  th i s   range ,   deu/dT 
changes   rap id ly   ( see   F igure  2 ) ,  a f f e c t i n g  
e s t i m a t e s  of C,, hence A .  It appea r s   t ha t   t he  
accuracy  of the method is l i m i t e d  by the   accuracy  
with  which dBu/dT (hence Ca>  can   be   de te r -  
mined.  Determination  of more p o i n t s  on t h e  
eu ve r sus  T r e l a t i o n s h i p ,  o r  d i r e c t  
( c a l o r i m e t r i c )  measurement of C , might  improve 
t h e  estimates. Kay et a l .  (198f) also  presen t  a 
method f o r   d e t e r m i n i n g   s o i l   t h e r m a l   p r o p e r t i e s  
which  requires  knowledge of  Ca. However, t h e  
o n l y   r e s u l t s   t h e y   p r e s e n t  above -2OC, a r e  at - 
0.7OC. They i n d i c a t e  a wide s c a t t e r  i n  their  
values .  

It a p p e a r s   t h a t   t h e   c o n d u c t i v i t y   v a l u e  a t  
-1.g0c i s  simply  anomalous,   since estimates o f  
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ROCK STREAM DESERPTION* 

N.  N. Romanovskii  and A. I. Tyurin 

Geology  Department, Moscow S ta t e   Un ive r s i ty  
Moscow, USSR 

The au tho r s   have   i nves t iga t ed   rock  streams by a n a l y z i n g   t h e   f r o z e n  materials of  
which  they are composed. On t h e   b a s i s  of  abundant  data it was shown t h a t   r o c k  
streams are not chaot ic   accumulat ions of c o a r s e   m a t e r i a l   a s  was earlier consid- 
e red   bu t   o rde r ly  geodynamic  systems  evolving  according  to   cer ta in   rules .   Three 
hypsometr ic   be l t s   have   been   d i s t inguished ,   merg ing   one   in to   the  next i n  o r d e r l y  
fash ion .   Each   of   these   be l t s   cons ls t s   o f  a s t r i c t ly   de f ined   combina t ion   o f  
f a c i e s  and s u b f a c i e s   d i f f e r i n g   b o t h  in s t r u c t u r e   a n d  in t he   r ange  of f a c t o r s  
a f f e c t i n g  i t s  movement. The range  of   sediments   occurr ing in a rock stream 
depends on I t s  g e n e s i s ,   s t a g e  of  development,  and  geological  and  geomorpholog- 
i ca l  p e c u l i a r i t i e s .  The d a t a   o b t a i n e d  by the   au tho r s   have   enab led  them t o  
e l abora t e   s c i en t i f i ca l ly   subs t an t i a t ed   r ecommenda t ions  as t o   t h e   b u i l d i n g  of 
e n g i n e e r i n g   s t r u c t u r e s  on rock streams or   i n   t he i r   zones   o f   impac t  and t o  
approach   env i ronmen ta l   p ro t ec t ion   i n  a r a t i o n a l   f a s h i o n .  

In recent   years   rock-a t ream  ( fe l senmeer)   research  
has   acqu i r ed  a g rea t   p rac t i ca l   impor t ance .   Th i s  i s  
connec ted   w i th   t he   i n t ens ive  economic  development 
o f   t he   r eg ions   wh ich   a r e   sub jec t   t o   rock   s t r eam  fo r -  
mation. Rock streams o f t e n   h a v e   g r e a t  areal e x t e n t .  
For i n s t a n c e ,   t h e  areas occupied by r o c k   s t r e a m s   i n  
p a r t s  of Southern  Yakut ia   and  Northern  Transbaikal ia  
are as fol lows:  (1) 1 t o  5% i n   d e p r e s s i o n s   a n d   i n  
o t h e r   r e g i o n s   w i t h  weak bedrock, ( 2 )  25 t o  60% on 
Ju ras s i c   qua r t z i t e - l i ke   s ands tones ,   and  (3 )  60 t o  
80% i n  the g o l e t s f a l p i n e   b e l t  on Pro terozoic   and  
Archean  metamorphic  rocks. 

The s t r u c t u r e   o f   r o c k  streams is not  uniform, 
and   the   p rocesses   l ead ing  t o  the   fo rma t ion   o f   t he  
coarse-fragmented material, i t s  movement on s l o p e s ,  
and  accumulation a t  t h e   f o o t  are a l s o   d i v e r s e ,  
Various  types  of  deserption  (cryogenic,   thermogenic,  
and  sometimes  hydrogenic) are among c o n s t a n t l y  
a c t i v e   p r o c e s s e s   o f  movement of  coarse-fragmented 
material of   rock  s t reams;   the  accompanying  processes  
are f ros t   heav ing   o f   f r agmen t s ,   v i scop la s t i c   f l ow 
of i n t e r s t i t i a l   i c e ,   a n d   c r e e p   o f   t h e   f r a g m e n t e d  
m a t e r i a l   i n   t h e   s e a s o n a l l y  thawed l a y e r   a l o n g   t h e  
i cy   base .   Each   o f   t hese   p rocesses   can   ac t   i n   ce r -  
t a i n   p a r t s  o f  t he   rock  stream and  be  absent  i n  
o t h e r s ,  and  have a d i r e c t   i n t e r r e l a t i o n   w i t h   t h e  
s t r u c t u r e  of t h e i r   p r o f i l e .   D i f f e r e n t   p a r t s  of rock  
streams are c h a r a c t e r i z e d  by d e f i n i t e   r e l a t i o n s h i p s  
between  the  thicknesses  of the coarse-fragmented 
material and  seasonally  thawed  layer by s p e c i f i c  
cryogenic  structure,   and  by  morphology. 

It is poss ib l e   t o   app roach  the s tudy  of rock  
streams u s i n g   t h e  method of f rozen  ground-facies  
a n a l y s i s .  The f a c i e s   o f   r o c k  streams were d i s t i n -  
guished on t h e   b a s i s  of the uniformity  of   the   land-  
forms  and on morphology.  General   direction of the 
processes   forming  and  t ransforming  the  coarse-frag-  
mented material served as a p r i n c i p a l   c h a r a c t e r   t o  
d i s t i n g u i s h  the f a c i e s .   W i t h i n   t h e  same f a c i e s  i t  
was necessa ry  t o  d i s t i n g u i s h   s u b f a c i e s  on t h e   b a s i s  
o f   s t r u c t u r a l   c h a r a c t e r i s t i c s   o f   t h e   r o c k  stream 
body in   t he   c ros s - sec t ion   ( acco rd ing   t o   t he   p re sence  
or   absence   o f  s i l t  hor izons ,   charac te r   o f   sor t ing  

*See E d i t o r ' s   n o t e   o n   l a s t  page. 

o f   f ragments ,   c ryogenic   s t ruc ture ,   re la t ionships  
of i t s  th i ckness   w i th   dep ths  of t h e   s e a s o n a l l y  
thawed  and   seasonal ly   f rozen   layers   and  a set of 
movement f a c t o r s ) .  

I n   r o c k  streams, which a r e   m o b i l e   s l o p e  forma- 
t i o n s ,   t h r e e  main "be l t s "  are d i s t i n g u i s h e d  down- 
s l o p e .   F i r s t ,   t h e r e  is t h e   b e l t   o f   m o b i l i z a t i o n  
of  coarse-fragmented material, its p r e p a r a t i o n   f o r  
movement. There are s t i l l  no rock streams as such, 
but   an  accumulat ion  of   coarse-fragmented  mater ia l  
i s  formed tha t   consequen t ly  is e n t r a i n e d   i n t o  
motion. The b e l t  of m o b i l i z a t i o n  is followed by 
t h e   b e l t  of rock streams s e n s u   s t r i c t o ,  i.e. by 
mobile  and  rocky  slopes  and streams. Act ive move- 
ment ( t r a n s i t )   o f   t h e   r o c k   s t r e a m   m a n t l e   t a k e s  
p lace   here .  The t h i r d   b e l t  i s  t h a t  of  accumula- 
t i o n  of  coarse-fragmented material where movement 
downslope  diminishes   or   s tops  completely.   Intern-  
ment o r  bu r i a l   o f   rock  streams by  depos i t s   o f  
v a r i o u s   o r i g i n ,  and their reworking  by  exogenic 
p rocesses   and   t r ans fo rma t ion   i n to   o the r   fo rma t ions  
takes p l a c e  here. In each  b 'elt  a number o f   f a c i e s  
are d i s t ingu i shed   wh ich   a r e   g rouped   i n to   t h ree  
c a t e g o r i e s  on t h e   b a s i s   o f   t h e i r   r o l e   i n   r o c k  
stream formation  and  for   convenience  of   analysis :  
(1) f a c i e s   o f   e x t e r n a l   s u p p l y   b e l t ,  (2)  f a c i e s   o f  
t r a n s i t   b e l t  and (3)  t h o s e  of  the  accumulat ion 
b e l t .  

The f a c i e s  of e x t e r n a l   s u p p l y   b e l t  of rock 
s t r eams  may v a r y   g r e a t l y   w i t h   t h e   g e o l o g i c a l  struc- 
t u r e   o f   t h e   a r e a ,   t h e   h i s t o r y   o f  its development, 
and   t he   r e l a t ionsh ips   o f   t he   dep ths   o f   t he   s eason-  
a l l y  thawed  and   seasonal ly   f rozen   layer   and   the  
mantle  o f  l o o s e   d e p o s i t s .  

The f a c i e s   o f   t h e   e x t e r n a l   s u p p l y   b e l t   o f   r o c k  
streams pass  downslope into t hose  of t h e   b e l t   o f  
movement ( t ransi t )   of   coarse-fragmented material, 
(1) The f a c i e s  of t h e   r o c k  stream s lope ,  (2)  a 
group of f ac i e s   o f   rock  stream flows  and (3) a 
group  of facies o f   s t r u c t u r a l   r o c k  stream s l o p e s  
are d i s t i n g u i s h e d   w i t h i n   t h e   l a t t e r   b e l t .  

t r i b u t e d   w i t h i n   t h e   s t u d y   a r e a .  It i s  conf ined   t o  
Fac ie s   o f   t he   rock  stream s l o p e  i s  widely   d i s -  
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slopes  between 3-10' and 30-35' i n   a n g l e .  The 
width of t h e   r o c k  stream is  u s u a l l y   g r e a t e r   t h a n  
o r  commensurable wi th  its length,   and  the  morphol- 
ogy  of i ts s u r f a c e  is uniform. 

The su f fos ion -des t ruc t ive   sub fac i e s  is  cha rac t -  
e r i z e d  by  coarse-fragmented material, r ep resen ted  
by blocks,   rubble   and  grus .  It has weak s o r t i n g  
and passes  into broken  rock a t  the   base .  In t h e  
lower  layers   of   coarse   f ragmented material occur s  
a sma l l  amount of f i l l e r  which  consists  of  sand  of 
v a r i e d   p a r t i c l e   s i z e   a n d   s i l t y   s a n d y  loam.  Because 
t h e   t h i c k n e s s   o f   t h e   r o c k  stream is less t h a n   t h e  
dep th   o f   t he   s easona l ly  thawed o r   s e a s o n a l l y   f r o z e n  
l a y e r ,   t h e   b e d r o c k  i s  sub jec t ed   t o   i n t ense   c ryogen-  
i c  weathering. The  movement of  coarse-fragmented 
material occurs  mainly  due  to  thermogenic  and  cryo- 
g e n i c   d e s e r p t i o n .  Of g r e a t   s i g n i f i c a n c e  are d i s i n -  
tegra t ion   of   coarse   f ragmented   mater ia l ,  i t s  move- 
ment r e s u l t i n g   f r o m   f r o s t   s o r t i n g ,   a n d   s u f f o s i o n a l  
removal   of   f ines .  

According t o   t h e   o b s e r v a t i o n s   i n   t h e  Chulman 
Depres s ion ,   t he   r a t e  o f  movement of   sands tone   f rag-  
ments o f  t h i s   s u b f a c i e s  on t h e  surface of a s l o p e  
wi th   s teepness   o f  25' is up t o  2 cm/yr.  Rapid 
movements of  material do  not   occur .   Creeping semi- 
d i s in t eg ra t ed   bed rock   b locks  are encountered  within 
the suf fos ion-des t ruc t ive   subfac ies   which   deve lops  
below  the  slump  block facies. 

The g o l e t s   i c e   s u b f a c i e s  (in t h e   r o c k  stream 
s l o p e   f a c i e s )  is usua l ly   l oca t ed   hypsomet r i ca l ly  
below t h e   s u f f o s i o n - d e s t r u c t i v e   s u b f a c i e s .  The 
boundary  between them has a complex c o n f i g u r a t i o n  
and i s  i l l - d e f i n e d   i n   t h e   m i c r o r e l i e f   o f   r o c k  
streams. The s t r u c t u r e  of rock  streams o f   t h e  
g o l e t s  ice s u b f a c i e s  is c h a r a c t e r i z e d  by f r o s t  
sor t ing   o f   coarse- f ragmented   mater ia l   wi thout  matrie 
in t h e   s e a s o n a l l y  thawed l a y e r  and  by a n   i c e - s o i l  
layer   consis t ing  of   bedrock  f ragments   cemented by 
g o l e t s  ice below the  s e a s o n a l l y  thawed l a y e r  base. 
The ice c o n t e n t   w i t h i n   t h i s   l a y e r  is d i f f e r e n t .  In 
some c a s e s  ice fills o n l y   t h e   v o i d s   i n  t h e  coarse-  
f ragmental  marerial; i n   o t h e r s ,   t h e   r o c k   m a n t l e  i s  
" in f l a t ed" ,  i.e. the  blocks,   rubble   and  grus  are 
surrounded by t h e  ice and   the   vo lume  ice   conten t  
reaches 70-90%. The g o l e t s  ice inc ludes   sma l l  
l e n s e s  of f ines ,   l aye r s   and   l enees   o f   i ce   wh ich  
d i f f e r  i n  c o l o r ,   s t r u c t u r e ,   c o n t e n t   o f   m i n e r a l  
admixtures,   and a i r  bubbles   of   var ious  shape.  Small 
l e n s e s  o f  s a n d   o f t e n   d u p l i c a t e   t h e   c o n t o u r s   o f  bed- 
rock   b locks   l oca t ed   i n   t he   i ce .   F l a t t ened   bed rock  
b locks   change   t he i r   o r i en ta t ion   w i th in   t he   c ros s  
s e c t i o n   o f   t h e   i c e - s o i l   l a y e r .  In i t s  lower   par t  
t he   p l anes   o f   t he   f r agmen t s   dup l i ca t e   t he   pos i t i on  
o f   t he   rocks   i n   an   und i s tu rbed  state.  In the   upper  
p a r t   o f   t h e   s e c t i o n  the p o s i t i o n   o f   t h e   b l o c k  
p l anes   approx ima tes   t he   d i r ec t ion  o f  t h e   g e n e r a l  
i n c l i n a t i o n   o f   t h e   s l o p e   s u r f a c e .   T h i s  is appar- 
e n t l y  a consequence  of movement o f   t h e   b l o c k s   i n  
t h e   i c e - s o i l   l a y e r   d u e   t o   p l a s t i c   d e f o r m a t i o n s  
which are i n d i c a t e d  by the  s t r u c t u r e s   o f   t h e   e n v e l -  
op ing   ice .  

The i c e - s o i l   l a y e r   i n c l u d e s   p l a n e s  marked  by 
spr inkl ing   of   sand  material and   increased   conten t  
of a i r  bubbles   tha t   have  a d i f f e r e n t   d i p  with re- 
s p e c t  t o  t h e   s l o p e :   s u b v e r t i c a l ,  into t he   dep th   o f  
the   s lope   and   a long  its dip.   The  genesis   of   these 
d i s t u r b a n c e s  is a p p a r e n t l y   r e l a t e d   t o   r u p t u r e s   o f  
t he   i ce - so i l   Laye r  as a r e s u l t  of  volume-gradient 
deformations  and  to  stress release occurr ing   dur ing  

movement of  the  coarse-fragmented material. These 
r u p t u r e s   a p p a r e n t l y   p l a y   a n   i m p o r t a n t   r o l e  i n  move- 
ment of rock streams, 

The g o l e t s  ice s u b f a c i e s  i s  cha rac t e r i zed   by  
p rocesses   o f   p l a s t i c   f l ow  o f   t he   i ce - so i l   l aye r ,  
and  slow movement and s l ides   o f   t he   coa r se - f r ag -  
mented material a long   t he   i cy   base ,  Such s l i d e s  
u s u a l l y   o c c u r   l o c a l l y   i n   p l a c e s   w h e r e   t h e  season- 
a l l y  thawed l a y e r   b a s e  i s  su f f i c i en t ly   even ,   w i th -  
o u t  a h igh   con ten t   o f   l a rge   b locks   f rozen   i n to   t he  
ice layer ,   which would h o l d   t h e   r o c k  stream m a t e r i a l  
even on s t e e p   s l o p e s .  

n i a l l y   f r o z e n   b a s e   o f  a rock  stream i s  p o s s i b l e  
while   the  mant le   of   coarse-fragmented  mater ia l  re- 
m a i n s   r e l a t i v e l y   c o n s t a n t  o r  i n c r e a s e s   i n   t h i c k n e s s .  
Weathering  and  the  disintegration  and  removal of 
f i n e s  downward i s  compensated by the more r a p i d  
t ranspor t   o f   the   f ragmented  material from above 
f r o m   t h e   e x t e r n a l   o r   i n t e r n a l   s u p p l y   b e l t s   o f   t h e  
rock  stream. 

I n  t h e   s t u d y   a r e a ,   t h e  rate of movement o f   t h e  
f ragmented  surface material ranges  from 1 t o  3 cm/ 
y r   ( t he   ave rage   be ing  2 cm/yr) . The desc r ibed  
g o l e t s  ice s u b f a c i e s  i s  c h a r a c t e r i z e d  by g r e a t e r  
rates of c reep  o f  t he   f r agmen ta l   man t l e ,   i n   yea r s  
o f   a n   i n c r e a s e  of its th ickness ,   and  by r a p i d  de- 
b r i s   s l i d e s   p r i m a r i l y  on s t e e p   p a r t s  of the s l o p e  
and on s lopes  undercut   by rivers. The nonun i fom 
movements  of t h e   r o c k s  of the  fragmented  mantle  of 
t h e   g o l e t s   i c e   s u b f a c i e s   l e a d s   t o   t h a w i n g ,   s l u m p i n g  
and  occurrence  of   depressions on some p a r t s  of t h e  
rock stream s lope   and ,   converse ly ,   to   an   increase  
of   the   th ickness   o f   the   f ragmented   mant le   o r   to  
g o l e t s   i c e   f o r m a t i o n  a t  t h e   s e a s o n a l l y  thawed l a y e r  
base   on   o the r   pa r t s   o f   t he   rock  stream s lope .  

The s i l t a t i o n   s u b f a c i e s  is conf ined   to   the   lower  
p a r t s   o f   r o c k  stream s lopes   and   t o   t he  less s t e e p  
p a r t s  of rock stream s l o p e s   w i t h   i n s i g n i f i c a n t  
e l o n g a t i o n   o r  complex re l ief .  

The c r o s s   s e c t i o n s  of t h e   r o c k  streams which 
b e l o n g   t o   t h i s  facies a r e  composed o f  poor ly   so r t ed  
coarse  fragmented material w i t h o u t   f i l l e r   t o   t h e  
depth  of 0.2-0.5 t o  1.0 m. Lower i n   t h e   s e c t i o n  
occurs  a l a y e r  of the coarse-fragmented material 
w i t h   d i s p e r s e d   f i l l e r  whose con ten t  may reach 60- 
70%. U s u a l l y   i n   t h e  summer, t h e   f i n e s   i n   t h e  
s e a s o n a l l y  thawed l a y e r  are sa tu ra t ed   and  in a 
quick  ground  condi t ion.  I n  a f rozen  s ta te  the  hor-  
i zon   has  a mass ive   and   i r regular   l ense- l ike   bedded  
c r y o s t r u c t u r e .  The th i ckness   o f   t he   ho r i zon   w i th  
d i spe r sed   f i nes   i nc reases   downs lope .  The  season- 
a l l y  thawed layer   th ickness   does   no t   exceed  1.5 m 
i n   t h i s   s u b f a c i e s .  d s o  w i t h i n   t h i s   s u b f a c i e s ,  
t h e r m o g e n i c   d e s e r p t i o n   a c t s   i n   t h e   l a y e r   w i t h o u t  
f i l l e r  and  cryogenic   deserpt ion  occurs  in t h e   e n t i r e  
s easona l ly  thawed l aye r ;   heav ing  of  the  fragmented 
material, v i s c o p l a s t i c   f l o w  of t h e   l a y e r   w i t h  
f i n e s ,   d e l u v i a l   s u b s u r f a c e   w a s h o u t s ,  and  accumula- 
t i o n  o f  f ines   occur .   Rapid  movements a n d   s l i d e s  
a f t e r  heavy  ra ins  are a l s o   a s s o c i a t e d   w i t h   t h i s  
sub fac i e s ;   t hese   occu r   bo th  on a wide   f ront   a long  
wi th   format ion  o f  d e p r e s s i o n s   p a r a l l e l   t o   t h e  
s l o p e s ,  and loca l ly ,   fo rming   s t r ipes   o f   t he   coa r se -  
f ragmented  mater ia l .  Local movement r e s u l t s  in the  
occur rence   o f   g rooves   o f   d i f f e ren t   l eng th  and  width, 
w i t h   t h e   c i r q u e s  of s e p a r a t i o n  in t h e   u p p e r   p a r t  
and  heaved  cones o f  i n d i s t i n c t   s h a p e   i n   t h e   l o w e r  
one,  Heaving of separated  f ragments  also  occurs .  

The accumulation of the g o l e t s   i c e   i n   t h e   p e r e n -  
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The measured ra te  of  heaving  ranges  from 2 t o  20 
mmlyr. 

a h o r t   r o c k  streams, o r  in combinat ion,   regular ly  
r e p l a c i n g  one a n o t h e r   i n   l o n g   r o c k  streams. Re- 
placement of f a c i e s   a n d   s u b f a c i e s   i n  time occur s  
too.  Replacement of s u b f a c i e s  is a n   o b j e c t i v e l y  
ex is t ing   p rocess   de te rmined  by va r ious   cond i t ions ,  
such as re s i s t ance   o f   rocks   t o   wea the r ing ,   s t eep -  
nes s   o f   s lopes ,   unde rcu t t ing   o f   s lopes  by r i v e r s ,  
etc., as w e l l  as by climatic and  frozen  ground 
f ac to r s .   Wi th in   t he   s tudy   a r ea ,   t he   fo l lowing  
combina t ion   of   subfac ies  i s  most   of ten  encountered 
i n  the   ma tu re   rock   s t r eam  s lope   f ac i e s .  The suf-  
fo s ion -des t ruc t ive  facies is l o c a t e d   i n   t h e   u p p e r  
p a r t  of t h e   r o c k  stream slope.  Hypsometrically 
lower  there  is t h e   g o l e t s   i c e   s u b f a c i e s   t u r n i n g  
i n t o   t h e   s i l t a t i o n  one a t  t h e   f o o t .  

Tn t h e   i n i t i a l   s t a g e   t h e  facies of   the   rock  
stream s l o p e  is represented   on ly   by   the   suf fos ion-  
des t ruc t ive   sub fac i e s   wh ich   t akes  up t h e   e n t i r e  
rock stream. The rock stream i n c r e a s e s   i n   l e n g t h  
and  thickness ,  As t h e   t h i c k n e s s   o f   t h e   r o c k  stream 
enlarges   through  both  weather ing  of   rocks  and  suf-  
f o s i o n   o f   f i n e s ,   t h e   r o c k   p o r o s i t y  becomes h ighe r  
and   t he   quan t i ty   o f   go le t s  ice being  formed  annu- 
a l l y   i n   t h e   r o c k  stream inc reases .  The ice con- 
t e n t  is  h i g h e s t   i n   t h e   l o w e r   p a r t   o f   t h e   s e c t i o n  
which is most  washed ou t   and   cha rac t e r i zed  by max- 
imum p o r o s i t y .  The i n c r e a s e   i n   i c e   c o n t e n t   l e a d s  
t o  a r educ t ion  of t h e   t h i c k n e s s   o f   t h e   s e a s o n a l l y  
thawed l a y e r   a n d   t o   t h e   t r a n s i t i o n   o f  i ts lower 
par t   in to   perennia l ly   f rozen   ground.   Consequent ly ,  
t h e   g o l e t s  ice s u b f a c i e s  starts t o  form i n   t h e  
lower   pa r t  of t h e   r o c k  stream s lope .  The growth 
of t h e   g o l e t s  ice subfac ies   p roceeds   ups lope  s i m -  
i l a r l y  t o  t h e  "backward  erosion". I n   c a s e s  where 
wea the r ing   o f   ha rd   bed rock   r e su l t s   i n   t he  forma- 
t i o n   o f  a small q u a n t i t y  of f ines   which  are e a s i l y  
removed by s u r f a c e   r u n o f f ,   t h e   g o l e t s   i c e   s u b f a c i e s  
may r ep lace   t he   su f fos ion -des t ruc t ive   one   comple t e -  
Ly. I n   t h i s  case, t h e   b e l t   o f   r o c k  stream move- 
ment ( t r a n s i t )  is aga in   r ep resen ted  by only   one  
subfac i e s .  

F i n a l l y ,   t h e   s i l t a t i o n   s u b f a c i e s  is formed, 
i r r e s p e c t i v e   o f   r o c k   s t r e n g t h   i n   t h e   l o w e r   p a r t   o f  
t he   rock  streams developing on s lopes   no t   unde rcu t  
by r i v e r s .  On r o c k s   t h a t  are more r e s i s t a n t   t o  
e r o s i o n   t h e   s i l t a t i o n   s u b f a c i e s   a p p e a r s  later, and 
develops  more  slowly  than  on less r e s i s t a n t   r o c k s .  
The area o f   t h e   s i l t a t i o n   s u b f a c i e s   i n c r e a s e s  up- 
s l o p e   a t   t h e   e x p e n s e   o f   t h e   o t h e r   s u b f a c i e s .   I n  
t h i s   c a s e  the rate of  i ts format ion   decreases  
g r a d u a l l y ,   p r a c t i c a l l y   c e a s i n g  a t  a c e r t a i n   l e v e l .  
The remaining  par t   of   the   rock  s t ream,  which is 
rep resen ted  by t h e   s u f f o s i o n - d e s t r u c t i v e   o r   t h e  
g o l e t s   i c e   s u b f a c i e s ,  is u s u a l l y  small and  weath- 
e r ing   of   rocks   wi th in  i ts  limits cannot   support  
t he   deve lopmen t   o f   t he   s i l t a t i on   sub fac i e s .  If 
t h e  amount o f   f i n e s  removed  by t h e   s u r f a c e   r u n o f f  
i s  l a r g e ,   t h e   s i l t a t i o n   s u b f a c i e s  may r e p l a c e  a l l  
sub fac i e s   l oca t ed   ups lope .   F ina l ly ,   t he   rock  
stream i s  degraded. However, hard  rocks  and  high 
moi s tu re   con ten t   o f   t he   depos i t s  may cause  heaving 
of   the  coarse-fragmented  mater ia l   and  the  revival  
of t he   rock  stream. 

There is a group  of  rock stream f low  f ac i e s .  
The rock  stream f low  f ac i e s   i nc lude   na r row,   l i nea r -  
l y   e x t e n d e d   r o c k  streams the  width  of   which i s  

F a c i a l   v a r i a t i o n s   o c c u r   e i t h e r   i n d e p e n d e n t l y   i n  

cons ide rab ly  smaller than   t he i r   l eng th .   Wi th in  
t h e   s t u d y   a r e a ,  the rock  stream-flows are repre-  
s en ted  by t h r e e   f a c i e s :  (1) rock  stream rills, 
(2)  rock stream rampart  flow  and (3) rock stream 
s t r i p e s .  The d i s t i n c t i v e   f e a t u r e s   o f   t h e   r o c k  
stream f l o w   f a c i e s  are: (1) t h e   c o n c e n t r a t e d ,  
d i r e c t e d  movement of rhe  coarse-fragmented material, 
( 2 )  d i f f e r e n c e s   i n   s t r u c t u r e   n o t   o n l y   d o w n s l o p e  
b u t   a l s o   i n   t h e   t r a n s v e r s e   s e c t i o n ;   t h e s e   d i f f e r -  
ences  are r e l a t e d   t o   o r i e n t i n g   e f f e c t   o f   t h e   b a n k s  
o f  t he   f l ow and o the r   f ac to r s .   Fo rma t ion   o f   rock  
stream-flows is determined by the   occur rence   o f  
f r ac tu res   ex t ended   downs lope   i n   t he   rock ,   o r  by 
systems o f  f ros t   po lygons   (usua l ly   fo l lowing   tec-  
t o n i c   c r a c k s ) ;  the c r a c k s   f o l l o w i n g   t h e   s u r f a c e  
g r a d i e n t   a r e  most  reworked  (weathered,  washed  out, 
etc.) .  Because   o f   th i s ,   the   rock  stream flow 
facies has  slump b locks   and   t he   sub fac i e s  of d i f -  
f e r en t i a l   wea the r ing   o f   rocks  as an e x t e r n a l  
supply   be l t .  

The rock   s t ream r i l l  is rep resen ted  by extended 
rock streams the   w id th  of  which va r i e s   f rom 3 t o  4 
t o   s e v e r a l   t e n s   o f  meters; t h e   s i d e   p a r t s  are 
r a i s e d  compared t o   t h e   a x i a l   p a r t .  

Wi th in   the   boundar ies  of Southern  Yakutia  and 
Nor thern   Transba ika l ia ,   rock   s t ream r i l l  t a k e s  
p l a c e   a l o n g   t h e   l i n e s  of f r o s t   c r a c k s   w h e r e   i n t e n s e  
p rocesses  of su f fos ion   o f   f i nes   occu r s .  In t h i s  
c a s e   t h e   s i z e   o f   t h e   c e l l s   i n   t h e   n e t w o r k  of  poly- 
gons  exceeds 15m; the l a rge   d i s t ance   be tween  the 
c racks   p reven t s   fo rma t ion   o f   t he   rock  stream s l o p e  
f a c i e s .  The wid th   o f   the   rock  stream r i l ls  v a r i e s  
from 3 t o  6 m. The rock  stream r i l l  f a c i e s   o f t e n  
o c c u r s   i n   d e p r e s s i o n s .   T h i s  is most t y p i c a l   o f  
Transbaikalia  and  Stanovoe  Nagore  Mountains,  

l i n e a r ,   e l o n g a t e d ,  f l a t  rock  streams, which are 
n o t   d i s t i n g u i s h a b l e   i n   t h e   r e l i e f   o f   t h e   s l o p e s ,  
are without  a pronounced  concentration  of the flow 
of   supra-permafrost   water   and  without   intensive 
su f fos ion .  The c ross   s ec t ion   o f   t he   rock  stream 
s t r i p e   s u b f a c i e s  is determined by its genes i s  and 
the stage  of  development.   Depending  on  this i t  
may o r  may not   have  a c h a n n e l .   I f  a channel  is n o t  
fo rmed ,   t he   c ros s   s ec t ion  of t h e   f a c i e s  is f i l l e d  
almost  completely  with  f ines.   For  example,   such 
f a c i e s  are formed as a r e s u l t  o f  d e s t r u c t i o n  of 
rock  remnants,  the  banded  coarse-fragmented mate- 
r ia l  of which is sh i f t ed   downs lope .   In  the r e l i e f  
of t h e   s l o p e ,  The s u b f a c i e s  has the shape  of   the 
rock stream. The fragments are placed on t h e i r  
s i d e s ,   t h e i r   l o n g   a x e s   o r i e n t e d   a l o n g   t h e   d i p   o f  
the s l o p e .   F r o s t   s o r t i n g  is a p p a r e n t   i n   t h e   c r o s s  
s e c t i o n ,   I f   t h e   r o c k  stream s t r i p e   f a c i e s  i s  
formed  on loose d e p o s i t s   t h e   t h i c k n e s s  of which 
exceeds   t he   dep th   o f   t he   s easona l ly  thawed o r  
s e a s o n a l l y   f r o z e n   l a y e r ,   t h e   r o c k  stream flow ap- 
p e a r s   t o  immerse i n t o   t h e   s l o p e   a c c o r d i n g   t o  i t s  
denudation.  Coarse-fragments  of t h e  l o o s e  
d e p o s i t s  composing t h e   s l o p e  are i n c l u d e d   i n   t h e  
sub fac i e s .  

The  rock stream rampar t - f low  fac ies   represents  
e longated   rock  streams w i t h   a n   e l e v a t e d   c e n t r a l  
pa r t   and  a depressed   per iphera l   par t .   Charac te t -  
i s t i c a l l y ,  on s t e e p  areas and i n   t h e   u p p e r   p a r t s  
of slopes  the  immobile   banks  of   the  rock stream 
are r a i s e d  as much as 1 m. On r e l a t i v e l y  f l a t  
areas and i n  the  lower   pa r t s   o f  the s l o p e s   t h e  
ramparts-flows  form w e l l  de f ined   pos i t i ve   mic ro -  

The rock stream s t r i p e   f a c i e s  i s  r ep resen ted  by 
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relief.  The s i d e s  of blocks are o r i en ted   a long  
t h e   d i p  of t h e   s l o p e ;   i n  the t r a n s v e r s e   s e c t i o n  
the   b locks   d ive rge   f an - l ike   f rom  the   cen te r   t o   t he  
pe r iphe ry .   D i s t inc t   f ro s t   so r t ing   o f   f r agmen ted  
material i s  e n c o u n t e r e d   i n   t h e   v e r t i c a l   s e c t i o n .  
A t  t h e   b a s e  of t h e   s e a s o n a l l y  thawed l a y e r ,   t h e  
space  between  fragments i s  f i l l e d   w i t h   s a t u r a t e d  
f i n e s .  The t h i c k n e s s   o f   t h e   h o r i z o n  wi th  f i n e s  
i n c r e a s e s  downslope. An i c y   l a y e r  is u s u a l l y  
found  below the s e a s o n a l l y  thawed l a y e r   w i t h o u t  
f i n e s .  In t he   uppe r   pa r t s   o f   t he   r ampar t   f l ows  
the s e a s o n a l l y  thawed l aye r   dep th   o f t en   exceeds  
t h e   t h i c k n e s s   o f   t h e   r o c k  stream mantle   and  the 
s e a s o n a l l y  thawed layer   inc ludes   b roken   rock .  
This  is a t y p i c a l   s u f f o s i o n - d e s t r u c t i v e   s u b f a c i e s .  
The occur rence   o f   t he   g rea t e r   pa r t  of t h e   r o c k  
stream rampart-flow on a v i s c o p l a s t i c  and h e a v i l y  
i c e d   b a s e   l e a d s   t o   c o n s t a n t   f o r m a t i o n   o f   d e b r i s  
s l ides   and ,   Consequent ly ,   to  a change i n   c o n f i g u r -  
a t i o n   o f   t h e   s e a s o n a l l y  thawed l aye r   base .  

t h e   r o c k  stream rampart  facies are determined by 
t h e   g e n e s i s  of the   rock   s t ream.   Wi th in   Southern  
Yakut ia   and   Nor thern   Transba ika l ia ,   the   format ion  
of   the   rock-s t ream  rampar t   fac ies  (as well as of 
those   o f   the   rock  stream r i l l  a n d   s t r i p e )  is close-  
l y   a s soc ia t ed   bo th   w i th   wea the r ing   o f   bed rocks   a long  
t ec ton ic   l i nes   and   f ros t   c r acks   and   w i th   t he   heav -  
ing   o f   f r agmen t s   t o   t he   su r f ace .   Su r face   runof f  
i s  c o n c e n t r a t e d   i n   f r o s t   c r a c k s   p e n e t r a t i n g   c o n s i d -  
e rab ly   deep   in to   the   bedrock   and   fo l lows  its i n i -  
t i a l  j o i n t i n g .   P e r i o d i c a l   t e m p e r a t u r e   f l u c t u a t i o n s  
which   ex tend   deep   a long   the   c racks   and   h igh   degree  
of  water accumulat ion  intensify  weather ing  pro-  
cesses.  Following the growth  of  veins  of the 
coarse-fragmented material a l o n g   t h e   l i n e s  o f  
cracks ,   the   f ragments  start slowly move downslope 
and   to   be   squeezed   ou t   toward   the   s ides   o f   po ly-  
gons by heaving  of ice formed i n   t h e   s e a s o n a l l y  
thawed (seasonal ly   f rozen)   layer ,   through  tempera-  
t u re   de fo rma t ions ,   su f fos iona l   cones   o f   f i ne ly -  
f ragmented   debr i s ,   g rav i ta t ion   and   o ther   fac tors .  
The rate o f  displacement  o f  f ragments  is up t o  1.5 
cmfyr a l o n g   t h e   d i p   o f  a 6' s t e e p   s l o p e  and  up t o  
1.2 cm/yr a long   the   t rend .   Therefore ,   the   g rowth  
of veins  of  the  coarse-fragmented material b r i n g s  
about  a s p e c i f i c   q u a l i t a t i v e   c h a n g e  - transforma- 
t i o n   o f   v e i n s   i n t o   t h e   r o c k  stream. 

s t ream  s lopes .   These   inc lude  a series of rock 
s t r e a m s   d i s t r i b u t e d   i n   r e g i o n s   w h e r e   p r e s e n t l y   o r  
in the r ecen t   geo log ica l   pas t ,  were ac t ive   p ro -  
cesses o f   f ro s t   r i v ing   and   fo rma t ion   o f   po lygona l -  
ve ined   s t ruc tu res   bo th   i n   rocks   and   s emi rocks .  
Fac ie s   va r i a t ions   o f   t h i s   g roup   o f   rock  streams are 
formed  by  complex e f f e c t s   o f   r o c k  stream formation 
p rocesses  on t h e   r o c k y   s u b s t r a t e  composed  of  poly- 
gonal   blocks.  The i n t e n s i t y   o f   r o c k  stream forma- 
t i o n  l s  d i f f e r e n t   o n   b l o c k s  and i n   d e p r e s s i o n s  
between them. The charac te r   o f   the   forming   rock  
streams v a r i e s   w i t h   l i t h o l o g i c a l   c h a r a c t e r i s t i c s  
o f   t he   rock ,   t he   i n t ens i ty   o f   su r f ace   runof f ,   and  
the   dep th   o f   t he   s easona l ly  thawed o r   s e a s o n a l l y  
f rozen   l aye r .   Th i s   a l l ows   t he   r ecogn i t ion   o f  a 
series o f  f a c i e s .  

s l o p e s  is formed on su r face   o f   ha rd   rock   ou tc rops  
denuded  of  loose  mantle  and  destroyed by a system 
of   cracks.  The most i n t e n s e   p r o c e s s e s  o f  f r o s t  

I n  many r e spec t s   t he   s t ruc tu re   and   dynamics   o f  

There is a g roup   o f   f ac i e s   o f   s t ruc tu ra l   rock  

The facies  of  concealed-polygonal  rock  stream 

weather ing are encountered  a long  cracks.  The sur-  
f ace   runof f  is concen t r a t ed   w i th in  the cracks and 
"pockets"  of  the  deeper  weathering  zones are formed 
in   t he   bed rock .  I n  t h i s  way, t he   man t l e   o f   t he  
rock stream fragmented material forms on t h e   s l o p e ;  
i t s  th i ckness  i s  d i f f e r e n t  in d i f f e r e n t   p a r t s .  The 
th ickness   o f   the   coarse- f ragmented   mant le   bo th   in  
the  cracks  and  above the block-polygons  changes as 
fol lows : 

( I )  1.0-1.5 m i n   t h e   u p p e r   p a r t   o f   t h e   r o c k  
stream s lope ;  

( 2 )  2.5-3.5 and 1.0-1.5 m i n   t h e  middle p a r t   o f  
t h e   s l o p e ;  

( 3 )  i n  t h e   l o w e r   p a r t  of t h e   s l o p e   t h e   t h i c k -  
nes ses  are similar and  range  from 2.5-3.0 m. 

The relief o f   t h e   f a c i e s  is rep resen ted  by a 
rock  s t ream  s lope  of  medium s t eepness   w i th   t he  sol- 
id   mant le   of   the   coarse-fragmented material and 
w i t h   s i n k   h o l e s   l i n e a r l y   e x t e n d i n g  downward.  The 
f r agmen t s   i n   t he   s ink   ho le s  are  of maximum s i z e .  
I n   c r o s s   s e c t i o n   t h e  facies r e p r e s e n t s  a series of 
fur rows   f i l l ed   wi th   coarse- f ragmented   mater ia l .  
I n  the  downslope  there  are n o t   o n l y   c h a n g e s   i n  
r e l a t i o n s h i p s  o f  d i f f e r e n t   t h i c k n e s s e s  of t h e  
coarse-fragmented material a long   the   c racks   and  on 
t h e   b l o c k s ,   b u t   a l s o   c h a n g e s   i n   t h e   c r o s s   s e c t i o n  
s t r u c t u r e   a n d   i n   t h e   r e l a t i o n s h i p s   o f   t h i c k n e s s e s  
of   the  f ragmental   mant le   and  the  seasonal ly   thawed 
( seasona l ly   f rozen)   l aye r .   Th i s   a l l ows  a recogni- 
t i o n  of a series o f   sub fac i e s   w i th in  the given 
fac ies .   These   subfac ies  are of  complex  nature. On 
the   one   hand ,   there   a re   cer ta in   a reas   o f   which  the 
s t r u c t u r e  is  similar t o  t ha t  of the su f fos ion -  
d e s t r u c t i v e   s u b f a c i e s ;   g r i n d i n g   o f   r o c k s  composing 
t h e   s e a s o n a l l y  thawed l a y e r   c o n t i n u e s   w i t h i n   t h e  
limits o f  blocks-polygons. A t  t h e  same time, p a r t s  
o f   s u b f a c i e s   w i t h   g o l e t s   i c e   f o r m   a l o n g  the l i n e s  
of  furrows. 

stream s l o p e s  i s  r ep resen ted  by  coarse-fragmented 
man t l e   w i th   an  uneven s u r f a c e  showing a l t e r n a t i o n  
of the   f ragmented   mater ia l   rampar ts  ( the arrange-  
ment   of   which  coincides   with  the  t rend  of   the 
s lope )  and r e l a t i v e l y  smoothed  inter-polygonal 
areas. E leva t ion  of rampar ts   above   the   sur face  
ranges  from 20 t o  30 cm, reaching a meter i n  some 
cases .  The wid th   o f   the   rampar ts   var ies   f rom 1 t o  
3 m. The su r face   o f  some ramparts  is o n l y   s l i g h t l y  
convex .   Very   coarse   s t ruc ture   o f   jo ln t ing   a t   the  
s u r f a c e  is an   impor tan t   charac te r   o f   the   rampar ts .  
The ramparts  are o f t e n   c h a r a c t e r i z e d  by high  poros- 
i t y  and  look  open.  Downslope  they become less 
d i s t i n c t .  In c e r t a i n  cases they  merge. 

Two c a s e s  o f  formation o f  t h i s   f a c i e s   s h o u l d   b e  
d i s t i n g u i s h e d .  (1) Along the  polygonal   network  of  
anc ien t   f ro s t   c r acks   i n   wea the red   bed rock   fo rms  a 
l a r g e  amount of d i s p e r s e d   m a t e r i a l  (40-70%; sandy 
loam,  loam)  from  which  the  fragments are heaved 
t o   t h e   s u r f a c e .  (2)  Bedrock i s  o v e r l a i n  by t h e  
mantle   of   Loose  deposi ts  the th i ckness  of  which i s  
Less t h a n   t h a t   o f   t h e   s e a s o n a l l y  thawed OK season- 
a l ly   f rozen   l aye r .   These   l oose   depos i t s  are sub- 
j e c t e d   t o   f r o s t   r i v i n g .  A s  a resu l t ,   po lygons   wi th  
a medium s i z e   o f  4x4 t o  6x6 m have  been  formed, 
The su r face   runof f  is c o n c e n t r a t e d   a l o n g   t h e  poly- 
gonal  depressions  and  zones o f  w e a t h e r i n g   a r e  
formed in underlying  rocks.   Higher   moisture   content  
i n   t hese   dep res s ions   p romotes   i n t ense   heav ing   o f  
f r agmen ted   ma te r i a l   t r end ing   a long   t he   su r f ace  and 

The f a c i e s  of  banded  concealed-polygonal  rock 



causes  formation  of  veins of the  coarse-fragmented 
mater ia l .  I f  the  depth of  seasonally  thawing  or 
f reezing  exceeds  the  thickness   of   the   mant le  of  
loose   depos i t s ,   the   g rowth   of   ve ins   l eads   to  form- 
ation  of  ramparts  of  coarse-fragmented  material  on 
the  surface;  the  width  of  these  ramparts i s  4 t o  5 
m, and  the  height   var ies  from 0.5 t o  1.5 m. The 
coarse-fragmented  mantle  closes  over  the  polygons. 
The s t ruc tu re   o f   t he   f ac i e s   o f  banded  concealed- 
polygonal  rock  stream  slopes is s p e c i f i c .  A dis -  
t inc t   asymmetr ic   sys tem  represent ing   a l te ra t ion  of 
veins  of  fragmented  material  and  blocks-polygons 
appears  under  the  coarse-fragmented material mantle. 
The thickness  of ve ins   co inc id ing   wi th   the   t rend   of  
the  s lope  reaches 2.5 t o  3 . 0  m, and t h e i r  width 2 
t o  3 m. The s i z e  of the  veins  extending  downslope 
is  considerably  smaller .  A series of  subfacies  can 
b e  r ecogn ized   w i th in   t h i s   f ac fe s .   Ce r t a in   s t ruc tu re  
of the  fragmented  material   composition  and i ts  
processing i s  c h a r a c t e r i s t i c  of t he   sub fac i e s   i n  
which  the  destruction  of  rocks,  included in t h e  
seasonal ly  thawed l a y e r  i s  completed. The fragments 
of maximum s i ze   a r e   l oca t ed   a long   t he   c r acks  and 
from the   su r f ace ,  as though  enveloping  the  polygons. 

The r a t e  of  and   fac tors   caus ing   the  movement of 
the  fragmented  mantle  and  coarse-fragmented  mantle 
mater ia l  i s  d i f f e r e n t   i n   t h e   d i f f e r e n t   p a r t s  of t h e  
f a c i e s .  The r a t e  o€ the  mantle movement on slopes 
with a steepness  of 15' is  about 0.4  cmfyr  above 
polygonal  remnants,  and  reaches about  1.5 cmfyr in 
the  sinks  extending  downslope. 
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Subsurface  invest igat ion  and  geotechnical   evaluat ion of t h e  site of the Fairbanks 
wastewater t r e a t m e n t   f a c i l i t y   i d e n t i f i e d  the so i l  p r o f i l e ,  the ex ten t  of f rozen 
ground,  and other per t inent   geotechnical   parameters   necessary  for   design  and con- 
s t ruct ion  considerat ions.   Pr imary  geotechnical-related  concerns  included thaw 
set t lement ,   extent   of   overexcavat ion,  and minimizing  groundwater   inf i l t ra t ion 
i n t o  the excavation. The overlying  ice-r ich s i l t  s t ra tum was considered  to   be 
unsui table   for   proposed site development  because  of i ts high  thaw s t r a in   po ten -  
t i a l .  The underlying  gravel-sand  stratum was cons idered   to  be s u i t a b l e   f o r  foun- 
dat ion  bear ing,   a l though the p o t e n t i a l   f o r   l i m i t e d  thaw s t r a i n  and  seismically 
induced  dynamic  densification were of concern. From a l l  ind ica t ions ,   t he   s t ruc -  
t u re   has   no t   exh ib i t ed   any   s ign i f i can t   s e t t l emen t   du r ing   t he   pe r iod  of  operation. 
An example  of d i f f e r e n t i a l  movement a t t r i b u t e d   t o  a possible  combination  of soi l  
thawing  and  heaving  occurred when subsequent  placement  of the s e p t i c   d i s p o s a l  
b u i l d i n g   p a r t i a l l y  on s i l t  ou t s ide   t he   o r ig ina l   excava t ion   and   back f i l l  limits 
r e s u l t e d   i n   s i g n i f i c a n t   t i l t i n g  of t h e   s t r u c t u r e .  

INTRODUCTION 

P r io r   t o   s t a t ehood ,   deve lopmen t   o f   f ac i l i t i e s  
within  the  Fairbanks  f loodplain  region was typi -  
cally  accomplished on locations  of  unfrozen  f lood- 
p la in   g ranular   depos i t s .   Notable   except ions  are 
those documented i n   t h e   l i t e r a t u r e  by Terzaghi 
(1952) and  waterhouse  and S i l l s  ( 1  952) on t h e  Ladd 
Field  (Fort   Wainwright)  power p l a n t ,  by Terzaghi 
(1952)  on the   E ie l son  AFB hanger,  and  by  Philleo 
(1966) on the  Universi ty   Park  School   addi t ion.  
S i t e  ox performance  data on other  and more r e c e n t  
construction  accomplished  on  frozen  portions  of 
t hese   f l oodp la in   g rave l s  have n o t  been r e a d i l y  
a c c e s s i b l e  or published.   This   paper   presents ,   in  
case his tory  format ,   information on si te condi- 
t i o n s   a t   t h e   F a i r b a n k s  wastewater t reatment  
f a c i l i t y .  

Based on overa l l   p ro jec t   requi rements ,   consul t -  
a n t s   f o r   t h e   C i t y  of  Fairbanks  selected  the  pro- 
posed sewage t rea tment   p lan t  s i t e  on t h e  east side 
of  Peger Road, approximately 7 .2  km (4 .5 m i , )  from 
downtown Fairbanks (see Figures  1 and 2). Speci f ic  
geotechnical  concerns  with  proposed  development a t  
t h e  s i te  focused on def ining:  ( 1 )  t h e   e x t e n t  and 
limits of frozen  ground, (2) sur face  water and 
subsurface  groundwater  conditions,  ( 3 )  phys ica l  
behavior of t h e  soils ( p a r t i c u l a r l y   f r o z e n  soi l  
consol ida t ion  upon thawing  and  densification  under 
dynamic loading),   and ( 4 )  a s u f f i c i e n t  area of 
frozen  ground  delineated so t h a t   t h e   b u i l d i n g  
could   be   pos i t ioned   to   a l low a l l  excavat ion   " in  
the  dry." 

The wastewater treatment  building,  having 
approximate  plant  dimensions o f  115.8 m (380 f t . )  
by 100.6 m (330 f t . ) ,  i s  a one-story  concrete 
s t r u c t u r e   w i t h  below-ground areas f o r   c l a r i f i e r s ,  
c h l o r i n a t o r s ,  and  sludge  handling  equipment. The 
bui lding  has   mult iple   f loor   levels   ranging  f rom 
approximately 7.6 m ( 2 5  f t . )  below to  about  1.5 m 
(5 f t . )  above t h e   o r i g i n a l  ground  surface. The 

approximate  top of gravel  and bottom of f l o o r   s l a b  
e l e v a t i o n s  are shown in   F igu re  3.  

site, both  during  construction  and  throughout  fac- 
i l i t y  ope ra t iona l   l i f e ,   r equ i r ed   t ha t   des ign  
should accommodate time-dependent  changes asso- 
c ia t ed   w i th   an t i c ipa t ed  ground  deformation.  Pre- 
construct ion  information  indicated  that   develop-  
ment of   the si te was f eas ib l e ;   cons t ruc t ion  of t h e  
main f a c i l i t y  w a s  begun i n  la te  1973 and was com- 
p l e t e d   i n  1976. Si t e   i n s t rumen ta t ion   t o   mon i to r  
ground  deformation w a s  not   instal led.   Performance 
of t he   bu i ld ing  t o  date   appears  t o  be s a t i s f a c -  
t o r y ,  a t  least  i n  terms of s ta t ic  thaw  sett lement.  
The p o t e n t i a l   e f f e c t  of any  dynamically  induced 
se t t lement   assoc ia ted   wi th   any   dens i f ica t ion  
r e s u l t i n g  from s i g n i f i c a n t  ground  shaking  remains 
unknown. 

Thermal  degradation of t h e   f r o z e n   s o i l s  a t  t h e  

SITE CONDITIONS 

General  Topography  and  Geologic  Setting 

The sewage t rea tment   p lan t  s i t e  lies on an 
abandoned port ion  of   the Tanana  River  floodplain, 
approximately 548.6 m (1 ,800   f t . )   nor th  of t h e  
ac t ive   b ra ided   f l oodp la in .  The n a t u r a l  ground 
sur face  is r e l a t i v e l y   f l a t   e x c e p t   f o r  a few de- 
pressed thaw  ponds  and p a r t i a l l y   f i l l e d   s l o u g h s .  
The bui ld ing  s i te  occupies  an area between a thaw 
pond t o  the south  and a marshy area t o  the   nor th .  
Vegeta t ion   in   the  area is genera l ly   g rass  
tussocks,  moss, l o w  brush,   scat tered  groves o f  
w i l l o w s ,  and a few sca t te red   b i rch ,   b lack   spruce ,  
and   a lder ,   S i te   cons t ruc t ion   grad ing   has   resu l ted  
i n  much of t h e  area now being  covered  with 
g r a n u l a r   f i l l   w i t h  a re la t ive ly   un i form  sur face .  

Subsurface  Soi ls  

Subsurface soils a t  t h e  s i te  were i d e n t i f i e d   i n  
terms o f  two major soi l  s t ra ta ;  these being 
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( 1 )  s u r f i c i a l  ice-rich organic  silts and ( 2 )  
underlying  clean  ( lower s i l t  c o n t e n t ) ,   r e l a t i v e l y  
ice-free  gravels   and  sands.  All bor ing6   d r i l l ed  
i n   t h e  immediate v i c i n i t y  of the   def ined   bu i ld ing  
site indica ted  soils were f rozen  b e l o w  the 
2-3-fOOt a c t i v e   l a y e r  t o  t o t a l   d e p t h   d r i l l e d .  
Boring  locations are shown in   F igu re  2 and a log  
of Test Hole F-12 is presented i n  Figure 5. 

Ice-r ich  organic  silt extended  f rom  or iginal  
ground  surface  to  depths  varying  from 1.07 m (3.5 
f t . )  to 3.81 m (12.5 f t . ) ,  The na tura l   mois ture  
content  of  samples  from  these silts was high,  
( ranging from 10% to  61% and  dry   dens i t ies  of the 
frozen  samples were r e l a t i v e l y  l a w ,  ranging  from 
913 kg/cu.m (57 p c f )  t o  1,410 kg/cu.m ( 8 8  p c f ) .  

a l t e r n a t e  between  sandy  zones  and  gravelly  zones. 
Moisture  contents  of  the  gravel-sand  samples 
ranged  from 7% to 3 1 % ~  the   sand  densi ty   range w a s  
from 1,426 kg/cu.m (89 p c f )  t o  1,570 kg/cu.m (98 
p c f ) ,  and the   g rave l   dens i ty   range  was from 1,922 
kg/cu.m (120 p c f )   t o   2 , 2 4 3  kg/cu.m (140 pcf ) .  
Based  on b o r i n g   r e s u l t s ,   t h e   l a t e r a l   e x t e n t  of t h e  
sand   subs t ra ta  was cons idered   to   be   re la t ive ly  
smaller t h a n   t h a t  of the   g rave l .  Some occasional  
minor s i l t  seams were a lso   encountered   in   the  
gravel-sand s t ra ta ;  however, t h e i r   e x t e n t  and 
inf luence  was f e l t   t o  be small. 

Permafrost 

The underlying  gravel-sand stratum was found to  

Permafrost   in  the  immediate area of  the site 
was c l a s s i f i e d  as discontinuous. The permafrost 
w a s  considered t o  be warm (i.e. between -2.0 and 
O°C) and t h e r e f o r e   s e n s i t i v e  t o  s u r f a c e   d i s t u r -  
bance  of  the  natural   vegetation.  Thermokarst  
dep res s ions ,   r e su l t i ng  from  thaw  of  ice-rich 
o r g a n i c . s i l t   s o i l ,  were e v i d e n t   i n  the surrounding 
area. Unfrozen soils were encountered a t  the  edge 
of a t h a w  pond and  along the southern  boundary of 
the i n i t i a l l y  proposed  building  location. The 
unfrozen-frozen so i l  c o n t a c t  zone was de l inea ted  
with  subsequent   dr i l l ing  and  the  bui lding  locat ion 
was s h i f t e d   s l i g h t l y  more than 15.2 m (50 E t . )  
n o r t h   i n  an a t t e m p t   t o   p o s i t i o n   t h e   b u i l d i n g  
excavat ion limits e n t i r e l y   w i t h i n   a n  area of 
f rozen   so i l .  

was found to  con ta in   l a rge  amounts  of v i s i b l e  ice 
within  individual  6-inch  sample  increments,   with 
estimates ranging  from 0 t o  100%. The ice e x i s t e d  
as ind iv idua l   c rys t a l s ,   c rys t a l   agg rega te s ,  and 
lenses  and  veins up t o  0.15 m ( 6  in . )   th ick .  
L i t t l e  v i s i b l e  ice w a s  observed i n   t h e   s a n d  and 
gravel. strata. Much of   the coarse granular  
material appeared t o  be clean  (very low s i l t  
content)  and  dry  €rozen,  with  only  minor  amounts 
of ice in   vo ids  between  sand  and  gravel particles. 

Water Table  and  Surface  Drainage 

The near-surface  organic s i l t  s t ra tum  genera l ly  

Excavation  and  below-ground  construction 
a c t i v i t i e s  had t h e   p o t e n t i a l  of  being more time- 
consuming  and c o s t l y  i f  the  proposed work had t o  
be  accomplished  with a high water table condi t ion.  
Emphasis was placed  on  defining  groundwater con- 
d i t i o n s  and, a3 much as poss ib le ,   ver i fy ing  that 
placement of the  bui lding  completely  within a 
f rozen  core area would l i k e l y  minimize water- 

r e l a t e d  problems t h a t   c o u l d   r e s u l t  from 
i n f i l t r a t ion   t h rough   pe rv ious   zones   o r   t a l i k s  
during  construct ion.  

Sur face   d ra inage   condi t ions   in  the immediate 
area were r e l a t ive ly   poor  due l a r g e l y  to  the dense 
organic  mat cover,   the  impervious  nature  of  the 
f rozen  organic  silt ,  and the f l a t   t e r r a i n .  While 
ponds d i d   n o t   e x i s t   d i r e c t l y   w i t h i n   t h e   b u i l d i n g  
loca t ion ,  ponded water d id  ex i s t ,  a t  least during 
t h e  summer, in   t opograph ica l ly  low areas north  and 
south  of the site. 

A high water l e v e l  was found in   t he   un f rozen  
soils a t  the  edge  of a thaw pond near the   sou th  
boundary  of  the  proposed  building  excavation. I t  
was cons idered   poss ib le   tha t   the   l eve l   o f   the  
water r e f l e c t e d  a h y d r o s t a t i c  water t a b l e   t h a t  
could   p rovide   an   a lmost   in f in i te   supply  of Water 
t h a t  might  f lood  the  excavation. 

A number of test  holes  were d r i l l e d  t o  f u r t h e r  
d e l i n e a t e  and v e r i f y   t h e   e x t e n t  of t he   f rozen  zone 
wi th in  which it was proposed t o  locate the   bu i ld-  
i ng ,   Tes t  Holes F-5 through F-11 were d r i l l e d  t o  
l o c a t e  the northern  boundary  of  the  previously 
mentioned pond. Only Test Hole F-9 encountered 
unfrozen  ground  and  high  groundwater  conditions. 

DESIGN CONSIDERATIONS 

General Concerns 

The e f f e c t  of cons t ruc t ion  of major f a c i l i t i e s  
on ice-rich  f ine-grained  frozen soils and  the 
a f f e c t  of  consequent  thaw-induced  subsidence  have 
been  reported  in  numerous documents.  Although a 
number of projects   have  been  constructed on frozen 
granular   deposi ts ,   only  l imited  infeunat ion  has  
been  published  on  the  thaw  settlement  per€ormance 
of  frozen  coarse-grained material wi th in   the  
Fairbanks area of t h e  Tanana  River  floodplain 
depos i t s .  The genera l   percept ion   tha t   these  
granular   deposi ts   can  be assumed to  be  thaw 
s t ab le ,   such  as presented by Pewe (1982) and i n  
the  Trans  Alaska  Pipel ine  System  s t ipulat ions 
( 1 9 7 4 ) ,  i s  r e l a t i v e ;  it i s  cautioned  that   thaw 
performance  must  be  related  directly t o  s t r u c t u r e  
to le rances  and s i t e - spec i f i c   cond i t ions .  

some engineering  problems  that   might  result  
from  thaw of these  coarse   granular  materials and 
require assessment are descr ibed below. 

( 1 1  The e x t e n t  of  consol ida t ion   resu l t ing   f rom 
thawing of frozen  gravel  and  sand is pr imar i ly  
dependent upon s o i l   d e n s i t y ,  ice content  and 
si l t  conten t   der ived   f rom  so i l   depos i t ion  
processes   and   pas t   depos i t iona l   h i s tory .  The 
influence  of soil arching   in   reducing  thaw 
s e t t l e m e n t   w i t h i n   t h e   s o i l  mass through stress 
and s t r a i n   r e d i s t r i b u t i o n  is also important; 
however,  any  subsequent  earthquake-induced 
dynamic d e n s i f i c a t i o n ,  may cause   fur ther  
settlement. 

d e n s i t i e s ,  may l iquefy  when s u b j e c t e d   t o  
earthquake-induced  shear stresses. 

( 3 )  S u b s t a n t i a l  lateral pressures  and buoyancy 
e f f e c t s  may develop  against  below-ground 
s t ruc tu res   and  walls as the so i l  thaws  and 
densif ies   around a building  and as probable 

( 2 )  Thawed granular  material, w i t h  low-to-moderate 



1085 

perched  ground or trapped  surface water 
sur rounds   the   s t ruc ture .  

i f  any  consolidation upon thawing. The sandy 
layers   wi th in  the granular  stratum gave some cause 
€or concern  because  the  recovered  samples were 
found t o  have lower f rozen   d ry   dens i t i e s ,  some- 
times a s  l o w  as 1,442 kg/cu.m (90 p c f ) .  The t h a w  
consol ida t ion  tests repor ted   in   Table  1 were 

Cons t ruc t ion   problems  re la ted   to   f rozen   coarse  
granular   deposi ts   involve several concerns. 

( 1 )  Excavation  procedures  and  economic  removal  of  performed on the  sand  samples  obtained  from  the 
f rozen  s i l t  and  bonded vs. unbonded frozen sand  substrata  intermixed  with  the  gravel-sand 
gravel .  The influence  of  frozen soi l  temper- stratum . 
a t u r e  ( w a r m  vs,   cold)  and time of  year  can 
c r i t i c a l l y   i n f l u e n c e   t h e   e x t e n t   o f   e x c a v a t i o n  
e f f o r t  and  related  earthwork  economics. 

( 2 )  Earthwork  operat ions  " in   the w e t "  are typi-  
c a l l y  more cos t ly   t han  when performed  "in  the 
dry. " When opera t ions   a re   p lanned   to   be  
performed i n   t h e   d r y ,   w a t e r   i n f i l t r a t i o n   i n t o  
the   excavat ion  may adversely al ter ox impede 
planned  excavat ion  effor ts  or schedules ,  
p a r t i c u l a r l y  when at tempted  during  the  winter  
cons t ruc t ion   per iod .  

Thaw Consol idat ion 

F ie ld  tests performed  with  the  consultant 
supervision  of  Karl  Terzaghi (1952) i n   t h e   e a r l y  
1950s on t h e  power p l a n t  a t  Ladd Field  provide 
i m p o r t a n t   p r a c t i c a l   i n   s i t u   d a t a  on the thaw 
consol idat ion  behavior   of   the  Tanana f loodpla in  
frozen  granular   deposi ts .   Laboratory thaw  con- 
s o l i d a t i o n  tests made on the   f rozen   granular  cores 
obtained  from  the  Fairbanks wastewater t reatment  
f a c i l i t y  site reported by Wellman and  Nelson 
(1972)   and   labora tory   and   in   s i tu   f ie ld  tests 
accomplished  during  studies on t h a w  performance of 
r e l a t ed   f rozen   g ranu la r  material fo r   t he   T rans  
Alaska  Pipeline  System  route,   reported by Luscher 
and   Af i f i  (19731 and  Nelson e t  a l .  ( i n   t h i s  
volume)  have  provided  further  confirmation of 
p o t e n t i a l  t h a w  consolidation  behavior.  

t i o n  tests performed  on  frozen  coarse-grained 
samples  obtained  from  the site are summarized i n  
Table 1.  A l l  frozen  core  samples were recovered 
using diamond c o r e   b a r r e l s   w i t h   r e f r i g e r a t e d  
d i e s e l  o i l  as a d r i l l i n g   f l u i d .  The f l u i d  was 
maintained a t  tempera tures   s l igh t ly   be low  f reez ing  
(approximately  equal to  i n   s i t u   t e m p e r a t u r e s ) .  
The recovered cores were 75 nun ( 3  i n . )   i n   d i ame te r  
and,  depending  on  sample  condition, core segments 
had a length-to-diameter ra t io  ranging  from 1 t o  
2. 

The u n i a x i a l  thaw consol ida t ion  tests were 
performed  according to   the  fol lowing  procedures .  
Sample prepara t ion  was  accomplished i n  a cold 
roomi frozen  core  samples up t o  4 in .   long were 
f i t t e d   i n t o   r i g i d   c y l i n d r i c a l   r i n g s   a f t e r   b e i n g  
trimmed to  p lana r   su r f aces  and t o  a 63.5 mm (2.5 
in.)   diameter.  The samples were then   brought   in to  
the -6.6 C t e s t i n g  room, l o a d e d   u n i a x i a l l y   i n  a 
cons tan t  a i r  pressure  loading  frame  under a 
pressure approximately  equal t o  the  sample  over- 
burden  weight  and  then  thawed. One-end drainage 
of  any  excess meltwater was permitted  through a 
porous  stone placed on top of t h e  sample. 

In   genera l ,  the grave ls  were found to  have 
f rozen   d ry   dens i t i e s   g rea t e r   t han  1,922 kg/cu.m 
(120 p c f )  and the  assumption was made t h a t   h i g h e r  
densi ty ,   c lean  gravels   (approximately less than 5% 
silt content )  of a l l u v i a l   o r i g i n   e x h i b i t e d  l i t t l e  

Resul t s   o f   l abora tory   un iax ia l  thaw  consolida- 

0 

The r e s u l t s  of t h e  t h a w  consol ida t ion  tests 
ind ica t ed   t ha t   l imi t ed  s ta t ic  compression  of  the 
sand  samples  occurred  during thaw under  equivalent 
overburden  load. The  minimum reco rded   s t r a in  w a s  
0.2% while the maximum strain value was 3.5%. 
These r e s u l t s  compare  reasonably w e l l  wi th   those 
found  for similar materials t e s t e d   i n   t h e  
laboratory  during  the  Trans  Alaska  Pipeline  System 
r o u t e s  studies. P o t e n t i a l   a d d i t i o n a l   s t r a i n  
e f f e c t s   r e s u l t i n g  from  dynamic loading were n o t  
assessed  during either of  these   l abora tory  test 
programs. 

Earthquake  Concerns 

The effect  of  earthquake  ground  motions was 
a s ses sed   w i th   r ega rd   t o   po ten t i a l  €or dynamically 
induced  densif icat ion of the granular   mater ia l   and 
t o   t h e   s u s c e p t i b i l i t y  of the material t o  l ique-  
f a c t i o n .  The g rave l   subs t r a t a   w i th in   t he  sand- 
grave l  stratum were not  considered to  be  suscep- 
t ible to  l i q u e f a c t i o n   s i n c e   i n   t h e i r   f r o z e n  state 
they were found t o  be a t  approximately 70-90% o f  
t h e i r  maximum r e l a t i v e  thaw state dens i ty .  

Because of limited  sample material a v a i l a b i l -  
i t y ,   eva lua t ion  of the   sand   subs t ra ta  was based on 
two r e l a t i v e   d e n s i t y  tests (ASTM Speci f ica t ion  
D2049-69) performed  on a composite sand  sample 
with a u n i f i e d   s o i l   c l a s s i f i c a t i o n  of SP. The 
r e s u l t s  of  the tests and a list of  individual 
samples   that  formed the composite  sample are in- 
c luded  in   Table  2. Also included i n  t h i s  tabula- 
t i o n  are the computed r e l a t ive   dens i ty   va lues  of 
a l l  t es t  hole  samples  having  gradations similar to  
the  composite  sample.  Fagineering  analysis- of t h e  
sand   samples '   re la t ive   dens i t ies   (average   re la t ive  
density  approximately 44%) a n d   t h e   i n   s i t u  stress 
and water table  conditions  based  on  Seed e t  a l .  
(1971)  (1972) ind ica ted  that  the sands  could  with- 
s tand  an  ear thquake  with  the  equivalent   of   10 
stress c y l e s  of  approximately 0.1 g peak 
acce le ra t ion   be fo re  liquefaction might  occur. 

Since  occurrence  of  moderate-scale  earthquakes 
(Richter  magnitude 5.5 t o  7.0) were a n t i c i p a t e d   i n  
the immediate area and  during  the  30-year  project  
d e s i g n   l i f e   a n d  because of t h e  number of v a r i a b l e s  
involved, it was assumed t h a t  dynamic se t t lement  
could  cause the sands   to   dens i fy   to   approximate ly  
70% o f   t h e i r  maximum r e l a t i v e   d e n s i t y .  This 
increase i n   d e n s i t y   i m p l i e d  a c o n s o l i d a t i o n   s t r a i n  
of  about 4% i n   t he   s and   subs t r a t a .  Assessment of 
the  approximate  upper limit e x t e n t  of equiva len t  
v e r t i c a l   s a n d   s u b s t r a t a   i n d i c a t e d   t h a t   a b o u t  3 m 
( I O  f t . )  of looser  sand  might  be  involved  within 
the upper 12.1 m (40 f t . )  of  influence area fox 
expected  long-term  thaw  degradation  below  the 
bui ld ing .  Thus, it was f e l t   t h a t  t h i s  equiva len t  
thickness   of   sand  could  resul t   in   an  upper  limit 
of  about 0.12 m (0.4 f t . )  of to ta l  se t t lement .  



Experience  obtained  from  the Ladd Fie ld  p o w e r  
p l a n t  site also provides  some a d d i t i o n a l   i n   s i t u  
ground  performance  data for t h e  same type of 
deposit .   Although  detailed s i te  and  sample  data 
were not  reviewed,  information  presented by 
Waterhouse  and S i l l s  ( 1 9 5 2 )  ind ica ted   the   f rozen  
ground area of the Ladd Fie ld  power p l a n t  "to be 
composed o f   r i ve r -depos i t ed   s t r a t i f i ed   s andy  
g rave l ,   t he   po ros i ty   and   g ra in   s i ze  of which 
va r i ed   e r r a t i ca l ly . "  The porosity,   ranging  from 
15% t o  40%, averaged 25% and t h e  s i l t  content  had 
an average of 6%. The i n   s i t u  t h a w  test   si te was 
repor ted  by them t o  have  produced  approximately 
0.4% s ta t ic  thaw s t r a i n   f o r  6.1 m ( 2 0  f t . )  of 
thaw,  and  dynamic  ground-shaking ef fec ts   genera ted  
by con t ro l l ed   b l a s t ing  produced  an  average 
a d d i t i o n a l  s t r a i n  o f  1.3% and  thus a to ta l  thaw 
c o n s o l i d a t i o n   s t r a i n  of approximately 1.7%. 
Terzaghi (1952)  indicated  "the  measured  value 
decreased  from 1.8% a t  a depth  of 3.9 m ( 1 3  ft.) 
below o r i g i n a l  ground  surface t o  very small values  
a t  a depth  of 9.1 m (30 f t . ) .  He a l so   r epor t ed  
r e l a t i v e l y  similar resu l t s   f rom  one  t es t  performed 
a t  t h e  s i t e  of a l a rge   hanga r   a t   E ie l son  AFB. 
Here, maximum thaw s t ra in   near   g round  sur face  w a s  
found to  be 2.5% and became n e g l i g i b l e  a t  depth. 

CONCLUSIONS 

I t  was recommended that  the   f rozen  s i l t  be 
removed f rom  wi th in   the   en t i re   p lan t  area and 
excavation  extend down in to   the   g rave l -sand  
stratum a t  least 1.52 m ( 5  f t . )  below f o o t i n g  or 
f loor   s lab   g rade ,   whichever   resu l ted  i n  a lower 
e leva t ion .  The proposed  building  bottom-of-slab 
e leva t ion   toge ther   wi th   the   approximate   e leva t ion  
of the ice-s i l t /gravel-sand strata i n t e r f a c e ,  
ind ica ted   in   F igure  3 .  These s o i l  s t r a t a  are 
shown on the s e l e c t e d   p r o f i l e   s e c t i o n   i n   F i g u r e  4 ,  
Given  consideration  of  anticipated  ground  thawing 
during  the  construct ion  and  operat ional   per iod  and 
the   i n f luence  of so i l  a rch ing  a t  grea te r   depth ,  it 
was est imated  that   under  static loading  condi t ions 
t h e  maximum to ta l  a n d   t h e   d i f f e r e n t i a l   s e t t l e m e n t  
would be  on  the  order  of  approximately 25.4 mm ( 1  
i n . )  and 19,l mm (0 .75 i n . ) ,   r e spec t ive ly .  Under 
earthquake  loading  conditions,  it was f e l t   t h a t  
t o t a l  and d i f f e r e n t i a l  settlement would be 
increased by about 50.8 mm ( 2  i n , ) .  

Construct ion  excavat ion was completed  during 
t h e  1974-1975 winter  season.  Earthwork  excavation 
was accomplished in   the   d ry   us ing   dozers   wi th  
r ippe r   t ee th   ( t o   b reak   up   t he   f rozen  so i l )  without  
encounter ing   any   s ign i f icant   d i f f icu l ty   o r  ground- 
water problems.  Granular  backfil l  was subsequent- 
l y   p l aced  and  compacted as s p e c i f i e d  t o  t h e  
approximate  s lab  base  e levat ions shown in   F igu re  
3. 

completed i n  1976 and   t he   s t ruc tu re   has   no t  been 
reported t o  e x h i b i t  any  evident  deformation 
because of ground  settlement1  however,  the 
potent ia l   compact ion  inf luence  resul t ing  f rom 
earthquake-induced  ground  shakiny remains unknown. 

In  la te  1975, cons t ruc t ion   o f   t he   s ep t i c  
d i sposa l   bu i ld ing  was begun separate from the main 
t rea tment   p lan t .   This   bu i ld ing ,   wi th   foo t ing  
excava t ions   ba re ly   v i s ib l e   i n  the May 1,   1976,  air  

The Fairbanks wastewater t r e a t m e n t   f a c i l i t y  was 
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photo  of  Figure 1, was placed a t  the  edge  but  
wi th in  the o r i g i n a l l y   i d e n t i f i e d   f r o z e n  ground 
segment;  however, t o t a l   excava t ion  of the   o rganic  
s i l t  stratum  apparently  had  not  extended t o  t h i s  
area 

and  subsequent   subsurface  invest igat ion Fowler 
( 1 9 7 7 )  r e v e a l e d   t h a t  some of the organic  s i l t  
s t ra tum had n o t  been removed below foo t ing   dep th  
within  most of the   bu i ld ing  area. D i f f e r e n t i a l  
movement of 0.12 m (0.4 f t . )  was measured a t  t h a t  
time. This  building  deformation was a t t r i b u t e d   t o  
a possible  combination of thawing of any  frozen 
por t ions   and   f ros t   heaving  of unfrazen  portions  of 
the   o rganic  s i l t  stratum found i n  three of the 
f o u r  test h o l e s   d r i l l e d   i n  1977 a d j a c e n t   t o   t h e  
footings  and a t  each  corner of t h e  5.5 m (18  f t . )  
by 9.8 m ( 3 2  f t . )   b u i l d i n g .  As reported i n  Pewe 
( 1 9 8 2 ) ,  subsequent   correct ive measures, extension 
of   concrete   piers  t o  bear ing  on  the  gravel   s t ra tum 
and  placement of a ho r i zon ta l   b l anke t  of  insula- 
t i o n  a t  the  base  and  around  the  building  perimeter 
have   apparent ly   s tab i l ized   the   bu i ld ing  movement. 

D i f f e r e n t i a l  movement was noted i n  la te  1976 
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F i g u r e  5. Test  H o l e  F-12 
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Explanation of symbols: o F12-2B, 0 F12-9Bf 0 F12-6, 
0 P12-13A1, 4 F12-5. 

F i g u r e  6 .  L a b o r a t o r y   T e s t   D a t a  - T e s t  Hole F-12 

TABLE I I 

RELATIVE  DENSITY TEST RESULTS 

$amole C o m m s i t i o n  

Samples F-12-4A,  F-12-5, 

f o r  t h e   c o m p o s i t e   s a m p l e .  
F-13-4A & F-17-13 w e r e   u s e d  
F-12-7,  F-12-9A1,  F-12-10, 

I n - S i t u   S o i  I Samules:  
R e l a t i v e   D e n s i t y  o f  

G r a d a t  Ion o f  
Cornuos i ie Samp I e 

100% p a s s i n g  #40 s i e v e  
45% p a s s i n g  #60 s i e v e  
15% p a s s i n y  #80 s i e v e  

0% p a s s i n g  #200 s i e v e  
6% p a s s i n g  # l o 0  s i e v e  

M i n i m u m   D e n s i t y   R e s u l t s  

T r i a l  2: 1392.0 kg/m3 
T r i a l  1:  1393.6 kg/m3 

( U s e  1393.6 kg/m3) 

Samp I e 
No. 

F-1-7 
F-1-13 
F-12-3  

F-14-4 
F-12-5 

F-15-1 
F-15-11 

F-17-3 
F-16-8 

F-17-6 
F-17-10 

D e n s i t y  
0 ry 

kq/m3) 

1507.3 
1565.0 
1420.8 
1483.3 

1508.9 
1545.8 

1468.9 
1525.0 

1552.2 
1446.5 

1480.1 

R e l a t i v e  
Dens i ty  
_1z) 

46 
67 

37 
12 

60 
47 
27 
5i 
22 
6 :  
34 

TABLE I 

LABORATORY TEST DATA-THAW CONSOLIOATION 

1-07  4.27-5.03  1414.4  29.0  41.0  0.907  86.3  1436.9  28.6  0.878  88.0  0.5 1.5 2.70 SP 
12-05 6.86-7.16 13811.8 Z Y . 2  40.4  0.939  83.3  1392.0  27.Y  0.925  81.0  1.8  0.7  2.68 S P S M  NRN 

VC  NBN 

12-06  7.16-7.47  1065.2  41.9  44.7  1.466  75.2  1105.3  41.1  1.379  78.3  0.9  3.5  2.63 MI.. 
14-04  3.20-4.27  1539.4  23.3  36.0  0.759  83.3  1544.2  21.9  0.755  78.7  2.2 (J.2 2.71 SF' 

NBN  VC 

15-11  13.26-14.02  1403.2  20.4  39.9  0.945  82.1  1416.0  26.3  0.927  77.4  3.0  0.9  2.73 SP 
NRN 

16-08  7.77-8.08  1286.3  25.0  32.2  1.075  62.7  1326.3  23.6  1.013  62.1  1.9  3.0  7.67 SP 
NBN 

17-06  5.49-5.79  1440.1  24.8  35.7  0.832  78.1  1449.7  24.0  0.819  77.2  1.2  0.7  2.64 SP SM NBN 
VC  NBN 

17-10  8.08-8.53  1457.7  26.9  39.3  0.817  87.3  1460.9  25.5  0.813  83.0  2.1  0.2  2.65 SP NBN 



ACTIVE LAYER ENERGY EXCHANGE I N  WET AND 
DRY TUNDRA OF THE HUDSON BAY LOWLANDS 

Wayne R.  Rouse 

Department of Geography, McMaster University,   Hamilton,  Ontario,  Canada C8S 4K1 

Results  of  weekly  calculations  of  ground  heat  f lux  for  Churchill ,   Manitoba, made 
from  September  1981 t o  December 1982 are presented.  Measurement si tes included 
a v a r i e t y  of  well-drained  upland,  semiupland  and w e t  lowland l o c a t i o n s ,  a f o r e s t e d  
s i t e ,  and an ice-cored  palsa.  

Net r a d i a t i o n ,  Q*, w a s  measured a t  r e p r e s e n t a t i v e  sites i n  summer and a t  one s i te  
in   w in te r   w i th   t he  la t ter  measurement  being  applied  with  corrections t o  a l l  s i t e s .  
The ground h e a t   f l u x ,  Q,, was d i v i d e d   i n t o   s e n s i b l e  and l a t e n t   h e a t  components 
and was determined  from so i l   mo i s tu re  and  temperature  measurements. 

Snow depths  were shallow on open tundra sites and  deep a t  the   fo re s t ed  and a 
forest- inf luenced si te.  A s  a r e s u l t ,   f i n a l  snowmelt a t  t h e   l a t t e r  sites occurred 
7 weeks later than a t  the  former  ones. Q* w a s  similar f o r  a l l  sites with a maxi- 
mum v a r i a t i o n  of 14%  from the   a l l - s i te   average .   Act ive   l ayer   depths  on upland 
sites were  double   those  in   the w e t  lowland.  During  the  thaw  season, was al- 
most t h e  same f o r  a l l  sites and  averaged 1 2 %  of Q*. Q dur ing   f reezeback   fu l ly  
compensated f o r   t h e   n e t   r a d i a t i o n a l   h e a t   l o s s   i n   w i n t e r .  

The s i m i l a r i t y   i n  Q, €or  such a heterogeneous  groups of si tes i s  expla ined   in  
t e r m s  of   thermal   conduct ivi t ies  and ve r t i ca l   t empera tu re   g rad ien t s .  The r e s u l t s  
are   seen as having some g e n e r a l   a p p l i c a b i l i t y  and show t h a t  Q, is an  important 
component  of the  surface  energy  balance.  

QG 
G 

INTRODUCTION 

The energy  expended i n   m e l t i n g   t h e   a c t i v e  Layer 
in   pe rmaf ros t   t e r r a in  i s  important   in   determining 
the   dep th   o f   t he   ac t ive   l aye r ,   i n   de t e rmin ing  how 
much i c e   i n   t h e   a c t i v e   l a y e r  w i l l  b e   r e l e a s e d   t o  
t ake   pa r t   i n   hydro log ic   p rocesses ,  and i n   i n f l u e n c -  
i n g   d i f f e r e n c e s   i n   f r o s t   t a b l e   d e p t h s ,  which w i l l  
determine  the  direct ion  of   subsurface water flow. 
The degree  of  thawing  and  the release of water is 
impor tan t   in   thermokars t   ac t iv i ty .  The magnitude 
of ground hea t   s to rage  i s  impor t an t   i n   ca l cu la t ing  
how  much energy  remains  for   other   processes ,   such 
as evaporat ion and sens ib l e   hea t ing  of t h e  air. A t  
l e a s t  some of the  energy  absorbed  during  the thaw 
season w i l l  be released  during  freezeback  and w i l l  
amel iora te   sur face   hea t  l0SS and  be a thermal  input 
t o  the  base  of a snowpack. 

The ground h e a t   f l u x ,  QG, might  be  expected t o  
be   var iab le   accord ing   to   t e r ra in   type ,   g roundwater  
conten t ,  and the   dep th  and longevity  of snow cover. 
For  example, i n   t h e   C h u r c h i l l  area, an ear ly   s tudy  
by Brown-Beckel (1957) i n d i c a t e d   t h a t   a c t i v e  Layers 
i n   d i f f e r e n t   t e r r a i n   t y p e s   c o u l d   v a r y  from 55 t o  
335 m i n  nonrocky s o i l s .  The depth of win ter  snow 
cover  has  been shown t o   s t r o n g l y   a f f e c t   a c t i v e  lay- 
er depths  by a number of researchers  as summarized 
by Outca l t  and Brown (1977).  A t  Snow depths  and 
snowpack longevi ty  are highly  var iable   depending on 
vegeta t ion   type  and  topography i s  well  known and is 
documented f o r   t h e   h i g h   a r c t i c  a t  Resolute by Woo 
and  Marsh (1978) and i n   t h e   s u b a r c t i c  a t  Scheffer-  
v i l l e  by Adams and Roulet  (1982). 

There are a number of ways t h a t  Q, can  be mea- 
sured  or   es t imated.  In a d d i t i o n   t o   d l r e c t  measure- 
ment w i t h   h e a t   f l u x   p l a t e s ,  which are n o t   r e l i a b l e  
in   pe rmaf ros t   t e r r a in ,   t he re  is t h e   v e r t i c a l   g r a d -  
i en t   app roach   i n  which 

AT Q = k -  
G AZ (1) 

where k i s  the  thermal   conduct ivi ty  and AT/Az is a 
the -ave raged   ve r t i ca l   t empera tu re   g rad ien t   i n   t he  
so i l .   I nhe ren t   p rob lems   i n   t he   p rac t i ca l   app l i ca -  
t i o n  of this   approach  for   long-term estimates in-  
vo lve   expe r imen ta l   d i f f i cu l t i e s   i n   de t e rmin ing  k 
and t h e   f a c t   t h a t  it varies  over  t ime  with  changing 
s o i l   i c e  and water   content .  

cu l a t e   t he   hea t   s to rage   ove r  time as 

Q, = c(AT/At) Az + Lf , (2)  

in which L is t h e   l a t e n t   h e a t  of  fusion  involved 
i n   t h e   t h a h n g  and f reez ing  of s o i l  water, C i s  
s o i l   h e a t   c a p a c i t y ,  and AT is the  temperature 
change  over  the time per iod  A t  averaged  for a depth 
increment A,, which idea l ly   ope ra t e s  between t h e  
s o i l   s u r f a c e  and the  depth t o  the   base   o f   the  
annual  thermocline.   In  equation ( 2 ) ,  Lf can  be 
determined from t h e  volume  and  temperature of s o i l  
w a t e r   ( i c e ) ,  and AT/At can  be  measured  with few 
technical   problems.  C ,  however,  must  be  divided 
i n t o  i ts  component p a r t s   i n  which 

An a l t e r n a t e  and preferred  approach is t o   c a l -  

c = c x  + c x  + C i X i ,  
s s  w w  ( 3 )  

where C is hea t   capac i ty ,  X i s  volume f r a c t i o n  of 
t h e   s o i l ,  and 5 ,  w ,  and i r e f e r  t o  s o i l   s o l i d s ,  
water, and i c e ,   r e s p e c t i v e l y .  C fo r   s ands ,   c l ay ,  
and p e a t  of varying  densi ty   wil l 'be   constant   for  a 
given s i te  and  horizon  and  can  be  obtained  from  the 
determinations  of  Kerstcn  (1949).  X can  be  deter-  
mined by mechanical   analysis   or  fromS[l - X (SAT)] , 
where X (SAT) i s  the   s a tu ra t ed   vo lumet r i c  w x t e r  
content .  I t  t o o  i s  cons t an t   fo r  a given s i te  and 
horizon. X and X .  are the  only  important   var i -  
ab l e s   i n   eqEa t ion  t 3 )  and  must  be  measured. I t  is 
a l so   impor t an t   t ha t  one is a b l e  to d i f f e r e n t i a t e  
between  water  and ice   because C is more than  twice 
the  magnitude of C I t  shouldWbe  noted  that  be- 
c a u s e   s o i l   a i r   h a s   s u c h  a small hea t   capac i ty  it 

W 

i '  
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can  be  ignored  in  equation ( 3 ) .  
This  study employs equat ions ( 2 )  and ( 3 )  t o  

de te rmine   the   g round  hea t   s torage   a t   e igh t   s i tes  of 
v e r y   d i f f e r e n t   c h a r a c t e r i s t i c s   i n   t h e  Hudson Bay 
lowlands  near   Churchi l l ,   Manitoba  and  re la tes   this  
s t o r a g e   t o  measured  and  estimated  net  radiation a t  
t h e s e   s i t e s ,  The study  period  extended  from 
September  1981 t o  December 1982 and c a l c u l a t i o n s  
a re   p re sen ted   fo r  weekly  periods. 

METHODS 
S i t e  

Churchi l l  ( l a t .  5 8 . 7 5 O N ,  long. 94.08OW) is 
located on the  southwest  coast   of Hudson Bay i n   a n  
area tha t   posses ses  a tundra  Landscape  and a c l i -  
mate similar i n  many r e s p e c t s   t o  low arctic areas  
across the   cont inent .  Hudson Bay i s  ice-locked 
a long   t h i s   coas t  from mid-November t o  mid-June, 
and d r i f t i n g   i c e   f r e q u e n t l y   l i n g e r s   o f f s h o r e   u n t i l  
t h e  end o f  July.  Thus i n   s p i t e  of i t s  r e l a t i v e l y  
low l a t i t u d e   t h e  terrestrial  snow cove r   pe r s i s t s  on 
a v e r a g e   u n t i l   l a t e  May and cold air temperatures 
u n t i l   J u l y .  The vege ta t ion   cons i s t s  of s h o r t  
g rass ,   shrubs ,  and ground  lichen on upland  ra ised 
beach  systems,  thick  sedge  grass  growing on sur face  
p e a t   i n  wet  lowland a r e a s ,  which c o n s t i t u t e   t h e  
bulk  of  the  landscape,  and  scattered open f o r e s t  
development,   especially on upland  r idges.   This 
forest   development,   al though similar morphologi- 
c a l l y   t o   t h e  tree l ine ,   r ep resen t s  an o u t l i e r   s i n c e  
fu r the r   i n l and  and t o   t h e   s o u t h   t h o  trees disappear  
u n t i l   t h e  main t r e e   l i n e  is encountered. S o i l s  
range  from  deep  sands  underlain by c l a y   i n   t h e  
beach   r i dges   t o   c l ays   ove r l a in  by p e a t ,  which  can 
be  up t o  0.5 m th ick   in   the   low- ly ing   a reas .  

The r e sea rch   r epor t ed   i n   t h i s   pape r  was under- 
taken a t  a loca t ion  2 km inland  from Hudson Bay a t  
e i g h t   s e l e c t   s i t e s   a l o n g  two s e p a r a t e   t r a n s e c t s  as 
shown in   F igure  1. Table 1 g ives   t he i r   cha rac t e r -  
i s t i c s .   T r a n s e c t  1 was loca ted   exc lus ive ly   i n  
open t u n d r a .   S i t e  lA, located on the  upland  beach 
system,  consisted o f  deep  sands down t o  2 m ,  which 
r ep resen t s   t he   t e rmina l   dep th  of measurement f o r  
a l l  s i t e s .  I t  has a 5 cm organic   surface  layer  
over la in  by a dominant   short   grass   vegetat ion.  
Th i s   t e r r a in  i s  well-drained  and  there i s  no  sur- 
face  runoff   even  during  the  heaviest   ra ins .   Si te  
1B is on the   s ide   s lope  of the  beach  r idge  and 
c o n s i s t s  of a LO an organic  horizon  overlying  sand 
t o  90 cm, which i n   t u r n   g i v e s  way t o   c l a y  down t o  
the   t e rmina l   depth .   Vegeta t ion   cons is t s   o f   g rass -  
es ,   l i chens ,   shrubs  and mosses. S i t e  lB never  has 
sur face  water but  as thawing   progresses ,   s ign i f i -  
cant   ponding  of   water   above  the  f rost   table   occurs .  
S i t e s  1 C  and ID are similar except   the  la t ter  has  
water a t  the  surface  throughout   the summer, whereas 
the former  undergoes some surface  drying  between 
rainstorms.  Both sites have a 25 cm pea t   l aye r  
d i rec t ly   over ly ing   c lay .   Vegeta t ion  i s  almost 
exc lus ive ly  a thick  sedge  grass .  

f e a t u r e s .  2 A  i s  l o c a t e d   i n  an  open f o r e s t  on t h e  
upland  r idge.  The s o i l s   a r e   s i m i l a r  t o  l?. except 
the   sur face   o rganic   l ayer  i s  a l i t t l e   t h i c k e r .  The 
trees are s tunted  black  spruce  with an average 
height  of 6 m and an average  trunk  spacing of  2 m. 
Understory  vegetat ion  consis ts  o f  shrubs  and as- 

accumulating a deep snowpack by la te  winter,  which 
sor ted   l i chen  s p e c i e s .   S i t e  2A acts as a snow t r a p  

p e r s i s t s   p a s t  the  middle  of June.  Because s o i l s  

Transect  2 has more v a r i e t y   i n  i t s  landscape 
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F I G U R E  1 Research sites with a plan  view of t h e  
bas in  and cross-sect ions  of   t ransects  1 and 2 s h m -  
ing   t he  maximum ac t ive   l ayer   depth  and the  depth  of 
the  suprapermafrost  groundwater. 

thaw as t h e  snowpack r i p e n s ,   t h e r e  i s  l i t t l e   s u r -  
face  runoff  and t h e   s o i l s   a r e   s a t u r a t e d   a t   f i n a l  
snowmelt, S i t e  2B on t he   sou th - fac ing   s ide   s lope  
i s  s i m i l a r   t o  2A excep t   t ha t  the l ayer  of sandy 
s o i l  i s  th inner  and t h e r e   a r e   n o   t r e e s .  The e f f e c t  
of t h e   f o r c s t  i s ,  however,  important. By v i r t u e  of 
braking  the  speed of the  winds,  snow is deposi ted 
e a r l y  and  deep a t  t h i s  si te.  I t  i s ,  i n   f a c t ,   o n l y  
a f t e r  a deep snowpack has   developcd  that   bui ldup 
proceeds a t  s i te  2A wi th in   t he   fo re s t .  The deep 
and longlas t ing  snow cove r   has   impor t an t   e f f ec t s   i n  
keeping s o i l  warm and i n   r e d u c i n g   t h e   y e a r l y   t o t a l  
of n e t   r a d i a t i o n .   S i t c  2C i s  a p a l s a  mound and w a s  
chosen  for i t s  uniqueness. It rises about 1 rn 
above  the  surrounding  wetlands,   averages LO m i n  
diameter,   has similar s u r f a c e   v e g e t a t i o n   t o  si te 
lA, has a deep   insu la t ing   pea t   l ayer ,  and boas ts  a 
so l id   i ce   core   th roughout   thc  summer. In   win ter  
t h e  snow cover w a s  l a t e   d e v e l o p i n g   i n   c o n t r a s t   t o  
o ther  sites. 

For  purposes of p r e s e n t a t i o n   t h c   s o i l s   a r e  
grouped i n t o   p a i r s   h a v i n g  similar so i l   t opograph ic  
c h a r a c t e r i s t i c s :  1A-2A, lB-2B,  1C-2C, 1D-2D. I t  i s  
noted   tha t   whi le  1 C  and 2C have similar s o i l  pro- 
f i l e s ,   t h e i r   t o p o g r a p h i e s  are ve ry   d i f f e ren t .  The 
sands and clays  both  have  bulk  densi t ies   averaging 
about  1.6 x lo3 kg/m and p o r o s i t i e s  of .35 and 3 
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-40 ,   respec t ive ly .  The pea t s   r ange   i n   dens i ty  
from  0.2 x l o 3  at  t h e   s u r f a c e   t o  0 . 4  x l o 3  a t  t h e  
pea t - c l ay   i n t e r f ace .   The i r   po ros i t i e s   l i kewise  
range  from 0.9 t o  0.6. 

erogeneous group of landscape  types  that  are typi -  
c a l  of  those  found  elsewhere  in  the Hudson Bay low- 
l ands ,   i n   cen t r a l   Keewa t in ,  and i n   t h e  Mackenzie 
Valley. 

Measurement 

The e i g h t  sites s tudied   represent  a very  het-  

Net r a d i a t i o n  was measured  with  net   pyrradio- 
meters a t  sites la, 2 A ,  1 C  and 1D a t  1 m above t h e  
ground and a t  s i t e  2A a t  l m  above t h e   f o r e s t .  The 
instruments  were r e c e n t l y   c a l i b r a t e d  and  should  be 
a c c u r a t e   t o   w i t h i n  *lo%. The measurement  period a t  
s i t e s  w a s  from la te  A p r i l   t o   e a r l y  September. I n  
the   w in te r   pe r iod ,  measurements  were made a t  one 
s i te  similar t o  1A and a p p l i e d   t o  a l l  o ther  sites 
except  2A. A t  2A estimates  were made according t o  
a r eg res s ion   o f   ne t   r ad ia t ion  on s o l a r   r a d i a t i o n  
de r ived   fo r   t he   Apr i l   e a r ly  May p e r i o d   i n  1982 and 
1979 and a p p l i e d   t o   t h e  months  of  February, March 
and A p r i l ,  when t h e r e  i s  s u b s t a n t i a l   t r e e  canopy 
abso rp t ion   o f   so l a r   r ad ia t ion   l ead ing   t o   l a rge r  Q*. 
A s  a r e s u l t ,   y e a r l y   t o t a l s  of Q* axe l a r g e r  a t  s i t e  
2 A  t h a n   a t   o t h e r  sites. The summer measurements a t  
s i t e  1 A  were  applied t o  1B and 2 B ,  those  a t  1C t o  
2 C ,  and those  a t  1 D  t o  2D. 

and ( 3 )  i s  t h e   s o i l   w a t e r  and s o i l   i c e   t e r m   a s  it 
i s  invo lved   i n   bo th   t he   s ens ib l e   hea t  exchange i n  
t h e   s o i l  QSH and t h e   l a t e n t   h e a t  exchange Q 
S o i l   m o i s t u r e  was measured  with a neutron  probe a t  
increments of 20 m r e p l i c a t e d  a t  e a c h   s i t e .  The 
probe was ca l ib ra t ed   fo r   s ands ,   c l ays  and peats   us-  
ing  gravimetric  comparison.  Since  the  neutron 
probe  measures  the H i o n   c o n c e n t r a t i o n   i n   t h e   s o i l ,  
it canno t   d i f f e ren t i a t e  between l iqu id   water  and 
i c e ,  which i s  a drawback t o   t h i s  measurementmethod. 
Soi l   t empera ture   readings  made it apparent  when t h e  
main ze ro   cu r t a in   e f f ec t   ended ,   a s   r ap id   coo l ing   o r  
warming ensued. However, an assumption was made 
t h a t  a t  -5OC all s o i l  water was  f rozen   and   tha t  a t  
1OC it was a l l  thawed.  Since a t  most sites s o i l  
temperatures a t  m a x i m u m  ac t ive   l ayer   depth  were a t  
least - l O ° C ,  t o t a l   f r e e z i n g  is  probably a s a f e  
assumption. HOWeVQr, a t  2 B ,  t h e  w a r m  s o i l  hovered 
around -5OC depending on depth and th i s   cou ld  
i n t r o d u c e   e r r o r   i n t o   t h e   c a l c u l a t i o n s .  

ters a t  depths  o f  5 ,  10 ,  25 ,  50,  100, 125 ,  150 and 
175 cm a t   t h e   s i t e s   w i t h  maximum a c t i v e   l a y e r  
depths  and from 100 t o  125 cm depths  a t  the   o the r  
s i t e s .  Measurements of so i l   t empera tu re  were made 
d a i l y  from April  through  August  and  every  second 
week during  the  f reezeback  per iod  and  the  winter .  
Soi l   mois ture  w a s  measured  every  three  days  during 
thaw  and  every  two weeks i n   t h e   w i n t e r .  

A i r  temperature was measured  continuously  with 
an a s p i r a t e d   t h e r m i s t o r   i n  summer and  taken  from 
Environment Canada measurements a t  the   Church i l l  
a i r p o r t   i n   w i n t e r .  Net r a d i a t i o n  and temperature 
d a t a  were in t eg ra t ed   fo r   ha l f -hour   pe r iods   i n  a 
d i g i t a l   r e c o r d e r  and s t o r e d  on magnetic  tape for 
Computer ana lys i s  a t  McMaster Universi ty .  

Snow depths  were  measured a t  t h e   i n d i v i d u a l  
s i t e s   w i t h  a meter s t i c k  and du r ing   t hc  thaw period 
a g r id   a long   t r ansec t s  1 and 2 was sampled  regular- 
l y .  The maximum active  layer  depths,   groundwater 

The most   important   var iable   in   equat ions (2 )  
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Soil  temperatures  were  measured  with  thermis- 

depths ,  and  topographic   prof i les  shown in   F igu re  1, 
were  obtained  during  an  intensive  f ie ld   survey  dur-  
ing  a f i e ld   cou r se   fo r   s en io r   s tuden t s .  

RESULTS 

The mean monthly  temperatures shown in   F igu re  2 
i n d i c a t e  5 months of thaw  temperatures  peaking i n  
July-August  around l l ° C  and 6 months of f reez ing  
temperatures  reaching a minimum of -24OC i n  
January. For the  period  of  measurement  the  annual 
air temperature was -8.5OC. October i s  c l e a r l y  a 
t ransi t ional   season,   with  temperatures   hovering 
around  f reezing;   the  winter   per iod from November t o  
A p r i l  i s  c l ea r ly   de f ined ,   a s  i s  t h e  summer period 
May through  September.  Final  snowmelt on the   tun-  
d r a  was 3 weeks earlier than  the  long-term  average, 
occurr ing a t  t h e  end of Apri l   ra ther   than   near   the  
end  of May, F i n a l  melt i n   t h e   f o r e s t   i n   t h e   t h i r d  
week i n  Yune i s  normal. 

October  1981  but was l i m i t e d   t o   t h e   p e r i o d  May 
through  September  1982. The y e a r l y   t o t a l  was with- 
i n  10% o f  the  long-term  average. 

Snow d e p t h s   a r e   h i g h l y   v a r i a b l e   a t   d i f f e r e n t  
sites i n  normal   fashion  for   the  tundra.   Table  1 
i n d i c a t e s   t h a t   t h e  open tundra   s i t e s   a long   t r ansec t  
1 a long   w i th   t he   pa l sa   a t  s i t e  2C accumulated  the 
least snow a s  a r e s u l t  of wind erosion.  This snow 
w a s  deposi ted a t  t h e   f o r e s t e d  sites 2A and 2B,  
where dep ths   i n   excess  of l m were common. S i t e  2B 
was pa r t i cu la r ly   no tab le   €o r   subs t an t i a l  snowpack 
development i n   e a r l y   w i n t e r ,  and t h e   e f f e c t s  on t h e  
ground  temperature  regime  axe  evident. The snow a t  
t h e   f o r e s t e d   s i t e s   p e r s i s t e d   f i v e  weeks longer  than 
a t  the   tundra  sites. S i t e  2D served  as a minor 
accumulation area, with snow depths  double  those 
found a t  ad jacent  s i te  2C. 

Table 1. The  maximum yearly  departure   f rom  the 
mean-measured Q* f o r  a l l  s i t e s  was 14%. The for-  
es ted  s i te  2A h a s   t h e   l a r g e s t   n e t   r a d i a t i o n ,   t h e  
r e s u l t  of a s m a l l e r   a l b e d o   i n   w i n t e r ,   p a r t i c u l a r l y  
dur ing   the   h igh   sun   per iod   in   l a te   win ter .  The 
minimum Q* a t  s i t e  2B r e s u l t e d  from t h e   l a t e - l y i n g  
snowpack with i t s  high  albedo. Q* measurements a t  
t h e   o t h e r   s i t e s  are wi th in  7% of  each  other  and 
d i f fe rences  are Largely  accountable t o   d i f f e r e n t  
sur face   a lbedos .   Pos i t ive   ne t   rad ia t ion  a t  a l l  
s i t e s   e x c e p t  2A b e g i n s   i n  mid-March and p e r s i s t s  
i n t o  mid-October.  For s i te  2A it begins  about 5 
weeks e a r l i e r   d u e   t o   s t r o n g  canopy absorption  of 
s o l a r   r a d i a t i o n ,  which i s  t h e   t o p i c  of a separa te  
r e p o r t .  A t  a l l  sites except 2A and 2B t h e r e  i s  an 
a b r u p t   i n c r e a s e   i n  Q* t h a t  accompanies f i n a l  snow- 
melt,  and maximum values   are   reached  in  la te  June/ 
e a r l y   J u l y .  The negat ive Q* i n   w in te r   does   no t  
exceed 11% o f  t h e   p o s i t i v e  summer value and is 
s u b s t a n t i a l l y  less f o r   t h e   f o r e s t .  

pera tures  and ac t ive   l ayer   depths   a re   h ighly   var i -  
able  between sites. The deepes t   ac t ive   l aye r s   a r e  
achieved  in   the  upland  sandy  soi ls  a t  sites 1 A  and 
2A and these  are a t  l ea s t   tw ice   t he   dep th  of t h e  
w e t t e r   s i t e s  l C ,  lD, 2D,  and t h e   p a l s a  a t  s i t e  2C. 
The s ide   s lopes  a t  lB and 2B have  intermediate 
depths ,   the   l a t te r   be ing   the   deeper   p resumably   due  
t o  i ts  south  slope  exposure.  The s o i l s  a t  s i te  2B 
have a longer  thaw  season  due t o   e a r l y  snow accum- 
u l a t i o n ,  which  favours w a r m  win ter   so i l tempera tures  

R a i n f a l l ,  shown i n   F i g u r e  3 ,  occurred   in  

Seasona l   ne t   r ad ia t ion   t o t a l s  are g i v e n   i n  

As ind ica ted   in   F igure  2 and  Table 1, s o i l  tem- 

" . . 
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FIGURE 2 Monthly mean a i r  temperature   and  the  soi l  
temperature a t  each s i te .  I so therms  a re   a t  5 Q C  
i n t e r v a l s .  The do t t ed   l i ne   deno tes   t he   pos i t i on  of 
t h e   f r o s t   t a b l e .  

and a pro longed   zero   cur ta in   e f fec t .  A t  a depth  of 
0 .5  m t h e   c o l d e s t   s o i l s   a r e   t h o s e  of t h e   p a l s a  at 
s i te  2C,  and t h e  warmest on an annual   bas i s  are a t  
s i te  2B. The upland  tundra si te LA has   t he   l a rges t  
annual  temperature  range. 

S o i l   m o i s t u r e  i s  s t rongly   in f luenced  by s o i l  
type and  topography and t h e s e  are c l o s e l y   i n t e r -  
r e l a t e d .  The u p l a n d   s i t e s  a t  lA and 2A have  gravel 
s o i l s ,  and t h e  lowland sites a t  lo and 2D c lay  
s o i l s   o v e r l a i n  by a t h i c k   l a y e r  of peat.   Other 
sites a r e   t r a n s i t i o n a l  between these  extremes. 
S i t e  1 A  and 2A are t h e   d r i e s t   s o i l s  and also under- 
go t h e   l a r g e s t   s o i l  water loss f rom  ear ly  t o  later r a d i a t i o n a l   h e a t   l o s s ,  

c, 
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FIGURE 3 Tota l   month ly   ra infa l l  and the   vo lumetr ic  
s o i l   m o i s t u r e  a t  each si te.  The i s o p l e t h   i n t e r v a l  
i s  .05 i n  M, 2A, lB, and 2B and .20 i n  1C, 2C, l D ,  
and 2D, w i t h   f i n e   d o t t e d   i s o p l e t h s   a t   n o n r e g u l a r  
i n t e r v a l s  of 0.10 i n   t h e  l a t te r  group. 

freezeback i s  genera l ly  somewhat l e s s   t han   du r ing  
thaw  because, a t  least f o r   t h i s   p a r t i c u l a r  measure- 
ment p e r i o d ,   t h e   s o i l s  were d r i e r   i n   t h e   f a l l   t h a n  
i n   t h e   s p r i n g  and t h e   l a t e n t   h e a t   r e l e a s e  was 
smaller .   In  terms of nega t ive  Q* i n   w i n t e r ,   t h e  
h e a t   r e l e a s e d   i n   t h e  form of Q, i s  e q u a l   t o   t h e  

1094 

TABLE 2 A Comparison of S i t e s  U, 1D. and 2A exact ly   compensates   for   winter   season  radiat ional  

Month 

MAY 
JUN 
JUL 
AUE 

Month 

MAY 
JUN 
JUL 
AUG 

Month 

MAY 
JUN 
T T T T  

During  the Main Thaw Period 

Q" 
281.9 
423.7 
383.5 
323.3 

Q" 
277.4 
410.1 
364.7 
325.5 

Q" 
213.8 
399.1 
?a7 n 

1A 

QG 
40.9 
45.9 
32,9 
16.4 

1 D  

QG 
64.0 
40.7 
15.2 
9.6 

2 A  

QG 
48.6 
63.9 
10 r, 

QG 
QLF 

- 
Q" 

27.3 . L 5  
37 .5  .11 
29.1 .09 
19.6 .05 

'sc 
QLF Q" 
49.6 + 23 
34.5  .10 
7.7 .06 
8 .8  .03 

QG 

*LF iF 
43.3 .23 
54.6 .16 
1" c n? 

k 

1.00 
.8 
.Y 
.6  

k 

1.7 
- 6  
.5 
.5 

k 

1.8 
1 .2  
. I n  

h e a t  loss assoc ia t ed   w i th   nega t ive   ne t   r ad ia t ion .  
The s o i l  thus  acts as a s ign i f i can t   t he rma l  
regula tor .  

v a r i e t y  of t e r r a in   t ypes   can   be   exp la ined   i n  terms 
of   thermal   conduct iv i t ies  and ve r t i ca l   t empera tu re  
g r a d i e n t s  and the  large  thermal   conduct ivi ty   of  
ice. The i c e - r i c h  w e t  s i ' t e s  thaw r a p i d l y   i n  
spr ing   due  t o  l a rge   ve r t i ca l   t empera tu re   g rad ien t s  
and the  large  thermal   conduct ivi ty   of  ice. HOW- 
ever ,   wi th   sur face   thawing   the   conduct iv i ty  be- 
comes t h a t  of s a t u r a t e d   p e a t ,  which i s  no t   l a rge ,  
and the   mel t ing   p rocess  i s  slowed,  leading t o  
sha l low  ac t ive   l aye r s .   In   con t r a s t ,   t he  wcll- 
drained  upland  sandy  soils  remain  moderately  moist  
w i th   l e s s   va r i ab le   t he rma l   conduc t iv i t i e s  and a 
more even  thaw rate  over  the  season.  Because 
t h e r e  is less ice t o   m e l t   p e r   u n i t  volume, t h e  
a c t i v e   l a y e r s  are deeper .  Where t h e  snow cover 
lies la te  i n   t h e   f o r e s t - a f f e c t e d  areas, thaw s t a r t s  
when t h e  snow is still deep,  because a temperature 
g r a d i e n t  between warm snowpack and   co lde r   so i l s  

The s i m i l a r i t y   i n   t o t a l   h e a t   f l u x   € o r   s u c h  a 
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-40 ,  respec t ive ly .  The pea t s   r ange   i n   dens i ty  
from  0.2 x l o 3  a t  t h e   s u r f a c e   t o  0 .4  x LO3 a t  t h e  
pea t - c l ay   i n t e r f ace .   The i r   po ros i t i e s   l i kewise  
range  from 0.9 t o  0.6. 

erogeneous  group of landscape  types  that  are typi -  
c a l  of those  found  elsewhere  in  the Hudson Bay Low- 
Lands, in   cen t ra l   Keewat in ,  and i n   t h e  Mackenaie 
Valley. 

Measurement 

The e i g h t   s i t e s   s t u d i e d   r e p r e s e n t  a very  het- 

Net r a d i a t i o n  was measured  with  net   pyrradio- 
meters a t  sites l A ,  2 A ,  1 C  and 1D a t  1 m above t h e  
ground and a t   s i t e  2A a t  1 m above t h e   f o r e s t .  The 
instruments  were r e c e n t l y   c a l i b r a t e d  and  should  be 
a c c u r a t e   t o   w i t h i n   ? l o % .  The measurement  period at  
s i t e s  was from l a t e   A p r i l   t o   e a r l y  September. I n  
the  winter  period,  measurements  were made a t  one 
s i t e   s i m i l a r   t o  1 A  and a p p l i e d   t o  a l l  o t h e r   s i t e s  
except 2A. A t  2 A  estimates w e r e  made according t o  
a regress ion  of n e t   r a d i a t i o n  on solar r a d i a t i o n  
de r ived   fo r   t he   Apr i l   e a r ly  May p e r i o d   i n  1 9 8 2  and 
1979  and a p p l i e d   t o   t h e  months  of  February, March 
and Apr i l ,  when t h e r e  i s  s u b s t a n t i a l   t r e e  canopy 
absorpt ion of s o l a r   r a d i a t i o n   l e a d i n g   t o   l a r g e r  Q*. 
A s  a r e s u l t ,   y e a r l y   t o t a l s  of Q* a r e   l a r g e r   a t  s i t e  
2 A  than a t  o ther  sites. The summer measurements a t  
site l A  were  applied t o  1B and 2B,  t h o s e   a t  1 C  t o  
2C, and those  a t  LD t o  2D. 

and ( 3 )  i s  t h e   s o i l  water and s o i l   i c e  term as it 
i s  invo lved   i n   bo th   t he   s ens ib l e   hea t  exchange i n  
t h e   s o i l  Q,, and t h e   l a t e n t   h e a t  exchange Qm. 
Soi l   mo i s tu re  was measured  with a neutron  probe a t  
increments of 20 cm r e p l i c a t e d   a t   e a c h   s i t e .  The 
probe w a s  ca l ib ra t ed   fo r   s ands ,   c l ays  and peats   us-  
ing  gravimetric  comparison.  Since  the  neutron 
probe  measures  the H i on   concen t r a t ion   i n   t he   so i l ,  
it canno t   d i f f e ren t i a t e  between liquid  water  and 
i c e ,  which i s  a drawback t o   t h i s  measurementmethod. 
Soi l   t empera ture   readings  made it apparent when t h e  
main zero   cur ta in   e f fec t   ended ,  as rap id   cool ing   or  
warming ensued. Mowever, an  assumption was made 
t h a t   a t  -5OC a l l  s o i l   w a t e r  w a s  f rozen   and   tha t  a t  
l 0 C  it was a l l  thawed.  Since a t  most s i t e s  soiL 
temperatures a t  maximum ac t ive   l ayer   depth  were a t  
l e a s t  - l O ° C ,  t o t a l   f r e e z i n g  i s  probably a s a f e  
assumption. However, a t  2B,  t h e  warm soil hovered 
around -5'C depending on depth and th i s   cou ld  
in t roduce   e r ro r   i n to   t hc   ca l cu la t ions .  

ters a t   d e p t h s  of 5 ,  LO, 25, 50 ,  100, 125, 150 and 
175 cm a t  t h e  sites with maximum ac t ive   l aye r  
depths  and from 100 t o  125 cm depths  a t  the   o the r  
sites. MeaSUrCmQntS of so i l   t empera tu re  were made 
d a i l y  from April   through August  and  every  second 
week during  the  freezeback  period  and  the  winter.  
Soi l   mois ture  was measured  every  three  days  during 
thaw  and  every  two weeks i n   t h e   w i n t e r .  

A i r  temperature was measured  continuously  with 
an a sp i r a t ed   t he rmis to r   i n  summer and  taken  from 
Environment  Canada  measurements a t  t h e   C h u r c h i l l  
a i r p o r t   i n   w i n t e r .  Net r a d i a t i o n  and temperature 
d a t a  were in t eg ra t ed   fo r   ha l f -hour   pe r iods   i n  a 
d i g i t a l   r e c o r d e r  and s t o r e d  on magnetic  tape  for 
computer  analysis a t  McMaster Universi ty .  

Snow depths  were  measured a t  t h e   i n d i v i d u a l  
s i t e s   w i t h  a meter s t i c k  and du r ing   t he  thaw period 
a g r id   a long   t r ansec t s  1 and 2 was sampled  regular- 
l y .  The maximum active  layer  depths,   groundwater 

The most   important   var iable   in   equat ions (2)  

Soi l   temperatures  were  measured  with  thermis- 

depths ,  and  topographic   prof i les  shown in   F igu re  1, 
were obtained  during an in tens ive   f ie ld   survey   dur -  
i n g  a f i e ld   cou r se   fo r   s en io r   s tuden t s .  

RESULTS 

The  mean monthly  temperatures shown in   F igu re  2 
i n d i c a t e  5 months of thaw  temperatures  peaking  in 
July-August  around l l ° C  and 6 months  of f reez ing  
temperatures  reaching a minimum of -24OC i n  
January.   For  the  period of measurement the  annual  
a i r  temperature was -8.5Oc. October is c l e a r l y  a 
t ransi t ional   season,   with  temperatures   hovering 
around  freezing;  the  winter  period  from November t o  
Apr i l  i s  c l ea r ly   de f ined ,  as i s  t h e  summer per iod 
May through  September.  Final  snowmelt on the  tun-  
d r a  w a s  3 weeks ear l ier   than  the  long-term  average,  
occurr ing a t  the   end   of   Apr i l   ra ther   than   near   the  
end of May. F i n a l  m e l t  i n   t h e   f o r e s t   i n   t h e   t h i r d  
week in   June  is normal. 

October 1981 but  w a s  l i m i t e d   t o   t h e   p e r i o d  May 
through  September 1982. The y e a r l y   t o t a l  w a s  with- 
i n  10% of the  long-term  average. 

Snow depths  arc h igh ly   va r i ab le  a t  d i f f e r e n t  
sites i n  normal  fashion for the  tundra.   Table 1 
i n d i c a t e s   t h a t   t h e  open tundra   s i t e s   a long   t r ansec t  
1 a l o n g   w i t h   t h e   p a l s a   a t   s i t e  2C accumulated  the 
Least snow as a r e s u l t  o f  wind erosion.  This snow 
was deposi ted a t  t h e   f o r e s t e d   s i t e s  2A and 2B,  
where depths   in   excess   o f  1 m were common. S i t e  2B 
was pa r t i cu la r ly   no tab le   fo r   subs t an t i a l .  snowpack 
development i n   e a r l y   w i n t e r ,  and t h e   e f f e c t s  on t h e  
ground  temperature  regime are evident .  The  snow a t  
t h e   f o r e s t e d   s i t e s   p e r s i s t e d   f i v e  weeks longer  than 
a t  the   tundra  sites. S i t e  2D served as a minor 
accumulation area, with snow depths  double  those 
found a t  a d j a c e n t   s i t e  2C. 

Table l. The maximum yearly  departure   f rom  the 
mean-measured Q* f o r  a l l  sites w a s  14%. The for -  
e s t e d   s i t e  2A h a s   t h e   l a r g e s t   n e t   r a d i a t i o n ,   t h e  
r e s u l t  of a sma l l e r   a lbedo   i n   w in te r ,   pa r t i cu la r ly  
dur ing   the   h igh   sun   per iod   in   l a te   win ter .  The 
minimum Q* a t  site 2B r e s u l t e d  from the   l a t e - ly ing  
snowpack with i t s  hrgh  albedo. Q* measurements a t  
t h e   o t h e r  sites are within  7%  of  each  other and 
d i f f e r e n c e s   a r e   l a r g e l y   a c c o u n t a b l e   t o   d i f f e r e n t  
sur face   a lbedos .   Pos i t ive   ne t   rad ia t ion  a t  a l l  
s i t e s   e x c e p t  2A b e g i n s   i n  mid-March and p e r s i s t s  
i n t o  mid-October.  For s i te  2A it begins  about 5 
weeks e a r l i e r   d u e   t o   s t r o n g  canopy absorpt ion of 
s o l a r   r a d i a t i o n ,  which i s  t h e   t o p i c  of a separa te  
r e p o r t ,  A t  a l l  sites except  2A and 2B t h e r e  i s  an 
a b r u p t   i n c r e a s e   i n  Q* t h a t  accompanies f i n a l  snow- 
melt ,  and m a x i m u m  values   are   reached  in  l a te  June/ 
e a r l y   J u l y .  The negat ive Q* i n   w in te r   does   no t  
exceed 11% of t h e   p o s i t i v e  summer value and i s  
s u b s t a n t i a l l y  less f o r   t h e   f o r e s t .  

pera tures  and ac t ive   l ayer   depths   a re   h ighly   var i -  
able  between sites. The deepes t   ac t ive   l aye r s  are 
ach ieved   i n   t he   up land   s andy   so i l s   a t  s i tes 1A and 
2A and  these  are  a t  l ea s t   tw ice   t he   dep th  of t h e  
wetter s i t e s  l C ,  lD, 2D, and t h e   p a l s a  a t  s i te  2C. 
The s ide   s lopes  a t  LE and 2 8  have  intermediate 
depths ,   the   l a t te r   be ing   the   deeper   p resumably   due  
t o  i ts  south  slope  exposure.  The s o i l s  a t  s i te  2B 
have a longer  thaw  season  due t o  e a r l y  snow accum- 
u l a t i o n ,  which  favours warm winter   so i l tempera tures  

R a i n f a l l ,  shown i n  Figure 3 ,  occurred  in  

S e a s o n a l   n e t   r a d i a t i o n   t o t a l s   a x e   g i v e n   i n  

A s  ind ica ted   in   F igure  2 and  Table 1, s o i l  t e m -  
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FIGURF: 2 Monthly mean a i r  temperature   and  the  soi l  
temperature a t  each si te.  Isotherms are a t  5OC 
i n t e r v a l s .  The dot ted  l ine  denotes   the  posi t ion  of  
t h e   f r o s t   t a b l e .  

and a pro longed   zero   cur ta in   e f fec t .  A t  a depth  of 
0.5 m t h e   c o l d e s t   s o i l s   a r e   t h o s e  of t h e   p a l s a  a t  
s i te  2 C ,  and t h e  w a n n e s t  on an annual   bas i s   a re  a t  
s i te  2B. The upland  tundra si te 1A has   t he   l a rges t  
annual  temperature  range. 

Soi l   mois ture  is s t rongly   in f luenced  by s o i l  
type and  topography  and  these  are   c losely  inter-  
r e l a t e d .  The u p l a n d   s i t e s  a t  1 A  and 2A have  gravel 
soils, and t h e  lowland s i t e s  a t  1 D  and 2D c lay  
s o i l s   o v e r l a i n  by a t h i c k   l a y e r  of peat .   Other  
si tes a r e   t r a n s i t i o n a l  between these  extremes. 
S i t e  1 A  and 2A a r e   t h e   d r i e s t   s o i l s  and also  under-  
g o   t h e   l a r g e s t  s o i l  water l o s s   f r o m   e a r l y   t o  later 
summer. S i t e s  lD and 2D a re   t he  wettest sites w i t h  
up t o  90% s o i l   m o i s t u r e  by volume in t he   su r f ace  
organic   l ayer ,  and t h e y   a l s o  show t h e  least sea- 
sonal v a r i a b i l i t y .  The p a l s a   s i t e  2C i s  d i s t i n c -  
t ive   because   the   th ick   sur facepea t   l ayer   undergoes  
s u b s t a n t i a l  summer drying.  

The ground hea t   s to rage  QG shown i n  Table 1 i s  
subdiv ided   in to  its components of t h e   l a t e n t   h e a t  
f l u x  QbF and s e n s i b l e   h e a t  component QsH. The 
fol lowmg  general izat ions  can  be made. The wettest 
si tes have t h e  smallest la ten t   hea t   exchange ,  which 
arises because  they  have  the  shallowest active lay- 
e r s  and t h e   l a r g e s t   t e m p e r a t u r e   v a r i a t i o n   i n   t h e  
ice-r ich  near-surface  permafrost .   During  the  ful l  
thaw  season Q makes up LO t o  13% the  magnitude  of 
Q*- E a r l y   i n   t h e  thaw  season when both   f luxes   a re  
large,   the  magnitude  of QG i s  up t o  one-half   that  
of Q*. T o t a l  Q f o r  a l l  sites dur ing   t he  thaw  sca- 
son i s  very simllar, with a m a x i m u m  v a r i a b i l i t y   o f  
15%  about  the mean. The hea t   r e l ease   du r ing  
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FIGURE 3 Tota l   month ly   ra infa l l  and the   vo lumetr ic  
s o i l   m o i s t u r e  a t  each si te.  The i s o p l e t h   i n t e r v a l  
i s  .05 i n  U, 2 A ,  lB, and 2B and .20 i n  LC, 2 C ,  l D ,  
and 2D, w i t h   f i n e   d o t t e d   i s o p l e t h s  a t  nonrcgular 
i n t e r v a l s  of 0.10 i n   t h e   l a t t e r   g r o u p .  

freezeback is genera l ly  somewhat less than  during 
thaw  because, a t  least f o r   t h i s   p a r t i c u l a r  measure- 
ment pe r iod ,   t he  soils were d r i e r   i n   t h e   f a l l   t h a n  
i n   t h e   s p r i n g  and t h e   l a t e n t   h e a t   r e l e a s e  was  
smaller. In  terms of nega t ive  Q* i n   w i n t e r ,   t h e  
h e a t   r e l e a s e d   i n   t h e  form of QG is e q u a l   t o   t h e  
r a d i a t i o n a l   h e a t  loss e 

DISCUSSION 

The most   important   resul ts  of this   experiment  
are the  large  magnitude of Q, i n  terms  of Q* and 
the  uniformity of Q between sites. These si tes 
a r e   e x t r e m e l y   v a r i e s   i n  terms of   vegetat ion  type,  
so i l   t ype ,   so i l   mo i s tu re   con ten t ,   dep th   o f   ac t ive  
layer  development,  and  depth and longevi ty   of   the 
snowpack. 

cesses   p resented   in   equa t ion  (1) t h e  two v a r i a b l e s  
are t h e  s o i l  thermal  conductivity k and t h e   v e r t -  
ical  temperature   gradient  AT/Az. The v a r i a b l e  k is  
large  fox  sands when they  are  even  moderately  wet 
and l a r g e   f o r   i c e .  It is moderate  for w e t  c lays  
and small f o r   o r g a n i c   s o i l s  and for water and  hence 
for s a t u r a t e d   o r g a n i c   s o i l s .  

is  frozen and AT/Az across   the  a tmospheric  s o i l  
i n t e r f a c e  i s  l a r g e ,  so 0 proceeds  very  rapidly,  

" G  

In  terms o f   t h e   v e r t i c a l   h e a t   t r a n s f e r   p r o -  

I n  ea r ly   sp r ing ,  k is large  because  the  ground 
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TABLE 1 C h a r a c t e r i s t i c s  and  Energy  Exchanges i n   t h e   E i g h t   S i t e s  

lA 

P 0-5 
S 6-200 

S = -27 

s = .08 

10.0 
-16.4 

26.4 

17  1 
1 2  

148.8 
113 - 5 

.76 

.10 
1414.3 

-117.9 
-77.6 

.66 
-145.3 

.81 

1269.0 -. 10 
30.9 

2A 

P 0-10 
s 11-120 
Cl.2 1- 180 

S = .28 
C = -26 

S = .06 
c = .21 

9.2 
-10.7 

19.9 

* 182 
140 

157.8 
137.9 

.87 
1461.2 

, l o  

-69.4 
-46.1 

.67 

1.77 
-39.1 

1422.1 
-.03 

88.5 

lB 

P 0-10 
s 11-90 
C 91-200 

P = .37 
S = .32 
c = .34 

P = .28 
S = . 3 2  
c = .34 

6 , 2  
-15.3 

21.5 

12  5 
22 

184.8 
155.2 

.84 
1414.3 

.13 

-176.0 
-152.3 

.71 

1 . 2 1  
-145.3 

1269 - 0 
-.LO 
8.8 

2B 

C = - 2 8  

P = .17 
S = .23 
C = .24 

7.0 
-2.2 

9.2 

144 
130 

146.0 
127 - 0 

-86 
1255.8 

. LL 
-149.3 
-120.7 

.81  

1.12 
-133.0 

1122.8 
-.11 

- 3 . 3  

1c 
P 0-25 
C 26-200 

P = .81 
c = .35 

P = .66 
C = .25 

3 .1  
-16.4 

19.5 

6 1  
1 2  

134.2 
80.4 

.59 

.10 
1329.7 

-128.2 
-71.5 

.56 
-147.0 

, a7 

1182.7 
-.11 
6.0 

2c 

P 0-40 
C 41-200 

P = .79 
c = .43 

P = .47 
c = .34 

1.0 
-16.7 

17.7 

92 
15 

164.1 
131.7 

.71  
1329.7 

.13 

-158.6 
-105.7 

.67 
-147.0 

1.08 

1182.7 
-. 11 

25.5 

1 D  

P 0-25 
C 26-200 

P = .88 
c = .39 

P = .64 
c = -25 

1 . 2  
-15.0 

16.2 

58 
17 

151.7 
100.6 

-66 

.10 
1379.7 

-124.4 
-68.9 

.55 

.86 
-144.6 

1235.1 
-.1l 

27.3 

2 D  

P 0-30 
C 31-200 

P = .91 
c = .34 

P = -79 
C = .27 

4.1 
-12.9 

17.0 

80 
25 

182.7 
122.4 

- 67 
1379.7 

.13 

-142 - 8 
-82.6 

.58 

.99 
-144.6 

1235.1 

39.9 
-. 11 

Note : x i s  vo lumet r i c   so i l   mo i s tu re ;  T i s  so i l   t empera tu re ;  z(At) is ac t ive   l ayer   depth ;  z i s  Snow 
d&th; Q i s  t o t a l   s o i l   h e a t  flux: Q i s  l a t e n t  h a t  f l u x ;  Q* i s  n e t   r a d i a t i o n ;  TH i s s t h e  thaw 
per iod;  GB the   f reeze   per iod .   F luxes  are i n  MY m-5 f o r   t h e   p e r i o d .  

LF 

p a r t i c u l a r l y   i n   t h e   i c e - r i c h   s o i l s   s u c h   a s  1C,  AD, 
and 20. Even beneath  the snowpack (such as a t  
s i t e s  2A and 2B) thawing  proceeds,   s ince  the snow 
is a t  O°C and t h e   f r o z e n   s o i l  i s  < O°C and has a 
la rge   thermal   conduct iv i ty ,   par t icu lar ly  when snow- 
melt r e f r e e z e s   i n   t h e   t o p   s o i l   l a y e r s .  

In  terms o f   u n i f o r m i t y   i n   t h e   t o t a l   h e a t   f l u x  
between dry  upland sites with a deep  act ive  layer  
and w e t  lowland sites with a shal low  act ive  layer  
it i s  u s e f u l   t o  compare 1 A  and 1D.  Table 2 shows 
t h a t   i n  May, Q, a t  1 D  i s  s u b s t a n t i a l l y   l a r g e r   t h a n  
a t  lA, in   June   they   a re   about   the  same, and i n  
J u l y  and  August t h e   h e a t   f l u x  a t  1D i s  consider- 
ably less t h a n   a t  1A. This   can   be   in te rpre ted   in  
terms of t h e   t h e r m a l   c o n d u c t i v i t i e s   t h a t  are larg- 
est a t  1 D  ea r ly   i n   t he   s eason  when these  i s  i c e   i n  
t h e   s u r f a c e   s o i l   l a y e r s   b u t  become smaller than a t  
1A later in   the  season  because of the   smal le r  k of 
the   s a tu ra t ed   su r f ace   pea t   l aye r .  

It i s  i n s t r u c t i v e  t o  compare sites 1A and 2A. 
Although a t h i c k  snow layer  dominates 2A u n t i l  mid- 
J u n e ,   t h e   s o i l   h e a t   f l u x  i s  g rea t e r   t han  a t  1 A  i n  
both May and June  and  the  forest   soi ls   axe thawed 
t o  1.3 m by f i n a l  snowmelt.  This  rapid  thawing is 
a response t o  la rge   thermal   Conduct iv i ty   in   the  
moist sand  and t o   t h e   f a c t   t h a t  the s o i l s  a t  depth 

s t a y   r e l a t i v e l y  warm throughout   the  winter .   In  
J u l y  and  August, Q, a t  2A i s  less than a t  lA i n  
s p i t e  of Larger  thermal  conductivity  because  the 
ve r t i ca l   t empera tu re   g rad ien t s   a r e   l e s s .  

I t  is clear from  Table 1 t h a t   n e i t h e r   t h e  
a c t u a l  so i l  temperature  nor  the  range  of  tempera- 
t u r e  change i n   t h e   s o i l   b e a r s  a r e l a t i o n s h i p   t o  
the  magni tude  of   the  heat   f lux.  Thus 2B, which i s  
much warmer i n   w i n t e r   t h a n  lA, has  the same magni- 
tude  of   heat   f lux  during  the  thaw  season.  

The s o i l   s t o r e s  summertime h e a t ,  which con- 
s t i t u t e s  a t  l e a s t  10% of t h e   n e t   r a d i a t i o n   f l u x .  
The r e l e a s e  of t h i s   h e a t   m a i n t a i n s   r e l a t i v e l y  warm 
s o i l s   u n t i l   t h e  end of December and, i n   t h e   e v e n t  
of a deep snow cover (as a t  2 B ) ,  throughout   the 
winter  season. 

e r a l   a p p l i c a b i l i t y ,   s i n c e   t h e   v a r i e d   t e r r a i n   t y p e s  
s tud ied   a r e  common i n   t h e  Hudson Bay lowlands  and 
i n  many areas  of  central   Keewatin and t h e  Mackenzie 
District. They are important   to   assessing  evapora-  
tion  using  energy  budget  approaches,  which  often 
ignore Q, i n   t e m p e r a t e   l a t i t u d e   s t u d i e s ,   b u t  which 
cannot  ignore it in   pe rmaf ros t   a r eas .  I t  i s  ev- 
i d e n t   t h a t  w a r m  s o i l s  can  be  achieved  through 
e f f e c t i v e   t h e r m a l   i n s u l a t i o n  of t h e   s u r f a c e   i n  

The r e s u l t s  of th i s   s tudy   should   have  more gen- 
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TABLE 2 A Comparison  of S i t e s  M, 1 D ,  and 2~ 
During  the Main Thaw Period 

lA n 

Month 

MAY 
JUN 
JUL 
AUG 

Month 

MAY 
JUN 
JUL 
AUG 

Month 

MAY 
J U N  
JUL 
AUG 
Note : 

Q* 
281.9  40.9  27.3 .15 1-00 
423 e 3 45.9  37.5 .11 .8  
383.5 32.9  29.1 .09 
323.3 

.7 
16.4 19.6  .05  .6 

1 D  

Q* 
QG 

'G 'LF 
- 
Q* k 

277.4  64.0 49.6 . 2 3  1.7 
410.1 40.7 34.5 . 10 
364.7 

.6 
15.2  7.7  -06 .5 

325,s 9.6 8.8 .03 . 5  

Q* 
- 

QG QLP Q* k 

213.8 48.6 43.3 .23 1.8 
399.1 63.9 54.6 .16 1 . 2  
397.0 28.0 24.5 .07 1.0 
331.8 14.4 15.6 .04 .7 

Q* is n e t   r a d i a t i o n ;  QG i s  s o i l   h e a t   f l u x ;  
QLF i s  s o i l   l a t e n t   h e a t   f l u x .   f l u x   v a l u e s  
i n  MJ mn2 month-'; k i s  thermal  conductiv- 
i t y   t h r o u g h   t h e   t o p  25 cm o f  so i l  i n  
wm-1oc-1. 

e a r l y   f a l l ,  which would be a t  t h e  end  of  August i n  
t h e  case of C h u r c h i l l .   T h i s   r e s u l t s   i n  an augmenta- 
t i o n  of t he   t he rma l   ene rgy   i n   t he   so i l  of a t  least 
10% of t h e  summer n e t   r a d i a t i o n ,  as a t  s i t e  2B. 

CONCLUSIONS 

As a r e s u l t  of much lesser snow d e p t h s   f i n a l  
snowmelt on t h e  open tundra   p receded   t ha t   i n   t he  
f o r e s t  by 7 weeks. However, snowmelt on the  tun-  
d r a  was 3 weeks ea r l i e r   t han   ave rage .  A l l  o ther  
condi t ions were c l o s e   t o  normal, 

small a l b e d o s ,   e s p e c i a l l y   i n   w i n t e r ,  'and smallest 
a t  s i te  2B,  where the   l onge r -pe r s i s t i ng  snowpack 
maintained a l a rge   su r f ace   a lbedo   i n to   t he  s m e r  
solstice per iod.  However, t h e  maximum v a r i a t i o n  
a t  any s i t e  was within  14% of the   average.  The 
t o t a l   n e g a t i v e   n e t   r a d i a t i o n   i n   w i n t e r   d i d   n o t  
exceed 11% of t h e   p o s i t i v e  summer t o t a l  at any 
site. 

Act ive  layer   depths   in   the  sandy  upland sites 
were  double  those of the  lowland sites and,  where 
snow accumulated  early and s tayed la te ,  t h e  so i l  
presented   the   longes t  thaw  season  and warmest over- 
a l l  temperatures .   Soi l   moisture  was least on t h e  
upland  sandy sites and a l s o  showed s u b s t a n t i a l  sum- 
mer dry ing ,   whereas   in   the  w e t  sites it v a r i e d  lit- 
t l e  over time and  measured a s   l a r g e  as 90% by vol-  
ume in   t he   su r f ace   l ow-dens i ty   pea t   so i l s .  The 
p a l s a  w a s  anomalous i n  many r e spec t s ,   hav ing   t he  
c o l d e s t  soi ls  and also  undergoing  considerable 
d r y i n g   i n   t h e   s u r f a c e   p e a t   l a y e r .  

During  the thaw season ,   t he  ground h e a t   s t o r -  
age was a lmost   the  same for a11 sites and  averaged 
12% of ne t   r ad ia t ion   w i th  s i t e  v a r i a t i o n s  from  10 
t o  13%. Thus it is an  important component i n   t h e  
energy  balance a t  the  surface.   During  f reezeback,  
the   hea t   energy   re leased   f rom  the   so i l   a lmost  

Ne t   r ad ia t ion  w a s  l a r g e s t   i n   t h e   f o r e s t   d u e   t o  

exactly  compensates €or winter   season   rad ia t iona l  
h e a t  loss assoc ia t ed   w i th   nega t ive   ne t   r ad ia t ion .  
The s o i l   t h u s  acts as a s i q n i i i c a n t   t h e r m a l  
r e g u l a t o r  

v a r i e t y  of t e r r a in   t ypes   can   be   exp la ined   i n  terms 
of  t he rma l   conduc t iv i t i e s  and ve r t i ca l   t empera tu re  
g r a d i e n t s  and the   l a rge   thermal   conduct iv i ty   o f  
ice. The i c e - r i c h   w e t   s i t e s  thaw r a p i d l y   i n  
spr ing   due  t o  l a rge   ve r t i ca l   t empera tu re   g rad ien t s  
and the   l a rge   t he rma l   conduc t iv i ty  of i c e .  How- 
ever, with  surface  thawing  the  conductivity  be- 
comes t h a t  of s a t u r a t e d   p e a t ,  which i s  n o t   l a r g e ,  
and the melt ing  process  i s  slowed,  leading t o  
sha l low  ac t ive   l aye r s .   In   con t r a s t ,   t he  w e l l -  
drained  upland  sandy  soils  remain  moderately  moist  
with less va r i ab le   t he rma l   conduc t iv i t i e s  and a 
more even  thaw ra te   over   the   season .   Because  
t h e r e  is l e s s  ice t o  m e l t  p e r   u n i t  volume, t h e  
ac t ive   l aye r s  are deeper. Where t h e  snow cover 
l i e s  la te  i n   t h e   f o r e s t - a f f e c t e d  areas, thaw starts 
when t h e  snuw is s t i l l  deep,  because a temperature 
gr.adient  between w a r m  snowpack and   co lder   so i l s  
o x i s t s  and the   f rozen   so i l s   have   l a rge   t he rma l  
conduct iv i t ies .  

The r e s u l t s  of t h i s   s t u d y  are seen as having 
more g e n e r a l   a p p l i c a b i l i t y   f o r  w e t  or  moderately 
w e t  low a r c t i c   t e r r a i n ,   s i n c e   t h e   p r o c e s s e s   t h a t  
favour a l a r g e  and re la t ive ly   un i form  ground  hea t  
f Lux are universa l .  

The s i m i l a r i t y   i n   t o t a l   h e a t   f l u x   f o r   s u c h  a 
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DESIGN CONSIDERATIONS FOR LARGE STORAGE 

W. L. Ryan 

O t t  Water Engineers,  Anchorage, 

TANKS I N  PERMAFROST 

Alaska 99503 USA 

AREAS 

Larne water and /o r   o i l   s to rage   t anks  (50,000 ga l .   o r  mare) are usual ly   necessary - 
f o r  camps, sites, o r  communities i n   t h e   A r c t i c .  The des ign ,   cons t ruc t ion ,  and  opera- 
t i o n a l  problems f o r  over 40 l a r g e  water s to rage   t anks   i n   a r c t i c   and   suba rc t i c   A laska  
are reviewed  and  summarized.  The  majority of t h e   d i f f i c u l t i e s   e n c o u n t e r e d   w i t h  t he  
t a n k s   f a l l   i n t o   t h r e e  areas: founda t ions ,   i n t e r io r   pa in t ing ,  and o u t s i d e   i n s u l a t i o n  
systems.  Foundation  settlement o r  heaving  has  proven  to be t h e  most  widespread  prob- 
lem w i t h  large  s torage  tanks.   Unfrozen  lenses ,  "warm" permafrost ,   and  incorrect  
a d f r e e z e   s t r e n g t h s   h a v e   a l l   c o n t r i b u t e d   t o   t h e   s e v e r a l   i n s t a n c e s  of set t lement .  
P i l i n g  and gravel  pads  have  both  received  widespread  use,  depending on l o c a l   s o i l  con- 
d i t i o n s  and t h e   a v a i l a b i l i t y  of equipment  and materials. Another  very common problem 
is t h e   f a i l u r e  of the   in te r ior   pa in t ing   sys tems.   These   fa i lures   have   occur red   wi th  
both   the   v inyl  and  epoxy paint   systems and t e n d   t o  be caused by the   l ack  of adequate 
cur ing  temperatures ,   inadequate   vent i la t ion  during  cur ing,   and  the  individual   layers  
being  appl ied  too  thick.  

INTRODUCTION 

Large water and o i l   s t o r a g e   t a n k s  are necessary 
f o r  camps, sites, o r  communities in t h e  Arctic. 
Water s to rage   t anks   have   s eve ra l   cha rac t e r i s t i c s  
which make them  more d i f f i c u l t   t o   d e s i g n   a n d   m i n -  
t a i n   t h a n  oil storage  tanks  and,   thus,  will be 
emphasized i n   t h i s  paper. The majori ty  of t h e  d i f -  
f icu l t ies   encountered   wi th   the   l a rge   s torage   t anks  
f a l l   i n t o   t h r e e  areas: foundat ions ,   in te r ior   pa in t -  
ing,  and outs ide   insu la t ion   sys tems.  

The  majority of the   t anks   cons t ruc ted   over   the  
pas t  10 years  have  been  welded steel tanks  with 
sprayed  polyurethane foam insulat ion.   Occasional ly ,  
"bladder"  tanks  and wood s tave  tanks  with  s t rapped-  
on  boardstock  insulation  have  also  been  used. 
Table 1 presents  a summary of many of the  major 
water s torage  tanks  that   have  been  constructed i n  
the   co ld   reg ions  of Alaska. The problems ( i f   any)  
t h a t  have  been  experienced  with them are included, 
a long  with  the  construct ion  costs  of tanks con- 
s t r u c t e d   p r i o r   t o  1980 ad jus t ed   t o  1980 c o s t s  con- 
s i d e r i n g  7% per   year   in f la t ion .  

FOUNDATIONS 

Foundation  design is heavily  dependent  on  the 
s o i l   c o n d i t i o n s  a t  t h e  s i te .  Pi l ing  and  gravel  
pads  comprise most of t he   founda t ions   u t i l i zed .  
The foundations  have  proven  to be the  mast wide- 
spread problem  encountered  with  large  storage  tanks 
i n  Alaska. The type of foundation  used  depends  on 
several   factors:   permafrost   presence  (and i t ' s  
t empera tu re )   and   so i l   p rope r t i e s ;   ava i l ab i l i t y  of 
cons t ruc t ion  materials such as g rave l   o r   p i l i ng ;  
a v a i l a b i l i t y  of equipment fo r   cons t ruc t ion ;  and 
t h e   s i z e  and  shape 05 the   t ank .  

The  presence of permafrost   can  simplify  or cam- 
p l i c a t e  a foundation  design. Due t o   t h e   e x c e s s i v e  
weight   that  must be supported,  hard-frozen,  ''cold" 
permafrost   ( leas   than -2°C) can  best   provide  the 
support  needed when using a p i l e   founda t ion   fo r  

tanks.  The load  carrying  capacity of a p i le   p laced  
in   co ld   permafros t  is  considerably  greater   than 
t h a t  of one in  unfrozen  ground, which  must  essen- 
t i a l l y   r e l y  on fr ic t ion  and/or   end-bearing.   In  
f a c t ,   i n  warmer soi ls   (nonpermafrost) .  it i s  o f t e n  
n o t   f e a s i b l e   t o   p l a c e   s u f f i c i e n t   p i l i n g   u n d e r   t h e  
tank   to   suppor t   the   weight   cons ider ing   f r ic t ion  
and/or  end-bearing  alone.  In  the  absence of perma- 
f r o s t ,  a gravel  pad o r   p o s t  and  pad foundation is 
usually  designed. In cold  permafrost   locations,  
p i l e s  are usua l ly   u sed   un le s s   l a rge   quan t i t i e s  of  
gravel  are read i ly   ava i l ab le .  If s u f f i c i e n t   g r a v e l  
i s  a v a i l a b l e   ( a  rare occurrence   in  much of Alaska's 
Arc t i c ) ,  a pad can be des igned   w i th   su f f i c i en t  
thickness   to   prevent   thawing of the  underlying 
frozen ground  due t o   h e a t   l o s t  from the   tank.  
Insu la t ion   can   be  added t o  the  pad to   r educe   t he  
amount of gravel   required.  Only extruded  poly- 
s tyrene   insu la t ion   should   be   used   in   t ank  founda- 
t ions  because it is  t h e  most r e s i s t a n t   t o   d e t e r i o r -  
a t i o n  by moisture.  

The  most d i f f i c u l t   d e s i g n   s i t u a t i o n  is when 
"warm" permafrost  (above -2'C) or  permafrost   with 
thawed "pockets"   ( ta l ik)  is encountered. Warm 
permafrost   usually  occurs  near  the  southern limits 
of the  continuous  permafrost  areas. Ta l ik  areas 
can  occur in any  locat ion  containing  f rozen ground 
but  are most abundant i n   c o a s t a l  areas, where they 
are often  caused by a concentrat ion of salts. This 
accentuates   the  importance of a d e t a i l e d  test 
d r i l l i n g  program. Test d r i l l i n g  m u s t  be c a r r i e d  
out   before   foundat ions are des igned   to   de te rmine   i f  
thawed pockets do, i n   f a c t ,   e x i s t .   P i l e s   h a v i n g  a 
po r t ion  of t h e i r   l e n g t h  in t h e  thawed area may not  
provide  the  support   needed and set t lement  w i l l  
r e s u l t .  The water s t o r a g e   t a n k   l o c a t i o n   i n  Wain- 
wright ,  Alaska, encountered  this   condi t ion.  It may 
have also  been a c o n t r i b u t i n g   f a c t o r   t o   t h e  set- 
t l i n g  problems  experienced  with  tanks in Barrow  and 
Kaktovik, Alaska. I n  warm permafrost  areas, the  
a c t i v e   l a y e r  is  a lso   deeper  and longe r   p i l e s  w i l l  
be r equ i r ed   t o   ob ta in   t he  same adfreeze   s t rength  
for   suppor t .  

109 5 
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Any c o n s t r u c t i o n   a c t i v i t y  a t  t h e  ground s u r f a c e  
can  have a l a s t i n g   e f f e c t  on the  depth of t h e  ac- 
t i v e   l a y e r .   T h i s  must  be  considered  during  pile 
design. The cons t ruc t ion   should  be c a r e f u l l y  car- 
r ied  out   using mats o r  pads t o   p r o t e c t   t h e   s u r f a c e  
moss  and t o   r e t a i n  its insu la t ing   va lue .  Any 
degradation of the  permafrost   can  cause  severe set- 
t l i n g  problems in   h igh   mois ture   conten t   s i tua t ions .  
Subsequent  degradation  can also be  caused by hea t  
los t   th rough  the   t ank  bottom. In warm permafrost 
areas, it is even more impor t an t   t o   i n su la t e   t he  
permafrost   f rom  this   heat   or   to   provide a i r  circu-  
la t ion   under   the   t ank  t o  ca r ry  it away t o   t h e  
atmosphere.  This is  usually  best  accomplished by 
p lac ing   the   t ank  on p i l i n g  1 o r  2 m above t h e  
ground,  but it can   a l so  be accomplished by a t h i c k ,  
insu la ted   g rave l  pad conta in ing   p ipes  o r  c u l v e r t s  
f o r  the c i r c u l a t i o n  of air. These  pipes  can  be 
f i t t ed   w i th   b lowers  which  can f o r c e   c i r c u l a t i o n  
through them in   the   win ter ,   bu t   they  must  be  deac- 
t iva ted   and   the   cu lver t s   p lugged   to   p revent   c i rcu-  
la t ion   dur ing   the  summer. 

There are o t h e r   s o l u t i o n s  which are n o t   i n  wide 
use  because of the   h igh   cons t ruc t ion   andlor   opera-  
t i o n  and  maintenance  costs. Two examples of o t h e r  
methods  which  have  been  used t o  remove t h i s   h e a t  
be fo re  i t  melts the  underlying  f rozen ground are: 
r e f r i g e r a t i o n   l i n e s   l a i d   d i r e c t l y   i n   t h e   p a d ,  and 
forced a i r  or   se l f -ac t ing   thermo-pi les .  

The  method  of p i l e  placement is cr i t ical .  The 
primary  objective is t o   p l a c e   t h e   p i l e   i n   t h e  
ground wi th   the  least amount of thermal  disturbance 
to   the   permafros t .  The preferred method is t o  
s l i g h t l y   u n d e r d r i l l  a hole  and d r ive   t he   p i l e .  The 
disadvantage of t h i s  method i s  t h a t  i t  r equ i r e s  
pi le   dr iving  equipment .  Thus,  most p i l e s  are 
placed  using a d r i l l - s l u r r y  back  method.  However, 
i f   n o t  done c a r e f u l l y ,   t h i s  method can  thaw t h e  
permafrost   immediately  around  the  hole  and  signifi-  
cant ly   extend  the  per iod of time needed fo r   f r eeze -  
back. The pi l ing  can  support   only a small po r t ion  
of the   des ign   load   un t i l   the   sur rounding  ground i s  
frozen  back  and  has  dropped  to  the  design  tempera- 
t u re .   In  warm permafros t   S i tua t ions ,   th i s   could  
t ake   an   en t i r e   w in te r   o r ,  more than  one  winter,  
depending on the  thermal   dis turbance.  With t h e  
d r i l l - s l u r r y  back cons t ruc t ion  method, i t  is o f t e n  
necessary  to   mechanical ly   f reeze back t h e   p i l e .  It 
is es sen t i a l   t ha t   t he   t empera tu re  a t  var ious  depths  
be determined  pr ior   to   design  and,   i f   possible ,  a t  
t h e  time the  ground is warmest. I n   c a l c u l a t i n g  
adfreeze bond s t r eng ths ,   d i f f e rences   i n   t empera tu re  
from the   top of the   hole   to   the  bot tom  should be 
in t eg ra t ed  and not  based  only on an  average  temper- 
a tu re .  The r e l a t i o n s h i p  between adf reeze   s t rength  
and temperature is n o t   l i n e a r .  

Fros t   j ack ing  of t h e   p i l i n g   i n  a tank  founda- 
t i o n  is not   usual ly  a problem  because of the   h igh  
loads.  However, the  design of a p i le   foundat ion  
must consider  frost   jacking  prevention  because i t  
could be a problem i f  a tank  should  remain empty 
f o r  a period of time. Fros t   heave   can   a l so   c rea te  
problems  with the o u t e r   p i l e  of a tank  foundation 
which are usually  only  supporting a walkway t h a t  is 
not heavy  enough to   prevent   the  jacking.  

Any coating,  such as creosote ,   can   s ign i f i -  
can t ly   reduce   the   adf reeze   s t rength  and thus   the  
load  supporting  capacity of a p i le .   This  was a 
major con t r ibu t ing   f ac to r   t o   t he   s e t t l emen t  prob- 
lems encountered  with a 2,160,000 liter water s t o r -  

age  tank  constructed on p i l e s   i n  Barrow,  Alaska. 
The use of a bond breaking material on t h e   p i l e   i n  
t he   r eg ion  of the active  layer  should  be  encouraged 
to   p reven t   f ro s t   j ack ing .  However, it must no t .  
ex tend   in to   the   permafros t ,   o r   the   load   suppor t ing  
area of t h e   p i l e .  

The a c t i v e  method of tank  foundation  construc- 
t i o n  w i l l  not  be discussed a t  great length  here ,  as 
i t  is not   o f ten   used .   This  method c o n s i s t s  o f  pre- 
thawing  with  excavation  and  replacement of t h e  thaw 
unstable  frozen  ground  and  designing  the  tank  for a 
small amount of subsequen t   s e t t l i ng .  

Creep of f r o z e n '  ground  can  be a s i g n i f i c a n t  
f a c t o r   i n  a pi l ing  tank  foundat ion  because of t h e  
high  loading. The  magnitude of creep is very tem- 
perature  dependent  and,  thus, is a grea te r  problem 
i n  warm permafrost   than  cold  permafrost .  

Foundation  costs are extremely  var iable  depend- 
ing on t h e   a v a i l a b i l i t y  of equipment  and materials, 
t h e   s i z e  of tank,  and  the  permafrost   conditions.  
Typical 1980 c o n s t r u c t i o n   c o s t s  (U.S.  d o l l a r s )  of a 
foundat ion   for  a 1,900,000 l i ter  tank would  be 
around $100,000 f o r  a gravel  pad (depending  heavily 
on t h e   a v a i l a b i l i t y  of gravel)   and $200,000 f o r  a 
p i l e   founda t ion  and f loor   system. 

TANK DESIGN AND MATERIALS 

The  most widely  used  tank i n  remote arctic 
areas is welded steel. Wood stave  tanks  have  been 
successful ly   used in t h e   s u b a r c t i c  areas but  they 
usually  have more drawbacks  than  advantages  in  the 
Arctic. The disadvantages of wood s tave  tanks 
follow: (1) By design,  they "weep" to   main ta in  
t h e i r   o v e r a l l  water t ightness .   This   can create 
problems in   t he   w in te r   and  it makes  them d i f f i -  
c u l t   t o   i n s u l a t e   e f f e c t i v e l y .  (2) They w i l l  leak 
i f   they   a re   no t   p roper ly   cons t ruc ted  and t h e r e  
seems t o  be a lack of people   t ra ined  to   assemble 
them cor rec t ly .  (3)  They are usual ly  not c o s t  
e f f e c t i v e   i n   s i z e s   l a r g e r   t h a n  375,000 liters. 
(4) Wood s tave   t anks  are designed  to  be k e p t   f u l l  
a t  a l l  times.  This is not   poss ib le  in many  of t h e  
remote loca t ions ,   e spec ia l ly  where the  tanks are 
operated on a f i l l  and draw cycle.  Impermeable 
l i ne r s   have  been  used ins ide   t anks .  However, they 
are usua l ly   no t   very   successfu l  as human and ice 
damage can  cause  punctures. 

Wood s tave   t anks  do have the  advantage of being 
eas i ly   t r anspor t ed   i n to   r emote  areas and special-  
ized equipment is no t   u sua l ly   r equ i r ed   fo r  assem- 
bly.  The wood does  provide a c e r t a i n  amount of 
i n s u l a t i o n ,   a l s o .  

Concrete  tanks are seldom  used in   the   Alaskan  
Arctic. They r equ i r e   l a rge   quan t i t i e s  of high- 
qual i ty   aggregate   and a s o l i d ,   n o n s e t r l i n g  founda- 
t ion   ( rock) ,   bo th  of which are usual ly   not   avai l -  
able .  

Steel  tanks  can be e i ther   bo l ted   o r   welded .  
Bolted  tanks are not  as popu la r   i n   l a rge r   s i ze s .  
Any damage during  shipping  can make it  impossible 
to   a l ign   the   bo l t   ho les   dur ing   e rec t ion   and   in -  
crease the  tendency of t h e  seams t o  "seep". They 
do have  the  advantage,   however,   that   the  interior 
coatings  can be  baked  on in t h e   f a c t o r y  and then 
touched up i n   t h e   f i e l d .  

Welded steel tanks in smaller s i z e s   ( l e s s   t h a n  
75,000 l i t e r s )  can be sh ipped   to   the  si te prefabri-  
ca ted ,   wi th  no f ie ld   weld ing   requi red .  However, 
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t he   l a rge r   t anka  must  be  shipped in pieces  and 
e rec t ed  on site. Welders,   qualified  operators,   and 
vacuum and  radiographic  equipment  must be a v a i l a b l e  
t o  check fo r   f au l ty   we lds .  

A t  any locat ion  where  the  tank may remain empty 
or could  reach  the  ambient  temperature  during  the 
winter,  special  low-temperature  welding  procedures 
and steels with  high  impact   s t rength a t  low temper- 
a tures   should  be  used (ASTM A-516). 

S tee l   t anks  must a l s o  be painted,   inside  and 
ou t .   I n t e r io r   coa t ings  have  proven t o  be a major 
problem.  Both v iny l  and  epoxy coatings  have  been 
used  with  varying  success. Any in t e r io r   t r ea tmen t  
used in a tank   s tor ing   po tab le  water must  be  ap- 
proved by t h e  American Water Works Association 
( A W A ) .  The  main problems t h a t  have  occurred  can 
be  traced  to  improper  application  temperatures,  
solvent  entrapment  during  curing,  and  the  thickness 
of  the   individual   coats .  The keys  to   proper   appl i -  
ca t ion   appear   to  be a s su r ing   t he   su r f ace  is clean 
(sandblasted),   dry,   and warm (above 16'C). and t h a t  
t h e   t o t a l   c o a t i n g  is a p p l i e d   I n   s e v e r a l   t h i n   c o a t s  
i n s t ead  of a few thicker   ones.  The AWWA, ASTM, and 
pa in t   suppl ie rs   spec i f ica t ions   should  be consul ted 
and  followed.  Exterior  coatings are not  as criti- 
cal i f  sprayed-on  urethane  insulation is to   cover  
the   t ank ,   In   these  cases, the   ou t s ide  is primed 
only ,   before   apply ing   the   insu la t ion .  

Rubber  "bladder"  tanks  have  been  used i n  some 
l o c a t i o n s   f o r   o i l  and gasol ine   s torage ,   usua l ly  on 
a temporary  basis .   Fiber   glass   tanks  in   the  larger  
s i z e s  are r e l a t i v e l y  new on t he  market and are n o t  
used  extensively at  the   p resent  time, but may be a 
cons ide ra t ion   i n   t he   fu tu re .  

Maintaining  the water temperature above freez-  
i n g   i n  water s torage   t anks  is  a c r i t i ca l  design 
considerat ion.  Any ice forming i n  a tank  can  cause 
damage to   coat ings,   a t tachments ,   controls ,   and  even 
the   t ank   I t se l f .   Heat ing   sys tems  and   insu la t ion  
should be des igned   t o   p roh ib i t   t he  formation of any 
ice  and i n t e r i o r   l a d d e r s  and  appurtenances  should 
no t  be a t t a c h e d   r i g i d l y   t o   t h e   t a n k  walls. Se r ious  
damage c a n   r e s u l t   t o   t h e   t a n k   i f  ice  should  form on 
these   f ix tures .   For   example ,   the   hea t   supply   to  a 
welded steel storage  tank  in  Kotzebue, Alaska, 
f a i l ed ,   caus ing  ice t o  form  around  the wa l l .  of t h e  
tank which  included a s t a t i o n a r y ,   i n t e r i o r   l a d d e r .  
Water cont inued  to  be  drawn from the   t ank   and   the  
level  dropped,  leaving ice exposed. The hanging 
ice then   b roke   l oose   and   f e l l ,   t e a r ing   ho le s   i n   t he  
s i d e  of the  tank  where i t  pul led  the  ladder  from 
the   t ank  walls. The f a l l i n g  ice a l s o  damaged t h e  
bottom of the  tank.  

Surface ice can  be  prevented by opera t ing   the  
tank a t  a temperature  above 4'C (point  a t  which 
water is  most dense),  and wall ic ing   can  be pre- 
vented by keeping  the  contents mixed  and .above 
f reez ing .   Out le t  and i n l e t   l i n e s   s h o u l d  be  sepa- 
r a t ed   t o   he lp   p rov ide   t h i s   c i r cu la t ion .  Pumps 
should be u t i l i z e d   t o   p r o v i d e   c i r c u l a t i o n ,  if 
necessary.  

INSULATION 

A l l  water s torage   t anks  in arctic  areas must  be 
i n s u l a t e d   o r   p l a c e d   i m i d e  a heated  building. 
S t ee l   t ank  walls p rov ide   e s sen t i a l ly   no   i n su la t ion  
value  with  the  only  " insulat ion" coming  from t h e  
surrounding air  fi lm.  Steel   appurtenances  should 
no t   pene t r a t e   t he   i n su la t ion ,  as ice w i l l  form on 

t h e   i n s i d e  of the  tank a t  the   po in t  of the  thermal  
break. 

Urethane  and  polystyrene are t h e  most common 
insu la t ions   used   €or   l a rge  water s torage   t anks .  In 
any i n s t a l l a t i o n  where  the  insulat ion is l i k e l y   t o  
be In contact   wi th water, extruded  polystyrene is 
recanmended. A t yp ica l   l oca t ion  would  be in t h e  
gravel  pad under  the  tank.  Polystyrene must  be  ap- 
p l i ed  as boardstock  and  cannot be sprayed   on   in   the  
f i e l d  as can  urethane.  Urethane  has a somewhat 
be t t e r   i n su la t ing   va lue   p rov id ing  it has  an air- 
t i gh t   cove r ing   t o   p reven t   t he   l o s s  of the  f reon  gas  
f i l l i n g   t h e   v o i d s .  However, i f  it is n o t   t i g h t l y  
covered,  the  freon  escapes  and is replaced by air 
and ure thane ' s   insu la t ing   va lue  becomes nea r ly  
i d e n t i c a l   t o   t h a t  of polystyrene.  Urethane w i l l  
break down fas te r   than   ex t ruded   po lys tyrene  i f  i t  
is exposed to   mois ture  and  freeze-thaw  cycles  or 
u l t r a v i o l e t   l i g h t   ( s u n l i g h t ) .  

The preferred method  of i n s u l a t i n g  is to   sp ray  
urethane on in t h e   f i e l d  and  cover it with a low 
molecular  weight,  butyl membrane for   vapor  seal and 
u l t r a v i o l e t   l i g h t   p r o t e c t i o n   a n d   t h e n   w i t h  aluminum 
s id ing   for   phys ica l   p ro tec t ion .  A c r i t i c a l   c o n s i d -  
e ra t ion   w i th   t h i s   p rocedure   i n   co ld   r eg ions  is t h e  
ambient  temperatures. The a i r  temperature must  be 
above lO'C fo r   p rope r   app l i ca t ion .  The weather 
must  be calm (no  wind) when spraying. Even the  
s l i g h t e s t  wind  can waste l a r g e  amounts of lnsula- 
t i o n  and  cause  considerable damage to   the  surround-  
ing  property  such as bu i ld ings  and  automobiles. 

Another  often-used method of i n su la t ing   t anks  
i s  t o   s t r a p   o r  bond boards tock ,   e i ther   u re thane   or  
po lys tyrene ,   to   the   ou ts ide   wal l s  of the  tank.  
This  method can be  used  where the  weather  condi- 
t i o n s  are no t   su i t ed   fo r  a spraying  operation. 
Problems  have  been  encountered in high wind areas 
where  pieces of insu la t ion   have  been  blown  from t h e  
tank. The insulat ion.   and its covering, must  be 
well s t r apped   t o   t he   t ank   u s ing   c l ip s  welded to t h e  
outs ide  tank walls. Also,  spray or pour foam must 
be used  to f i l l   t h e  cracks between t h e   i n s u l a t i o n  
boards   before   the   ou ts ide   cover ing  is  added. 

Boardstock,  preferably  extruded  polystyrene, 
should be  used to   i n su la t e   unde r   t he   t ank   a l so .  
This is especial ly   important  for tanks on gravel  
pads in   permafros t  areas to   p reven t   t he   l o s t   hea t  
from  degrading  ,the  permafrost. The  amount and type 
used w i l l  be determined by the   spec i f i c   cond i t ions  
a t  t h e  site. 

The  thickness of i n s u l a t i o n  needed w i l l  vary 
wi th   the  climate and hea t ing   cos t s  a t  t he   l oca t ion  
and  can  be  determined  through  an  economic  analysis. 

CONSTRUCTION COST 

Typical   tank  costs  are p resen ted   i n   t he  at- 
tached   tab le ,   ad jus ted   to  1980 cons t ruc t ion   cos t s  
using a 71 p e r   y e a r   i n f l a t i o n   f a c t o r .  Tank c o a t s  
s i n c e  1979 are a c t u a l   c o s t s   i n   t h e   y e a r  con- 
s t r u c t e d .  The va r i ances   i n   t he   un i t   cos t s   can  be 
a t t r i bu ted   t o   changes  i n  t h e   c o s t  of steel, t h e  
loca t ion  of the   t ank ,   and   the   s ize  of the  tank.  
Foundation  costs are not  included.  Typical  speci-  
f i c a t i o n s   f o r   i n t e r i o r   p a i n t i n g   s y s t e m s  and exter-  
ior  insu la t ion   can  be obtained from t h e   a u t h o r   o r  
John Delapp  with  the Alaska Area Native  Health  Ser- 
vice.  Mr. Delapp a l so   supp l i ed   cos t  and experience 
information  for   tanks  constructed in 1982. 
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CREEP OF FROZEN SOILS ON ROCK SLOPES 

A. V. Sadovsky  and G. I. Bondarenko 

Research  Institute  of  Foundations  and  Underground  Structures, 
Moscow, USSR 

This  article  presents  the  result  of  experimental  investigations  into  the  creep  of 
frozen  materials on rock  slopes,  Analysis  of  field  data  revealed  that  creep  in 
frozen  waste  heaps  in  northern  regions  is a typical  rheological  process.  Laboratory 
investigations  included  two  types  of  tests:  simple  shear  tests  and  tests  of  shear- 
with-skewing.  More  than 400 samples  of  soil  frozen  to  the  rock were tested.  The 
mechanics  of  shear  were  investigated  and  the  formation  of  two  zones  was  established: 
a  zone  of  contact,  and  an  overlying  zone. By using  the  data  from  the  experimental 
studies  and  from  field  observations  it  was possibl.: to develop  a  method o f  calcu- 
lating  the  rate of creep of frozen  waste  heaps on rock  slopes  and  to  predict  the 
failure  of  these  waste  heaps. 

The  creep  of  frozen  soils  along  the  inclined 
rocky  bed  has  something in common with f l o w  of 
glaciers.  But  there  are  some  differences  due  to 
peculiarities  of  deformabiliries  of  ice  and  frozen 
soil.  Ice  flows  practically  under  any  load,  but 
frozen  soil  flows  when  the  load  exceeds  the  thres- 
hold  load  corresponding  to  the  onset  of  visco- 
plastic flow. 

Several  studies  were  made  to  investigate  the 
processes  of  frozen  soils  deformability when they 
slide  along  the  inclined  rocky  bed.  The  sliding 
of  ten  weathered  rock  masses  was  investigated  and 
laboratory  tests  of  frozen  soils  adfreezed  to  the 
rock  material  were  conducted. 

While  mining  is  proceeding  in  the  open  manner  in 
hilly  regions  weathered  rock  masses  are  thrown  down 
on the  rocky  slopes. Low temperature  causes  quick 
cooling  of  blasted  rock  and an accumulation  of  a 
large  reservoir  of  cold  within  it. The  frozen 
stare  is  the  main  peculiarity of weathered  rock 
masses  in  the  northern  regions. The  mean  tempera- 
ture  of  observed  frozen  masses on the  rocky  slopes 
ranges  from  -0.6OC  to  -l.O°C,  the  height of slopes 
ranges  from  170  m to 400 m,  and  the  angle  of  in- 
clining  ranges  from 37' to 51'. After  the  mass 
volume  increases  to  a  certain  value,  the  sliding 
begins.  As  a  rule  a  period  of  deformation  pro- 
ceeded  the  failure  and  creeping with constant 
speed  lasted  from 3 to 8 months.  Analysis  of  field 
data  showed  the  sliding  of  frozen  masses  to  be  the 
rheological  process.  Figure 1 shows  the  sliding 
to  be  a  complicated  process:  the  movement  of  "a" 
to  the  position o f  "a"' shows  the  movement of the 
whole  mass  along  the  rocky  slope,  and  shape  of  the 
mass  surface  during  the  sliding  (curve alblcl) 
reflects  the  creeping  inside  the  mass. 

More  than 400 tests were conducted to invesri- 
gate  a  long-term  shear  resistance  of  frozen  soils 
adfreezed  to  the  rock.  Soil  samples  were  prepared 
from  coarse  grained  rock  (maximal  size  of 
particles-5 mm). That  soil  was  similar to sand, 
containing  fine  particles  more  than 8%; the  water 
content  was 0.13. Soil  was  adfreezed  to  the  rock 
in the  cold  chamber with temperature -25'C.  Then 
samples  were  kept  during  15-18  hours at  the  testing 

temperature.  The  roughness of the  rock  surface 
was  formed  by  ac.  HC1.  The  roughness  degree  was 
estimated  as  a sum of  cavities  (in m) per 1 m of 
length.  Shear  devices PRS-1 developed  by  Sadovsky 
were  used  for  tests. 

First,  it was necessary  to  determine  if  the 
rupture  always  occurred  along  the  contacting  sur- 
face.  For  that  purpose  shear  tests were conducted 
on rocky  samples at  five  values  of  roughness  and 
the  influence  of  roughness on the  adfreeze  resist- 
ance  was  investigated.  It  was  shown  that  the 
roughness  increased  both  parameters  of  the  shear 
resistance:  namely  friction  and  cohesion.  Em- 
pirical  dependence  of  both  parameters  from  the 
value  of  roughness  was  obtained. 

The investigations  have shown the  process o f  
deformability  along  the  contact  surface  proceeds 
like  the  process of deformability  within  the  frozen 
soil (2 ) .  Creep  curves  and  long-term  resistance 
of  frozen  soil  decrease  with  time  because  the 
cohesion  is  the  main  source  of  long-term  resistance 
decrease.  The  change  in  the  friction  angle with 
time  and  temperature  is  negligible.,  But  there  are 
some  differences:  the  rupture  along  the  contact 
surface  occurs  over  a  shorter  period of time  than 
the  rupture  within  the  soil  under  the  same  loads, 
i.e., each  stage  of  the  creep  takes  place  over  a 
shorter  period  along  the  contact  surface  and  the 
shear  resistance  along  the  contact  surface  at  any 
given  time  is  less  than  that  within  the  soil  mass. 

Two types  of  shear  rests  were  conducted:  shear 
(along  the  contact  surface)  and  shear-to-skewing 
tests  (general  shear)  (Figure 2 ) .  

frozen  soil  was  deformed.  Total  and  by-contact 
shear  linear  deformations  (strains) were measured. 
Angular  deformations  of  soil  were  determined as a 
ratio  of  strains  to  the  proper  height, h,  of the 
skewed.layer.  Constant  strain  rates were deter- 
mined from creep  curves  (Figure 3 ) .  Experimental 
results  indicate  that  rupture  always  occurred  along 
the  contact  surface  since  the  contact  surface  creep 
begins  under  less  loads  than  the  creep  within  the 
soil  mass. As a  result,  tertiary  creep (or 
progressive  stage  of  creep)  begins  earlier  than 

In the  shear-to-skewing  test  a  certain  volume of 



that  within  the  slide  mass.  For  example,  shear Tm = cm 4- Yo(B-y)  cos a * tg$m. 
stress = 0.4 MPa  led  to  creep with  a  contact  strain 
rate  equal  to 1.4  10-4cm-1, but at  the  same  time  Strain  rate  at  the  surface  of  the  sliding  mass 
strains  inside  the  soil were gradually  damping.  (where Y=H) was determined from Stroganov's (4) 

and  shear  stress  within  the  loaded  boundary  (thick- 
ness  hc  in  Figure 2) layer  may  be  described  by vs = H+D 
Bingham-Schwedoff's  relation: rl [Yo 7j- cos c1 (tga- tg@i) - C t ]  ( 4 )  

y = - ('C - Tol) 

The  relationship  between  the  angular  strain  rate  and  Maslov's solutions: 

1 
rl (1) D = C: y  COS^ (tga - tg@z) -thickness  of  upper 

passive  goving  layer  in  which T < 'c~.  
dary  layer i s  equal  to: where T = acting  stress; Similar t o  equation 4 strain  rate  in  the  boun- 

T~ = long-term  resistqnce;  and 
q = viscosity  coeffidient. 

The  viscosity  coefficient  for  the  boundary  layer i s  Vc = rl [ y o ( H - ~ )  cos c1 (tga - tg@:) - C:] 
practically  equal t o  the  visdosity  coefficient  for 

hC  hC 
( 5 )  

soil.  Differences  between  strain  rates o f  the 
boundary  layer  and  of  the  soil  are  caused  by differ 
ences  of  long-term  resistances  of  abovementioned 
layers. 

Linear  slide  speed  (Figure 4 1 ,  V, of any soil 
layer  within  the  mass  increases  proportionally  to 
distance  from  rocky  bed  and  can  be  expresfed  by: 

(a) for the  boundary  layer:  as Vc = yc - hc; 
(b) for  soil:  as Vs = 7 ,  * h,; 

where h, = thickness  of  the  boundary  layer,  and 
h, = distance  from  rocky  bed  to  the  soil 

layer, 
Linear  slide  speed  at  the  top  surface of the  slid- 
ing  mass  is  equal  to: 

v = vc + vs ( 2 )  

Experimental  results  confirmed  that  the  rupture 
occurs  after  deformation  reaches  a  definite  value. 
It  was  observed  that  the  rupture  occurred  only 
along  the  contact  surface  and fhe time  until  rup- 
ture  is  proportional  to  the  stqain  rate  along  this 
contact  surface.  This  fact  braught  forth  the 
possibility  of  forecasting  time  until  rupture  by 
using  experimental  or  field  obslerved  strain  rates. 

Experiments  showed  that  two  zones  are  formed  in 
the  sliding  mass:  namely,  the  boundary  layer  and 
the  soil  located  above  the  boundary  layer; 
viscosities  of  both  zones  are  similar,  but  shear 
resistances  are  different. As B result,  tertiary 
creep  and  subsequent  rupture  occur  along  the  con- 
tact  surface. 

To determine  strain  rates of frozen  masses  of 
rock  rubble,  we  analyzed  the  creep of a single 
homogeneous  layer  resting  on  bedrock  which  extends 
downward  indefinitely. It was  assumed  that  the 
slope  deformation  process  procedds  as  simple  shear 
in the  direction  parallel  to  the  bedrock  surface 
and  the  mass  of  rock  rubble  is  a  homogeneous  frozen 
soil.  Shear  stress  produced  by  weight o f  mass  can 
be  written  as: 

-c = yo(H- y )  sin c1 (3) 

Strain  rate on the  surface  of  the  sliding  mass 
can  be  determined  as  a sum of  a  contact  strain  rate 
and  a  strain rate  of  the  mass  upper  layer  using 
formulas 2-5. 

stage  of  creep were  made  using  stress  and  deforma- 
tion  parameters  determined  from  test  results. 
Calculations  showed  that  the  creep  speed of frozen 
heaps  is  very  dependent on temperature.  For 
example,  an  increase  in  temperature  from - 2 ' ~  to 
-1'C ( H =  50 my a =  50 ' )  results  in  increasing  the 
boundary  layer  strain  rate  from 0.35 to 32 nun 
per  day  and for the  upper  layer  of  the  sliding  mass, 
from 8 to 85 mm per  day. 

Comparison o f  both  strain  rates  shows  that  strain 
rate  inside  the  mass  is  to  a  great  extent  higher 
than  contact  strain  rate.  Bur  if  the  temperature 
of  the  upper  layers  is  below  the  temperature  of  the 
boundary  layer,  the  creep  inside  the  mass  cannot 
begin.  Since  contact  friction  is  less  than  fric- 
tion  inside  the  soil  mass ($2 = 18' and 4: = 32'), 
creep  of  the  boundary  layer  can  begin  at  a  lesser 
angle  of  inclination  of  bedrock.  For  example,  if 
H=30 m  and  the  temperature is equal to 0.6"C, the 
contact  creep  begins  at ~ 1 - 2 6 ' ~  but  creep  inside  of 
the soil begins on ly  at 0 - 4 0 ' .  This  example  shows 
how important  it  is  to know the  contact  strain  rate. 
Although  very  often  the  absolute  value of the 
contact  strain  rate i s  small  but  the  tertiary  stage 
o f  creep  develops  along  the  contact  surface. 

It was  mentioned  that  sliding of frozen  masses 
o f  rubble  begins  after  their  volume  increases  to  a 
certain  value.  The  thickness  of  the  mass  to  a 
greater  degree  influences  the  rate  of  strain. So, 
by  increasing  the  thickness  from 2 9  m to 40 m  there 
will  be  an  increase  in  the  strain  rate  by  more  than 
ten  times.  This  change  in  rate  is i n  conformity 
with f ie ld  observations  of  sliding  masses of frozen 
rock  rubble. 

Figure 5 shows  the  graph  describing  the  increas- 
ing  sliding  speed, V, of  frozen  mass in the  process 
of  increasing  its  thickness  as  the  slide  proceeds 
down the slope.  Initial  thickness of the  sliding 

CalcuLations of strain  rates  for  the  secondary 

where yo = bulk  density; mass, H, at  the  beginning  of  the  observation  was 
12 m y  after 4 months, H = 2 0  m, after 6 months H = 2 8  
m  and  after 8 months H =  34 m. The  intermittent  line 
on the  graph  shows  the  observed  speed  and  the  solid 
line  shows  the  calculated  speed.  Comparison o f  
those  two  lines  confirms  the  satisfactory  results 
of  this  study. 

H = thickness of the  sliding  mass; 
y = distance  from  bedrock  to  the  layer 

o = angle  of  inclination of bedrock 

It  is  known  that  the  creep of frozen  soil  is  caused 

being  analyzed;  and 

surface. 

by excess  stress o f :  'c-T-,  and  for  slopes: 

I 
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CONCLUSION 

(1) The  sliding of frozen  soils  over  bedrock  is 
a  typical  rheological  process  including  three 
states  of  creep. 

(2) Two layers  are  formed i n  the  sliding  mass: 
namely,  the  boundary  layer  and the soil  mass  above 
this  layer. Long-term resistance of the  boundary 
layer, as a  rule,  is less than  that  inside of the 
soil  mass. So the rupture  occurs  along  the  contact 
surface. 

(3)  The slide  speed  at  the  surface  of  frozen 
mass  is  the  sum  of  a  contact  strain  rate  and  the 
strain  rate  of  the  upper  thickness of the  sliding 
mass. 

ed  for  forecasting  the  strain  rates  of  frozen  soils On the - before 
on the  inclined  bedrock  using  creeu  characteristics 

(4) The results of this study can be FIGURE 1 Positions of the  frozen  weathered  rock 

a',b',cl - during  sliding. - 
of  frozen  soils (CE,  tg$z) and  contact  character- 
istics (c;, tg:). 
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FIGURE 2 Schemes  of  shear  tests. a) simple  shear 
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FIGUFX 3 Creep curves  for  shear-to-skewing t e s t .  
1-total deformation o f  frozen  soil; 2 -  deforma- 
tions  inside  the  frozen  soil; 3-by-contact layer's 
deformation. 



1104 

c 



ACCUMULATION OF PEAT  CARBON IN THE ALASKA ARCTIC  COASTAL  PLAIN 
AND  ITS  ROLE IN BIOLOGICAL  PRODUCTIVITY 

Donald M. Schell  and Paul J. Ziemann 

Institute  of  Water  Resources,  University of Alaska,  Fairbanks,  Alaska 99701 

Terrestrial  peat on the  coastal  plain o f  arctic  Al-yka Js estimated  to be 
accumulating  at  a  rate  equivalent  to  about 7-18 g C*m .yr , or 10-20% of the 
annual  net  carbon  fixation.  The  accretion of root  matter  and  surficial  vegetation 
as  peat  is  inversely  proportional  to  microbial  activity  and  grazing  pressure  by 
herbivores  since  the  depth  of  the  permafrost  horizon  responds  to  the  insulative 
properties of the  vegetative  mat.  Basal  peats  along  the  coastline  in  the  vicinity 
of  Prudhoe  Bay  range  from 8,000-12,000 years B.P.  and  their  stable  carbon  isotope 
ratios  indicate  that  vascular  plants  and  mosses  contribute  the  bulk  of  the  organic 
matter.  The  aquatic  habitats of the  tundra  represent  active  sites  for  peat 
oxidation  and  conversion  to  faunal  biomass.  Inputs of peat  occur  via  streambank 
erosion,  thaw  lake  expansion  and  coalescence,  and  coastline  inundation  and  erosion. 
Stable  carbon  isotope  ratios  and  carbon  dating  of  surface  lake  sediments  indicate 
that  peat,  rather  than  algal  production  or  recent  terrestrial  vegetation, 
constitutes  the  bulk of the  organic  matter. 

INTRODUCTION 

The  revegetation of the  arctic  Alaska  coastal 
plain  (Figure 1) following  the  Pleistocene  has 
resulted  in  a  mantling of virtually  the  entire 
landform  in  a  layer of organic  matter  ranging up 
to 3 m  thick.  Although  the  short  growing  season 
and  low  ambient  temperatures  have  restrained  plant 
life  to  a  thin  microrelief,  the  productivity 
supports  abundant  fauna.  Actively  growing 
vascular  plants,  bryophytes,  and  lichens,  or 
standing  dead  plant  material  from  the  immediately 
preceding  seasonal  growth  are  the  obvious  sources 
of  food for herbivores.  The  close  coupling of 
primary  production  and  the  population  dynamics of 
consumers  such  as  caribou,  lemmings,  and  insects 
have  received  intensive  study  by  groups  such as 
the  International  Biological  Program (IBP) and by 
researchers  assessing  the  impacts of oil  industry 
development  in  the  Prudhoe  Bay  region.  These 
studies  have  produced  complex  models  and  budgets 
describing  energy  flow  and  compartmentalizing  the 
carbon  pools of the  tundra  biome.  Excellent 
collections of papers  describing  these  phenomena 
are  available  in  volumes  by  Tieszen (19781, Hobbie 
(1980), Brown  et  al. (1980) , and  Sonesson (1980). 
In  general,  however,  the  models  describing  carbon 
movement  in  arctic  tundra  ecosystems  use as end 
products  (and Loss to  the  ecosystem  energetics) 
the  evolution  of  carbon  dioxide  or  peat  in  the 
permafrost  layer.  Superficially  these  are  obvious 
losses--carbon  dioxide  is  a  complete  recycling to 
a  starting  component,  and  peat  is  evident as an 
end  product  accumulating  beneath  the  vegetative 
mat  and  in  the  permafrost.  Although  the  formation 
of ice  wedges  and  landforms  related  to  polygonal 
tundra  can  alter or erode  the  peat  mat.  the 
ubiquitous  layer of  peat  throughout  the  coastal 
plain  attests  to  the  accumulation o f  peat as a 
growing  pool of stored  and  unavailable  energy  in 
tundra  carbon  flow. 

We  question  the  validity of this  premise. 
Through  the  use of stable  and  radioactive  carbon 

isotope  abundances  in  fauna  from  the  coastal. 
plain,  we  have  demonstrated  that  the  terrestrial 
and  aquatic  ecosystems  are  coupled  through  the 
production  of  peat  and  subsequent  biological 
utilization  (Schell 1983). The  coastal  tundra 
biome  should  not  be  viewed  as  separate 
terrestrial  and  aquatic  ecosystems  but  instead 
considered as a  whole  with  net  energy  flow  from 
the  terrestrial  to  the  aquatic  environment. 
Although  Chapin  et  al. (1980) recognized  the 
occurrence of  this  energy flow, they  felt  that 
the  transfer  represented  only  a  minor  fraction 
in  the  annual  budget of the  system  and  did  not 
contribute to higher  trophic  level  nutrition. 
In  this  paper  we  present  estimates  of  the  rates 
of carbon  accumulation  in  coastal  plain  tundra 
and  the  subsequent  movement  from  terrestrial  to 
freshwater  ecosystems.  The  role of  peat  carbon 
in the  coastal  plain  ecosystem has been 
described  elsewhere  (Schell 1983). Details of 
the  methodology  are  in  Schell  et  al. (1982). 

.. ." 

I I I 

162. 166- 154' IW. 146' 

FIGURE 1. Coastal  plain  of  the  Alaska  North 
Slope.  Triangles  mark  soil  section  locations  in 
Table 1. 
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Table 1. Peat Depths, Ages, and Carbon  Standing Stocks at Arctic  Coastal  Plain  Sampling Sites. Radiocarbon  ages 
listed  are f200-300 years B.P. 

Carbon  Carbon 

Depth 
Peat 

Percent  Carbon 
Average  Standing  Basal  Accumulation 

Stock 
(cm) (dry weight) (kg.m-2) (yrs RP) Ig-m yr ) 1.ocation 

Peat Age -9. -1 R te 

Milne  Point 
Peat Island 
Kaveaxak Point 
Oliktok  Point #2 
0 1 , i k t o k  Point  #1 
Ocean  Point 
Atigaru 
Sentinel Hill 

70°31"N, 149'26'W 
70 '33 'N .  149"24'W 
70"31'N, 149O19'W 

70e31'N, 149"52'W 
70"31'N, 149O52'W 

70"07'N,  15lo20'W 
70"34'N, 151'45'W 
69'53'N,*15lo40'W 

170 

292 
160 

198 
91 
130 

160 
50 

25.1 
18.6 
15.6 
33.8 
14.1 

7 . 6  
5 . 6  

28.9 

154 8,435 
9,056 
12,610 
8,550 

98 
94 
143 
64 
52 

199 
21 

Radiocarbon age  sites: x = 159 f 73 18.7 ? 10.0 103 f 59 9,663 ? 1,983 

18.3 
10.8 

16.7 
7 . 4  

13.3 i 5.1 

METHODS 

Terrestrial  Primary  Production 

The  data  obtained  from  the  IBP  site  at  Barrow 
(Webber 1978) and  Devon  Island  (Muc 1973) for 
above  and  below  ground  primary  production  led  us 
to stim  te  an  annual  net  production of 88 g 

. Webber  cautions  that  most  studies 
have  been  in  productive  sites  and  that  dry 
impoverished  sites  may  be  more  significant in the 
arctic  landscape.  Therefore,  we  have  selected  the 
above  value as a midrange  estimate  on a scale  of 
tungra  productivities. 

Grazing,  decay,  and  transport  remove  most  of 
the  fixed  carbon  from  the  tundra  surface  before 
incorporation  into  the  peat  layer,  and 
quantitative  estimation  of  the  net  accumulation  is 
very  difficult.  Chapin  et  al. (1980) compare 
three  techniques  to  approximate  net  carbon  inputs 
to the  Barrow  tundra  and  found  that  during  the 
study  period a  n  t increase  occurred  of  between 40 
and 120  g Cam . Since  that  rate  would  have 
accounted  for  the  observed  organic  matter  in  the 
soil  within  as  little  as 160 years, 
production/utilization  ratios  probably  vary  widely 
from  year  to year and  in  response  to 
microenvironments. 

The  difficulties  inherent  in  areawide 
projection of carbon  fluxes  from  data  obtained  at 
specific  locations  and  the  measurement  noise 
resulting  from  localized  process  studies  led us  to 
abandon  that  approach  in  favor of a more 
generalized  estimation o f  net- carbon  flux  based 
upon  soil  organic  matter,  peat  depth,  and  basal 
peat  age. The calculated  inputs  were  then 

C.m-5.yr-T 
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extrapolated  areawide  and  compared  to  removal 
fluxes.  Isotopic  data  were  used  independently  to 
estimate  the  ecological  significance of the 
physical  processes. 

Composition  of Peat  Soils 

Detailed  soil  sections  were  taken  at  three 
sites  near  Simpson  Lagoon, and  several  less 
detailed  samplings  were  obtained  from  near  Cape 
Halkett  and  from  cut  banks  along  the  lower  reaches 
of  the  ColvilLe  River.  Additional  data, 
previously  collected  from  Simpson  Lagoon  (LewelLen 
19731, are  included  here  to  illustrate  the  range 
of carbon  contents  involved, 

Sample  sites  were  chosen  where  erosion  had 
exposed a fresh  break  in  the  permafrost.  Pick  and 
shovel  were  used  to  dig  to  undisturbed  permafrost, 
and a vertical  section  was  made  at 10 cm  intervals 
from  beneath  the  vegetation  surface  mat  to  basal 
mineral  soils.  Samples  were  kept  frozen  until 
returned  to  the  laboratory  where  moisture  content 
was  determined.  Subsamples  were  analyzed  for 
carbon,  nitrogen,  loss-on-ignition,  radiocarbon 
content,  and  stable  carbon  isot.ope  ratios. 

Lake  Sediments 

Samples  were  collected  either  by  Ekman  dredge 
or  by  cores  pushed  by  hand  into  the  bottom,  and 
sectioned  horizontally  in  sufficient  size  to  yield 
at  least 5 g  of carbon.  After  suspension in 
dilute  hydrochloric  acid  to  remove  carbonates, 
samples  were  settled,  decanted,  rinsed  with 
distilled water, and  dried  at 7 O 0 C  in a vacuum 
oven. 



Vegetation  Samples for Isotopic  Analysis 

Fresh  vegetation  from  tundra  meadows,  heaths, 
pond  margins,  and  ponds  was  collected to  establish 
Eyrrfyt  concentrations  of  radiocarbon  and 
C/ C ratios  in  living  primary  producers. 

Samples  were  dried  in  vacuo  at 80°C. 

Fluvial  Transport  and  Coastline  Erosion 

Riverbank,  lakeshore,  and  coastline  erosion 
constitute  the  major  fluxes  mobilizing  peat 
incorporated  into  permafrost  and  dispersing  it 
into  a  relatively  warm  oxygenated  environment. 
Total  quantities o f  particulate  carbon in Colville 
River  flow  were  calculated  from U.S. Geological 
Survey (1979) data  and  from  samples  which  we 
collected  during  the  breakup  period.  These 
concentrations  were  extrapolated  to  include  the 
entire  Alaska  Beaufort  Sea  drainages  by 
multiplying  the  total  slope  runoff/Colville  River 
runoff  by  factor  of 1.7 (AEIDC 1974). 

Samples  of  riverborne  detritus  for 
radiocarbon  analyses  were  collected  by  suspending 
a 120 urn mesh  plankton  net  in  the  Colville  and 
Kuparuk  rivers  until  sufficient  material  had  been 
collected to assure 5 g of carbon.  Samples  were 
dried  in  vakuo  prior tc analysis. 

Total  organic  carbon  concentrations  were 
determined  by  summing  the  dissolved  organic  carbon 
and  the  particulate  fraction  which was collected 
on precornbusted  glass  fiber  filters.  Temporal 
coverage for  the  hydrologic  year  was  limited  to 
the  breakup  season  and  single  samplings  in  July 
and  August.  However.  the  bulk  of  the  transported 
matter  is  carried  during  the  breakup  flooding 
(Arnborg et  al. 1967),  and our sampling  was 
concentrated  in  that  period. 

Coastline  erosion  arises  from  thermoerosional 
niching  during  storm  surges,  and  subsequent 
collapse  and  dispersion of the  tundra  blocks. 
Input  rates of organic  matter  were  obtained  by 
multiplying  the  total  volume  of  tundra  eroded  by 
the  average  organic  carbon  content o f  s o i l  
profiles.  Lake  shorelines  are  also  subject to 
erosion,  but  the  rates  are  dependent  upon  the  lake 
size  (wind  fetch)  and  shoreline  type.  Comparisons 
of airphotos  revealed  that  lakeshores  were  eroding 
much  more  slowly  than  the  nearby  seacoast  in 
response  to  the  much  greater  variations  in  water 
levels  and  longer  fetches  in  the  marine 
environment.  Small  ponds  appear to expand  by 
subsidence  and  thermokarst  formation  at  rates 
independent  of  wind  stress  until  large  enough  for 
appreciable  wave  action.  Changes  in  small  lakes 
and  ponds  were  not  discernible  in  the  airphoto 
sequence,  and  erosion is not  believed to be  a 
significant  means  of  carbon  input to the  water 
column  in  ponds. 

Lake  Primary  Production 

The  shallow  thaw  lakes  of  the  Arctic  are 
ultra-oligotrophic  and  much  less  productive  than 
the  surrounding  tundra. Ti3 BfTrow  ponds,  for 
example,  average 10 g C-m -yr (Alexander  et 
al. 1980). Ikroavik Lake, a typical  mid-$'zed_ 
thaw  lake,  was  estimated  to  fix 4.5 g C-m *yr . 
Other  arctic  lakes,  tabulated  by  Alexander  et  al. 
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(1980) ranged  from <l to 12.5 g C-m .yr of 
phytoplankton  production.  Emergent  macrophytes 
in  the  shallow  margins  of  the  lake  are  more 
productive  per  square  meter  than  the  lakes 
themselves  in  the  cases  noted  above  (Hobbie 
1980). Benthic  microalgae  represent  a  larger 
carbon  input  than  phytoplankton  in  the  Barrow 
ponds,  but  little  is  known of their  role  in 
larger  arctic  lakes,  Based  upon  the  estimates 
of  Alexander  et al. (1980) , we  assigcsd 
average  production  rate  of 3 g C-m *yr 
for benthic  algae. The average  primary 
production  rate  of  coastal  plain  lakes  (benthic 
and-2  phy_loplanktonl was assumed  at 8 g 
C-m -yr , a weight  d  mean  for  the  ratio  of 
large  lakes (rl km ) to  ponds  wherein  the 
higher  production  of  benthic  algae  in  the  ponds 
is  offset  by  a  lower  phytoplankton  production, 
For  calculation of coastal  plain  inputs,  the 
area  covered  by  lakes  and  ponds  is  taken as 50% 
of the  total  area  (AEIDC 1975), 

- 2  -1 
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RESULTS 

Major  Annual  Inputs  of  Carbon 

Using  the  production  estimates above,  we 
calculated  the  magnitudes of these  carbon  inputs 
relative  to  each  other  and  the  major  physically 
driven  fluxes.  At  a  mean  ann a1 rimary 
production  rate  of 88 g  C*m-Y*yr-p,  the 
terrestrial  fixation far  outstrips  the aquatic. 
Given  an  equal  distribution o f  aq  atic  and 
terrestrial  areg  in  the 75,000 km coastal 
plain, 3 . 3  x 10 kg 5 is  fixed  by  land  plants 
compared to 0.3 x 10 kg C in  the  lakes  and 
ponds.  Pond  margins,  with  the  highly  productive 
emergent  macrophytes,  have  been  included  with 
the  terrestrial  producers. Of  this  production, 
grazers  consume  approximately 10-20% of the 
carbon  fixed  during  the  first  year,  and 
decomposers  (fungi,  bacteria)  remove  much  of  the 
rest  (Flanagan  and  Bunnell 1980) over  the  course 
of several  following  seasons.  The  organic 
matter  remaining  after  grazing  and  decomposition 
constitutes  the  peat  column  accumulation  for 
that  year. 

Table 1 lists  the  basal  peat  ages  and 
carbon  standing  stock at  four  sites  where  the 
soil  section  accumulated in place  (Lewellen 
1973). Unlike  unfrozen  bogs  wherein  compaction 
tends  to  increase  bulk  densities  with  depth 
(Clymo 1978), the  formation of permafrost  and 
the  high  ice  content of the  soils  maintain  the 
density  except  at  polygon  margins  where  elastic 
deformation  occurs as the  ice  wedge  grows 
(Billings  and  Peterson 19801. Pe-v  accumulated 
at meEy.ra_tfs  .of 0.18-0.23 mmmyr or 7.4-18.3 
g C*m yr in  these  sites. If these  rates 
are  representative,  they  imply  that 8-21% of the 
terrestrially  fixed  carbon  is  annually 
incorporated  into  the  peat  layer:  this 
corresponds tg a  net  1-ys  to  the  biosphere o f  
0.3-0.7 x 10 kg C-yr in  the  coastal  plain 
alone  if  no  remobilization  occurs. 

In  contrast,  the  surface  sediments  from 
Gooseneck  Lake (70°40'N,  152"47'W) and  Lake C-2 
(68°28'N, 156O44.5'W) contained  terrestrially 
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derived  peat  and  yielded  radiocarbon  ages of 
2,068  and  3,840  years B.P., indicating  that  the 
accumulation of recent  carbon  ceased  as  the  thaw 
lake  formed. pthough th_'l aquatic  fixation  rates 
add 0.3 x 10 kg C-yr to  the  coastal  lake 
ecosystem,  utilization  is  nearly  complete  in  the 
water  column  and  surface  sediments,  leaving  no 
excess  for  accumulation  (Alexander  et  al.  1980). 

The  quantitative  significance of the  thaw 
lakes  in  the  cycling of peat  carbon  remains 
uncertain.  Shoreline  erosion  on  Large  lakes  from 
wave  action  disperses  the  peat  across  the  bottom 
and  into  the  water  column.  Airphotos  clearly  show 
plumes of eroding  peat  being  spread by wave  and 
current  action  across  lakes.  However,  our 
coverage  is too limited  to  allow  an  accurate 
estimate of the  extent of lakes  having  sharply 
eroded  banks.  Almost all. of the  smaller  lakes  and 
many of the  large  lakes  encroaching on previously 
drained  thaw  lake  beds  have  very  gently  sloped 
margins  protected  by  thick  emergent  vegetation. 
Here,  apparently,  thennokarst  settling  expands  the 
lake  size  (Billings  and  Peterson  1980),  and  the 
tundra  mat  and  underlying  peat  become  the  lake 
floor without  being  appreciably  disturbed.  The 
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core  sample  from  Lake C-2 (Table  2)  indicates 
that  the  sediments  had  not  been  mixed  to  much 
extent. If the  sediment  ages  represent  tundra 
submerged  about 4,000 years  ago,  the 
accumu  ation  rate  would  have  been 0.16 
mm*yr , very  close  to  the  rates  obtained  for 
the  samples  in  Table 1. Once  these  thaw  lakes 
drain,  however,  revegetation  would  cause 
resumption of peat  accumulation  with  an  age 
discontinuity  occurring  at  the  previous  lake 
bottom  level.  All of the  variables  inherent  in 
these  processes  prevent  us  from  making  a 
comfortable  appraisal  of  the  net  flux  of  peat 
through  the  lake  systems.  Tentatively,  however, 
we  can  approximate  the  ma-yitude. A shoreline 
erosion  rate of 0.3 m*yr on the -500 lakes 
of >2 m  d ' ameter  would  thaw  and  suspend  1.5  x 
lo5 m'*yr-' in  the  water  column  using  an 
eroding  bank  height of 0.25 $. This  material 
would  contain  some 26 x 10 kg C, a small 
amount  relative  to  other  potential  fluxes.  We 
assume  that  erosion  in  the  small  lakes  is 
negligible.  Even  allowing  a  severalfold  error 
in this  estimate  does  not  change  the  flux  size 
relative  to  inputs  by  carbon  fixation or fluvial 
transport of peat. 

-+ 

TABLE  2  Summary of carbon  isotope  data on Mask a  North  Slope  primary  producers,  and  detritus. 

Sample  Identification 813C 
14c  activity 

Years B.P. ( %  Modern) 

DETRITUS 

Terrestrial  and  Freshwater 

MIL  78-3;  Sagavanirktok  River  basal  peat 
MIL 78-2 ;  Pingok Is. basal  peat 
MIL 78-1;  Milne  basal  peat 
1-6838  Oliktok  basal  peat 
1-6839  Kavearak  Pt.  basal  peat 
81-15;  West  Long  Lake  basal  peat, USFWS camp 
79-12;  particulate  matter,  Colv. R., 2 Jun 79 
79-14;  particulate  matter,  Kuparuk  R.,  31  May 79 
79-11;  particulate  matter,  Colv. R . ,  12-14  Jun  79 
81-6;  sediments, 0-7.5 cm, Lake C-2, 27  Apr 81 
81-7;  sediments,  7.5-18 cm,  Lake  C-2, 27  Apr 81 
81-16; sediments,  Gooseneck  Lake,  29  Auq 81 

PRIMARY PRODUCERS 

Terrestrial 

81-19; SaEx spp. 
MIL  78-4;  Live  and  standing  dead  tundra  plants 

Freshwater 

81-8; Nostoc mats,  pond  near  Prudhoe  Bay,  27 Jun 81 
81-12; ArctophiZa fu tva ,  Helmerick's  Lake, 29 Aug 81 
81-13; Capex aquatilis, Helmerick's  Lake,  29  Aug 81 

-28.5 
-28.3 
-28.7 
" 

-21.24 
-26.39 
-26.89 
-27 01 
-30.71 
-29.61 
-27 09 

-28.14 
-28.2 

-20.24 
-26.85 
-30.49 

3,400 
8,432 
9,052 
8,550 
12,610 
9,805 

900 
2,683 
2,375 
3 , 840 
4,400 
2 , 068 

65.5 
35.0 
32.4 
34.5 
20.8 
29.5 
89.4 
71.6 
-74.4 
62.0 
57.8 
77.3 

138.1 
141.1 

122.2 
121,l 
127.1 

NOTE: Carbon-13/12  ratios  are  expressed in per mil relative  to  Pee Dee 'Belemnite  standard. 
Carbon-14 is expressed as the  radiocafgon  age or percent  modern  relative  to 95% NBS 
oxalic  acid  standard,  normalized  to 6 C = -25O/oo. 
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Erosional  and  Fluvial  Transport  of  Organic  Carbon 

The inputs of terrestrial  carbon to the 
marine  environment  and  their  impact  on  nearshore 
marine  food  webs  have  been  addressed  elsewhere 
(Schell 1983) * In  order  to  estimate  the  mayor 
fluxes  in  the  tundra  ecosystem,  the loss rates 
through  erosion  are  included  here.  Several 
authors  have  measured  coastline  erosion  rates 
(Lewellen 1970,  1973, Cannon  and  Rawlinson 1978, 
Hopkins  and  Hartz 1978), and S .  Rawlinson 
(personal  communication) has provided 
stratigraphic  sections  from  approximately 100 
sites  along  the  Beaufort  Sea  coastline.  Peat 
thicknesses  are  highly  variable due to ice  wedges 
and  surficial  reliei,  and  usually  range  between 10 
and 220 cm  thick.  The  average  peat  thickness  of 
1.6 m  found  in  areas  of  undisturbed  accumulation 
contrasts  with  the  overall  average  peat  depth 
along  the  coast  of 0.5 m. It  was  this  latter 
value  which  we  used to calculate  the  erosional 
losses.  Based  on  eroded  volumes,  bulk  (wet) 
densities  and  carbon  c  ntent,  we  conclude  that 
approximately 110 x 10 kg C-yr is  washed  into 
the  coastal  marine  waters. This  flux  results  in 
mineralization  process as microbial  activity 
oxidizes  the  peat  in  the  relatively  warm, 
oxygenated  waters  (Schell  et  al. 1982). 

Cut bank  erosion  and  Eluvial  transport  of 
peat  are  a  mayor  flux  of  terrestrial  carbon to 

River  discharge (12 x 10 
represents  about 30% of the  drainage to the 
Beaufort  Sea. The total  organic  carbon 
concentrations  ranged  from  an  average  high  during 
the-preakup season  of 19.3 mg  C*ll to 1.9 mg 
C*R during  the  low  water  season  in  August.  We 
used  a  weixqted  flow  corrected  concentration of 
14 mg  C-ll in  calculgting the-everage annual 
transport  of 170 x 10 kg C*yr . Stable  and 
radiocarbon  analyses  of  the  particulate  matter 
collected  in  May  and  June  from  the  Kuparuk  and 
ColvilLe  Rivers  confirmed  that peat, not  surficial 
vegetation,  constitutes  most of the  suspended 
organics  (Table, 2) . Significantly, of the two 
Colville  River  particulate  samples,  the  first 
(collected  during  maximum  tundra  runoff)  contained 
more  recent  matter  than  the  latter  sample.  These 
samples  are  very  close to the  mean  radiocarbon 
content  of  the  peat  soil  sections (63% percent 
modern)  (Schell 1983). 
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freshwater  and  marine  food  webs. 9The 

-1 

DISCUSSION 

Peat  accumulation on the co stal  plaiy 
annually  incorporates 280-690 x 10' kg C*yr 
into  the  permafrost  soils,  If  these  rates  are 
also  similar  to  accumulation  rates  in  more  upland 
sites,  the  n  rth  slope-  Alaska  accumulates 
1.6-3.9 x 10 kg C-yr 'Ofless the loss from 
fluvial  and  erosional  transport,  Figure 2 depicts 
these fluxe3 projected  for  the  entire  North  Slope 
(200,000 km ) . Although  the  errors  inherent  are 
compounded  and  this  model  is  probably  correct  only 
in  magnitudes,  it  serves  to  illustrate  that  the 
loss of  carbon to the  aquatic  environment  is  a 
major  factor  governing  the  net  accumulation  of 
peat  in  tundra.  Since  erosional  processes  are 

8 

widespread  along  the  lakeshores  and  riverbanks, 
the  aquatic  biota  have a readily  available  peat 
supply,  Biological  utilization of this 
refractory  material  by  fungi  and  bacteria  forms 
a  trophic  base  upon  which  many  of  the  apical 
organisms  are  ultimately  dependent,  and  its 
availability  on  a  year-round  basis  may  increase 
its  importance.  Many  shallow  lakes  and  river 
channels  where  benthic  algae  would  be  more 
abundant  are  frozen  to  the  bottom  during  winter 
months. Peat  detritus  collects in deeper  quiet 
pools and  lake  basins,  providing  a  perennially 
available  source of food for  insect  larvae, 
which  in  turn  are  preyed  upon  by  fish 
congregating  in  the  ice-free  deep  waters. 
Butler  et  aL. (1980) , in  assessing  the  energy 
requirements of chironomids,  insect  larvae 
heavily  preyed  upon  by  fishes  and  birds, 
concluded  that  they  must  be  consuming  detritus 
but  could  not  conclusively  demonstrate  it  in 
their  situation. It appears,  therefore,  that 
even in situations  where  erosional  inputs  are 
small,  the  insect  larvae  take  advantage  of  peat 
carbon  along  with  the  other  sources  available. 
The  birds  and  fishes  using  the  tundra  lakes  are 
thus  assured  of  higher  prey  densities  than  would 
be  normally  available  given  the  low  and  variable 
aquatic  primary  productivity  of  arctic  lakes  and 
ponds. 

RESPIRATION 

A 
1 1 Terrestrial 1 1 1  

Primary production Primary production 

I ~.,, 1 - b  Coastal erosion 

Lakeshore  erosion 

FIGURE 2 Box  mode{ of carbon  flow  for  the  Nort$ 
Slope 1300 x 10 km ) .  Fluxes  are  in 10 
kg C*yr . 
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SOLID WASTE DISPOSAL 
NATIONAL  PETROLEUM RESERVE I N  ALASKA 
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Husky O i l - N P R  Operat ions,   Inc.  
5333 Fa i rbanks   S t ree t   Su i te  10 

Anchorage,  Alaska  99502 

The d i s p o s i t i o n   o f   s o l i d  waste has always been a prob lem  fo r   twent ie th   cen tury  man 
and in   the  permafrost   areas of t h e   A r c t i c   t h e   p r o b l e m   i s  compounded. The most u t i l i z e d  
op t i on  has  been t o  backhau l   the   debr is   to   u rban  a reas   fo r   d isposa l   o r   recyc l ing .   In  
the  mid-1940's  the  Navy's  explorat ion  program  brought  tons  of   suppl ies  to  the  north 
s lope o f  A laska.   Th is   log is t ics   de luge  cont inued  through 1953 when t h e   c o n s t r u c t i o n  
o f   t h e  Air Force 's   Dis tant   Ear ly   Warn ing (DEW) l i n e  began,  and s ince,   there have  been 
many years of cont inued  government   act iv i t ies  and the i r   concur ren t   supp l ies .   Under  
the  Navy and l a t e r   t h e  U.S. Department o f   t h e   I n t e r i o r  (USGS) an at tempt  was  made t o  
c lean up and c o n s o l i d a t e   t h i s   d e b r i s .   I n   t h e   w i n t e r   o f  1979-1980 a p i l o t   p r o j e c t  was 
under taken  to   bury   the   debr is   a t   two  s i tes .  A Cat   t ra in   would  t ravel   over   approved 
t r a i l s   t o   t h e   d e s i g n a t e d   b u r i a l s   d u r i n g   t h e   w i n t e r  months when such t r a v e l  was env i ron-  
menta l ly   safe.  A D-8 C a t e r p i l l a r   t r a c t o r   w i t h   b l a d e  and r i p p e r   t o o t h  was used. The 
overburden was s t r i p p e d   t o  one s i d e  and then  the   ho le  was dug us ing   t oo th  and blade. 
When the   ho le  was deep  enough t o   t a k e   t h e   d e b r i s  and s t i l l  be covered  by a minimum 
of 2 f e e t   o f , f i 1 1 ,   t h e   d e b r i s  was pushed i n ,  compacted,  and everything  covered. 
Once covered,  the  overburden was spread  again , the   scar  seeded  and f e r t i  1 ized, and 
the seed  and f e r t i l i z e r  walked i n   w i t h   t h e   C a t   t r a c k s .  A seed m i x t u r e   h i g h   i n   t u n d r a  
bluegrass seed  and standard  10-20-10 f e r t i l i z e r  was employed. The h i g h   r a t e  of 
s u r v i v a l   o f   t h e   o r i g i n a l   p l a n t s   i n   t h e   o v e r b u r d e n  was s u r p r i s i n g  and g r a t i f y i n g .  
Some b u r i a l s  were d i f f i c u l t   t o   l o c a t e  from  the a i r   a f t e r   o n l y  two  growing  seasons. 

INTRODUCTION 

I n   t h e   A r c t i c ,  as elsewhere,  man's  concern  for 
the  environment  evolved  over many years  from an 
a lmost   to ta l   lack   o f   concern ,   to   the   p resent  
s c i e n t i f i c  and technical  approach. The e a r l y  
Eskimos o f  the  Arct ic   S lope  were  qu i te   nomadic ,  
f o l l ow ing   t he  good hunt ing  o f   the season,  and d i s -  
carded t h e i r   r e f u s e  a few f e e t   f r o m   t h e i r   d w e l l i n g s .  
However, the   was tes   were   a lmost   to ta l l y   o rgan ic   in  
na tu re  and therefore  biodegrada'ble; a1 though t h i s  
was t h e   p r a c t i c e   f o r   c e n t u r i e s  i t  l e f t  no l a s t i n g  
damage to   the  env i ronment .  

century  and t h e   i n t r o d u c t i o n   o f   m e t a l   t h a t   s o l i d  
waste i n   t h e   A r c t i c  became a real   problem. The 
s a n i t a r y   l a n d f i l l   p r a c t i c e s   o f   d i s p o s i n g   o f   s o l i d  
w a s t e   t h a t   i s   e c o n o m i c a l l y   f e a s i b i l e   i n   s o u t h e r n  
l a t i t u d e s   i s   e x t r e m e l y   d i f f i c u l t   i n   t h e   n o r t h  
because o f  the  permanently  frozen  ground, I n  
add i t i on ,   me ta l s   rus t   ve ry   s low ly  because the   l ong  
season  of c o l d   s e v e r l y   l i m i t s   t h e   t i m e   a v a i l a b l e  
fo r   t he   ox ida t i on   p rocess .  These fac to rs ,  combined 
w i th   the   penchant   o f   the  Eskimo  people t o  save 
scrap  metals  because  they  were  exotic t o  t h e i r  
c u l t u r e  and the re fo re   va luab le ,  meant t h a t  i t  
became t h e   p r a c t i c e   o f   a l l   n o r t h e r n   i n h a b i t a n t s   t o  
s i m p l y   d i s c a r d   t h e i r   s o l i d  wastes w i t h i n   s i g h t   o f  
t h e   f r o n t   d o o r .   T h i s   p r a c t i c e  o f  abandonment i n  
p lace became the  standard  operat ing  procedure  for  
government  agencies  and  private companies as w e l l  
as i n d i v i d u a l s .  The 55-gal lon  metal  drum was so 
u b i q u i t o u s   i n   t h e   n o r t h  i t  was re fe r red   t o ,   on l y  
h a l f   i n   j e s t ,  as t h e   o f f i c a l   f l o w e r   o f   t h e   t u n d r a ,  

It was n o t   u n t i l   t h e   i n t r u s i o n  o f  t he   twen t ie th  

The Ear ly   Explorat ion  Program 1944-1953 

On February 27,  1923, President  Harding  s igned 
Execut ive  Order No. 3797-A creating  Naval  Petroleum 
Reserve No. 4 (now the  Nat ional   Petroleum  Reserve 
i n  A laska   o r   t he  NPRA) . Actua l   exp lo ra t ion   o f  
NPR-4 d i d   n o t   b e g i n   u n t i l   W o r l d  War 11. On February 
5 ,  1944, t h e   D i r e c t o r   o f   t h e  Naval  Petroleum 
Reserves  sent a proposal   to   the  Secretary   o f   the 
Navy f o r   e x p l o r a t i o n  and t e s t   w e l l   d r l ' l l i n g .  On 
June 2 the   Pres ident   fo rmal ly   approved  the   p ro jec t .  
The explorat ion  program was wel l   under way by  the 
end o f  t he   yea r  and c o n t i n u e d   u n t i l  1953, when it 
was suspended, 

const ruct ion,   env i ronmenta l   repercuss ions  o f  
operat ions on the  Nor th  S lope  were  not  a major 
concern o f  t h e   m i l i t a r y   o r   t h e   A m e r i c a n   p u b l i c   a t  
large.   Debr is   assoc iated  wi th   the  programs was 
s imply  abandoned i n  place,  Although  most o f  t he  
major  concentrat ions  were l e f t  beh ind   a t   seve ra l  
e x p l o r a t o r y   d r i l l i n g   s i t e s ,  DEW l i n e   s i t e s ,  and a t  
support bases 1 i ke  Barrow  and  Umiat,  additional 
debris,  such as wastes  from  seismic  and  geodetic 
survey camps, p i l e s   o f  empty b a r r e l s   a t   f u e l  cache 
s i t e s ,  and discarded  broken  or  replacement  equip- 
ment parts  at   Cat  t ra in  maintenance  stops,  were 
abandoned a t  numerous l o c a t i o n s .  These l o c a t i o n s  
were n o t   n o t e d   i n  any h i s t o r i c a l   r e c o r d ,   o r ,  i f  
they  were,   the  record was l o s t .  

Numerous other  programs,  although o f   l e s s  
s ign i f icant   magni tude,   generated  accumulat ions  o f  
d e b r i s   w i t h i n   t h e   r e s e r v e .  These inc lude   seve ra l  
federa l   agencies:   the U.S. Bureau o f  Land Manage- 
ment, t he  U.S. Geological  Survey,  and  the  Fish and 

Dur ing   the   exp lo ra t ion  and d u r i n g   l a t e r   m i l i t a r y  
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Wildlife  Service.  State  agencies, auch as F i s h  and 
Game, have contributed a share, and private 
industry  is  not  without blame. 

The Exploration Program 1975-1982 

The second exploration program was designed to  
be accomplished  as much as  possible  during  the 
winter months in  order  to minimize environmental 
impacts.  Stipulations governed all   operations and 
were based on the   fac t   tha t  even fragi le   tundra,  
when frozen under a foot of protective snow, is  an 
exceedingly  durable working platform. 

Recent operations on the National  Petroleum 
Reserve i n  Alaska  were  based from the 100-man  camp 
a t  Lonely (POW-1). This camp  was equipped  with a 
chlorination/fi l tration  plant  to  treat   drinking 
water  taken from nearby lakes and an extended 
aeration waste water treatment  plant. The treated 
e f f luent  was discharged  to a small  depression  in 
the tundra.  Sludge from the sewer plant,  waste 
o i l s  from camp operations,  kitchen  wastes, and 
combustible  solid  wastes were burned i n  the camp 
incinerator.  The ashes,  along w i t h  noncombustible 
materials,  were disposed  of i n  a S t a t e  of Alaska 
approved sanitary 1 andfi 11. 

Dril l ing camps were, i n  essence,  small  versions 
of Camp Lonely without  the  sanitary  landfill All 
o t h e r   u t i l i t i e s  systems were about the same. Metal 
and ashes and  any wastes beyond the  capacit ies of 
the   opera t ing   u t i l i t i es  were backhauled from the 
d r i l l i n g  camp t o  Camp Lonely for  disposal i n  the  
appropriate manner. 

Seismic and construction camps were mobile 
f a c i l i t i e s ,  and the  handling of u t i l i t i e s  was 
accordingly  different.  Drinking  water i n  the   seis-  
mic camps  came from me1 t i n g  snow or  deep 1 akes when 
available. I t  was f i l t e r e d  and chlorinated. Some 
sewage f ac i l i t i e s   u t i l i zed   e l ec t r i c   i nc ine ra t ion  
and others.  a physical chemical treatment  system. 
Wastes were incinerated t o  the  capacity of the 
units and otherwise backhauled t o  Lonely or  a 
nearer   fac i l i ty .  

Burn baskets were extensively  uti l ized t o  open 
b u r n  a l l  wood and paper  products.  Putrescible 
wastes were disposed o f  i n  incinerators.  Portable 
camps were allowed t o  dispose  of  small amounts o f  
waste o i l s  and  other  hydrcarbons by open b u r i n g  
under  permits from the Alaska Department o f  
Environmental Conservation. 

Changes under Public Law 94-258 

A1 though there  existed  environmental  awareness 
and responsible management  on the  part  of the Navy 
i n  the   ear ly ,s tages   of  t h e  ~ x p F o r a ~ ~ o R - , p ~ ~ ~ I r a m , , - i ~  
wasn't  until  the Department of In te r ior  assumed 
operational  responsibil i ty  that   the environmental 
program became  more formally  instituted.  Public 
Law 94-258, the Naval Petroleum  Reserves  Production 
Act of 1976, transferred  the  exploration program 
from the Navy t o  the Department of In t e r io r  and 
charged the Secretary  of thednterior t a  continue 
the  exploration  "in such a manner which will  
assure  the maximum protection o f  . . . surface 
values t o  the extent  consistent w i t h  the require- 
ments of t h i s  Act for  the  exploration of the 
reserve"  (Section  104.b). In response to   t h i s  
charge, the Department of the  Inter ior   inst i tuted 
a Memorandum of Understanding ( M O U )  between the 
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Bureau of Land  Management, responsible  for  overall 
management  of the Reserve, and the U.S. Geological 
Survey, which was responsible  for the exploration. 
The MOU outl ines the respons ib i l i t i es  and the  steps 
taken  annually i n  preparation  for  the proposed 
exploration  operations, 

The f i r s t   s t e p  each year was to  write a prelim- 
inary  annual  plan o f  operations. This plan  ident- 
i f i ed  and located  the  wells  to be drilled and  any 
al ternate   locat ions proposed. This  proposal  also 
discussed  the  general  overall  operational  plan, 
including  such  specifics  as which construction 
groups would build which s i t e s  and  when, how they 
would travel t o  t he   s i t e s ,  be resupplied,   etc.  
In addition,  the dr i l l  r i g   t o  be used was identified 
and the target  depth and time schedule  delineated. 
This broad plan was circulated  for  comment t o  
in te res ted   en t i t i es  of f ede ra l ,   s t a t e ,  and local 
governments as well as  private  organizations. 

ed, a s i te -spec i f ic  environmental  assessment ( E A )  
was prepared fo r  each d r i l l   s i t e .  The information 
for   the EAs was gathered  concurrently w i t h  the 
engineering  survey  durlng  the summer months. This 
meant that   as  the  construction and d r i l l i n g  
specifications were developed fo r  each s i t e   t h e  
environmental  concerns  could be considered  early 
in  the  engineering  design  process.  Early  recogni- 
t ion of environmental fac tors  meant be t te r  
engineering, more economical operations and 
excellent environmental  protection. 

Summer surveys  included the gathering o f  
topographical and soils information,  the  identifi- 
cation o f  water  sources and borrow areas,  and the 
preliminary  layout of the  construction sites. 
These areas were then checked for  archeological 
resources,  fisheries  resources,  rare  or  endangered 
species,   wildlife  disturbance, and socio-economic 
perturbations.  If  necessary,  water  sources were 
changed or schedules o f  withdrawal  modified t o  
protect  fisheries  resources and borrow s i t e s  were 
moved to  avoid  disturbing  archeological  values. 
I f  this was not   feas ib le ,   the   s i te  was excavated by 
professional  archeologists  to remove the  resources 
fo r  museum study. In the  cases  of  the  special  areas 
of the Utukok caribou  calving grounds or  the raptors 
nesting i n  the  Colvflle  River  area,  operational 
schedules  could be adjusted  to minimize or  el iminate 
any possible discommodations. All of these 
environmental  concerns were addressed and resolved 
in  the  environmental  assessments  specific  to each 
s i t e .  

History  of  the Cleanup Program 

Once the  general  plan of operation was establish- 

During t h e   l a t e  1960s, the deteriorating  quali ty 
o f  the environment became a concern to   the American 
public. Environmental organizations  pointed  out 
problems and made increasing demands for  action. 
Against t h i s  background, the remote Arctic Slope 
of Alaska did no t  escape  notice. When in t e re s t  
began t o  focus on the  area  for  i ts   important 
potential new energy  sources,  especially the 
Prudhoe Bay discovery,   the   area 's   wi ldl i fe  and 
unique  environment became of increasing  concern. 

i n i t i a t e  a Cleanup of debris from the   ear l ie r  
exploration and mili tary  construction programs. 
The f i r s t  Navy e f fo r t s  were accomplished by the 

The Navy included funds i n  i t s  1971 budget t o  
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temporary  assignment  (2  weeks) o f  a company o f  
SeaBees (CB - C o n s t r u c t i o n   B a t t a l i o n )   t o   t h e  Barrow 
Camp i n   t h e   f a l l   o f  1971. The manpower was used t o  
po l ice  the  immediate  area of t he  camp and t o  manual- 
l y  p i c k  up  and s t o c k p i l e  as much debr i s  as poss ib le .  
Stockpi les  were  located on gravel  beaches or roads 
where  trucks and other  equipment  could be u t i l i z e d .  

A l s o   i n  1971, t h e   o i l   i n d u s t r y   o p e r a t o r s   o f   t h e  
Prudhoe Bay a r e a   i n i t i a t e d  a sumner cleanup  program 
u s i n g   r o l l i g o n s  on t h e   t u n d r a   t o   p i c k  up debr i s  on 
the  state  lands  that   were  under  lease.  This  program 
was cont inued i n   t h e  summers o f  1972  and  1973. 

The cleanup and r e h a b i l i t a t i o n  program, i n i t i a t e d  
by  the U.S. Navy i n  1971, has cont inued i n  sub- 
sequent  years. The I n t e r i o r  Depar tment   jo ined  the 
e f f o r t   d u r i n g  1972  and conducted a cleanup  program 
i n   t h e  Barrow  area.  This  program was unique i n  
t h a t  a good dea l   o f   the   work  was conducted  during 
the  winter   us ing  smal l   s leds  pu l led  by  snowmobi les.  

I n  1973, the  Navy c o n t i n u e d   t h e   e f f o r t   w i t h  a 
program t o   c l e a n  up the  Umiat Camp area. The low 
area  east  of   the camp t h a t  had  been  used as a gravel  
source   dur ing   exp lo ra t ion  was used t o   r e c e i v e   t h e  
drums and debr is,   which  were  then  covered  wi th 
g r a v e l ,   I n   a d d i t i o n ,  an e f f o r t  was  made t o   c l e a n  
up the  Point   McIntyre  area  near  Prudhoe Bay. 

In   the   supp lementa l   budget   o f   the  Congress for 
FYI974 the  Navy was d i r e c t e d   t o   b e g i n  a new exp lo r -  
a t ion  program  in   the  reserve;   the  c leanup  program 
was inc luded  as a l i n e   i t e m  i n  tha t   budget .  E f f o r t s  
tha t   sp r ing   cen te red  on t h e  Simpson Peninsula, and 
the   deb r i s  was accumulated a t   t h e  abandoned DEW 
l i n e   s i t e ,  POW-A. 

a re   sca t te red  and, a l though much cleanup was done, 
comprehensive  annual  reports  were  not  prepared. 
Since Husky O i l - N P R  Operations,  Inc. assumed the 
r e s p o n s i b i l i t y   ( f i r s t  under  the Navy and l a t e r  
under  the USGS) i n  December 1975, d e s c r i p t i o n s   o f  
the  work  accomplished  have been somewhat more 
formal  1 zed. 

u n t i  1 June 1, 1977, when j u r i s d i c t i o n   o f  NPR-4  was 
t r a n s f e r r e d   t o   t h e   S e c r e t a r y   o f   t h e   I n t e r i o r ,  and 
the  area was renamed the  Nat ional   Petroleum  Reserve 
i n  Alaska (NPRA). The Secretary  o f  t h e   I n t e r i o r  
assumed a1 1 programs  and  responsi b i l  i t i e s   f o r m e r l y  
under  the Navy, inc lud ing  the  ongoing  program  for  
the  c leanup and r e h a b i l i t a t i o n .   W i t h i n  the I n t e r i o r  
Department,  the U.S. Geological  Survey was desig- 
nated as the   l ead  agency  and the  cleanup  program 
was conducted as an   ad junc t   t o   t he   exp lo ra t i on  
d r i l l   i n g  program  on  the NPRA. 

Cleanup-Summer 1976 

Ear ly  records  of   the  c leanup  program  (1971-1975) 

The program  cont inued  under   the  Navy 's   d i rect ion 

Dur ing   the  sumner o f  1976, the  cleanup  program 
c o n s i s t e d   o f  a g rea t   dea l  of  hand labo r .  The major  
e f f o r t  was p i c k i n g  up drums and d e b r i s  and consol- 
i d a t i n g   t h e s e   m a t e r i a l s   a t   p o i n t s   a c c e s s i b l e   t o  
vehic les,   e i ther   immediate ly  or l a t e r   d u r i n g   w i n t e r  
when t u n d r a   t r a f f i c  was poss ib le .  The cleanup 
program  ran  from  June 28 t o  September 8 and a t o t a l  
o f  331,300 pounds o f   d e b r i s  were  re t r ieved,  141,500 
pounds o f  which  were  burned. I n   a d d i t i o n ,  9,019 
b a r r e l s  were r e t r i e v e d  and s tockp i l ed ,  6,709 o f  
these a t  POW-A. The area o f  c leanup  stretched  f rom 
Barrow t o   t h e  Nechel i k Channel o f  t h e   C o l v i l   l e  

River .  The f o l l o w i n g   s i t e s  were  cleaned as we1 1 
as s m a l l e r   c o l l e c t i o n s   o f  drums  and debr is   found 
between  these  locat ions:  

Barrow Gas F i e l d s  POW-1 (Camp Lonely)  
I k o  Bay Drill S l t e  E .  Teshekpuk Drill S i t e  
Simpson Test  Wel ls Pitt P o i n t  

A laktak POW-B 
West Topagoruk Fish  Creek Drill S i t e  

POW-A H a l k e t t  Drill S i t e  

Cleanup  Program-FY  1977 

A t r i a l  program was c o n d u c t e d   d u r j n g   t h e   f a l l  
o f  1976 t o   t e s t   t h e  economic f e a s i b l l i t y   o f   w i n t e r  
c leanup  (winter  was def-ined for these  purposes as 
November 1 to  January  31) .  To accomplish  the 
w i n t e r  work i t  was necessary   to   p rov ide  a s e l f -  
s u s t a i n i n g  camp f o r  an 18-man crew. S k u l l  Cll'ff, 
an  abandoned LORAN n a v i g a t i o n a l   s i t e   a b o u t  24 mi. 
south-southwest  of  Barrow was s e l e c t e d   f o r   t h e  
t e s t   e f f o r t .  The s i t e   c o n s i s t e d   o f  abandoned 
bu i l d ings ,   supp l i es ,   deb r l s ,  and a co l lapsed 
625- f t .   tower   sca t te red   over  an area o f  approx- 
ima te l y  6 square m i .  Work  was conducted  from 
October 26 t o  December 15, 1976,  and d u r i n g   t h i s  
p e r i o d  2,280 b a r r e l s  and  2,000  pounds o f   debr is  
were  picked  up. The subzero  temperatures  were  not 
as much a problem as t h e   l a c k   o f   d a y l i g h t .  Hard- 
packed snow and  reduced l i g h t  made much of   the 
d e b r i s   d i f f i c u l t   t o   l o c a t e .  The f rozen  conten ts  
o f   t h e   b a r r e l s  made them i m p o s s i b l e   t o  empty  and 
heavy to   hand le .  The slow  progress due t o  these 
fac to rs   coup led   w i th  a l e n g t h y   m o b i l i z a t i o n   p e r i o d  
increased  the  cost   per   un i t   work  accompl ished,   unt i l  
it was dec ided  to  abandon t h e   w i n t e r   e f f o r t .  

I n   t h e   s p r i n g   o f  1977, c leanup  e f fo r ts   were  
concentrated a t   t h r e e   s i t e s :  POW-A, a former DEW 
l i n e   s i t e ,  Simpson t e s t   w e l l ,   d r i l l e d   d u r i n g   t h e  
1947  program,  and the  Topagoruk  test   wel ls   f rom 
the  1951  program. It was decided t o  p i c k  up the  
debr is   f rom  the  Simpson  and  Topagoruk s i t e s  and 
r e t r o g r a d e   e v e r y t h i n g   t o  POW-A. The f i n a l   p l a n s  
f o r   t h e   d i s p o s i t i o n   o f   t h e   d e b r i s  had s t i l l   n o t  
been s e t t l e d ,   b u t   l o c a t i n g   t h e   d e b r i s   a t  POW-A 
a l l o w e d   t h e   a d d i t i o n a l   o p t i o n  o f  backhau l   v ia  
barge   to   the   sou th  48. A por tab le   ba r re l   c rusher  
was used t o   c o n s o l i d a t e   t h e   b u l k .  

Operations  were  begunon  February 10 and  were 
h a l t e d   a t   t h e  end o f   t h e   f i r s t  week o f  May. A t o t a l  
o f  175 tons   o f   deb r i s   were   re t r i eved ,  9,817 b a r r e l s  
were  co l lected,  and a t o t a l  of 12,233 b a r r e l s  were 
crushed (some o f  these  having been r e t r i e v e d  
p r e v i o u s l y ) .  A1 though  bar re ls   were   o f ten   f i l l ed  
w i t h  sflow, covered,  and  frozen as i n   t h e   f a l l  work, 
t h e   s p r i n g  phase  of  the  cleanup was more p roduc t i ve  
because o f   t h e   i n c r e a s e d   d a y l i g h t  and the   g rea te r  
dependab i l i t y  and  ,speed o f  t h e  CATCO r o l l i g o n s .   I n  
a d d i t i o n ,  many o f   t h e   b a r r e l s   a t   t h e s e   s i t e s  were 
stacked above the  f rozen  tundra and  more access lb le  
f o r   r e t r i e v a l .  

Cleanup t h a t  summer  was l i m i t e d  t o  the   c rush ing  
o f   t h e   b a r r e l s   a t  POW-A and POW-B t h a t  had  been 
s t o c k p i l e d   t h e r e   t h a t   s p r i n g  and dur tng   the   p rev ious  
summer's  program. I n   a d d i t i o n ,  L I Z 4  was cleaned 
up t o  p r e p a r e   t h e   s i t e   f o r   u s e  as a l o g i s t i c s  base 
for  the  coming season o f  exp lo ra t i on .  
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In the FY 1977 program a to ta l  of 14,875 barrels 
were retrieved, 16,743 were crushed, and 485 tons 
of debris  collected and burned or stockpiled. 

Cleanup Program-FY 1978 

The 1978 sp r ing   e f fo r t s   a t  cleanup  focused on 
the  Skull  Cliff and Topagoruk and East Topagoruk 
s i t e s .  Working o u t  of Cat t r a ins  from April 1 
through May 15,  the  cleanup crews stockpiled 
2,120,000 pounds of  debris on the beach a t  Skull 
C l i f f .  This  included 236,000-pounds , o f  tower, 
200,000 pounds of crushed bar re l s ,  1,380,000 pounds 
of cement and mud canisters from the  exploratory 
program, and about 300,000 pounds of  miscellaneous 
debris.  Favorable  weather  contributed  significant- 
ly  to  a  highly  productive  season. 

Summer cleanup of the  old Navy s i t e s  commenced 
on June 8th and was accomplished a t :  

Skull  Cliff tower s i t e  
Topagoruk and East Topagoruk 
Wolf Creek Test Wels 1, 2 ,  and 3 
Weasel Creek Test Well 
Square Lake Test Well 
Titaluk  Test Well 
Knifeblade  Test Wells 1, 2, and 2A 
Mona Lisa  Seismic Camp 
East Oumalik Test Well 
and  an explosive cache discovered i n  the 
I k p i  k p u k  area 

The summer's  accomplishments were summarized as 
fol  1 ows : 

Barrels  retrieved  (uncrushed) 187,100 pounds 

Barrels  crushed 712,725 pounds 
combustible  debris  stockpiled 377,350 pounds 
Combustible debris burned 924,310 pounds 
Other  debris 270,310 pounds 

In excess  of 1,235 tons o f  material and debris were 
burned or  stockpiled.  

Cleanup Program-FY 1979 

Cleanup in FY 1979 was accomplished i n  the summer 
months only and the crews operated  out of t en t  camps 
located  near  their work s i t e s .  This new method o f  
operation proved t o  be very cost-effective because 
o f  the reduced helicopter and labor  costs commuting 
t o  and from the work s i t e s ,  and prac t ica l ly  no l o s t  
time due to  poor flying  condltions. Work began a t  
the  old Brady s i t e  on  the Ki 1 igwa River w i t h  con- 
current  cleanup a t  Driftwood Creek and Liberator 
Lake, Efforts were then  concentrated i n  the south-  
east   area o f  the  reserve,  Combustibles  that were 
stockpiled i n  1978 were burned a t  Wolf Creek, 
Square Lake, Titaluk, and  East Oumalik, Cleanup 
was accomplished a t  Fish Creek, Oumalik, Grandstand, 
and Gubic. The area of the Gubic tes t   wel l s  proved 
t o  have a  great  deal mare debris  than was or ig ina l ly  
estimated,  including a burned-out rig, and the crews 
worked in  the  area  for 32 days,  better  than one- 
t h i r d  o f  the   total  summer's e f fo r t ,  During the 
summer of 1979 over 20 million pounds o f  debris 
were handled and a  f inal  4,200,000 pounds of t h i s  
material   stockpiled  for  later  burial .  

Debris was stockpiled on dunnage on the tundra 
adjacent  to  possible  burial   si tes.  These s i t e s  
were selected so as not to   intercept  any surface 
drainage, even the most ephemeral of water  courses, 

ICY CAPE 

BARROW&, 

FIGURE 1 Cleanup and burial   s i tes ,  National  Petroleum Reserve in  Alaska. 
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i f   possible .  Any water  erosion  could uncover the 
buried debris and negate  the  entire program. The 
s i t e  was selected  in  relation  to the surrounding 
t e r r a in ,  on lower b u t  not wet topography. The 
or iginal   intent  was to  avoid  areas  with s o i l s  of 
high ice  content b u t  subsurface  ice is  nearly 
ubiquitous on the North Slope, and once the program 
got under way the amount of i ce  d i d  not seem to  
appreciably  effect  the  cover o f  the  debris. In 
actual  practice,  the  presence  of  ice was desirable 
to  ensure  that  ripping and excavation of t h e   s i t e  
was possible w i t h  the 0-8 Cat. The lower s i t e s  
were preferred  as  they were less   v i s ib le  and w i t h  
more moisture,  also  easier t o  revegetate. 

Cleanup Program-FY 1980 

In  the  fa l l  of 1979, the  disposit ion of the 
consolidated  debris from the  cleanup of the  old 
s i t e s  was s t i l l  very much a question. I t  was 
decided to   t ry  burial a t   t h e  two s i t e s   t h a t  were 
f a r thes t  from the  ocean's edge as these would be 
expensive fo r  marine  retrograde. These s i t e s  were 
Grandstand and Gubic,  both just o f f  the  reserve t o  
the   east  and southeast  of Umiat. The s i t e s  were 
on selected  lands, so the  prospect was discussed 
with  the Bureau o f  Land Mangement and the  prospec- 
t ive  owner, the  Arctic  Slope Regional Corporation. 
When they  agreed i t  was a feas ib le  method of  dispos- 
a l ,   t h e  permission of the Alaska Department of 
Environmental Conservation was obtained. A contract  
was l e t   i n   ea r ly  March 1980 for  a Cat t r a in  with a t  
l e a s t  one 0-8 Cat equipped w i t h  a rlpper  tooth and 
blade  to do the  burial e f fo r t .  The idea was t o  
str ip away the  organic  overburden and stockpile i t  
t o  one side; then  excavate a p i t  of su f f i c i en t   s i ze  
to  contain  the  debris;  place  the  debris  in the p i t  
and compact i t  w i t h  the heavy equipment; and backfil l  
w i t h  the  original  material so  t ha t  a minimum i f  2 f t .  
covered  the  debris. The overburden would then be 
spread  over  the s i t e  and seed and f e r t i l i z e r   d i s t r i b -  
uted and walked i n  w i t h  the  Cat. The e f f o r t  went 
very smoothly, 

cleanup and revegetation of d r i l l   s i t e s  of  the  cur- 
rent  exploration program were combined under one 
contract .  The season's  operations g o t  under way 
dur ing  the   l as t  week o f  May. An 18-man t en t  camp 
was s e t  u p  a t   0umalik;ut i l iz ing a Bell 205 helicopter 
f o r   " l i f t "  power t o  move the heavy timbers and other 
large  debris,  they began the cleanup of O u m a l i k ,  
East Oumalik, Brady, Mona Lisa, and a number of new 
finds and old  caches o f  explosives. The term "new 
finds" was used to  designate any considerable amount 
of debris  encountered  locally  within  approximately 
5 mi. o f  t h e   s i t e   t h a t  was n o t  scheduled i n  the 
work plan. I t  was decided  to burn  the  explosives 
and their   disposal was coordinated  with  the ADEC 
(Alaska Department of Environmental Conservation), 
the USGS, and other government au thor i t ies .  By July 
24, the  tent  camp was relocated  to  the Old  Meade s i t e  
and the crews helped w i t h  the  cleanup a t  some 
current   dr i l l   s i tes   during  the camp  move. 

Demobilization o f  the  cleanup camp a t  Old Meade 
began on August 20  and the  operation was out of the 
f i e ld  by August 25. Although th i s  was early  according 
t o  schedules  maintained i n  previous years,  during 
the   l a s t  days o f  operation,  the camp  was plagued by 
freezing  water  pipes and excess  condensation  in  the 
ten ts .  This season a to ta l  of 2,647,620 pounds o f  

The 1980 summer cleanup of old Navy s i t e s  and the 

debris  was'stockpiled  for  burial;  1,817,300 pounds 
consolidated a t  Oumalik and 830,320 pounds consol- 
idated a t  Old  Meade. New f i n d s   a t  Oumalik totaled 
an estimated 389,000 pounds,  and a t  Old  Meade they 
totaled  approximately 51,000 pounds. 

In l a t e  September  1980, an inspection was  made 
o f  the   burial   s i tes  t h a t  were finsihed  the  previous 
spring to  check fo r  any erosion  or  settlement 
problems due to  thaw. None was found. One unantici- 
pated advantage to  the  burial  program tha t  was dis- 
covered a t   t h i s  time was the h i g h  survival  rate o f  
the  original  si te  vegetation. When the  overburden 
was stripped  prior  to  the  excavation i t  was stock- 
piled  to one side and then used t o  cover  the  area 
a f t e r   f i l l i n g .  Because the  stockpile was exposed 
t o  the winds and cold fo r  only a short  time, usually 
less  than 48 hrs. ,  and  then  protected by a cover 
of blown snow soon a f t e r  replacement, q u i t e  a few 
individual  plants  survived. The cover was a jumble 
of  organic  clods, b u t  almost a l l  showed signs of 
recovery o f  the  original  vegetation,  including 
willows and birches. These survivors meant t ha t  
the  recovery of the  natural  vegetative  cover would 
occur f a r  more quickly  than a t   s i t e s   t h a t  were 
seeded w i t h  grass  species  only. 

Cleanup Program-FY 1981 

The 1980 spring  burial   efforts were considered 
very  successful, and i t  was decided to  bury a l l   t h e  
stockpiled  debris. During t he   l a s t  few days of 
February,  the  burial  contractor  mobilized  his Cat 
t r a in  and equipment to  Koluktak via  roll igon  fol-  
lowing previously  cleared  trails .  Koluktak was 
chosen fo r  a jumping-off  point  because  there was 
an ongoing dr i l l ing  operat ion  there ,  complete w i t h  
camp  and a i r s t r i p ,  and the  location was convenient 
t o   t h e   f i r s t   b u r i a l   s i t e .  The program got under 
way  on  March 9 ,  1981. 

the s i t e s  where the debris from previous  cleanup 
programs had  been stockpiled.  Locations  for  burial 
were designated and archeological and environmental 
clearances had been obtained  earlier. The contractor 
operated  as i n  the   p i lo t  program and burial was 
accomplished a t :  

The contractor 's   task was to  travel  overland  to 

East Oumal i k Square Lake 
Oumal i k Old Fish Creek 
Old Meade POW-B (Kogru) 
Titaluk POW-A (Cape Simpson) 
Wolf Creek 

Because deep snow conditions  prevented  the  train 
from reaching Brady, the POW-A s i t e  was substi tuted 
a t   t h e  end o f  the  season. The program was finished 
by April  19, and the  contractor  demobilized  the 
train  overland  to Deadhorse. 

Since the summer of 1981 was possibly  the  last  
opportunity  to  accomplish  environmental work under 
the  exploration program, the work scope was expanded 
to  complete  as much as  time and weather would allow. 
Cleanup began a t  miscellaneous minor s i t e s  i n  June. 
High winds and fog i n  the western  part of the  reserve 
slowed down the  establishment of the  cleanup  tent 
camp a t  Icy Cape b u t  the  operation was f ina l ly  i n  
place by July 2. A second siege of winds u p  t o  50 
knots hampered work for  another week. Icy Cape  was 
finlshed by July 28 and the camp  was  moved to  the 
Kaolak s i t e .  The old s i t e s  cleaned tha t  season 
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were I c y  Cape (LIZ-B) ,  Peard Bay (LIZ-C),  Kaolak, 
and  numerous smal l   f inds.  

Cleanup  Program-FY 1982 

The b u r i a l   o f   t h e   d e b r i s   c o l l e c t e d   d u r i n g   t h e  
summer of 1981 was accomplished i n   t h e   s p r i n g   o f  
1982 a t   S k u l l  Cliff, Brady,  Kaolak, I c y  Cape, and 
Peard Bay. The S k u l l  Cliff opera t i on  was the   ma jor  
e f f o r t  because  an  estimated 4,350,000 pounds o f  
debr is,   which  had been s t o c k p i l e d  on the  beach f o r  
poss ib le   mar ine  re t rograde,  had t o  be moved 1 m i ,  
i n l a n d   t o   t h e   b u r i a l   s i t e .  Howver,  even w i t h   t h i s  
ra ther   large  task,   the  program  proceeded  very 
smoothly. The c o n t r a c t o r  was working i n   t h e   f i e l d  
on March 15, and  began demob i l i za t i on  on A p r i l  17. 
Seed and f e r t i l i z e r  w e r e   a p p l i e d   t o   a l l   s i t e s  as 
the  crews  departed. 

REVEGETATION  METHODS 

The program f o r   t h e   r e v e g e t a t i o n   o f   t h e   b u r i a l  
s i t e s  was t o t a l l y  based  on the  program  developed 
f o r   t h e   r e v e g e t a t i o n   o f   t h e   m a t e r i a l   ( b o r r o w )   s i t e s  
and d r i l l i n g   s i t e s   o f   t h e   o n g o i n g   e x p l o r a t i o n   e f f o r t  
A r e v i e w   o f  . the.meEhllds,~ma~@~-als,  and Peasms de- 
v e l o p e d   f o r   t h a t  program i s   p e r t i n e n t   h e r e .  

Once a d r i l l i n g   s i t e   i s   c l e a n e d  up  and  and  any 
planned c i v i l  work  accomplished,  the s i t e   i s  ready 
fo r   seed ing .   Ac t ive   seed ing   i s  done p r i o r   t o   l a t e  
June o r   t h e   f i r s t   o f   J u l y  and  dormant  seedfng a f t e r  
t he   f i r s t   f r eez ing   t empera tu res   o f   t he   f a l l ,   usua l l y  
l a t e  August. A t  t h e   b e g i n n i n g   o f   t h e   e x p l o r a t i o n  
program,  the f i r s t   a t t e m p t s   a t   r e v e g e t a t i o n  employed 
the  grass seed m i x t u r e s   u t i l i z e d  by  Alyeska f o r   t h e  
no r the rn   a reas   o f   t he   T rans -A laska   p ipe l i ne .   Th i s  
was a mix  by  weight  of :  30% annual  rye  grass, 10% 
boreal  fescue, 10% redtop, 20% nugget  b lue  grass,  
and 30% arctared  fescue.  This was a p p l i e d   a t   t h e  
r a t e   o f  50 lbs .   per   ac re  and f e r t i l i z e d   w i t h  a 
commercial  chemical f e r t i l i z e r  10-20-10 (n i t rogen-  
phosphorous-potassium)  applied a t   t h e   r a t e   o f  600- 
650 lbs.   per   acre.  Seed was walked i n   w i t h   C a t e r -  
p i 1   l a r   t r a c t o r   t r a c k s ,   o r  dragged i n   w i t h  a p iece  
o f   c h a i n - l i n k  fence.  This  seed  mix, f e r t i l i z e r ,  
and a p p l i c a t i o n   r a t e s  were  found t o  be  moderately 
s u c c e s s f u l   a t   i n l a n d   s i t e s  and  unsuccessful a t  
c o a s t a l   s i t e s  . 

A r e v i e w   o f   t h e   a v a i l a b l e   l i t e r a t u r e   r e v e a l e d  
there  were as many theo r ies  and  methods o f  revege- 
t a t i o n  as there  were  reports.   Advice  ranged  f rom 
p l a n t i n g   w i l l o w s  and b i rch   seed l ings   by  hand, t o  
lush  seeding  o f   grasses,  t o  sparse  seeding o f  
g rasses ,   to  no p l a n t i n g  or seeding a t   a l l ,   t o   v e r y  
heavy f e r t i l i z a t i o n ,   t o  no f e r t i l i z a t i o n ,   o r   a l m o s t  
any  combination o f  these. 

The goal o f   t he   revege ta t i on   p rog ram was t h a t   t h e  
seed  and f e r t i l i z e r   s e l e c t e d  and t h e , @ e t b d s  of a p p l t -  
cat ion  would  produce  growth  that   would  prevent  
erosion,  both  wind and  water ,   estab l ish a vege ta t i ve  
cover ,   bo th   fo r   aes the t ics  and b i o h a b i t a t ,   y e t   n o t  
e s t a b l i s h  such a th ink   vege ta t i ve   cove r  as t o   d e t e r  
t he   i nvas ion  o f  t h e   o r i g i n a l   f l o r a .  

It was decided, i n   c o n s u l t a t i o n   w i t h  Drs. J .  
McKendrick  and Wm. M i t c h e l l  o f  t he   Un ive rSs ty   o f  
Alaska  Palmer  Experiment  Stat ion,  to  use  tundra 
bluegrass (Poa g l a u c a ) ,   a l t h o u g h   t h e   a v a i l a b i l i t y  
of t h i s  seed was q u i t e   l i m i t e d .  The bluegrass was 
used p r i m a r i l y   i n   c o a s t a l   a r e a s ,  and a mix o f   t u n d r a  
bluegrass,   arctared  fescue,  nugget  b luegrasss,   and 

even  annual  rye was used i n   i n l a n d   a r e a s .  
This   nat lve  b luegrass  spec ies was grown  from 

c u l t i v a r s   c o l l e c t e d   i n   t h e  Sagwon B l u f f s   a r e a   o f   t h e  
A lyeska  p ipe l ine .   Be lng   na t ive   to   the   Nor th   S lope 
and the  seed r a i s e d   i n   A l a s k a ,   c u l t i v a t i o n  was very 
successful   on  the  north  s lope.  Using  th is seed a l s o  
had  the added advantage o f  n o t   i n t r o d u c i n g  an e x o t i c  
i n t o   t h e  ecosystem.  The  seed shows good growth  suc- 
cess i n   b o t h   a c t i v e  and  dormant  seeding. It i s  art 
u p r i g h t   g r a s s   t h a t  grows i n  clumps o f  4-8 o r  more 
s t a l k s   p e r  base,  which  allows  open  space  around  the 
base of t h e   p l a n t   f o r   t h e   i n v a s l o n   o f   n a t i v e  mosses, 
l i chens ,  and  grasses, ye t   p reven ts   e ros ion .  The 
he igh t   o f   the   g rass   a lso  enhances natura l   success ion 
by p r o v i d i n g  a means o f  entrampment o f   l o c a l  seeds. 

The bluegrass seeds, o r   t h e  seed m i x t u r e   i n   i n l a n d  
areas,   were  d ispersed  a t  an a p p l i c a t i o n   r a t e   o f  28-35 
lb .   per   acre.   Th is   prov ided  adequate  coverage  yet  
was n o t   t o o  dense as t o   p r e v e n t   t h e   r e t u r n   o f   o t h e r  
nat ive  spec ies.  All seed was a p p l i e d   w i t h  hand 
broadcasters ,   usual ly   the  type  s t rapped t o  a man's 
chest   or   back.  

d u c t ,   c h e m i c a l   f e r t i l i z e r  10-20-10 o r  10-20-20, 
o roved  to  be completely  adequate.  Phosphorus was 
found  to   be  severe ly   l imi t ing  a lmost   everywhere,  so 
any f e r t i l i z e r   t h a t  was inexpensive,   ava i lab le,  and 
provided  phosphorus  would do we l l .   No t  much advantage 
was found i n   g r e a t e r  amounts  and l e s s e r  amounts d i d  
not  appear  to  support   adequate  growth,  so an a p p l i -  
c a t i o n   r a t e   o f  550-600 lb .   pe r   ac re  was decided upon, 
It was found  tha t  a second  season's f e r t i l i z e r   a p p l  i- 
c a t i o n  was ve ry   he lp fu l   i n   p romot ing   i nc reased   su r -  
v i v a l .  These were a l l   q u a l i t a t i v e   o b s e r v a t i o n s .  
Randon sampling o f   t h e  pads  and surrounding  areas 
d i d   n o t   d e t e c t  any s i g n i f i c a n t   i n c r e a s e   i n   s o i l  
a c i d i t y   t h a t   c o u l d  b e   t r a c e d   t o   t h e   f e r t i l i z e r .  

SUMMARY AND CONCLUSIONS 

For  nut r ients ,   the  s tandard  commerc la l   shel f   pro-  

The o b j e c t i v e  of the  cleanup  program was env i ron-  
mental enhancement through  the  removal   o f  as much as 
p o s s i b l e   o f   t h e   e v i d e n c e s   o f   m a n ' s   a c t i v i t i e s .  To 
promote t h i s   o b j e c t i v e ,   a l l   o p e r a t i o n a l  methods  were 
designed t o  be p r o t e c t i v e  of the  environment. 

deb r i s  was not  obscured  by snow o r   f r o z e n   i n   t h e  
tundra .   Ret r ieva l  was done manua l ly   w i th   the  
ass is tance o f  a ho is t -equ ipped  he l i cop ter .  All over- 
l a n d   t r a f f i c   i n v o l v i n g  heavy  equipmeny was r e s t r i c t e d  
t o   t h e   w i n t e r  when the   tundra  was f rozen  and  covered 
w i t h  a p r o t e c t i v e   l a y e r   o f  snow. 

S e l e c t i o n   o f   b u r i a l   s i t e s  was  made t o   a v o i d  any 
surface  drainage  channels and  be l oca ted  on l ow   bu t  
no t   we t   t e r ra in .   Subsur face   i ce   con ten t  does n o t  
a p p r e c i a b l y   a f f e c t   t h e   b u r i a l   r e s u l t s  and genera l l y  
makes eas ie r   d igg ing .   Revegeta t ion   shou ld   use   na t ive  
grass seed if a t  a1 1 possible.  Tundra  bluegrass (h 
glauca)  proved t o  be  the  most  adaptable t o   t h e   g r e a t -  
e s t  v a r i e t y  o f  Nor th   S lope  s i tes .  Any commercial 
f e r t i l i z e r   w l t h  phosphorus will promote  growth. 

The excavat ion lbur ia l   process  should  be done as 
q u i c k l y  as p o s s i b l e   t o  llmit the  t ime  the   tundra  
overburden i s  exposed to   w inds  and freezing  tempera- 
tu res .  I f  poss ib le ,   rep lace   the  snow cover   o r   p ro-  
m o t e   t h e   c o l l e c t i o n   o f   b l o w i n g  snow ove r   t he   d i s tu rbed  
s u r f a c e   t o  promote  an  increased  surv iva l   ra te  o f  
i n d i v i d u a l   p l a n t s .  

Actual   c leanup was best  accomplished i n  sunmer when 
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Small  taliks  and  ice  masses,  both  occurring  at  shallow  depth,  as  well  as  other 
features  make  refraction  and  reflection  techniques  rather  ineffective  for  perma- 
frost  studies.  Through  the use of data on the  physics of ultrasonic  oscillations 
and  on  seismic  wave  velocities  and  dynamics  observed  in  permafrost  areas,  some 
nontraditional  seismic  exploration  methods  are  suggested.  They  are  based on 
converted mono- or  polytype  Rayleigh  waves  generated  at  the  permafrost-talik 
boundaries,  reverberations  over  ice  layers,  and  other  parameters.  These  methods 
enable us to enlarge  the  scope  of  permafrost  research.  Furthermore,  the  utili- 
zation  of  high-amplitude  Rayleigh  waves  ensures  environmental  protection. 

INTRODUCTION 

In permafrost  studies,  seismic  prospecting  was 
used,  for  the  first  time,  exactly  50  years  ago  (see 
Bonchkovsky  et  al.  1937).  Refracted  waves  were 
utilized to determine  the  position of the  upper 
permafrost  and  first P wave velocities  were  meas- 
ured.  Trial  pits  revealed  that  at  depths  of  1.5 m 
the  seismic  method  exaggeration  was  equal  to 4-7 
cm.  That  was  remarkable  for  the  beginning.  Since 
then  seismic  techniques  have  made  considerable 
progress  in  permafrost  research.  A  review o f  the 
tasks  facing  seismic  exploration  techniques  was 
presented  by  Scott  et  al.  (1979).  Despite  evident 
achievements,  certain  problems  remain  to  be  solved 
by  permafrost  scientists  which  are  due  to  the 
following:  First,  taliks  occurring  in  frozen 
terrain  commonly  have  sizes  comparable  with 
seismic  wave  lengths;  their  boundaries  are  ver- 
tical  or  subvertical  and  crop  out  at  the  surface 
while  the  nearby  thaw  zones  are  overlain  by  a 
frozen  active  layer.  Seismic  velocities  are  found 
to  be  similar  or  identical  in  ice  and  frozen 
material.  Detection  of  massive  ice  in  such  cases 
is  not  possible  with  ordinary  refraction  or  reflec- 
tion  methods.  To  find  more  adequate  solutions to 
the  geocryologic  problems  confronting  seismic 
exploration,  certain  nontraditional  approaches  are 
needed. 

PREREQUISITES FOR NONTRADITIONAL  METHODS 

In permafrost  areas,  the  seismic  properties  of 
loose  rocks  depend on both  their  lithology  and 
their  physical  (thawed  or  frozen)  condition. In 
the  latter  case,  seismic  waves  are  characterized 
by  high  velocities  and  frequencies,  while  Rayleigh 
waves  have  high  amplitudes  (Sedov 1976a). At the 
thaw-frozen  rock  boundary,  the P wave  acoustic 
impedance  changes  in  a  stepwise  manner  due  to 
velocity  variations  (up  to  a  factor of 2.9 or  more 
for  R  12  in sands). The  contrast  is  even  higher 
in  frozen  and  dry  rocks.  At  the  ice-frozen  rock 
boundary,  a  density-induced  change  of  acoustic 
impedance  is  possible  for P waves  up  to  a  factor 
of 1.7 in clay  and  up  to 3.1  times  in  sand.  Except 

for  the  water-bottom  boundary  in  marine  seismic 
surveys,  these  conditions  are  not  observed  where 
permafrost  is  absent,  The  bottom  effects on seismic 
waves  are  known  widely  (Burg  et  al. 1951). In 
ultrasonic  physics,  it  has  been shown that  the 
energy  of R waves  is  converted on rigidity- 
contrastic  (metal-air)  surficial  inhomogeneities 
(De  Bremaeker  1958,  Viktorov 1966). Seismologists 
have  also  suggested  that R waves  can  be  dispersed 
by  both  positive  and  negative  relief  features. 
However,  in  all  these  cases,  solid  matter  contacted 
air,  i.e. a medium  that  actually  does  not  transfer 
energy  but  returns  all  the  energy  back  to  the 
solid  body. 

EXPERIMENTAL  DATA 

With  due  consideration  of  geoseismic  peculiari- 
ties  of  permafrost  a5  well  as  ultrasonic  physics 
and  seismological  data,  seismic  wave  fields  have 
been  studied  over  variously  shaped  and  sized  and 
genetically  different  taliks  and  ground  ice  masses 
a5  well  as  lithologically  different  permafrost 
sections. In situ  investigations were undertaken 
for  seismic  wave  velocities  in  low-temperature 
rocks  and  for  their  dependences  on  temperature, 
ice  content,  age,  origin,  peculiar  changes  at  the 
talik-permafrost  boundaries,  and  other  features 
(Sedov  1976a).  Seismogeologic  type  columns  and 
effective  two-dimension  models  have  been  elaborated 
for  permafrost  areas  which took account of the  rock 
physical  condition  and  densities  in  the  profile 
(Sedov  1976~). 

In  view of  space  limitations,  only  some  non- 
traditional  methods  for  seismic  permafrost 
research  are  dealt  with  in  this  paper. 

Figure  1  demonstrates  the  influence  exerted  by 
the  talik-permafrost  contact on the  seismic  wave 
field  (Dyuryagin  et  a1  1975,  Sedov 1978). Criteria 
for  its  recognition  are  inferred  experimentally. 
P and  R  waves  excited in  frozen  rocks  propagate 
into  talik  as  longitudinal  PPo  and RP, waves 
without  other  type  waves  generated  at  the  contact. 
From  thaw  rocks, Po wave  transfers  the  energy 
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through  the  contact  as  a  single-type POP wave  and 
converted PoR wave.  Sound  Pair  wave  forms con- 
verted  Pair  wave  at  the  contact  which  propagates 
within  the  frozen  rocks. As the  waves  impinge 
on the  contact,  it  turns  into  a  source  of  oscil- 
lations  for  the  medium  into  which  the  energy  is 
transferred.  This  is  attended  by  velocity  and 
frequency  changes  and  by  redistribution  of  the 
oscillation  energy. For  example,  just  as  in  the 
case  of  an  explosion  on  frozen  rocks,  the PoR wave 
amplitude  is  greater  and  its  frequency  smaller 
than  those of the POP wave. 

instance,  sub-channel  talik)  is  comparable with 
the  wave  length,  a  different  wave  pattern  can  be 
observed.  Figure 2 presents  seismograms  charac- 
teristic o f  the  field  over  narrow (A)  and  broad (B) 
subchannel  taliks  overlain  by  a  layer  of  seasonally 
frozen  rocks  measuring  some 2.5 m  in  thickness 
(Sedov  et a1 1976). As the  waves  reach  the  taliks, 
they  form  converted PR and  RP  waves  together with 
single-type  passing  waves,  while  the B wave  forms, 
in  addition,  a RR wave.  With  other  factors  being 
equal,  amplitudes of the PR, RP, and RR waves 
depend  on  the  lateral  extent o f  taliks. 

Different-type  high-amplitude  converted  waves 
are  generated  at  the  boundaries  of  sublacustrine 
taliks  and  from  water  cores  of  frost  mounds,  in 
steam-and-water  thawing  zones,  pits,  crack  zones 
around  blast  holes,  etc.  Seismic  wave  fields  over 
some  of  these  inhomogeneous  structures  have  been 
discussed  previously  (Roshchin  et  a1  1975,  Dombrov- 
sky  et  a1  1977,  Sedov  et  a1 1977). Despite  the 
presence of similar  features,  each  of  the  mentioned 
cases  has  its  peculiar  properties  enabling  recog- 
nition  of  an  individual  object. 

The  dependence o f  R-wave  velocities on the 
lithology of perennially  frozen  rocks  provides 
for  determination of layer  composition  while 
pseudo-Rayleigh  waves  enable one to  find  the 
depths  of  occurrence  and  thicknesses,  including 
the  profiles  where  the  velocities  diminish  downward 
(Sedov  et  al.  1978). 

By  changing  the R wave length  (changing  the  mass 
o f  charge  or  falling  weight  and  vibrator  effects) 
one  can  study  the  structure  of  perennially  frozen 
rocks  downward  in  the  section. R waves  have  the 
greatest  amplitudes  with  explosions  on  the  surface. 
This  enables  one  to  reduce  the  amount of explosive 
used or, occasionally, to employ  shocks  or  aerial 
explosions  which  spare  the  surficial  layer  of  the 
ground. 

also  been  utilized  in  investigations  of  subperma- 
frost  taliks  occurring  upon  bedrock  basements  and 
covered  by  frozen  rocks  that  are  tens  or  even 
hundreds  of  meters  thick  (Bykov  et  al. 1978). 
Just as  in  the  case of marine  seismic  surveys, 
water  reverberations  are  observed  above  ground 
ice  layers  due t o  reflections  of  seismic  waves 
from  upper  and  lower  boundaries  (Sedov 1978). The 
"soft-bottom"  formula  and  seismic  velocities in 
the  overlying  frozen  sediments  enable  one  to  deter- 
mine  the  depth  of  the  ice  upper  boundary  with  the 
aid  of  frequency  value  for  the  first  reverberation 
wave.  Ice  thickness is found  by  the  aid of the 
second  reverberation  wave  and  ice-related  seismic 
velocities.  Recognition  of  the  second  reverbera- 
tion  wave  is  facilitated  by  the  oscillation 

Whenever  the  horizontal  extent  of  a  talik  (for 

Nontraditional  seismic  exploration  methods  have 

attenuations,  which  are  more  rapid i n  frozen 
materials  than  in  ice. 

CONCLUSIONS 

The  described  nontraditional  seismic  exploration 
techniques  provide fox broader  geocryologic 
research works. 

in less violent  excitation  sources,  which  may  be 
replaced  by  above-ground  blasts.  This  means  a 
lesser  environmental  hazard  and  more  permissive 
seismic  exploration  techniques. 

Nontraditional  methods  are  useful  tools  for 
investigation  of  subsurface  raliks  characterized 
by  dynamic  size  changes. 

Employment  of  higher-amplitude R waves  results 
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a. 

b. 

FIGURE 1 Seismic  record  demonstrating  the in- 
fluence  exerted  by  talik-permafrost  vertical 
contact in sandy  gravels on the  seismic  wave  field. 
Double-ended  spread is 940 m  long with 48 traces 
consisting  of 1 geophone.  In-line  offset  is  320 m 
(for B), 940 m (for Dl, and 500 m  (for C). Records 
were  obtained  without  AGC.  Wave  parameters: 
velocities: Vp=4550 m/sec; V g = V p o ~ = = V p  R -  
2200  m/sec; Vpo = 1850-1900  m/sec; Vp,., = 358 m/sec; 
frequencies: f p  = 100 HZ; fR= 30  HZ;  kppo = 50 HZ; 

Hz;  fP,irR= 38 Hz. 
fp=65 HZ; fp p=100 HZ; fppo- -37-40 HZ;  fp,ir=30 

0 0 3 4 0  
44 ar  aa 

P R 

\ I  

FIGURE 2  (a>  Field  record  demonstrating  the 
influence  exerted by two  subchannel  taliks of 
different  extent  on  the  seismic  wave  field;  the 
length o f  A talik  is 20 m and  that of B talik  is 
80-90 m .  Single-ended  spread  is  2820 m long  with 
142  traces  consisting of 1 geophone. 
(b) Large-scale  wiggle-trace  presentation of the 
same  data  as in  Figure 2a.  The AGC is OFF. 
Additional  wave  parameters:  velocities: Vp- 
V~p=4550 m/sec; W ~ = V p ~ = V ~ ~ = 2 1 5 0 - 2 2 0 0  m/sec; 
frequencies: fp=100-200 Hz; f R = F m  30  Hz; 
lengths: Xp=20-45 m; x ~ = 4 0 - 5 0  m; X~p=100-115 m. 



ECOLOGICAL  RELATIONSHIPS  WITHIN  THE  DISCONTINUOUS PERHAFROST ZONE  OF  SOUTHERN 
YUKON  TERRITORY 
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Recognizing  the  immediate  need  for  baseline  resource  information  to  cope  with 
present and anticipated  exploitation  and  development,  an  exploratory  level 
integrated  resource  survey  was  undertaken in the  Yukon  Territory.  This 
survey.  which  identified 22 broad  scale  ecosystems  (Ecoregions),  was  succeeded 
by more  detailed  ecological  land  classification  studies  (Ecodistrict, 
Ecosection) in a  number  of  locations  throughout  the  southern  part of the 
Territory.  During  these  surveys  a  number of ecosystems  containing  perennially 
frozen  soils  and/or  that  evolved as a result  of  permafrost  degradation  were 
examined  and  characterized.  Several of these  are  described  and  relationships 
between  the  various  ecosystem  components  discussed. 

INTRODUCTION  Initial  survey  work  in  the  Yukon  Territory 
recognized 22 ecoregions  (Oswald  and  Senyk 

Ecological  Land  Classification is one  1977).  Subsequently,  more  detailed  surveys  were 
approach to partitioning  the earths' natural  conducted in some  of  the  southern  ecoregions 
resources  into  geographically  bounded  igparcels*i  (Figure  2)  (Oswald,  compiler. 1979; Senyk,  et 
(ecosystems)  that  have  certain  biological  and 
physical  ties,  continuity  and  homogeneity in 
terms  of  climate,  terrain,  bedrock.  soil,  vege- 
tation,  water and fauna. The  system  involves  an 
interdisciplinary team o f  scientists.  relies 
heavily  on  the  interpretation  of  various  forms 
of  remotely  sensed  imagery  and is heirarchical 
in nature,  allowing  for  ecosystem  definition at 
six levels of generalization  (Figure 1) each of 
which  provides  information  of  appropriate  scope 
and detail  for  a  particular  level of management. 

'i 
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FIGURE 2 Ecoregion  boundaries o f  southern 
Yukon  Territory. 

al. 1981). These  studies  adopted  the  more or 
less  formalized,  hierarchical  approach  to 
ecological  land  classification o f  the 
Environmental  Conservation  Service  Taak  Force 
(1981). Because  the  surveys  conducted  to  date 
have  been  of  an  exploratory  and  reconnaissance 
nature.  ecosystem  recognition  has  been  based 
largely  on  surface form, expression and compo- 
sition  of  terrain,  vegetation  and  water. 
Presence  and  surface  expression  of  permafrost is 
used as an  indicator of environmental  condition, 

ECOPROVINCE . . . . . .  . I  :3 000 000 to 1:lO 000 000 

ECOREGION.. . . . . . . .  .1:1 000000to1:3000000 

ECODISTRICT. . . . . . . . . . .  1:125000 to 1:500000 

ECOSECTION . . . . . . . . . . . .  1 :50 000 to 1 :250 000 

ECOSITE. ............... .1:10 000 to 1:50 OOO 

ECOELEMENT.. . . . . . . . . . . .  .1:2 500 to 1:lO 000 

FIGURE 1 Ecological  land  clarsification 
heiracchy and commonly  related 
map  scales. 
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and coupled  with  observable  changes in other 
components of the ecosystem,  supplies  additional 
evidence  for  ecosystem  differentiation. 
Patterned  ground,  such as circles,  polygons  and 
stripes  and  other  features  such as  peat pla- 
teaux,  palea,  surface  collapse or thermokarst 
scars can  often be related  to  distinct  differ- 
ences  in  local and to  some  extent  regional 
climates. 

Fire  disturbance  has  been  nearly  universal in 
southern  Yukon. i t s  effects  have  been  to  create 
a mosaic of biophysical  patterns in various 
stages  of  succession.  Forecasting  stable  condi- 
tions  after  disturbance is difficult,  particu- 
larly  when  consideration is given  to  the  devel- 
opment  of  perennially  frozen  soils  concomitant 
with  other  components  of  the  ecosystem. 

DESCRIPTION  OF AREA 

Southern  Yukon  Territory is  an area  of rol- 
ling  to  hilly  plateaux  lands  rimmed by high, 
rugged  mountains  on  the  southwest,  north and 
east  sides  (Bostock 1965). The climate, des- 
cribed  as  subarctic  continental  (WAHL pers. 
comm.) shows  the  influence o f  the Pacific  Ocean, 
specifically  the  Gulf  of  Alaska  and the rela- 
tively  frequent  intrusion  of  mild air. Air  flow 
is  predominantly from  the  south and west,  and as 
a result  areas  located to  the  south and west  of 
mountain  ranges  receive  considerably  more  cloud 
and  precipitation  than  areas on the  north and 
east  sides.  Annual  precipitation  increases in a 
northerly  and  easterly  direction  from  about  220 
mm per year  immediately in the  lee  of  the St. 
Elias  and  Coast  Mountains  to  about 400 mm in the 
north and 750 mm in  the  Mackenzie  Mountains  to 
the east.  Nearly  half of the  precipitation 
occurs  during  the  summer  months  (June - August). 
Average  annual  temperatures  decrease  from  about 
-1OC  in the  southwest  to -7OC  in the 
north and  east. Temperature  extremes  increase 
in a northerly  and  easterly  direction.  These 
figurer  vary  considerably  with  changes in 
elevation. 

The  area  lies  within  the  scattered  and  wide- 
spread  permafrost  subzones  of  the  discontinuous 
permafrost  zone,  with  the  nearly  continuous  snow 
and ice  covered St. Elias  and  Coast  Mountains 
falling  within a separate  subzone (Brown in 
press)  (Figure 3). 

Except  for tho northwest  corner, the  area  was 
glaciated  during the  Pleistocene  (Hughes  et al. 
1969). Subsequently,  nearly the  entire  area  was 
covered  with  volcanic ash, which  decreases in 
depth  and  particle  size  from  the  southwest  to 
the  east and  north  (Hughes et al. 1972). 

Vegetation is typical  of  the  northern sec- 
tions  of  the  Boreal  Region  (Rowe  1972),  with 
Alpine  Tundra  occuring  on  all  the  hiEher 
elevation  terrain. White spruce,  lodgepole 
pine,  alpine  fir  and  black  spruce a m  the  common 
softwood  species  with  tqaraclc  having  limited 
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FIGURE 3 Permafrost  Subzones  of  Southern  Yukon 
Territory 

distribution;  trembling  aspen,  baleam  poplar and 
white  birch  are  common  hardwood  tree species. 
White  spruce  occurs  nearly  universally  through- 
out  this  part  of  the  Yukon;  black  spruce is 
scarce  to  absent in the  south centre. Tamarack 
is specific  to the southeast,  while  alpine  fir 
is present at the  higher  elevations  throughout 
the eastern  half.  Lodgepole  pine is comon  to 
abundant in east  and  central  parts  but  generally 
absent in the west.  Trembling  aspen is common 
after  fires  throughout  much  of  the  area;  balsam 
poplar on  upland  sites is most  common in the 
west  central  part and white birch is scattered 
throughout.  being  mostly  on  cooler sites. 

Soils in the  southwest  and  south  central 
parts  are  largely  Eutric  Brunisols,  with  Static 
and  Turbic  Cryosols  occurring  sporadically 
throughout  but  most comonly at  higher eleva- 
tions and in depressions (C.S.S.C. 1978). These 
grade to Dystric  Brunisols and minor  Luvisols 
and Podzols  towards  the east.  Ccyosols  are 
common  here in organic and  imperfectly  drained 
fine  textured  deposits at lower  elevations. 
Cryosols  become  more  prominent  across  the  north 
occurring in a variety o f  materials and  land- 
scape  positions. These  are  associated  with 
Dystric  and  Eutric  Brunisols  and  occasionally 
Podzols. 

ECOLOGICAL  RELATIONSHIPS 

Mineral  Soils 

Permafrost  occurs  only  sporadically at lower 
elevations, in the dry, warm  climates in the lee 
of  the  Coast  and St. Elias  Mountains in the 
southwest  and is confined  largely  to  organic 
deposits,  lower  north  aspect  slope  positions  and 
fine  textured soils.  Of special  interest in 
this area,  are the  thick  glaciolacustrine 
deposits  laid  down  during  late  Pleistocene  time 
in the Takhini  Valley  (Lat. 60° 45'N. Long. 
l37O 35'W).  In  various  locations  throughout 
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the  central part of this  valley  the  deposits 
consist of silts and silty  clay  materials  to a 
depth of 60 m and greater  (Kindle  1953;  Hughes 
et  al.  1972). Thaw  lakes or themnokarst depres- 
sions  are  abundant in this  area and are  clearly 
visible  on  conventional  airborne imagery and, 
with  careful  visual  observation,  on  satellite 
scenes,  Part of the  basin  was  burned approxi- 
mately 25 years ago and present  vegetation  after 
disturbance  consists  largely of willow,  aspen, 
grass and minor  white  spruce and lodgepole  pine 
regeneration.  The  undisturbed  portion  supports 
open  to  closed  stands o f  white  spruce and minor 
aspen  with a nearly  continuous  ground  cover  of 
moss. Soils are Static  Cryosols and minor 
Eutric  Brunisols  (Senyk et a l .  1981). 

Though  the  thaw  processes are far more active 
in parts of the  disturbed area, they  are also 
acting on the  undisturbed  ecosystem and appear 
to  have  been  operative for a considerable  period 
of time. The  area  where  activity is most 
noticeable  covers  approximately 40 to 45  km2. 
On  the  eastern  fringes  of  the  basin,  relic  or 
stabilized  thaw ponds are  evident,  though not 
abundant  (Figure 4). They are generally  small, 
10 to  15  m in diameter and mostly  shallow, L to 
2 m, in depth,  Some of these  were  likely ini- 
tiated  during  the  building of the  Alaska  HiBhway 
with  the  resultant  disturbance of the  thermal 
equilibrium of the  underlying permafrost. others 
ate %atural", still  others  due to  fire distur- 
bance. The  terrain  surface is nearly  flat  to 
slightly  mounded. 

Permafrost  occurrence, ice content and form 
appears  to  vary  considerably  from  east  to  west. 
In  the  central part of the  basin,  depressional 
alkali flats are common  (Figure 5 ) .  These  bear 
strong  resemblance  to  the "alases" described in 
Washburn (1973). The  terrain  surrounding  these 
depressions is only  slightly  mounded and con- 
tains  abundant  surface  cracks  with  permafrost at 
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suggest a similar  time  frame  for  initiation. 
Depth  to  permafrost is relatively  uniform  under 
the  undisturbed  vegetation, being in the vicin- 
ity of 0.7  m. Examination  of  the  exposed  banks 
indicated a relatively  uniform ice form and 
content to  depths of 1.7 tq 2 m. Bo major  lens 
or massive ice forms were  encountered in the 
thaw  ponds examined. 

The  collapse  process  proceeds  relatively 
elowly,  with  sloughing  material  ravelling  rather 
than  collapsing.  This  material  forms  debris 
covered  lower  uurfaces  which  insulate  the under- 
lying  permafrost and slow  the  thaw process. The 
shading and insulating  potential of the suc- 
rounding  vegetation  cannot be underestimated. 

In  the  northwestern part of the basin, in a 
25 year  old burn, thaw  collapse  processes are 
extkemely active. The  terrain  surface is 
slightly more mounded  than  the  area  previously 
discussed.  Vegetation  consists  largely  of 
willow,  aspen,  grass and sedge  with  minor  white 
spruce  regeneration.  Massive ice. of 8 
planoconvex  form  containing  scattered  air 
bubbles, underlies 1-1+2 Q of  windworked 
lacustrine  sediments  (Figure 7 ) .  The  thaw 

layer  extends  to  the  upper  contact  with  the 
massive ice. Though  the  exact  extent  of  this 
condition  was  not  determined,  nearly  identical 
collapse  profiles  extend  over 3-4 h2. 

There  appears to be a very  close  resemblance 
to "pingo" ice form,  however  the  pronounced 
mounded  nature  attributed  to pingos is absent. 
What i s  probably being viewed  here is a pingo 
cluster. some of which is in the  latter  stages 
of collapse.  Stabilized  collapse  depressions 
Surrounding  these  actively  collapsing  features 
are likely  scars of former pingos. The  collapse 
feature  depicted,  extends  over 2-3 ha and has 
coalesced  with  adjacent  smaller  actively collap- 

sing features.  Bank  collapse is abrupt,  the 
banks being nearly  vertical and 2-3 m in 
height. Surface  debris  occaeionally  collapses 
in large  blocks  leaving  the  vegetation 
relatively intact. 

Probing  outward  from  the  slumping  bank indi- 
cated a dished or concave  nature  to  the  debris 
covered ice surface  extending  towards  the  centre 
of  collapse.  Moist  mineral  soil at the ice con- 
tact  indicates  that  a  general  downwasting  of  the 
ice is occurring.  Water is being removed  from 
the  system  through  drainage  developed by the 
coalescing o f  collapse  features.  The  collapsed 
debris is water  saturated and appears  to  flow 
towards  the  initial  collapse centre. Ponds are 
present in all  collapse  depressions. 

The ice contains  entrapped  air  bubbles  though 
they are not so abundant as to Lend a  milky 
appearance to  the ice. The convex  bands of ice 
are clearly  visible  though  there  does  not  appear 
to be a discontinuity or cleavage  plane  along 
these  bauds  when  pieces of ice are broken loose. 

OrKanic  Soils 

In  the  southeast,  wetlands  are  considerably 
more  abundant  than in the  preceding  region,  In 
this  part of the  Yukon  Territory,  permafrost 
occurs in most  organic  deposits and imperfectly 
drained  mineral  soils. 

The  folIowing  example is taken  from an area 
approximately 45 lan north of Watson  Lake (Lat. 
60° 07'N, Long. 128O 49'W). First 
identified on 1:70.000 scale  air  photographs, 
largely  through  the  abundance of collapse 
features and leaning  trees,  the  wetland  was 
later  examined on  the ground.  The  uplands 
surrounding  the  depression  are  comprised of 
morainal  deposits,  sandy  loam  to  loam in 
texture,  with  a  nearly  closed  stand o f  white 
spruce,  lodgepole  pine and feathermoss ground 
cover. The  wetland  located in an abandoned 
river  channel is an extensive peat plateau 
(palea)  with its upper  surface  elevated 2.5 to 
3.5 m above  the  collapsed  surface.  The  collapse 
(thaw)  processes  appear to have  been  initiated 
at  the upland-wetland interface and have  been 
proceeding  inward  towards  the  centre of the 
depression.  Scalloped or circular  collapse 
features  occur  within and around  the  perimeter 
of the  plateau  (Figure 8 ) .  Most  were  the  result 
of  thawing of massive  ice  lenses  during  the 
progressive  thaw of the perimeter. The  presence 
of these "bulges" of massive ice would  indicate 
that  considerable  differences in ice conditions 
exist  within  the plateau. 

Probable cause of thaw acceleration I s  fire 
that swept through  the  area 60-70 years ago. 
Though  the  burn  may  not  have  been intense, it 
was  sufficient  to  remove or kill part of the 
insulating moss layer and remove  much  of  the 
shade-producing tree  overstory.  Vegetation  on 
the  plateau  surface  consisted o f  two  distinct 



FIGURE 8 Collapsing  edge of peat plateau. 

age  classes of black  spruce  with  a  uniform 
understory of Labrador  tea,  sphagnum,  cloudberry 
and lichens. 

The  collapsing  edges of this  particular 
plateau  revealed no evidence of mineral  soils  to 
depths  of 2.5 m. A massive ice lens  (pure ice) 
was  examined along a collapse  wall in one of the 
circular  collapse areas. Its  upper  surface  was 
within 1.3 m of the  plateau surface. The ice 
was clear, containing  only a few  air bubbles. 
No other  lenses of even  comparable  size  were 
located elsewhere. The  thaw  layer was Eenerally 
dry in the  upper 7-10 cm of the  surface  with 
increasing  moisture  down  to  the  contact  with  the 
frost  table.  The peat consisted of sphagnacious 
and woody  material in the  upper  tier 0.4-0.6 m, 
poorly decomposed or fibric in nature. 
Underlying  this  deposit  the  clearly  visible 
remains  of  sedge  (fibric)  continued  to  depths  of 
1.5 m,  where  the  remains  become  less  easily 
identifiable (mesic). 

Open  water  generally  occurs in the  immediate 
vicinity  of  active  collapse.  At  the  outer frin- 
ges of these  small  thaw ponds, Sphagnum  6pp is 
usually  the  primary  invader,  while  still fur- 
ther  removed,  sedges and woody  plants are com- 
mon. Often  tree  stems  from  the  plateau  surface 
stick  above  the  area  of  collapse  (Figure 9 ) .  
Collapse and regrowth of there  ecosystems  appear 
to be cyclic,  though it may  take  centuries  to 
complete a single  cycle, barring any distur- 
bance. In a number of instances, permanently 
frozen,  slightly  elevated  nodules  have  been 
encountered  within  the  area o f  collapse  some 
distance  from  the  actively  collapsing face. 

Patterned  Ground 

Perhaps  the  most  interesting  forms in this 
area  are  those  that  result  from  intense  frost 
action  resulting in a great  variety  of rela- 
tively  eymmetrical  surface  ground  features  that 
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FIGURE 9 Collapse  scar  of peat plateau  with 
with  dead  black  spruce  protruding  from 
the  surface. 

are  clearly  visible,  unhampered by high vegeta- 
tion, in alpine  environments.  Slope  orienta- 
tion,  soil  types,  precipitation  patterns, etc. 
all  strongly  influence  the  occurrence and 
distribution  of  perennially  frozen  soils at 
higher  elevations and hence  the  development of a 
variety  of  surface forms. 

Attempts at relating  specific  forms  and/or 
degree of development  of  patterned  ground  to 
broad  environmental parameters. have  met  with 
little  success.  Increasing  latitude  results in 
a lowering o f  the  altitudinal  limits  where  these 
forms  occur, but specific  patterns  appear  to be 
tied  more  closely  to  local  site  conditions (i.e. 
soils,  moisture'  regime,  bedrock  type, etc.), 
than  to  distinct  changes in climate. Most of 
these  patterned  ground  features  have  been  well 
documented (i.e. Washburn 1973). 

Of  particular  interest are the  symmetrical, 
sorted  features  formed  under  water in ponds and 
lakes,  most  clearly  visible and best  developed 
at high  elevations.  (Figure 10) though  not 
specific  to  these  environments. 

The  narrow,  stony  beaches  on  the  northwest 
Bide  of  Kusawa  Lake  (elevation 671 m, Lat. 
6Oo3O1N Long. 136OO9'W) have  regular 
"saw tooth" indentations, 2-2.5 m in length 
(Figure 11). Though  the  above  water  beach 
displays  little  or no easily  identifiable 
frost-induced features  (sorting, shattering). 
the  underwater  beach  extension  to a maximtun 
depth of about 1.5 m has poorly  developed  stone 
bordered  net  features  indicative of underlying 
permafrost and fairly  intense  frost activity. 
The  regularity of the '*saw tooth" features  may 
indicate  a  direct  relationship  to  these under- 
lying  permafrost  conditions.  Their  appearance 
suggests  that  their  formation is due  to  more 
than  wave  action  and/or  wind  driven ice, though 
these  may  influence  their  genesis  to  some extent. 
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SUMMARY 

Patterned  ground and stable and collapse 
features  resulting  from  the  growth  and/or 
degradation of permafrost  can  often be easily 
seen  on  various forms of remotely  sensed 
imagery. Identification and examination of 

these  features,  during  exploratory or reconnais- 
sance  level Ecologica~ Land  Surveys,  has  led to 
characterization of surface  forms,  their distri- 
bution,  abundance and extent  within  a broad 
geographic framework. When  coupled  with  other 
biological and physical  components,  the  presence 
of these  various forms aids  substantially in 
ecosystem  differentiation and characterization. 
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SEASONAL T H A W I N G  OF PALSAS I N  FINNISH LAPLAND 

Mat t i  S e p p a l a  

D e p a r t m e n t  o f  G e o g r a p h y ,   U n i v e r s i t y  o f  H e l s i n k i ,   H a l l i t u s k a t u   1 1 - 1 3  
SF-001 00  H e l s i n k i  I O ,  F i n l a n d  

T h i s   s t u d y   i n v e s t i g a t e s   t h e   t h i c k n e s s   o f  t h e  a c t i v e   l a y e r   a n d  i t s  t e m p o r a l ,  
l o c a l ,   a n d   r e g i o n a l   d i f f e r e n c e s   i n   p a l s a s  - p e r m a f r o s t - c o r e d   p e a t   m o u n d s  - 
i n   t h e   b o g s  of n o r t h e r n m o s t   F i n l a n d .   R e g i o n a l   d i f f e r e n c e s   i n   t h e  r a t e  a n d  
a m o u n t   o f   t h a w i n g  a r e  n o t   f o u n d .   T h e   n o r m a l   t h a w i n s r   d e w t h  Der vear  i s  
5 5 - 7 0  cm. T h e   m i n i m u m   t h i c k n e s s   o f  
F i n l a n d   a p p e a r s   t o   b e   a b o u t   5 0  cm. 

I N T R O D U C T I O N  

I t  i s  c h a r a c t e r i s t i c  o f  r e g i o n s   o f  d i s -  
c o n t i n u o u s   p e r m a f r o s t  t h a t  o n l y   i n   p l a c e s  
c a n   t h e   c o l d   p e n e t r a t e   i n t o  t h e  e a r t h  d e e p  
e n o u g h   f o r  i t  n o t  t o  t h a w  c o m p l e t e l y   d u r i n g  
t h e   s u m m e r .   N o t   o n l y  low a i r  t e m p e r a t u r e  
b u t   a l s o   t h e   t h i c k n e s s  o f  t h e   s n o w   c o v e r  i s  
a c r i t i c a l  f a c t o r  ( S e p p a i l a   1 9 8 2 ) .   S n o w  is  a 
good i n s u l a t o r .  T h e  q u a l i t y  of t h e  s o i l  a n d  
e s p e c i a l l y  t h e  t h e r m a l   c o n d u c t i v i t y  o f  t h e  
s u r f a c e   s o i l   h a v e  a d e c i s i v e  e f f e c t  o n  
t h a w i n g .   G r a v e l   a n d   s a n d   h a v e  a h i g h  t h e r -  
mal c o n d u c t i v i t y .   T h e y  f r e e z e  t o  c o n s i d e r -  
a b l e  d e p t h   d u r i n g  t h e  w i n t e r ,   b u t   t h e y   a l s o  
t h a w  f a s t  d u r i n g  t h e  s u m m e r .  F o r  e x a m p l e ,  
i n   F i n n i s h   L a p l a n d  a t  t h e  K e v o   S u b a r c t i c  
Research S t a t i o n  more t h a n  3 m o f  f r o s t  
h a v e   b e e n   r e c o r d e d ,   b u t   i n   t h e   s u m m e r  i t  
thaws c o m p l e t e l y   ( S e p p a l a   1 9 7 6 a ) .   F r o s t  
d e v e l o p s   m u c h  more s l o w l y   i n   p e a t   ( S e p p a l a  
1 9 8 2 )   t h a n   i n   m i n e r a l  s o i l ,  b u t   b e c a u s e  t h e  
t he rma l  c o n d u c t i v i t y   o f   u n f r o z e n   d r y   p e a t  
is  a l s o  much l o w e r ,   t h e   f r o s t  is  much 
b e t t e r  p r e s e r v e d   i n   p e a t   t h a n   i n   m i n e r a l  
s o i l .  T h i s  i s  t h e   r e a s o n   f o r   t h e   p r e s e r v a -  
t i o n  o f  p e r m a f r o s t   i n   p a l s a s   i n   n o r t h e r n  
p e a t   b o g s .  

p o s i t i o n  o f  t h e  f r o s t  t a b l e  were made   on  
t h e  Kola P e n i n s u l a   b y   K i h l m a n   i n   1 8 8 7  ( f r o m  
K i h l m a n ' s   d i a r y  a s  c i t e d  b y   R i k k i n e n   1 9 8 0 ) .  
T h e  t h i c k n e s s  o f  t h e  a c t i v e   l a y e r  was f o u n d  
t o  be 30-50 cm i n  A u g u s t .   I n  t h e  A b i s k o  
r e g i o n ,   S w e d i s h   L a p l a n d ,  i t  was o b s e r v e d  
t h a t  t h e   f r o s t   t a b l e   o n  t h e  J u l y  I O ,  1 9 1 1 ,  
was a t  t h e  d e p t h   o f  1 5  cm ( H e l a a k o s k i   1 9 1 2 ) .  
I n  t h e   K a r e s u a n d o   r e g i o n ,   S w e d e n ,  i t  was 
o b s e r v e d  t h a t  t h e   f r o s t  t a b l e  i n   J u l y   1 9 6 5  
was s o m e  4 0  cm d e e p   a n d  a t  t h e   e n d  o f  Octo-  
b e r  a b o u t   6 0  cm d e e p   ( F o r s g r e n   1 9 6 6 ) .  
A c c o r d i n g  t o  V o r r e n   ( 1 9 6 7 )  t h e  f r o s t - f r e e  
l a y e r   i n   p a l s a s   i n   n o r t h e r n   N o r w a y  i s  
5 0 - 1 0 0  cm t h i c k ,  w h i l e   a c c o r d i n g   t o   a h m a n  
( 1 9 7 7 )  i t  v a r i e s  from 6 5  t o  1 0 0  cm. T h e  
p r e s e n t   a u t h o r  has  e a r l i e r  d e s c r i b e d  t h e  
t h a w i n g   s e a s o n   1 9 7 4  o f  a p a L s a  a t  N u n n a n e n  
( S e p p a l a   1 9 7 6 b ) ;  t h e  r e s u l t s   o b t a i n e d  a r e  
i n c l u d e d   i n   t h i s   s t u d y .  

I n t e r e s t i n g   i s s u e s   f r o m  t h e  p o i n t  o f  
v i e w  of p a l s a   d e v e l o p m e n t  a r e ,  f o r  e x a m p l e ,  
( 1 )  how d e e p  t h e  f r o s t  n e e d s  t o  p e n e t r a t e  

T h e  f i r s t  m e a s u r e m e n t s  of t h e  summer  

I .  

t h e  i n s u l a t i n g   p e a t   l a y e r   o n   p a l s a s   i n  

i n t o  t h e  p e a t  bog f o r  t h e  f o r m a t i o n  o f  a 
p a l s a   t o  s t a r t  a n d  (2) how t h i c k  t h e   i n s u -  
l a t i n g   l a y e r  of p e a t   n e e d s  t o  b e  t o  p r e s e r -  
v e  t h e  f r o s t   o v e r  t h e  s u m m e r .  

T h i s  s t u d y   i n v e s t i g a t e s  t h e  t h i c k n e s s  o f  
t h e   a c t i v e   l a y e r  o f  p a l s a s   i n   n o r t h e r n m o s t  
F i n l a n d   a n d   t e m p o r a l ,  l o c a l ,  a n d   r e g i o n a l  
d i f f e r e n c e s  i n  t h e  t h a w i n g  of p a l s a s  t h e r e .  

METHODS OF INVESTIGATION 

O b s e r v a t i o n s  were m a d e   d u r i n g  9 y e a r s ,  
1 9 7 2 - 1 9 8 2   ( F i g u r e  SI, b y  m e a s u r i n g  t h e  
p o s i t i o n  o f  t h e  f r o s t  t a b l e  i n   p a l s a s .  An 
i r o n   p o l e  was f o r c e d  i n t o  t h e  g r o u n d  
t h r o u g h   t h e  t h a w e d  p e a t   l a y e r .  A l t o g e t h e r  
1 8 5   m e a s u r e m e n t s  were m a d e   o n  t h e  t o p   o f  
p a l s a s   i n   1 7   p a l s a  bogs  ( F i g u r e   1 ) .  

T h e  p a t t e r n   o f   t h a w i n g   i n   d i f f e r e n t  
p a r t s  of t h e  same p a l s a  was s t u d i e d  a t  Nun- 
n a n e n   ( 1 9 7 4 )   a n d  a t  U t s j o k i ,  S k a l l o v a r r i  
( 1 9 7 5 - 1 9 7 7 ) .   S e v e r a l   m e a s u r e m e n t s  were m a d e  
a t  d i f f e r e n t  p o i n t s  a t  i n t e r v a l s   d u r i n g  t h e  
t h a w i n g   s e a s o n s .  

a p a l s a  were a l s o  m e a s u r e d  w i t h  a Wallac 
t h e r m o p r o b e  meter ( s e e  S e p p a l a   1 9 7 6 b ) .  

t a k e n   i n   t h e  same p a l s a  bog ,  t h e y  were 
c a r r i e d   o u t  on a h o r i z o n t a l   s u r f a c e  on  t h e  
t o p  o f  p a l s a s   t o   e l i m i n a t e   t h e  e f f e c t  o f  
s o l a r  e x p o s i t i o n .  

I n   t h i s   s t u d y   n o   c o m p a r i s o n  was made o f  
w e a t h e r   c o n d i t i o n s   w i t h   d e g r e e  o f  t h a w i n g .  
We made o u r  own w e a t h e r  o b s e r v a t i o n s  o n  t h e  
N u n n a n e n   ( S e p p a l a   1 9 7 6 1 3 )   a n d   S k a l l o v a r r i  
p a l s a  b o g s ,  b u t   t h e   r e s u l t s  o f  t h e s e  w i l l  
b e  p u b l i s h e d  l a t e r  a n d   c o m p a r e d  w i t h  t h e  
o f f i c i a l   w e a t h e r   r e c o r d i n g s  made a t  t h e  
c l o s e s t  o b s e r v a t i o n   p o i n t s .  

T h e r m a l  g r a d i e n t s   i n   d i f f e r e n t   p a r t s   o f  

If o n l y   o n e   o r  a f e w  m e a s u r e m e n t s  were 

THAWING OF THE FROST I N  DIFFERENT PARTS 

OF PALSAS 

I d o  n o t   t h i n k  i t  i s  n e c e s s a r y  t o  r e p e a t  
t h e  o b s e r v a t i o n s  made o n   t h e   N u n n a n e n   p a l s a  
b o g   i n   1 9 7 4   ( S e p p a l B   1 9 7 6 b 1 ,   b u t  we s h a l l  
l o o k   i n   d e t a i l  a t  a similar t h a w i n g   d e v e -  
l o p m e n t   o n   S k a l l o v a r r i   p a l s a  bog i n   1 9 7 5  
( F i g u r e   2 ) ( S e p p a l a ,   i n   p r e s s ) .  

T h a w i n g  s t a r t s  i n  May on t he  t o p  of t he  
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F I G U R E  I L o c a t i o n  of t h e   s t u d i e d  p a l s a  bogs i n   F i n n i s h   L a p l a n d .  T h e  d o t t e d   l i n e   i n d i c a t e s  
t h e   n o r t h e r n  limit of p i n e  f o r e s t  a c c o r d i n g   t o  t h e  M o t o r i n g   r o a d  map o f   F i n l a n d  1 9 7 8 .  

m 
41 June 2. 1975 1 August 27, 1975 

m 
41 Jun. 26. 1975 1 September 13.  1975 

m 
4l July 28. 1975 1 October 11. 1P75 

F I G U R E  2 T h e   p o s i t i o n  o f  f r o s t   t a b l e   d u r i n g  t h e  t h a w i n g   s e a s o n  1 9 7 5  i n   S k a l l o v a r r i .  The  
h a t c h e d  a r e a  i n d i c a t e s   f r o z e n   p a r t s .  V e r t i c a l  l i n e s   s h o w  t h e  m e a s u r e m e n t   p o i n t s .  W a n d  E 
a r e  t h e   m e a s u r e m e n t   p o i n t s   o n   t h e   w e s t e r n   a n d   e a s t e r n   p a r t s  o f  t h e  p a l s a .  



p a l s a   w h e n  i t  b e c o m e s  f r e e  of s n o w .   I n   J u n e  
a n d   J u l y ,   t h a w i n g  is  r a p i d ,   b u t   i n  1975 t h e  
r a t e  o f  t h a w i n g   d e c r e a s e d   i n   A u g u s t .  Thaw-  
i n g   p e n e t r a t e d   d e e p e r   o n  t h e  s o u t h e r n   s i d e  
o f  t h e   p a l s a   t h a n  on t h e  n o r t h e r n  s i d e ,  
a l t h o u g h  t h e  d i f f e r e n c e s  a r e  n o t  great  
e v e r y   y e a r .   B e t w e e n  e a s t  a n d  west s l o p e s  
t h e   d i f f e r e n c e s  were s l i g h t .  T h e  e a s t  s i d e  
t h a w e d   a p p r o x i m a t e l y  a s  d e e p l y  a s  t h e  t o p ,  
w h i l e  t h e  w e s t e r n   s l o p e   t h a w e d  l e a s t .  T h o s e  
s l o p e s   w h i c h  a r e  w e t  b e c a u s e  o f  s t a n d i n g  
water  a t  t h e  f o o t  o f  t h e   p a l s a  mel t  m o r e  
q u i c k l y   t h a n  d r i e r  s l o p e s .  

c a n   b e   s u r p r i s i n g l y  g r e a t .  A t  S k a l l o v a r r i  
i n  1975, f o r   e x a m p l e ,  a t  t w o   o b s e r v a t i o n  
p o i n t s ,  on two n e i g h b o r i n g   p a l s a s   s e p a r a t e d  
b y   o n l y  2 0  m ,  t h e  f r o s t  t a b l e   d r o p p e d   b y  
28  cm a t  t h e  f i r s t  p o i n t   a n d   b y   o n l y  7 cm 
a t  t h e  s e c o n d   p o i n t   d u r i n g  a p e r i o d  o f  2 4  
d a y s  in J u n e   ( F i g u r e  3). D u r i n g   t h e   f o l l o w -  
i n g   m o n t h  t h e  t a b l e  f e l l  a n o t h e r  3 a n d  18 
cm, r e s p e c t i v e l y ,  so t h a t  by  t h e  e n d  of  
J u l y  t h e  d i f f e r e n c e  i n  l e v e l  b e t w e e n  t h e  
two p o i n t s  was o n l y  6 cm ( F i g u r e  3). A s i -  
mi l a r  l a r g e  d i f f e r e n c e  in l e v e l   b e t w e e n   t h e  
t w o   p o i n t s  was a l s o  n o t e d  a t  t h e   b e g i n n i n g  
of t h e  t h a w i n g  s e a s o n   i n  1 9 7 6  a n d   i n  1977. 

I n  some c a s e s ,  d u r i n g   v e r y   h o t   w e a t h e r ,  
i t  was o b s e r v e d   t h a t  t h e  f r o s t  t a b l e   m o v e d  
u p w a r d   s o m e w h a t .  T h i s  m a y   b e   e x p l a i n e d   b y  
s t r o n g   e v a p o r a t i o n ,   w h i c h   c o o l s  t h e  l o w e r  
wet l a y e r s .  

T h e r m a l   g r a d i e n t s   i n   d i f f e r e n t   p a r t s  o f  
a 4 - m - h i g h   p a l s a  a t  P a i t t i k k a  (68O37'30" N 
l a t i t u d e ,  2I045'E l o n g i t u d e )  were m e a s u r e d  
o n  a warm s u m m e r   d a y   ( J u n e  2 3 ,  1973) 
( F i g u r e  4 ) .  T h e  f r o s t   t a b l e  was much h i g h e r  
o n  t h e  n o r t h   s i d e  t h a n  o n  t h e  s o u t h   s i d e .  
D i f f e r e n c e s   b e t w e e n  t h e  t o p   a n d   t h e   n o r t h  
s i d e  were n o t   m a r k e d .  

T h e  l o w e s t  t e m p e r a t u r e  a t  a d e p t h  of 1 0  
cm (7.3OC) was f o u n d   o n  t h e  n o r t h   s i d e .  On 
t h e  s o u t h   s i d e ,   w h e r e  t h e r e  was v e r t i c a l  
c r a c k i n g   o f  t h e  s u r f a c e   a n d   n o   v e g e t a t i o n ,  

Local  d i f f e r e n c e s   i n   t h e  r a t e  of t h a w i n g  
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FIGURE 4 T e m p e r a t u r e   g r a d i e n t s  o f  s u r f a c e  
p e a t   i n  a p a l s a   i n   P s t t i k k a .   M e a s u r e m e n t  
p o i n t s   o n  t h e  t o p ,   n o r t h   e d g e  ( N ) ,  a n d  
s o u t h   e d g e  ( S )  o f   t h e   p a l s a .  The a i r  tem- 

p e r a t u r e  were r e c o r d e d  2 0  cm a b o v e  t h e  
s u r f a c e  a t  e a c h  p o i n t .  

t h e   t e m p e r a t u r e   r e a c h e d  13.OoC. A t  a d e p t h  
of 20  cm on t h e  t o p   a n d  on  t h e  n o r t h   s i d e  
t h e  t e m p e r a t u r e  were a p p r o x i m a t e l y  t h e  same. 
When m e a s u r i n g   d e e p e r   L a y e r s  from t h e   t o p ,  
t h e  t e m p e r a t u r e   d r o p p e d  more s t e e p l y   t h a n  
i n  t h e  o t h e r   p a r t s .  T h e  f r o s t  t a b l e  o n  t h e  
t o p  of  t h e   p a l s a   l a y  a t  a d e p t h  o f  5 0  cm, 
o n  t h e  n o r t h  s i d e  a t  55 cm a n d   o n  t h e  s o u t h  
s i d e  a t  1 2 0  cm. On t h e   s o u t h e r n   s l o p e  t h e  

1976 
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FIGURE 3 O b s e r v a t i o n s   m a d e  o f  t h e   p o s i t i o n   o f   f r o s t  t a b l e  i n   p a l s a s .   L i n e s   j o i n   o b s e r v a -  
t i o n s  of same p o i n t s .   D a s h e d   l i n e s   j o i n   t h o s e   o b s e r v a t i o n s   m a d e  a t  l o n g e r   i n t e r v a l s   a n d  do 
n o t   i m p l y  a l i n e a r   t h a w i n g .   S y m b o l s   i n d i c a t e  t h e  o b s e r v a t i o n   p o i n t s  ( s e e  F i g u r e  1 ) .  

\ 
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t e m p e r a t u r e   g r a d i e n t  from 4 0  t o  6 0  cm d e p t h  
was o n l y  I O C .  

r a n g e s  from 1 7 . 1 °  t o  2 2 . 0 0 C  2 0  cm a b o v e  t h e  
p a l s a   s u r f a c e   ( F i g u r e  4 ) .  

On t h e  same d a y   ( J u n e   2 3 ,   1 9 7 3 )   i n  t h i s  
same p a l s a  bog a t  P a t t i k k a  t h e  f r o s t  t a b l e  
i n   o n e   p a l s a ,  0 . 5  m h i g h ,  l a y  a t  a d e p t h   o f  
o n l y   1 0  cm. 

H i g h  d a y   t e m p e r a t u r e s   c a u S e  t h e  a s y m m e t -  
r i c a l  s h a p e  o f  t h e  c o r e   s u r f a c e   t o   b e c o m e  
s u b s t a n t i a l l y  more r e g u l a r .   R a i n   i n c r e a s e s  
m e l t i n g   b e c a u s e  t h e  thermal  c o n d u c t i v i t y   o f  
w e t  p e a t  i s  much h i g h e r  t h a n  t h a t  o f  d r y  
p e a t .  

C r a c k s  o n  t h e  p a l s a   s u r f a c e   d o   n o t   a p p e -  
a r  t o   h a v e   a n y  g r e a t  e f f e c t   o n   t h e   d e p t h   o f  
t h a w i n g ,   I n s t e a d ,   t h e y   i n c r e a s e  t h e  p o s s i b i -  
l i t y  o f  p e a t   b l o c k s   s l u m p i n g ;  t h e  p a l s a  
t h e n  l o s e s  i t s  i n s u l a t i n g  c o v e r  o f   p e a t   a n d  
a t h e r m o k a r s t  d e p r e s s i o n  i s  a c t i v a t e d  ( S e p -  
p a l a   1 9 7 6 b ) .  

Air t e m p e r a t u r e   d u r i n g  t h e  m e a s u r e m e n t s  

SEASONAL DIFFERENCES I N  THAWING 

I n   s o m e   y e a r s ,   t h a w i n g  s t a r t s  v e r y  f a s t ,  
r e a c h i n g  g r e a t  d e p t h s   e v e n   b y  t h e  e n d   o f  
J u n e ,  a s  t o o k   p l a c e  a t  N u n n a n e n   i n   1 9 7 4   a n d  
a t  S k a l l o v a r r i   i n   1 9 7 6   ( F i g u r e  5 ) .  I n  1 9 7 7 ,  
t h a w i n g   s t a r t e d   e s p e c i a l l y   s l o w l y ,   b u t  i t  
r eached  a lmos t  t h e  same l e v e l  a s  i n  1 9 7 5  
a n d   1 9 7 6 .  

g u r e  6 )  t h e   d i f f e r e n c e s   i n   t h a w i n g   d e p t h s  
were v e r y  small  a t  most m e a s u r e m e n t   p o i n t s .  
O n l y  a t  P e e r a  was t h e   d i f f e r e n c e   1 4  cm a t  
o n e   p o i n t   a n d  a t  M a r k k i n a   3 1  cm, n e i t h e r  o f  
w h i c h   c o u l d  b e  e x p l a i n e d .  

T h e  g r e a t e s t  r a n g e   b e t w e e n   f r o s t   C a b l e  

A t  t h e  e n d   o f   A u g u s t   1 9 7 5   a n d  1 9 7 6  ( F i -  

Moy June July Augusl September  Octoksr Nov 
15 30 15  31 15 31 15 30 15 30 15 

I .  

Vb * 

FIGURE 5 Summary diagram of  t h e   o b s e r v a -  
t i o n s  o f  t h e   p o s i t i o n  o f  f r o s t  t a b l e  i n  
p a l s a s   i n   d i f f e r e n t   y e a r s   ( F i g u r e   4 ) .  
S y m b o l s   i n d i c a t e  t h e  r e c o r d i n g   p o i n t s   ( F i -  
g u r e  1 ) .  Arrows show o b s e r v a t i o n s  a t  t h e  
same s i t e  i n   d i a g r a m .  Vb V a r a n g e r b o t n .  

c 

L 

25-27 Augual. 1975 

27-28 Auguat. 1970 

2b-27 July. 1982 

FIGURE 6 C b s e r v a t i o n s  made a t  s h o r t   i n t e r -  
v a l s   o n   d i f f e r e n t   p a l s a  b o g s ,  N u m b e r s  
i n d i c a t e  t h e  p o s i t i o n  o f  f r o s t  t a b l e   i n  
c e n t i m e t e r s   m e a s u r e d  f rom t h e  p e a t   s u r f a c e .  
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l e v e l s  a t  t h e  same p o i n t s   o c c u r s   i n   J u l y .  
These d i f f e r e n c e s   i n   l e v e l  were r e d u c e d   b y  
A u g u s t ,   w h e n   i n  mos t  y e a r s  t h e  d i f f e r e n c e s  
were o n l y  a few c e n t i m e t e r s .  

R E G I O N A L  DIFFERENCES IN A C T I V E  L A Y E R  

R e g i o n a l   d i f f e r e n c e s   i n  t h e  r a t e  a n d  
d e g r e e  o f  t h a w i n g  a r e  n o t   f o u n d .   T h e   d i f -  

f e r e n c e s   b e t w e e n  t h e  v a r i o u s   p a l s a s  were 
g r e a t e r  t h a n  t h e  d i f f e r e n c e s   b e t w e e n   p a l s a  
bogs  ( F i g u r e  6 ) .  I n   g e n e r a l ,   l o w   p a l s a s  
mel t  l e s s  t h a n   h i g h e r   o n e s   i n   t h e  same p a l -  
s a  b o g .  T h e  n o r m a l   t h a w i n g   d e p t h   p e r   y e a r  
is 5 5 - 7 0  cm. T h i s  i s  t h e  maximum t h i c k n e s s  
of t h e  a c t i v e   l a y e r   o n   t h e   t o p  o f  m o s t   p a l -  
sas i n   F i n n i s h   L a p l a n d   a n d  i s  u s u a l l y  
r eached  by  t h e  b e g i n n i n g  o f  O c t o b e r  ( F i -  
g u r e  5 ) .  

I n   J u l y   o n l y   s u r p r i s i n g l y  smal l  d i f -  
f e r e n c e s   c o u l d  b e  F o u n d   i n   t h e   t h a w i n g  

d e p t h  a t  d i f f e r e n t  h e i g h t s  a b o v e  t h e  s ea  
l e v e l .  A t  A l a k i l p i s j a r v i   a n d   S k a l l o v a r r i  
( F i g u r e   1 )  t h e  p a l s a s  h a d  m e l t e d  t o  v e r y  
much t h e  same d e p t h   ( e v e n  l e s s  a t  S k a l l o -  
v a r r i   i n   1 9 8 2 ) ( F i g u r e  6 ) ,  a l t h o u g h  t h e  
a l t i t u d e   d i f f e r e n c e  i s  a l m o s t  2 0 0  m 
( T a b l e   1 ) .   M o r p h o l o g i c a l   d i f f e r e n c e s   i n  
p a l s a s ,   s u c h  a s  h e i g h t ,  may e x p l a i n  t h e  
r a n g e s   i n   t h a w i n g  r a t e s  b e t t e r  t h a n ,  f o r  
e x a m p l e ,   a l t i t u d e   a b o v e  s ea  l e v e l ,  w h i c h  
n a t u r a l l y   a f f e c t s   t h e  a i r  t e m p e r a t u r e .  

V e g e t a t i o n  o n  t h e  p a l s a   s u r f a c e   r e d u c e s  
t h a w i n g .   E r o d e d   o l d   p a l s a s  t h a w  d e e p e r   t h a n  
y o u n g e r   p a l s a s  w i t h  a c o v e r i n g   v e g e t a t i o n .  

T h e  g r e a t e s t  d i f f e r e n c e   i n   t h a w i n g   d e p t h  
was f o u n d   b e t w e e n   t h e   F i n n i s h   a n d   N o r w e g i a n  
( V a r a n g e r b o t n ,  Vb,  F i g u r e s   1 ,  4 ,  a n d  5 )  
p a l s a s .   I n   V a r a n g e r b o t n   o n e   3 - m - h i g h   p a l s a  
h a d  a l r e a d y  t h a w e d  t o  a d e p t h  o f  6 5  cm o n  
J u l y  6 .  T h i s  m i g h t  b e   c a u s e d   b y  i t s  l o c a -  
t i o n   o n l y  50 m a b o v e  s e a  l e v e l   a n d  c l o s e  t o  
t h e  A r c t i c  O c e a n .  

DISCUSSION 

I n   n o r t h e r n   F i n l a n d  t h e  f r o s t   i n  a f l a t -  
t o p p e d   p e a t   b o g   s h o u l d   p e n e t r a t e   t o  a d e p t h  
o f  a t  l e a s t  5 0  cm b e f o r e   t h e  f r o s t  i s  p r e -  
s e r v e d   t h r o u g h  t h e  summer  t o  t h e  n e x t   w i n -  
t e r  ( S e p p a l S   1 9 8 2 ) .  T h i s  h a p p e n s   o n l y   i n  
p l a c e s  where t h e  s n o w   c o v e r  i s  t h i n n e r   t h a n  
n o r m a l .  When a p a l s a  r i s e s  a b o v e  t h e  p e a t  
b o g   s u r f a c e ,   t h a w i n g  s t a r t s  e a r l i e r  i n  
s p r i n g   a n d  r e a c h e s  d e e p e r   l e v e l s .  T h e  m a x i -  
mum t h i c k n e s s  o f  t h e  a c t i v e   l a y e r   o n   t h e  
t o p  o f  m o s t   p a l s a s   i n   F i n n i s h   L a p l a n d  i s  
55-70 cm. If t h a w i n g  goes d e e p e r   t h a n  7 0  cm, 
a s  h a p p e n s   i n   s o m e   w i n d - e r o d e d   p a l s a s ,   t h e n  
t h e  f r o s t  may f a i l  t o  p e n e t r a t e   t o  t h e  p e r -  
m a f r o s t  t a b l e ,  An u n f r o z e n   s u p r a p e r m a f r o s t  
l a y e r   t h e n   e x i s t s  w h i c h  may e v e n t u a l l y  d e -  
s t r o y   t h e   f r o z e n  c o r e  o f   t h e   p a l s a  ( c f ,  
S a l m i   1 9 7 0 ,   f i g .  4 ) .  

T h e  d e p t h s   t o  w h i c h  p a l s a s  t h a w e d  
c h a n g e d   s u r p r i s i n g l y  l i t t l e  i n   d i f f e r e n t  
p a r t s  o f  L a p l a n d   a n d   a l s o   r e m a i n e d   v e r y  
c o n s t a n t   y e a r  a f t e r  y e a r .  T h e  s u m m i t s   o f  
p a l s a s   c o v e r e d  w i t h  v e g e t a t i o n   a n d   l o c a t e d  
i n   d i f f e r e n t   r e g i o n s   p r o v i d e  t h e  b e s t  l o c a -  
l i t i e s  f o r  c o m p a r i n g   t h a w i n g   m e a s u r e m e n t s .  

TABLE 1 Pa lsa  bogs  s t u d i e d .  See a l s o  
F i g u r e  1 .  

PaLsa Bog Name  Approximate L o c a t i o n  Altltude  Height 
a . s . l . ( r n )  ( m )  

Alakilpiujhrvl 68'56'N ?Oo55'E 490  2-3 
Peera 68'53'N 21°03'E 460 
Saukkokoskl 68'45'N 2Iu25'E 41 0 

3 - 7  
3 

Iittu 6B044'N 21'25'E 405 
Pattikkakoski 68'38'N  21'43'E 

5 - 6  
395 1-2 

Markkina 68'29'N 22°18'E 335 
Munnikurkkio 

1-2 
68'55'N  22')lLl'E 440 6 

Kuoskahjavrl 6 8 O 5 1  'N 22'14'E 440 1 
Kalaton 68°50'N 22'15'E 440 
Nlerltalo 

1-3 
68'48'N  72'12'E 440 5-6 

Nunnancn 68'25'N  24'35'E 320  2-4 
Skallovarrl 69'49-N 27"IO'E 295 1-3 
L e p p B l B  
Luovosvar,johka  69O51'N  2TU46'E 

69'40'N  27'08'E 225  1-3 
300 3 

Ahkujavri 6Y035'N 26'1 1 'E 365 3 
Varargerbotn  (Ni 70'15'N 28O30'E 50 3 

- 

~. 

The  maximum d e p t h  o f  t h e   f r o s t  t a b l e  s h o u l d  
b e  m e a s u r e d  a s  l a t e  a s  p o s s i b l e   i n   O c t o b e r -  
N o v e m b e r ,   b e c a u s e  h e a t  p e n e t r a t e s   v e r y  
s l o w l y   i n t o  t h e  p e a t .  

T h e   m i n i m u m   t h i c k n e s s  o f  t h e  i n s u l a t i n g  
p e a t   l a y e r   o n   p a l s a s   i n   F i n l a n d   a p p e a r s   t o  
b e  a b o u t  5 0  cm. I f   t h e   p e a t   l a y e r  is  t h i n -  
n e r ,   p a l s a s   d o   n o t   e x i s t .   I n s t e a d ,  t h e r e  
a r e  small  p e a t   h u m m o c k s  c a l l e d  p o u n u ( s ) ,  
c h a r a c t e r i z e d   b y  a s e a s o n a l l y   f r o z e n   C o r e  
( c f .  S a l m i   1 9 7 2 ,   S e p p a l a   1 9 7 9 ) .   W i n d   a n d  
r a i n   e r o d e  t h e  s u r f a c e   o f  t h e  p a l s a ,   a n d  as 
t h e  p e a t   l a y e r  g e t s  t h i n n e r   a n d   v e g e t a t i o n  
d i s a p p e a r s ,   t h e n  t h e  i n s u l a t i o n   p r o v i d e d  i s  
n o   l o n g e r   s u f f i c i e n t   t o   p r e s e r v e  t h e  f r o z e n  
c o r e  o f  t h e  p a l s a .  T h i s  r e s u l t s   i n  t h e  
l l d e a t h "   o f   t h e   p a l s a  a n d  i t  f o r m s  a t h e r m o -  
k a r s t  h o l l o w  o r  p o n d   i n  t h e  p e a t  bog .  
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The aim of t h i s  research was t o  develop new methods by which the  recovery  of  native 
vegetation might be promoted on development-related  disturbances i n  northern  Alaska. 
Current methods depend on an  expensive and heavily  supported  introduction  of  nonnative 
grasses,  often w i t h  detr imental   effects  on native  plant  recovery. The research 
included s t u d i e s  of both  native  plant  population dynamics  and the  regulation of tundra 
nutrient  cycles. The r e su l t s  showed tha t  t h e  s ing le  most important  factor i n  native 
vegetation  recovery i s  preservation or replacement of the upper organic  layer  of  soil. 
The organic  layer is important  because (1) it contains  a  large,  readily  germinable 
native  seed  pool ( 2 )  native  seed  germination  rates  are  higher i n  organic  than i n  
mineral   soils ( 3 )  it reduces s o i l  thaw and thermokarst  erosion and ( 4 )  it reduces 
nutr ient   losses  and nutrient movement i n  the   so i l ,   resu l t ing  i n  more normal pa t te rns  
of nutrient  availabil i ty.   Future management practices  should  include  conservation of 
soi l   organic   mat ter   as   a   top  pr ior i ty ,  w i t h  heavy f e r t i l i z a t i o n  and seeding  only where 
erosion  potential  is grea t  or the  organic mat is l o s t .  

INTRODUCTION 

In the  Arctic,  large  areas of native  tundra 
vegetation  are  inevitably  disturbed or eliminated 
by development.  Proper management requires  that 
those  areas be revegetated and ultimately 
res tored   to   a   s ta te   as   c lose   to   the   o r ig ina l   as  
i s  economically and log is t ica l ly   feas ib le .  
Current  revegetation methods depend strongly on 
the use of plants  that   are  not  native  to  the 
disturbed  regions, and often  require  expensive 
and labor   intensive  fer t i l izat ion and planting 
procedures (Johnson 1981). The use of these 
non-native plants is usually  effective i n  
ameliorating problems such as   rapid  soi l   erosion,  
b u t  i t  may actually reduce  the  restoration of 
nat ive  plant   populat ions  e i ther   direct ly  through 
campetition or secondarily  through  fert i l ization 
and other  environmental  modifications (Hernandez 
1973, Chapin and Chapin 1980). Thus  community 
restoration  should  incorporate  native  plants 
whenever possible ,   par t icular ly  i f  it can be done 
a t  a lower cost .  

Current  revegetation  practices were developed 
when l i t t l e  was  known about  the  reproductive 
biology and growth of native  tundra  plants. 
Methods a re  changing  rapidly  as new knowledge 
becomes available. The aim o f  t h i s  paper is t o  
summarize recent  research on ecological  aspects 
o f  nat ive  tundra  plants   that   are   par t icular ly  
relevant t o  revegetation mqnagement using  native 
plants. 
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Two approaches were used i n  t h i s  research. 
The f i r s t  involved  a s e r i e s  of  s tudies  of native 
plant  population dynamics, especially  seed 
sources and seedling  establishment on  bo th  
natural  and ar t i f ic ia l   d i s turbances .  These 
studies  established  the  basic  patterns  of seed 
production,  seed  germination, and growth i n  
native  tundra  plants, and some of the major 
controll ing  factors.  The second line  of  research 
dea l t  w i t h  controls on t o t a l  primary  production, 
nutrient  cycling, and the  regulation  of  species 
and growth form Composition i n  whole tundra 
vegetation.  Underlying t h i s  research was the 
assumption that  natural   revegetation and recovery 
from disturbance  are  largely  mediated by changes 
i n  nutrient  cycling.  Detailed  descriptions of 
the methods have been published i n  the  or iginal  
papers. 

POPULATION DYNAMICS AND GROWTH 

The establishment of native  plants on 
d is turbed   s i tes  depends on survival  through a l l  
stages of the   p lan t   l i fe   cyc le .  For the  purpose 
of t h i s  research  these  stages were divided  into 
separate  studies of seed  production,  seed 
storage,  seed  germination,  seedling demography, 
and seedling growth. The species of par t icu lar  
i n t e re s t  was arct ic   cot tongrass ,  Eriophorum 
vasinatum L., a  tussock-forming  sedge tha t  is the 
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dominant plant over much of the  north  slope of 
Alaska. Eriophorum species i n  general   are  also 
conspicuously  successful  as  invaders of unmanaged 
disturbances. 

by native  plants might be promoted by f e r t i l i z i n g  
undisturbed  areas  adjacent to  disturbances,  to 
increase  seed  production and presumably a l so  seed 
input t o  the  disturbance. Frimary production of 
tussock  tundra is strongly n u t r i e n t  limited 
(Shaver and Chapin 1980), and flowering of E. 
vaginatum i s  highly  responsive to  f e r t i l i za t ion .  
For example, a t  Eagle Creek, Alaska, 
f e r t i l i z a t i o n  w i t h  NPK (Shaver and Chapin 1980) 
increased  flowering from 11.3 & 4 . 4  t o  59.2 * 
1 2 . 6  inflorescences mh2 i n  1978, 2 years   af ter  
t h e  f e r t i l i z e r  was applied. The  number of seeds 
inflorescence-l  increased from 15.3 2 2.3 t o  
33.0 2 2.4, for a t o t a l  seed  production of 1 7 3  
seeds m-2 yr-l i n  control   p lots  and 1,954 
seeds m-2 yr-l i n  NPK fe r t i l i zed   p lo ts .  

i n  1978 should be suf f ic ien t  t o  increase 
s ign i f icant ly  t h e  seed  rain  onto  adjacent 
disturbances. Eriophorum vaginatum seed are 
eas i ly  wind dispersed. However, flowering  varies 
grea t ly  from year to  year;  i n  con t ro l   p lo t s   a t  
Eagle Creek it ranged over 3 orders of magnitude, 
from 0.04 2 0.02 t o  19 .0  2 3.9 inflorescences 
m-2 between 1976 and 1982. Although 
fert i l ization  increased  f lowering,  the  effect  was 
grea tes t  i n  high  flowering  years such as 1978. 
I n  years of low flowering f e r t i l i z a t i o n  had 
l i t t l e  or no s igni f icant   e f fec t .  Because of t h i s  
annual  variation  the  effects  of  fert i l ization  are 
unpredictable, and one cannot depend on 
f e r t i l i z a t i o n  of undisturbed  tundra to  supply 
seed t o  adjacent  disturbances.  Fertilization of 
adjacent  areas may be useful as a supplementary 
technique. 

revegetation i s  the  pool of  ungerminated seeds 
tha t  may accumulate i n  t he   so i l  of undisturbed 
tundra  ecosystems. Large buried seed pools have 
been found i n  many other  ecosystems (Grubb 1977,  
Grime 19791,  b u t  the i r   s ize  and significance i n  
tundra were unknown b@fQre t h i s  work began. A t  
b o t h  Eagle Creek (Mctraw 1980)  and a t  Kuparuk 
Ridge, Alaska (Cartner 1982, Gartner e t   a l .  
1983) ,   s ignif icant  numbers  of Carex spp. and 
Eriophorum spp.  seed were found i n  the upper 
10-15 cm of organic soil of undisturbed  tussock 
tundra. These seed  germinate  readily when t h e  
s o i l  i s  exposed and warmed by removal of 
vegetation. 

and Kuparuk Ridge, most o f  the  seedlings  that 
appeared o n  the  plots  came from buried  seed 
(Chester and Shaver 1982. Gartner e t   a l .  1983). 
The seedlings  could  not have come from external 
seed rain because most of them appeared on the 
p lo ts  i n  June or ear ly  J u l y ,  before any seed were 
produced or  shed by plants i n  the  surrounding 
undisturbed  tundra. The seedlings  appeared 
without any manipulation  other  than  vegetation 
removal, suggesting  that  buried  seed i n  the upper 
layers of so i l  are   potent ia l ly  an important 

An i n i t i a l  hypothesis was that  revegetation 

The high  seed  production i n  f e r t i l i zed   p lo t s  

A second potential  seed  source  for  use i n  

I n  experimental  disturbances a t  Lagle Creek 

source of seed i n  the   res torat ion of disturbed 
s i tes  u s i n g  native  plants.  

The germination  characteristics of native 
tundra  seeds  are  typical of many 
disturbance-adapted  species ( B l i s s  1 9 7 1 ) .  I n  
studies of Eriophorum vaginatum germination, i n  
particular (Wein and MacLean 1973, Gartner  1982), 
the  seeds  generally have n o  strong  consti tutive 
dormancy mechanisms. Instead,  hiophorum  seed 
germinate most readily under the  conditions 
l i ke ly   t o  occur  only on dis turbed  s i tes ,  i.e., a t  
s o i l  temperatures  of 200C or higher. 
Germination i s  increased i n  t h e  l i g h t ,  i n  accord 
w i t h  the  higher  light intensi t ies  a t   t h e   s o i l  
surface  that   prevai l  on disturbances. These 
studies support  the  conclusion ‘chat periodic 
disturbance  represents an important  opportunity 
for  seed  reproduction i n  natural   tundra,   that  
native  plants have been selected  to  respond t o  
disturbance by maintenance of a large  pool of 
seeds t h a t  germinate  readily, and tha t  t h i s  
adaptation i s  of poten t ia l  use i n  developing 
management schemes (Gartner  1982). 

The native  seedlings  that  appear i n  
experimental  disturbances  are  not evenly 
distributed. Eriophorum and seedlings  are 
much more abundant on organic  substrates, whereas 
native  grass  species  are more evenly  divided 
between mineral and organic  areas  (Gartner 1982, 
Gartner e t  a l .  1983). T h i s  pattern has two 
principal  causes.   Init ially  the most important 
i s  the  distribution  of  seeds i n  the  seed bank. 
Few or no seeds  are  stored i n  the  deeper  mineral 
layers of s o i l .  Thus  the  deeper t h e  removal o f  
vegetation and s o i l ,  t h e  fewer  the  remaining 
seedlings.  Grasses  are  rare or absent from the 
buried  seed  pool (McGraw 1980, Gartner  19821, and 
the i r  low seedling  densit ies and even 
d is t r ibu t ion  may r e su l t  from a dependence on 
external seed  input. A second reason  for t h e  
g rea te r   to ta l  abundance of seedlings on organic 
substrates i s  that  seedling  germination  rates  are 
higher and mortali ty  rates lower there. hhen 
seeds o f  E. vaginatum and Calamaqrostis 
canadensis were sown a r t i f i c i a l l y  on organic and 
mineral soils, the  germination  percentages were 
3-5 times  higher on t h e  organic  areas  (Gartner 
1982).  Wortality  rates were higher on mineral 
s o i l s  i n  par t  due t o  much greater  needle  ice 
action, w h i c h  heaves  seedlings o u t  of t h e  s o i l .  
Using toothpicks  as model seedlings,  Gartner 
(1982) found over 80% heaved out of the  mineral 
s o i l   a f t e r  2 years. b u t  l e s s  t h a n  io% heaved i n  
the  organic  soil.   Actual  seedling  mortality 
ra tes  were lower b u t  followed  the same pattern.  

Growth r a t e s  o f  the  native  grass and sedge 
seedlings  are  not  significantly  different on 
organic VS. mineral soils i n  the   f ie ld .  T h u s  the 
major differences i n  native  plant  cover  after 4 
years’ growth on organic vs .  mineral   soils were 
due to  seedling  density  differences  rather  than 
differences i n  growth rates  (Gartner  1982). 

The general  conclusion from t h i s  portion of 
the  research i s  tha t  maintenance or replacement 
of the  original  organic mat i s  v i t a l  to   the  
recovery of native  graminoid  species  following 
disturbance,  both because the  organic mat already 
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c o n t a i n s  a major p o t e n t i a l  source o f   n a t i v e   p l a n t  
seed  and  because it is t h e  most f a v o r a b l e  
s u b s t r a t e   f o r   g e r m i n a t i o n  of seeds   der ived   f rom 
e x t e r n a l  sources. T h i s  i s  i n   c o n t r a s t  to  t h e  
normal   p rac t ice   o f   removing   the   o rganic  mat and 
p r e p a r i n g  a mineral   seed  bed,   which is more 
f a v o r a b l e  for both  germinat ion  and  growth of 
in t roduced   nonna t ive   g ra s ses   (Mi tche l l   1979) .  

NUTRIENTS, GROWTH, AND COMMUNITY REGULATION 

Produc t iv i ty   o f   t undra   vege ta t ion  is i n  
g e n e r a l   n u t r i e n t   l i m i t e d  (Haag 1974,  McKendrick 
e t   a l .  1978,  Shaver  and  Chapin  1980),  and 
nutrient a v a i l a b i l i t y   h a s  major consequences   for  
t h e   d i s t r i b u t i o n   a n d   a b u n d a n c e  of n a t i v e   t u n d r a  
p l a n t s .  As i n   v i r t u a l l y  a l l  t e r r e s t r i a l  
ecosys t ems ,   phys i ca l   d i s tu rbance  to tundra  
d i s r u p t s   t h e  n o r m a l   p a t t e r n s   o f   n u t r i e n t  
a v a i l a b i l i t y   ( G e r s p e r   a n d   C h a l l i n o r   1 9 7 5 ) .  To 
s t u d y   t h e   e f f e c t s  of d i s tu rbance - re l a t ed   changes  
i n  n u t r i e n t  a v a i l a b i l i t y   i n   t u n d r a ,  w e  combined 
d e s c r i p t i v e   c o m p a r i s o n s   o f   d i s t u r b e d   a n d  
und i s tu rbed  s i tes  wi th   con t ro l l ed   man ipu la t ion  of 
n u t r i e n t   a v a i l a b i l i t y  i n  f e r t i l i z a t i o n  
experiments .   The  research was organized   a round 
two b a s i c   q u e s t i o n s :   F i r s t ,  how migh t   an   i nc rease  
i n   n u t r i e n t   a v a i l a b i l i t y  by f e r t i l i z a t i o n  improve 
t h e   r e c o v e r y   o f   n a t i v e   p l a n t   p o p u l a t i o n s  
fo l lowing   d i s turbance?   Second,  i n  t h e  l a t e r  
s t a g e s  of recovery how might   manipula t ion   of  
n u t r i e n t   a v a i l a b i l i t y   a f f e c t   t h e   c o m p o s i t i o n   o f  
t h e   n a t i v e   p l a n t  community? 

F e r t i l i z a t i o n   h a s   v a r i o u s   e f f e c t s   o n   n a t i v e  
p l an t   g rowth ,   depend ing   on   spec ie s ,  time s i n c e  
d i s t u r b a n c e ,   a n d   t y p e  of vege ta t ion .  On r e c e n t l y  
d i s t u r b e d  sites (less t h a n  5 y e a r s   o l d ) ,  
f e r t i l i z a t i o n   i n c r e a s e d   g r o w t h  o f  n a t i v e  Carex 
and   g ra s s   s eed l ings   bu t   no t  of Eriophorum 
s e e d l i n g s   ( G a r t n e r  e t  a l .  1983) .   There  was no 
d i f f e rence   i n   r e spons iveness   be tween   mine ra l   and  
o r g a n i c   s u b s t r a t e s .  However, a f t e r   1 0   y e a r s '  
recovery  on a bul ldozed   organic  s i te  a t  Eagle 
Creek, Chapin  and  Chapin  (1980)  found  no 
l o n g - t e r m   f e r t i l i z a t i o n   e f f e c t .  Cover by n a t i v e  
s p e c i e s ,   p r i m a r i l y  E.  vaqinatum, was near ly   100% 
i n   b o t h   f e r t i l i z e d  and u n f e r t i l i z e d   p l o t s ,  
whether or no t   s eed   o f   va r ious   nonna t ive   g ra s s  
spec ies   had   been  sown f o l l o w i n g   t h e   d i s t u r b a n c e .  

The lack  of  a l o n g - t e r m   f e r t i l i z a t i o n   e f f e c t  
o n   n a t i v e   p l a n t   r e c o v e r y   o n   d i s t u r b e d  sites is 
c o n s i s t e n t   w i t h   t h e   l o n g - t e r m   v e g e t a t i o n  
r e sponses   on  unmanaged d i s tu rbances   such  a s  
v e h i c l e  tracks. Product ion  and  biomass  of   nat ive 
p l a n t s   o n  7-10 y e a r   o l d   v e h i c l e  t racks  is  a s  much 
as 2-5 times t h a t  of undis turbed   tundra   (Chapin  
and  Shaver  1981).  The h i g h   p r o d u c t i v i t y  of o l d  
d i s t u r b e d  sites is  accompanied by an even g r e a t e r  
i n c r e a s e   i n   a n n u a l   u p t a k e   o f  N and P (Wein and 
B l i s s  1974,  Chapin  and  Shaver  1981). The n a t i v e  
v e g e t a t i o n   o f   t h e s e  sites i s  dominated by r a p i d l y  
growing  graminoids and o c c a s i o n a l l y  some 
dec iduous   shrubs ,  a l l  c h a r a c t e r i s t i c   i n d i c a t o r s  
of h i g h   n u t r i e n t   a v a i l a b i l i t y .  

B o t h   t h e   f e r t i l i z a t i o n   e x p e r i m e n t s   a n d   t h e  
d e s c r i p t i v e   s t u d i e s   o f   o l d e r   d i s t u r b a n c e s   s u g g e s t  
t h a t   n u t r i e n t   a v a i l a b i l i t y  is r e l a t i v e l y  

n o n - l i m i t i n g   a f t e r   a b o u t  5 y e a r s   o n  a d i s t u r b a n c e  
i f   t h e  s i te is r e l a t i v e l y  moist and  covered  with 
an o r g a n i c  soil.  F e r t i l i z a t i o n   t h u s  may improve 
n a t i v e   p l a n t   r e c o v e r y  i n  t h e   f i r s t   y e a r  or two 
b u t   t h e r e  is no  need t o  c o n t i n u e   t h e   a p p l i c a t i o n  
excep t   pe rhaps  on  d r y  mineral soils. 

f r o m   n o r m a l   p a t t e r n s   o f   p l a n t   n u t r i e n t   u p t a k e .  
In   Eriophorum  vaginatum,  acid  phosphatase 
a c t i v i t y   a t   t h e  root s u r f a c e  i s  p o s i t i v e l y  
c o r r e l a t e d   w i t h  soil o rgan ic   ma t t e r   (Tab le  1). 
sugges t ing  a w e l l - d e v e l o p e d   a b i l i t y  t o  use 
organic   phosphorus  a s  a source o f   i n o r g a n i c  
p h o s p h a t e s .   I n   p o t t e d   p l a n t s ,  E.  vaqinatum 
growth ra tes  were twice as h i g h   o n   o r g a n i c   t h a n  
o n   m i n e r a l  soi ls ,  d e s p i t e   n o n s i g n i f i c a n t  
d i f f e r e n c e s   i n   t h e   f i e l d   ( G a r t n e r  1982). The 
ac id   phospha te  enzyme system is  suppres sed  by t h e  
presence   o f   inorganic   phosphate .   Addi t ion   o f  
i n o r g a n i c   f e r t i l i z e r s  or removal of o r g a n i c  soi l  
ho r i zons  may reduce success of n a t i v e   p l a n t s  by 
s u p r e s s i n g   a n   e f f i c i e n t   n u t r i e n t   u p t a k e  mechanism 
a n d   a l t e r i n g   c o m p e t i t i v e   i n t e r a c t i o n s   i n  
phosphorus  uptake.  

In  f a c t ,  f e r t i l i z a t i o n  may cause a s h i f t  away 

TABLE 1 Sur face   Ac id   Phospha ta se   Ac t iv i ty  
(Measured a t  S u b s t r a t e   S a t u r a t i o n   L e v e l s )  on 
Roots of Eriophorum  vaqinatum From S e v e r a l   S i t e s  
a t  Toolik Lake, Alaska.  

% Soi l   Phospha te  
Organic  Matter A c t i v i t y  

6 6.2 

1 7  16.2 

60 4 6  

A c t i v i t y  i s  expres sed  as  nM PNP r e l e a s e d  hr"' 
mm-2 root s u r f a c e   ( n  = 10). Methods are 
d e s c r i b e d   i n   A n t i b u s  e t  a l .  (1981) .  

Once a n   a d e q u a t e   c o v e r   o f   n a t i v e   s p e c i e s  is 
e s t a b l i s h e d ,  restoration o f  a n a t u r a l  community 
must i nvo lve   man ipu la t ion   o f   t he  re la t ive 
abundances of spec ies   and   growth   forms .   Nut r ien t  
a v a i l a b i l i t y  is a key v a r i a b l e   i n   t h i s   p r o c e s s ,  
t h e  major p r o b l e m   b e i n g   t h a t   n u t r i e n t   c y c l i n g  
ra tes  a re  v e r y   r a p i d   o n   o l d   d i s t u r b a n c e s .  
F e r t i l i z a t i o n   e x p e r i m e n t s   h a v e  shown t h a t  when N 
and P are  added t o  u n d i s t u r b e d   t u n d r a ,   t h e  
v e g e t a t i o n  becomes more l i k e  t h a t   o n  o ld  
d i s t u r b a n c e s   ( F i g u r e  1) (Shaver  and  Chapin 1980 
and  unpublished).   Thus  management  of  older 
d i s tu rbances   shou ld   be   focused   on   s lowing  down 
n u t r i e n t  movement  and d e c r e a s i n g   n u t r i e n t  
a v a i l a b i l i t y .  

f rom  undis turbed   tundra  i n  s e v e r a l   a s p e c t s .  
P o t e n t i a l l y   o n e  o f  t he   moa t   impor t an t  of t h e s e  i s  
soi l  temperature ,   which  averaged  about  2OC 
h ighe r  a t  1 0  cm d e p t h   i n   o l d   v e h i c l e  tracks than  
in   undis turbed  tundra  (Chapin  and  Shaver  1981). 

N u t r i e n t   c y c l i n g   o n   d i s t u r b e d  si tes d i f f e r s  
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. 
CONTROL FERTILIZED 

Figure 1 Primary production  (g m-2) of the 
major plant growth forms i n  control and 
f e r t i l i zed   a r eas  of tussock tundra  a t  Sagwon, 
Alaska, 4 years a f t e r  the  f e r t i l i z e r  was 
applied. Methods and r a t e s  of  application 
followed Shaver and Chapin (1980). 

Chapin and Shaver  (1981) estimated t h e  e f f ec t s  of 
a 2OC temperature change on individual  nutrient 
cycling  processes and concluded tha t  although t h e  
s o i l  temperature  difference was s igni f icant  it 
could n o t  alone explain  the  higher  productivity 
i n  vehicle  tracks.  Other  factors s u c h  as 
differences i n  the  ra te  of so i l  water and 
nut r ien t  movement a re  now under investigation as 
explanations  for  the  differences between 
d i s t u r b e d  and undisturbed s i t e s .  

Evidence for  greater  nutrient movement i n  
vehicle  tracks comes from a l i t t e r  bag experiment 
(G. R .  Shaver, F. S. Chapin, A. E. L i n k i n s ,  and 
J. M. Melillo,  unpublished) i n  which  both B and P 
immobilization by Eriophorum l i t t e r  was greater 
by a factor of 4-8 i n  wet vehicle  tracks  than i n  
mesic undisturbed  tundra  (Figure 2 ) .  T h i s  
greater  immobilization i s  accompanied by much 
lower phosphatase and ce l lu lase  enzyme ac t iv i ty  
and higher soil   respiration  rates  (Table 2: 
herbein 1 9 8 1 ) .  Furthermore, there is a more 
complete  decomposition of cellulose i n  t h e  
vehicle  track,  as  indicated by the lower r a t io s  
of  exocellu1ase:endocellulase ac t iv i ty  and t h e  
higher  proportion of cellulose-derived C02 
evolved from track s o i l s  (Table 2 ) .  

These results  suggest t h a t  nutrient 
ava i lab i l i ty   to   p lan ts  might be reduced by 
management attempts  to (1) lower s o i l  temperature 
and depth of s o i l  thaw, (2)  increase n u t r i e n t  
immobilization i n  l i t t e r ,  ( 3 )  decrease soi l  
oxygen, and ( 4 )  decrease  both  surface and 
subsurface soi l  water movement. A l l  of these 
objectives might be achieved a t   l e a s t  i n  par t  by 
increasing t h e  thickness of the upper s o i l  
organic mat, and providing  carbon-rich and 
nutrient-poor  organic l i t t e r  t o  the   so i l .  This 
could be accomplished f i r s t  by preserving  as much 
as  possible of the or iginal   organic   soi l  and 
second by adding sawdust or some other heavy 
mulch t o  old  disturbances.  Experimental  attempts 

- 2ol 0 0 1 2 3 4 

4001 t 

0 
0 1 2 3 4 

looor c 

I I I I 

0 1 2 3 4 
HARVEST NUMBER 

Figure 2 Changes i n  ( a )  total   organic  matter,  
(b )  t o t a l  N mass, and (c)  t o t a l  P mass i n  l i t t e r  
bags placed i n  and out of vehicle  tracks  at   Slope 
Mountain, Alaska. Data a re  means SE, expressed 
as percentages of the  or iginal  mass. Circles = 
mesic control ,   t r iangles  = mesic track,  squares = 
wet control,   crosses = wet track. 

to  reduce nut r ien t   ava i lab i l i ty  by adding  corn 
starch and sugar to  undisturbed  tundra have 
suggested  but  not  confirmed tha t  t h i s  approach 
should work (Shaver and Chapin 1980, Marion e t  
a l .  1982). The long  term  goal i s  the  creation of 
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TABLE 2  Substrate-Saturated  Reaction  Rates for natural  organic  soil,  particularly  the  upper 
Endocellulases,  Exocellulases,  and layers  which  contain  the  most seed; (2) fertilize 
Phosphomonoesterases in the  Oe-Oi  Horizons of lightly  only  in  the  first  year or two; (3) do not 
Tussock  Tundra Soils at  Slope  Mountain,  Alaska, broadcast  seed  except  where  erosion  potential is 
and  Associated  Soil  Respiration. great or the  original  organic  mat  is  lost; (4) do 

not  fertilize 010 disturbances:  (5)  mulching or 
addition of peat to the  soil of old disturbances 
may  help  to  create a more  natural  soil,  with a 

Endocell-  Exocell-  Phospha-  Respit-  %l4CO2  more  natural  species  composition  in  the 
ulase  ulase  tase  ation  vegetation. 
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Units for  endocellulase  activity are hr-l gm dry 
wt-1; fo r  exocellulase, ug glucose  equivalents 
hr'l gm dry  wt-l;  for  phosphatase  uM  PNP hr'l gm 
dry wt-1:  for  respiration, u l  CO2 hr-l  gm dry 
wt-l. The last  column is 14C02  evolution  from 
incorporated  14C-cellulose,  expressed as a 
percentage of total  C02. N = 8 in all cases. 
Within  each  column,  values  followed by different 
superscript  are  significantly  different  at  the 0.05 
level. Methods  followed  Herbein  (1981),  Linkins  and 
Antibus  (1978),  and  Linkins  and  Neal  (1982). 

conditions  that are more  favorable  for  native 
species  and  more  typical of the  normal 
nutrient-limited  tundra  vegetation. 

MANAGEMENT  KECOMMENDATION 

In  the  revegetation of arctic  disturbed  sites 
by native  plants,  the  single most important 
factor is the  preservation or replacement of the 
upper  organic  layer of soil. The  organic  layer 
is  important  because (1) It contains  a  large, 
readily  germinable  seed pool; (2) germination 
rates of  native seeds are  higher  in  organic  than 
mineral soils; ( 3 )  it  reduces  soil  thaw  and 
thermokarst  erosion:  (4) in later  stages of 
recovery,  it  may  reduce  nutrient  movement  and 
nutrient  losses  from  the  soil.  Fertilization 
improves  native  plant  recovery  immediately  after 
the  disturbance  but  after 5-10 years it  may 
prevent  reestablishment of a  normal  species 
composition.  Seeding  with  nonnative  plants 
either has no effect on long-term  recovery of 
native  species, or the  recovery  of  native  species 
may be  reduced.  Nonnative  species are 
particularly  effective  at  reducing  recovery of 
natives  if  the  site  is  also  fertilized. 

Given  these  results,  we  recommend  the 
following  methods  for  management of 
development-related  disturbances: (1) Replace  the 
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A CLASSIFICATION OF GROUND  WATER IN THE  CRYOLITHOZONE 

V. V. Shepelev 

Permafrost  Institute,  Siberian  Branch, 
Academy  of  Sciences,  Yakutsk,  USSR 

A subdivision  is  presented of the  major  types  of  groundwater  in  the  cryolkthozone, 
based  on  conditions of deposition  and on the  dynamics of development  of  the  cryo- 
genic  aquicludes  confining  them. Among suprapermafrost  waters  (type 1) one  may 
distinguish  suprapermafrost  vadose  waters  (subtype  la)  and  suprapermafrost  ground- 
water  (subtype lb). Iatrapermafrost  water  (type 2) may  also  be  subdivided  into  two 
subtypes.  The  first  involves  intrapermafrost  water  confined  by  horizontal  cryo- 
genic  aquicludes  (2a)  and  the  second  intrapermafrost  water  capable  of  vertical 
movements  between  frozen  materials (2b) .  Subpermafrost  waters  (type 3) are  sub- 
divided  into  those  in  contact  with  the  bottom  of  the  permafrost  (subtype 3a)  and 
those  not in contact with it ( 3 b ) .  The  groundwater  subtypes  thus  identified  may 
be  further  subdivided  into  different  categories  and  subcategories. 

Much  attention  has  generally  been  given  to 
classification  of  gravitational  ground  waters  in 
the  permafrost  region.  This  indicates  the  import- 
ance  and  significance  of  ground  water  in  a  variety 
of scientific  and  practical  problems  concerning 
the  study o f  the  conditions  of  distribution, 
formation,  and  discharge  of  ground  waters  of  the 
permafrost  zone,  clarification  of  the  aspects o f  
their  utilization  and  protection,  as  well  as 
peculiarities  of  permafrost-hydrogeological  map- 
ping,  zoning  and  accomplishment of water  search 
and  prospecting  operations. 

In 1939 N. I. Tolstikhin  was  the  first  to 
develop  and  formulate  in  his  fundamental  monograph 
a  scientifically  substantiated  and, in its way, 
classical  hydrogeological  classification  of  ground 
waters  in  the  permafrost  region  (Tolstikhin 1941).  
That  classification  is  based on the  principle of a 
spatial  ratio  of  ground  waters  to  the  permafrost 
zone  of  rocks,  according  to  which  the  ground  waters 
are  categorized  into  the  three  main  classes: 
suprapermafrost,  intrapermafrost  and  subpermafrost 
waters.  The  advances o f  the  USSR  in  hydrogeologi- 
cal  research  on  permafrost  are  quite  justifiably 
being  attributed  to  the  emergence  of  this  classi- 
fication.  Despite  some  criticism  raised  later 
(Meister 1955, Zelenkevich  1960,  et al.)  and new 
schemes  of  permafrost  ground  water  classification 
(Baranov 1940, Ovchinnikov 1954) N. I. Tolstikhin's 
classification  has  been  generally  recognized  and 
employed  in  hydrogeological  exploration  for  nearly 
three  decades. 

data  acquired  from  hydrogeological  and  geocryo- 
logical  exploration  efforts in  the  intensively 
developing  northern  regions of the  country  has 
contributed t o  a  substantial  improvement in our 
understanding  of  the  conditions  of  formation, 
occurrence, and propagation of permafrost  ground 
waters,  as  well  as of the  nature o f  their  inter- 
action with permafrost.  This  all  demanded  refine- 
ment  and  recomplement  of  the  available 
classification. A number  of  new  classification 
schemes  have  appeared,  proposed  by  various 

However,  the  accumulation  of new observational 

researchers,  most  of  which  use  as  a  basis N. I. 
Tolstikhin's  classification  (Obidin 1959, Kalabin 
1960,  Ponomarev  1960,  Sukhodolsky  1964,  Shvarrsev 
1964, Romanovsky 1966, Velmina 1970, Tolstikhin 
and  Tolstikhin 1974, et al.). 

Of all  subsequent  classifications  general 
recognition  received  the  scheme  of  permafrost 
ground  waters,  advanced  by N. N. Romanovsky  in 
1966, somewhat  refined  by  him  later  (Romanovsky 
1967, 1978). Following N. I. Tolstikhin, N. N. 
Romanovsky  retains  the  same  basic  principle  of 
ground  water  classification  according  to  the 
spatial  position  with  respect  to  permafrost,  by 
distinguishing  supra-,  sub-,  and  intrapermafrost 
waters  and  adding  to  these  main  types  open  talik 
and  inpermafrost  waters.  This  classification  has 
found  application  in  hydrogeological  exploration 
and  has  been  included  in  textbooks,  manuals  and 
methodical  literature.  Nonetheless,  this  classi- 
fication  fails  to  fully  reflect  the  present  under- 
standing o f  permafrost  development  and  the 
conditions  of  its  interrelationship with ground 
waters.  The  main  disadvantage  is  that  it  almost 
completely  lacks  consideration of the  dynamic 
behavior  of  the  permafrost  zone. 

frost  zone  are  associated with the  appearance  in 
rocks  of  a  solid  phase  of  ground  waters  and  with 
its  exceedingly  dynamic  occurrence in the  annual 
and  perennial  cycles.  Every  year in the  active 
layer  ground  ice  changes  into  a  liquid  phase  and 
vice  versa  in  huge  amounts  which  has  crucial 
influence  upon  behavior  not  only of ground  waters 
but  also  of  surface  waters  of  the  permafrost zone, 
thereby  determining  the  distinctive  features  of  the 
conditions  of  their  interrelation  and  regime. 

In  the  lower  parts of the  permafrost  layer  the 
magnitude of such  abrupt  changes  in  the  state  of 
freezing of ground  waters  is  considerably  smaller. 
A steadier  perennial  change  of  the  solid  phase  of 
ground  waters  into a liquid  phase  takes  place  in 
some  regions  or  vice  versa  in  others which, basic- 
ally,  depends on general  climatic,  paleoclimatic 
or  hydrogeological  conditions  of  particular  regions 

The  main  hydrogeological  features  of  the  perma- 
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of  the  permafrost  zone. In this  case  also,  how- 
ever,  seasonal  changes  of  phase  composition  of 
ground  waters  are  possible,  being  due  to  convective 
transfer  of  the  free  air  through  cracks  and  pores 
of  frozen  rock  materials  as  well  as  to  diffusion 
processes,  various  chemical  reactions,  etc. 

Thus,  the  dynamic  state o f  the  permafrost  zone 
is  a  key  factor,  determining  hydrodynamic,  hydro- 
chemical  and gas properties  of  ground  waters,  their 
regime  and  resources,  Contributing  thus  to  the 
exceptional  diversity  of  hydrogeological  situations 
within  even  individual,  not  very  large  structures. 

This,  all  taken  together,  indicates  that  the 
factor  of  dynamic  behavior  of  the  permafrost  zone 
has  to  be  taken  into  account in  a  hydrogeological 
classification  of  gravitational  ground  waters 
because  otherwise  it  will  not  completely  reflect 
the  actual  natural  conditions  and  will  not  fulfill 
the  requirements  imposed  on  it. 

I have  elaborated  a  hydrogeological  classifica- 
tion  of  permafrost  zone  ground  waters,  taking  into 
account  the  factor  of  dynamic  development  of 
permafrost  (Shepelev 1982). The  subdivision  of 
ground  waters  in  this  classification  into  the  main 
types  rests  also  on  the  principle  of  their  position 
in  a  geocryological  layering,  according to  which 
supra-,  intra-,  and  subpermafrost  waters  are  dis- 
tinguished. As i s  apparent,  the  terminology  for 
the  main  types of ground  waters,  except  for  the 
"open  talik  waters"  type,  remain  the  same  as  in 
N. N. Romanovsky's  classification  scheme.  However, 
we attach  to  them  a  somewhat  different  meaning. 

The  classification  we  offer  adopts  the  following 
definitions  of  the  main  types  of  ground  waters: 

Suprapermafrost  waters  have  positive  or  negative 
temperatures  and  occur  either  above  the  top  of  a 
seasonally  frozen  rock  layer  (suprapermafrost 
vadose  water)  or  above  the  top o f  permafrost 
(suprapermafrost  ground  water). 

Intrapermafrost  waters  have  positive or negative 
temperatures  and  occur  within  permafrost  in  lenses, 
layers,  and  unfrozen  zones;  they  move  either  ver- 
tically  or  horizontally  within  the  frozen  ground 
or  exist  in  a  stagnant  regime. 

temperatures  and  occur  below  the  base o f  perma- 
frost,  either  in  contact  with  it  or  separated  from 
it  by  water-resisting  or  permeable  rocks  (without 
contact). 

Gravitational  ground  waters  of  the  permafrost 
zone  that  have  a  subzero  temperature  are comonly 
termed  "cryopegsl'  (bodies  of  liquid  saline  water 
below O'C associated  with  permafrost,  may  also 
imply  ice-free  permafrost with saline  pore  water) 
(Tolstikhin 1971). Because  subzero  temperature 
can  occur  with  all  the  main  types  of  ground  waters 
selected,  one  should  distinguish  among  supra-, 
intra-,  and  subpermafrost  cryopegs* 

Each  of  the  main  types of ground  waters are 
divided  into  subtypes,  categories  and  subcate- 
gories, with respect  to  permafrost  water-confin- 
ing  strata,  their  dynamic  behavior,  and  conditions 
of  occurrence. 

two  subtypes. The first  (la)  includes  supraperma- 
frost  waters  occuring  within  the  upper  part of a 
seasonally  frozen  layer  that  is  for  them  a  temporal 
permafrost  water-confining  stratum.  These  waters 
exhibit  the  following  typical  features,  they: 

Subpermafrost  waters  have  positive  or  negative 

Suprapermafrost  waters  (type 1) are divided  into 

(1) occur  only  during  a  warm  period of the  year; 
(2) are o f  small thickness  and  of  irregular  area; 
(3) are fed  through  infiltration of atmospheric 

precipitation as well as  thawing  of  ice  occurring 
within  a  seasonally  frozen  layer  and  pore  air 
condensation  processes; 

( 4 )  are  notable  for an abruptly  changing  time 
boundary of the  lower  permafrost  water-confining 
stratum, due to  the  summertime  thawing of the 
seasonally  active  layer; 

(5) are characterized  by  a  complete  lack of 
head. 

These  features  indicate  that  suprapermafrost 
waters of this  subtype  are  a  peculiar  variety of 
vadose  water  which,  admittedly,  includes  waters 
that  form in the  zone  of  aeration on relative 
water-confining  strata  (Principles  of  Hydrology, 
1980). The relativity  and  temporary  occurrence Of 
the  water-confining  stratum,  represented  by  earth. 
materials of the  seasonally  frozen  layer,  thawing 
during  the  summer, are  obvious  and,  therefore, we 
have  good  cause  to  term  the  waters  of  the  subtype 
under  consideration  the  suprapermafrost  vadose  water, 
thereby  emphasizing  the  high  changeability  of  the 
uppermost  part  of  the  permafrost  zone  layering. 

Subdividing  these  waters  into  categories i s  
needed  because  their  different  lifetime  depends on 
the  interrelation  of  permafrost with the  layer  of 
seasonal  thawing.  Suprapermafrost  vadose  water  in 
continuous  permafrost  (la11  can  persist  during  the 
greater  part  of  the  warm  period. In cases  where 
the  seasonally  frozen  layer  has  a  substratum of 
unfrozen  water-bearing  earth  materials,  there  takes 
place  its  rapid  failure  in view of the  convective 
and  productive  thermal  impact of the  underlying 
suprapermafrost  water. In this  connection,  the 
suprapermafrost  vadose  water  in  discontinuous 
permafrost (la,) lasts  for  a  shorter  period  of  time 
(from  several  days  to  one  or  two  months)  and 
because  of  a  rapid  break in continuity  of  the 
seasonally  frozen  layer  it  f-requently  occurs on 
frozen  ground  lenses, 

Suprapermafrost  ground  waters  generally  have 
above-zero  temperatures  and,  therefore,  they  exert 
a  warming  influence  upon  the  underlying  seasonally 
frozen  ground,  thereby  contributing  to  its  rapid 
thawing. 

water,  occurring  within  the  upper  part of  perma- 
frost which represents  for  the  former  a  permafrost 
water-confining  stratum,  being  uniform  as  to  time 
and  area.  Ground  water  occurring on the  uppermost 
steady-state  water-confining  stratum  is  commonly 
referred  to  ground  waters.  However,  the  supra- 
permafrost  waters of the  subtype in question  are 
defined  by  some  distinctive  features  and  primarily 
by  the  possibility  that  they  are  able  to  acquire 
a  temporary  permafrost  water-confining  stratum 
(head)  as  well  as  to  partially  or  completely  freeze 
up  in  the  winter.  Consequently,  they  can  be 
referred  only  to  the  suprapermafrost  variety  of 
ground  waters. 

According  to  the  degree  of  interrelation with 
seasonally  frozen  ground,  the  suprapermafrost 
ground  waters  in  the  classification  we  offer  are 
divided  into  three  kinds:  seasonally  freezing (lbd, 
partially  freezing (lbz),  and  seasonally non- 
freezing (lb3). 

The  second  subtype  (lb)  includes  suprapermafrost 

Depending on conditions  of  occurrence  of  taliks 



which  accumulate  seasonally  non-freezing  supra- 
permafrost  waters,  these  are  subdivided  into  two 
subtypes:  subaerial (lb:) and  subaquatic (la:). 
Seasonally  non-freezing  suprapermafrost  ground 
waters of the  subaerial  saturation  zone  generally 
occur  in  the  regions  where  water  well  confining 
ground  is  developed  from  the  surface.  Seasonally 
non-freezing  suprapermafrost  waters  of  the  sub- 
aquatic  saturation  zone  are  widely  spread  within 
permafrost.  They  occur  within  taliks  below  a  lake 
or  below  a  river  bed  as  well  as in the  shelf  zone 
of  Arctic  seas  where  they  exhibit  a  subzero  temp- 
erature  and  high  mineralization. In areas with 
man-made  pollution  and  salinization  a  subzero 
temperature  and  high  mineralization  can  be  ac- 
quired  by  seasonally  non-freezing  suprapermafrost 
waters  of  the  subaerial  saturation  zone  and  by 
partially  freezing  suprapermafrost  ground  waters. 

All  the  above  identified  categories  and  sub- 
categories  of  suprapermafrost  ground  waters  seldom 
occur in  isolation  but  most  frequently  they  persist 
in  conjunction  in  a  close  hydraulic  interplay, 
producing  complex  permafrost-hydraulic  structured 
suprapermafrost  ground  water  basins  or  flows. 

frozen  water-confining  strata  and  occurrence 
properties  are  divided  into  two  subtypes.  The 
first  (2a)  includes  intrapermafrost  waters  with 
horizontal  boundaries  of  permafrost  water-confining 
strata.  The  formation  of  these  waters  is  associ- 
ated with  a  variation  of  climatic,  geomorphological, 
soil-vegetation,  and  other  natural  conditions, 
which  initiate  a  partial  perennial  freezing  of 
water-bearing  taliks.  The  intrapermafrost  waters 
of  this  subtype  exhibit  the  following  features: 

(1) presence  of  cryogenic  head,  the  magnitude 
of which  is  defined  by  the  degree  of  freezing  of 
water-bearing  taliks; 

(2) horizontal  movement  of  ground  waters  or 
stagnant  regime  of  filtration; 

(3) predominant  occurrence  in  between  the 
strata. 

Intrapermafrost  waters  of  the  subtype  under 
consideration  are  subdivided  into  three  kinds, 
depending  on  direction  and  rate  of  variation in 
the  boundaries of permafrost  water-confining 
strata.  The  first  kind  (2al)  includes  pressure 
intrapermafrost  waters in the  stage  of  stable  per- 
ennial  freezing;  the  second  kind (2a2)  includes 
pressure-pressureless  waters with departing  boun- 
daries  of  permafrost  water-confining  strata,  and 
pressure  waters  with  a  relatively  stable  position 
of  permafrost  confining  them  are  of  the  third  kind 
(2a3). Each  of  the  categories  selected  is  in  turn 
divided  into two subcategories:  hydraulically  non- 
isolated  and  isolated.  Hydraulically  non-isolated 
intrapermafrost  waters  generally  exhibit  horizontal 
filtration  and  a  predominant  above-zero  temperature. 
Hydraulically  isolated  intrapermafrost  waters of 
this  subcategory  have  a  stagnant  regime  and  may 
exhibit  both  an  above-zero  and  subzero  temperature. 
In  this  regard  they  are  similar  to  the  concept  of 
intrapermafrost  waters in N. N. Romanovsky's  (1966) 
classification  scheme. 

The  second  subtype  (2b)  of  the  suggested  classi- 
fication  includes  intrapermafrost  waters with 
predominantly  vertical  boundaries  of  frozen  water- 
confining  strata.  These  waters in N .  N .  Romanov- 
sky's  classification  scheme  are  referred to an 

Intrapermafrost  waters  (type 2) with respect  to 
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independent  type,  "open  talik  waters"  which  is  not 
fully  justified.  Indeed,  like  intrapermafrost 
waters  of  the  first  subtype,  these  waters  a150 
occur  in  between  permafrost  ground  strata.  The 
only  distinctive  feature  for  them  is  the  fact  that 
the  permafrost  confines  water-bearing  zones  on 
sides  rather  than  from  above  and  below,  thus 
contributing  to  vertical  direction  of  filtration 
of these  waters.  However,  this  property  cannot 
justify  their  being  separated  into  an  independent 
single  type of permafrost  ground  water  because, 
o f  the  adopted  principle of their  typification. 

The  second  subtype  of  intrapermafrost  waters  is 
subdivided  into  three  categories,  depending on the 
character of their  vertical  filtration.  The  first 
category (2b~) includes  pressureless  intraperma- 
frost  waters with  a  downward  filtration  through 
open  taliks;  the  second  category (2bz)  comprises 
pressure  waters  with  an  upward  filtration;  and  the 
third  category (Zb,) incorporates  pressure- 
pressureless  waters  with  a  mixed  regime of vertical 
filtration.  The  last  category of intrapermafrost 
waters of the  subtype  under  consideration  is  the 
most  widely  spread  and  occurs  both  within  taliks 
below  river  beds  and  in  water  shed  areas. 

Depending on the  conditions  of  occurrence  of 
water-bearing open taliks  all  the  selected  cate- 
gories  of  intrapermafrost  waters  of  this  second 
subtype  are  divided  into  two  subcategories: sub- 
aerial  and  subaquatic.  The  latter  are  widespread 
because  below  river  beds  and  below  lakes  and 
reservoirs  are  the  most  favorable  geothermal 
conditions  for  the  development  of  intrapermafrost 
taliks  and  for  preventing  them  from  freezing. 
Intrapermafrost  waters  of  the  subtype in question 
predominantly have above-zero  temperatures. 

Subpermafrost  waters  (type 3) in the  classifi- 
cation we offer,  as  in N. N. Romanovsky's  classi- 
fication  scheme,  are  divided  into  those  in  contact 
with  the  base  of  permafrost  (subtype  3a)  and  those 
without  contact  (subtype 3b). 

first  subtype  is  that  the  permafrost  for  them  acts 
as  an  upper  permafrost  water-confining  layer, 
existence  and  dynamic  position  of  which  determine 
the  peculiarity  of  their  properties,  composition 
and  regime. 

According  to  the  dynamic  state  of  the  upper 
permafrost  water-confining  layer  these  waters  are 
divided  into  three  kinds:  those with  a  degrading 
(3al)  and an  aggrading  (3a2)  lower  boundary  of 
permafrost  and  those with  a  comparatively  stable 
lower  boundary  of  the  upper  frozen  water-confining 
layer  (3a 3 )  . 

As  to  the  temperature,  each  selected  category 
of  subpermafrost  waters o f  this  subtype  are  divided 
into  those  with  an  above-zero  and  a  below-zero 
temperature.  Subpermafrost  "cryopegs"  are  wide- 
spread on the  Arctic  coast  of  the  USSR  as  well  as 
in mainland  regions  where  the  fresh  water  zone  has 
been  completely  frozen. 

Subpermafrost  waters  of  the  second  subtype  make 
no  direct  contact with permafrost  and  therefore 
they  normally  have  an  above-zero  temperature. 
According  to  their  interrelation with permafrost 
these  waters  are  divided  into  three  categories. 
The  first  category  (3bl)  includes  pressure  sub- 
permafrost  waters,  separated  from  permafrost  by  a 
stable  unfrozen  lithological  water-confining  layer. 

A typical  feature  of  subpermafrost  waters  of  the 
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The  piezometric  level of these  waters  generally 
occurs  above  the  base of permafrost  and  therefore 
there  certainly  is  an  interplay  between  them,  if 
the  relativity  of  water-confining  strata  is  taken 
into  account. 

The  second  category  (3b2)  comprises  pressureless 
subpermafrost  waters,  separated  from  the  permafrost 
base  by  water-bearing  ground.  Subpermafrost 
contact-free  waters of this  kind  have  substantial 
influence  on  the  position  of  the  lower  boundary  of 
permafrost,  giving  rise to its  periodical  oscilla- 
tion  due  to  a  continual  thermal  convection of 
moisture-laden  pore  air  and  evaporation  and  conden- 
sation  processes.  The  periodic  variation  of  the 
lower  boundary  of  permafrost  can  induce  formation 
of a  subpermafrost  zone of highly  jointed  rocks. 

Meister, L. A . ,  1955, On shortcomings of the 
classification o f  ground  waters o f  the  perma- 
frost  region,  &Materials  for  the  basic 
theories  of  the  earth's  crust  frozen  zones, 
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Obidin, N. I., 1959,  Classification  of  ground 
waters  of  the  West-Siberian  lowland  and 
Siberian  platform  north of the  Polar  Circle, 
- in  Trudy of the  Institute  for  Arctic  Geology, 
v .  107, v. 12,  Leningrad, p. 150-154. 

Ovchinnikov, A.  PI., 1954,  General  hydrogeology, 
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Ponornarev, V. M.,  1960, Ground  waters  of  a  terri- 
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Principles  of  hydrogeology, 1980, General  hydro- 
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subpermafrost  waters  of  this  kind  are  reported, Romanovsky, N. N., 1966, Permafrost  ground  water 
where  the  permafrost  zone  is  represented  by  frozen classification  scheme, & Methods  of  hydro- 
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comprise  all  phases  of  aggregation of water  in lithosphere  frozen zone, Moscow-Leningrad: 
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A BRIEF INTRODUCTION TO PERMAFROST RESEARCH I N  CHINA 

Shi  Yafeng  and Cheng Guodong 

Lanzhou I n s t i t u t e  of  Glaciology and Cryopedology, Academia S in ica  
Lanzhou,  People's  Republic of China 

The study of permafrost in China has p r o g r e s s e d   s i n c e   t h e   I n i t i a l  work i n  1949, 
and is  now at  the   s tage  o f  all-out  development. The d i s t r i b u t i o n  and charac te r i s -  
t ics o f  permafrost   in   China  have  been  analyzed,   and  ta l iks   and  other   per iglacial  
phenomena have  been c l a s s i f i ed ,   Seve ra l   k inds  of permafrost maps have  been com- 
p i l ed ,   i nc lud ing  a comprehensive map showing the d i s t r i b u t i o n  of g l a c i e r s  and 
frozen  ground  in  China. A repeated  segregation  theory  has  been  suggested t o  ex- 
p la in   the   format ion  o f  the massive ice layer   benea th   the   permafros t   t ab le .   Foss i l  
p e r i g l a c i a l  phenomena are used to recons t ruc t  the d i s t r i b u t i o n  of anc ien t  perma- 
f r o s t .  A series of applied  parameters,   including  the  thermal,   physical ,  and 
mechanical  parameters of t y p i c a l   s o i l s ,  have  been  provided. An engineer ing 
c lass i f ica t ion   sys tem  for   f rozen   so i l s   has   been   sugges ted .  Some t h e o r i e s  on 
frost-heaving, thaw set t lement ,   heat   t ransport ,   moisture   migrat ion,  and attenua- 
t i on   c r eep  of   f rozen   so i l s  and on t h e   s i m i l a r i t y   c r i t e r i a   i n  model tests are r e  
commended. Studies   in   road  engineer ing,  water conservat ion  engineer ing,  
i n d u s t r i a l  and c i v i l   c o n s t r u c t i o n ,  and a r t i f i c i a l   f r e e z i n g   t e c h n i q u e s   f o r  mining 
have  been  conducted. More than 2000 brm of railways  have  been  built in   permafros t  
regions,  and an   o i l   p ipe l ine   ove r  1000 km long  has  been  buil t  from  Golmd, 
Qinghai,  to  Lhasa,  Xizang  (Tibet). 

The permafrost   regions  in  China  cover  an area 
of about 2,150,000 km2, second  only to the  USSR and 
Canada. I f  one  includes  ground  that i s  seasonal ly  
f rozen   to   depths   g rea te r   than  0.5 m, t h e   t o t a l  
f rozen  area occupies 68.6% of t h e   e n t i r e   t e r r i t o r y  
of China. Such a vas t  area of f r o z e n   s o i l   e x e r t s  a 
grea t   i n f luence  on China's economy, but  it w i l l  a l s o  
expedi te   the   s tudy  of  permafros t   in   th i s   count ry .  

HISTORY 

As e a r l y   a s  1633, the outstanding  Chinese geo- 
grapher Xu Xiake clear ly   descr ibed the l i f t i n g  
a c t i o n  of f ros t   heav ing ;   he   ca l l ed   t he   b lock   f i e ld  
on Wutai  Mountain i n  northern  China  the  "dragon- 
turned  rock."  Before  1949,  however,  only a few 
Japanese  had made fragmentary  observations o f  f rozen  
ground in nor theas t  China. The s u b s t a n t i v e  and con- 
sc ien t ious   s tudy  of permafrost i n  China  began  only 
a f t e r   t he   found ing  of the  People 's   Republic in 1949. 

The study of permafrost i n  China  can be divided 
in to   four   per iods .  

The P e r i o d   o f   I n i t i a l  Work (1949-1959) 

After   the  founding o f  new China,  various 
capi ta l   cons t ruc t ions   in   co ld   reg ions   cont r ibu ted  
much to   our   s tudy of permafros t .   In   par t icu lar ,  the 
e x p l o i t a t i o n  of f o r e s t   r e s o u r c e s   i n   t h e  Da Hinggan 
Ling in   rhe   Nor theas t  and the  contruct ion  of  water 
conservat ion  projects  and highways on the  ginghai- 
Xizang  Plateau  and  between Urumqi and Ku'erle  helped 
amass a l a r g e  amount o f  information  and  experience 
with  permafrost. 

I n  1954, a permafrost research group was estab-  
lished  under  the  Department of Water Conservancy  and 
Power Construction  to  develop  techniques  for mea- 
s u r i n g  and tes t ing   permafros t ,   to   s tudy   the   f reez ing  

and thawing  properties of s o i l ,  and to  develop  tech- 
niques for cons t ruc t ing  compact embankments i n  
winter. I n  1956, Xin Kuide  and Ren Qijia 
sys t ema t i ca l ly   r epor t ed   t he   d i s t r ibu t ion  of perma- 
f r o s t  i n  Northeast  China. In  1958, the  Third 
I n s t i t u t e  of Railway  Design  published  "Engineering 
Geology  and Railway  Construction i n  Permafrost 
Regions," and i n  1959, t h e  Department of Water Con- 
servancy and Power Construction  published  "Construc- 
t i o n  of Compact Embankments i n  Winter." 

The Period of Growth  (1960-1972) 

The pract ical   experience  of   the  previous 10 
yea r s   l ed   t o  a deeper  understanding of t h e  impor- 
tance  of the  study  of  permafrost.  In  1960, a 
Research  Department of Glaciology and Cryopedology 
was e s t ab l i shed   unde r   t he   Resea rch   In s t i t u t e  of Geo- 
graphy of t h e  Chinese Academy (Academia S in ica) .  
Spec ia l   un i t s  were establ ished  for   permafrost  re- 
search  in  several   governmental   departments,  in- 
cluding  ra i lways,   bui lding  construct ion,   coal  
mining,  communication, and o i l   e x p l o i t a t i o n .  
S imi la r   research   un i t s  were a l s o   i n s t i t u t e d   i n  
severa l   co l leges  and u n i v e r s i t i e s .  

the  Qinghai-Xizang  Plateau, Da Hingan Ling, and 
Q i l i a n  Shan and the  seasonally  frozen  ground in t h e  
Northeast were sys temat ica l ly  and s c i e n t i f i c a l l y   i n -  
ves t iga ted .   F ixed   observa t ion   s ta t ions  were estab- 
l i s h e d  and some substantial   engineering  experiments 
were made in   such   p laces  as Tumen i n  Xizang;  Muli, 
Reshui, and Jlangcang  in  Qinghai; and Da Hinggan 
Ling,  Yakeshi, Genhe,  and Daqing i n   t h e  Northwest. 
The f i r s t   l o p t e m p e r a t u r e   l a b o r a t o r i e s  were b u i l t  
and  various  indoor tests were conducted.  Several 
engineer ing  problems  that   occur   in   f rozen  soi l  areas 
were i n i t i a l l y   s o l v e d  by the   vo luntary   appl ica t ion  
of the theory of cryopedology,  including  the 

During th i s   per iod ,   the   permafros t  areas i n  

1143 



u t  i l i z a  t i o n  of f r o z e n   s o i  1 in  laying  seepage-preven-  
Pion  covering €or e a r t h  embankments during the con- 
s t r u c t i o n  of s eve ra l   r e se rvo i r s ,   r a i lway   cons t ruc -  
t i o n   i n  Da Hinggan Ling and the  Tian  Shan,   the  con- 
s t ruc t ion   o f   min ing  shafts i n   Q i l i a n  Shan,  and the 
fundamental   solut ion of the problem  of  foundation 
s t a b i l i t y  for i n d u s t r i a l  and c i v i l   c o n s t r u c t i o n   i n  
n o r t h e r n   d i s t r i c t s .  

d r i l l i n g   e n g i n e e r i n g ,  and f r o s t   b o i l s  on  highways 
and f r o s t   h e a v e  were success fu l ly   p reven ted  by using 
lime e a r t h .  

" I n v e s t i g a t i o n  of  Permafrost   Along  the 
Qinghai-Xizang  Highway,"  published by the  Research 
Department of Glaciology  and  Cryopedology  of the 
R e s e a r c h   I n s t i t u t e  of Geography,  Academia S i n i c a ,  is 
a r e p r e s e n t a t i v e  work of t h i s   p e r i o d .  

The Per iod   of   Matur i ty  (1973-1978) 

A r t i f i c i a l   f r e e z i n g  was e x t e n s i v e l y   a p p l i e d   i n  

Dur ing   th i s   per iod ,  a sec t ion   of   ra i lway was 
s u c c e s s f u l l y   b u i l t   i n   Q i l i a n  Shan nea r  the lower 
permafrost  limit with  thick  ground ice by applying 
t h e   p r i n c i p l e  of pro tec t ing   the   permafros t ;  8 y e a r s  
l a te r ,  the   road  bed o f   t h i s   s e c t i o n   o f   t h e   r a i l w a y  
is s t i l l  s t a b l e .  An o i l   p i p e l i n e  from Golmud t o  
Lhasa was a l s o   b u i l t  In t h i s   p e r i o d .  The recon- 
s t r u c t i o n   o f   t h e  Qinghai-Xizang Highway by covering 
the   road   su r f ace  wi th  a s p h a l t  began. 

A group of c r y o p e d o l o g i s t s   s t a r t e d   t o  work a l l  
a l o n g   t h e  Qinghai-Xizang  Highway,  undertaking geo- 
log ica l   engineer ing   prospec t ing  and conducting ex- 
tens ive   phys ica l   and   thermologica l  tests t o   o b t a i n  
enough d a t a   t o  allow t h e   d e f i n i t i o n   o f   e f f e c t i v e  
p r i n c i p l e s   f o r   t h e   d e s i g n  and c o n s t r u c t i o n  of the 
Qinghai-Xizang  Railway. A t  t h e  same time, a 
s c i e n t i f i c  and  technological   cooperat ive  group was 
organized f o r  t he   s tudy  o f  f r o s t   p r e v e n t i o n  in 
h y d r a u l i c   a r c h i t e c t u r e ,   w i t h  more than  30 uni t s   f rom 
water conservat ion and s c i e n t i f i c  research depart-  
m e n t s   p a r t i c i p a t i n g   a s  well as c o l l e g e s  and u n i v e p  
sities i n   t h e   n o r t h .  

I n  1975, a group  researching  road  construct ion 
i n   t h e   p e r m a f r o s t   r e g i o n s   i n  China v is i ted   Canada ,  
and i n  1977, a Canadian  permafrost   invest igat ion 
group  headed by t h e   l a t e  Dr .  R.J.E. Brown paid a 
r e t u r n   v i s i t   t o  China. China's i s o l a t e d   s t u d y   o f  
permafrost  had come to  an  end. 

Cryopedology,  and Desert Research  of  the  Chinese 
Academy publ ished  "Permafrost ,"  a compilation  of the 
s p e c i a l  knowledge  of  cryopedology.  "Annals of t h e  
Lanzhou I n s t i t u t e "  f irst  pub l i shed   i n   1976 ,  and 
"Annals of Lanzhou I n s t i t u t e  of  Glaciology  and 
Cryopedology,  Academia  Sinica  (Permafrost) ," 
pub l i shed   i n   1981 ,  made ava i l ab le   t o   t he   wor ld  a 
p a r t  o f   ou r   r e sea rch   r e su l t s   be fo re  1978. 

r iculum i n  glaciology  and  cryopedology was  o f f e r e d  
by the  Department of Geography a t  Lanzhou  Univer- 
s i t y .  This was t h e  starting po in t  f o r  t r a i n i n g   t h e  
younger  generation i n  t h e   s p e c i a l  knowledge  of 
g l ac io logy  and  cryopedology. 

of cryopedology  took  shape,   including  general   cryo-  
pedology,  permafrost  mechanics  and  thermology,  and 
engineering  cryopedology. 

I n  1975,  the Lanzhou I n s t i t u t e   o f   G l a c i o l o g y ,  

During t h i s   p e r i o d ,  the f i r s t  spec ia l ized   cur -  

I n   t h i s   p e r i o d ,  a complete   and  systematic   s tudy 
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The Period of All-out  Development  (1978-Present) 

A f t e r  the 10 yea r s  of the Great C u l t u r a l  
Revolut ion,   permafrost   research in China en te red  a 
pe r iod  of all-out  development.  1978 is a y e a r   u o r t h  
remembering i n  t h e   h i s t o r y  of  permafrost   study in 
China,   for  the Lanzhou I n s t i t u t e  of Glaciology  and 
Cryopedology was separated  from  the  Lanebou 
I n s t i t u t e  of  Glaciology,  Cryopedology,  and Desert 
Research of the  Chinese Academy, and reorganized,  
The F i r s t   N a t i o n a l  Academic  Conference on Glaciology 
and  Cryopedology was held i n  Lanzhou,  and 68 
ar t ic les  and a b s t r a c t s  on cryopedology were pre- 
sented.  It was a l s o  in 1978 t h a t  China for t h e  
f i r s t  time sent a d e l e g a t i o n   t o   a t t e n d   t h e   ' I h i r d  
Internat ional   Conference  on  Permafrost   in   Canada;  
Ch ina   p re sen ted   fou r   a r t i c l e s .  

nal  "Glaciology  and  Cryopedology" was publ ished,  
g r e a t l y   a c c e l e r a t i n g   t h e   s t u d y  of cryopedology i n  
China.  In  1980, 62 papers   and   abs t rac ts  on 
cryopedology were presented at a seminar   on  tes t ing 
and  measuring  techniques  for  glaciology  and 
cryopedology,  and  the  Society  of  Glaciology  and 
Cryopedology was es tab l i shed   under   the   Chinese  Geo- 
g raph ica l   Soc ie ty .  I n  1981, when the Second 
National  Conference  on  Cryopedology was he ld  i n  
Lanzhou, 185 papers  and a b s t r a c t s  were p resen ted ,  
r e f l e c t i n g  the progress  in t h e   s t u d y  in a l l  f i e l d s  
of  cryopedology i n  China. Drs. J. Brown and 
Yin-Chao Yen from  United  States  and Dr. Daisuke 
Kuroiwa  from  Japan  attended this conference.  

been  conducted  in the Altai Shan,  Tian  Shan,  Qilian 
Shan,  and  Hengduan Shan. Such a c t i v i t i e s  as t h e  
paving  of  the  ginghai-Xizang Highway, d r i l l i n g   o f  
s h a f t s  by a r t i f i c i a l   f r e e z i n g ,  and  prevention  of 
f r o s t  damage i n   h y d r a u l i c   c o n s t r u c t i o n s   h a v e   l e d   t o  
g rea t e r   ach ievemen t s   i n   bo th   t heo re t i ca l   s tudy   and  
engineer ing   prac t ice .  A t  t h e  same t ime ,   s tud ie s  o f  
agricul tural   cryopedology  and the ecology of f rozen  
regions  began. The movement o f  the   s tudy  o f  cryo- 
pedology in China from q u a l i t a t i v e  t o  q u a n t i t a t i v e ,  
f rom  inves t iga t ive   t o   expe r imen ta l ,  and  from macro- 
cosmic t o  microcosmic marked the  beginning  of 
China's  al l-out  development of her   permafros t  
regions.  

In 1979, t h e   f i r s t   i s s u e   o f   t h e   a c a d e m i c   j o u r -  

Since  1978,   cryopedological   invest igat ions  have 

PRESENT CONDITION OF STUDY 

The study  of  cryopedology  in  China  enters  the 
1980's  wi th  a r eco rd  of success .  I w i l l  now d i s c u s s  
our  major  achievements in permafros t   research  with 
emphasis on t h o s e   a t t a i n e d   s i n c e  1978. 

General  Cryopedology 

Through  inves t iga t ion   and   s tudy ,   the   d i s t r ibu-  
t i o n  and c h a r a c t e r i s t i c s  of  permafrost i n  China  have 
been   de f ined ,   pa t t e rns  o f  temperature   dispers ion  and 
permaErost  thickness  have  been  analyzed,  the  genesis 
of  taliks and  frost-heaving  topography  has  been de- 
sc r ibed ,   permafros t  maps have  been  compiled 
acco rd ing   t o   r eg iona l   i ndexes ,  a c l a s s i f i c a t i o n  
sys tem  for   f rozen   so i l   has   been   sugges ted ,  and t h e  
concept  of the r egu la r i ty   o f   a lp ine   pe rmaf ros t  zona- 
t i o n   h a s  been  presented. 
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On t h e  basis of these achievements ,   several  
k inds  of  permafrost maps have  been  compiled, among 
them a map showing the g l a c i e r  and permafrost  dis- 
t r i b u t i o n   i n  China (1 :4 ,000 ,000) ,  a map of perma- 
f r o s t   r e g i o n a l i s m  in northeast   China (1:3,000,000), 
and a map of  permafrost   along the Qinghai-Xizang 
Highway ~1:600,000), a s  well as s p e c i a l i z e d  maps of 
p a r t i c u l a r   r e g i o n s .  The study  of   the  his tory  of  
permafrost   formation  on  the  Qinghai-Xizang  Plateau 
and in   no r theas t   Ch ina  has b e e n   i n i t i a t e d ,  Compre- 
hens ive   hydro logica l   surveys   have   been   car r ied   ou t  
in some permafrost   regions,   such as Q i l i a n  Shan, 
along  the  Qinghai-Xizang Highway, and i n  Da-Xiao 
Hinggan  Ling, and seve ra l   r eg iona l  maps on compre- 
hensive  hydrogeology  have  been  compiled.   Progress 
has also  been made i n   c o m p i l i n g   g e o l o g i c a l  maps f o r  
engineer ing  use.  

p e r i g l a c i a l  phenomena. The theo ry  of repeated 
seg rega t ion  i s  o f f e r e d   t o   e x p l a i n   t h e   f o r m a t i o n  of 
th ick   l ayer   g round ice nea r  the permafros t   t ab le .  
The idea  o f  a " s u b p e r i g l a c i a l   s t a g e "   h a s  been  sug- 
ges t ed  on the  basis of t h e   r e l a t i o n   b e t w e e n   g l a c i a l  
and p e r i g l a c i a l  phenomena. The v i ewpo in t   t ha t   t he  
p e r i g l a c i a l   l a n d s c a p e  on the   p l a t eau   cou ld  be 
d iv ided   in to   mar i t ime,   subcont inenta l ,  and  con- 
t i nen ta l   t ypes   has   a l r eady   been   pub l i c ly  re- 
cognized.  Large  amounts of a n c i e n t   p e r i g l a c i a l  
remains  have  been  discovered i n   n o r t h   C h i n a  and  have 
been  widely  used  to   reconstruct   the   paleocl imate   and 
the boundar ies   o f   pa leopermafros t   in   the   Quaternary  
Age i n  China. 

A t  p r e sen t ,  t h e  emphasis is on the s tudy  of  

Physicomechanical  and  Thermological  Properties and 
Processes  of  Frozen Ground_ 

The physicomechanical  properties and p rocesses  
of   f rozen  ground  have  been  s tudied  systematical ly .  
Through a wide range   of   l abora tory   and   f ie ld  tests, 
parameters  have  been  compiled  for  the  bearing  capa- 
c i t y  of f r o z e n   s o i l ,   c o e f f i c i e n t  of thawing settle- 
ment,   coefficient  of  compression,  frost-heaving 
amount,   and  frost-heaving  force,   as w e l l  a s  the 
c l a s s i f i c a t i o n  o f  f rozen  ground for  engineering  pur- 
poses. Most o f  these  have  been  included i n  t h e  
d e t a i l e d   d e s i g n   r e g u l a t i o n s .   R e l a t i v e   e q u a t i o n s  
have  been  suggested  for  the re la t ionship   be tween  the  
normal   f rost-heave  force,   area,  and the b u r i a l   d e p t h  
o f   founda t ions ,  as well as t h e   d i s t r i b u t i o n   p a t t e r n  
and ca l cu la t ing   d i ag rams   fo r   t he   ho r i zon ta l   f ro s t -  
heave   t h rus t ing   fo rce   a long   ve r t i ca l   space ,  
Equat ions   for   the   p rocess  of a t tenuat ion   c reep   and  
f o r   c a l c u l a t i n g   c r e e p   d e f o r m a t i o n  and the  t ime-to- 
s tab le-s ta te   have   been   ascer ta ined .  A semi-empiri- 
cal  fo rmula   fo r  the v a r i a t i o n   o f   t h e   r e l a x a t i o n  of 
f rost-heave stress and of t h e  modulus w i t h   t h e  
change  of time  has been  obtained.  Several   proper- 
t ies  of sandy  grave l   sa tura ted   wi th  water du r ing  
f r eez ing ,   such   a s   po re  water p r e s s u r e  and f r o s t  
heave  amount,  have  been made clear. Model experi-  
ments  on a s i n g l e   p i l e   u n d e r   v e r t i c a l  and h o r i z o n t a l  
loading  have  been  carried  out.  The c o n s t r u c t i o n  
t echno logy   o f   d r iven ,   i n se r t ed ,   and   f i l l ed   p i l e s  and 
the  bear ing  capaci ty   of  a s ing le   p i l e   have   been  
t e s t e d   o n   t h e  Qinghai-Xizang P la t eau ;  and we have 
s t a r t e d   t o   s t u d y   t h e   p r o p e r t i e s  of moisture  migra- 
t i o n   d u r i n g   f r e e z i n g  from the   viewpoint   of   energy,  

t he rma l   conduc t iv i ty ,   and   d i f fus iv i ty   va lues  of 
I n  t h e   f i e l d  of   thermology,   the   spec i f ic   hea t ,  

t y p i c a l   f r e e z i n g  and  thawing s o i l s  were determined 
f o r   s e v e r a l   r e g i o n s ,   p r o b l e m s   o f   s i m i l a r i t y  cr i ter ia  
i n  model tests o f   f rozen   so i l  were so lved ,  methods 
f o r   c a l c u l a t i n g   t e m p e r a t u r e   f i e l d s   a n d   m o i s t u r e  
migra t ion   under   na tura l  and a r t i f ic ia l  c o n d i t i o n s  
were deve loped ,   t he   app l i ca t ion  of mathematical  
methods was expanded,  and  the  application  of thermo- 
l o g i c a l  methods t o   c a l c u l a t e   f r o s t   h e a v e   h a v e  begun. 

Engineer ing   Cons t ruc t ion   in   Frozen  Districts 

Road engineer ing .   In   permafros t   reg ions ,  2000 
lan of ra i lway  have  a l ready  been  bui l t .   Rai l road 
l ines   th rough  permafros t   reg ions   have   been   success-  
f u l l y   s e l e c t e d ,  and  improved solut ions  have  been 
found  for   such   technica l   p roblems as the   des ign   and  
cons t ruc t ion  of the road bed in s e c t o r s   w i t h   t h i c k  
ground  ice.   Engineering  experiments i n  the appl ica-  
t i o n  of heat-preserving materials, both by model  and 
ac tua l   cons t ruc t ion ,   have   been   ca r r i ed   ou t .   I n   t he  
Hinggan  Ling of n o r t h e a s t  China and on t h e   P l a t e a u ,  
methods  have  been  developed t o  so lve   b r idge  and 
culver t   foundat ion  problems.  D r i l l e d  and f i l l e d  
concrete   pi les   have  been  used  extensively  and suc- 
c e s s f u l l y .   I n   t u n n e l s   i n   c o l d   r e g i o n s ,   w h e r e  water 
seepage  poses a serious  problem,  methods  such  as 
f o r c e d   v e n t i l a t i o n   a r e   u s e d   t o  melt i c e ,   p r e s e r v e  
h e a t ,  and d ra in   wa te r  so t h a t   t r a f f i c  is no t   i n t e r -  
rupted.  

Water conservat ion  engineer ing.   Throughout  13 
p rov inces ,   mun ic ipa l i t i e s ,  and  autonomous r e s i o n s   i n  
north  China,  damage t o  and d e s t r u c t i o n  o f  cana l  
systems  through  frost-heave  deformation and  thawing 
se t t l emen t   pose  a serious  problem,  Laboratory  and 
f i e l d   s t u d i e s  of p re t ec t ive   measu res   fo r   eng inee r ing  
cons t ruc t ion   have   y i e lded   pos i t i ve   r e su l t s .  In 
l i n i n g   c a n a l  beds, the   t echnique  of laying  sand 
l a y e r s   u n d e r   t h e   c o n c r e t e   s l a b   e f f e c t i v e l y   p r e v e n t s  
f r o s t  damage. Us ing   sof t  materials and t h i n  mem- 
b ranes   as   seepage   l in ings   improves   p ro tec t ion  
a g a i n s t  the d e s t r u c t i v e   a c t i o n  of f ros t   heav ing .  
The cons t ruc t ion   of   s imple  beam s t r u c t u r e s   a n d   t h e  
technique of sinking s l a b s  by steant-melting perma- 
f r o s t  are e f f e c t i v e  ways t o   p r o t e c t  medium- and 
small-sized dams from f r o s t  damage. Using the 
f ros t -heave   reac t ion   to   anchor   foundat ions   e f fec-  
t i v e l y   p r e v e n t s   t h e   u p l i f t i n g  of p i l i n g s .  It i s  
a l so   e f f ec t ive   t o   u se   non- f ros t -heav ing   s and-g rave l  
as f i l l   m a t e r i a l   i n   f o u n d a t i o n s   w h i l e   e n s u r i n g  ap- 
p r o p r i a t e  water dra inage   dur ing   f reez ing .  

recognized  that ,   based  on  an  understanding o f  the 
r e g u l a r i t y  of t h e  main  frost-heaving  zone  and  the 
c h a r a c t e r i s t i c s  o f  r e s t r i c t i o n   o f   f r o s t - h e a v i n g  
under  overload, a r e s idua l   f rozen   l aye r   cou ld  be 
preserved  under  foundations.  The fo rmula   fo r   de t e r -  
mining  the minimum bur i a l   dep th   fo r   founda t ions  was 
developed  and  has  been  included i n  the r e l evan t  
s p e c i f i c a t i o n s .  In a d d i t i o n ,   f i l l i n g   s a n d - g r a v e l  a t  
the l a t e r a l   s i d e s   o f   f o u n d a t i o n s ,   p r e s e r v i n g   h e a t  on 
the   g round  sur face ,  and explos ive   ex tens ion   of  
s h o r t - p i l e   f o u n d a t i o n s   a r e   a l s o   s u c c e s s f u l   i n   p r e -  
vent ing   f ros t   heaving .   In   permafros t   reg ions ,  the 
use   o f   h igh- f i l l ed   foundat ions ,   ra i sed-ground 
f o u n d a t i o n s   w i t h   v e n t i l a t i n g   p i p e s   i n   t h e   b e d d i n g  
l a y e r ,  and  foundat ions  with  suspended  vent i la t ion 
p i p e s   a r e   a l l   u s e f u l   t e c h n i q u e s .  Suspended ven t i -  
lated foundat ions   a re   genera l ly   used  for heated 
b u i l d i n g s  on ice-r ich  f rozen  ground.   There are 
s e v e r a l   e f f e c t i v e  methods t o   p r e v e n t   t h e   f r e e z i n g  o f  

I n d u s t r i a l   a n d   c i v i l   c o n s t r u c t i o n .  It has  been 
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water p ipe l ines ,   such  as insu la t ing   suspended   p ipes  
o r   p i p e s  on the  ground  sur face ,   hea t ing  the well 
water ,  o r  p u t t i n g   t h e   p i p e l i n e   c l o s e   t o  a hot  
p i p e l i n e .  The problems of ensur ing   concre te  
s t r e n g t h  and  of cons t ruc t ion   technology  under  
negat ive  temperatures   have  a l ready  been  solved.  

maximum s inking   depth  by a r t i f ic ia l  f r eez ing   has  
already  exceeded 400 m,  reaching 358 m i n   l o o s e  
layers .   Comparat ively  systematic  data have  been 
obtained on thermal   reg ime,   f reez ing   pressure ,   and  
so f o r t h ,   i n   t h e   s h a f t  wall. Experiences  have  been 
g a i n e d   i n   d r i l l i n g   t e c h n i q u e s  and a r t i f i c i a l  
f r eez ing .  Methods t o   p r e v e n t   t h e   d e s t r u c t i o n  of 
shaft  walls and rup tu re  of f r e e z i n g   p i p e s   i n  medium- 
dep th  and  deep  shafts  have  been  summarized. A t  
p re sen t ,  a model i s  being  prepared t o  test t h e   c r e e p  
of   f rozen   so i l   under   th ree-d imens iona l   condi t ions .  

O i l  p i p e l i n e .  The o i l   p i p e l i n e  from Golmud t o  
Lhasa ,   wh ich   t r anspor t s   r e f ined   o i l   a c ross  perma- 
f r o s t   a r e a s  of the  Qinghai-Xizang  Plateau,  has been 
o p e r a t i n g   s a f e l y   f o r  9 years ,   p roving   tha t   the  con- 
s t r u c t i o n   d e s i g n s  of sha l lowly   bu r i ed   p ipe ,   p i l e  
foundat ions ,   and   hanging   vent i la ted   foundat ions  a t  
pumping s t a t i o n s  are f e a s i b l e  and success fu l .  

Prospect ing  and  Test ing  Techniques 

A r t i f i c i a l   f r e e z i n g   t e c h n i q u e   f o r   m i n i n g ,  The 

Geophysical   prospect ing  techniques  have  been 
u s e d   e x t e n s i v e l y   i n  the i n v e s t i g a t i o n   o f  perma- 
f r o s t .  The most commonly used i s  d i r e c t   c u r r e n t  
p r o s p e c t i n g .   D i r e c t   c u r r e n t   p r o f i l i n g ,   s h a l l o w  
seismic methods, and e x c i t e d   p o l a r i z a t i o n  are used 
to   de t e rmine   t he   pe rmaf ros t   t ab l e .  The measurement 
of gas   emis s ions   fo r   l oca t ing  the t a l i k  i s  a l s o  
be ing   t e s t ed ,   and   t he   u se  of radar  equipment in 
i n v e s t i g a t i o n  i s  planned.  Photographs  are  widely 
u s e d   t o   s t u d y   p e r i g l a c i a l  phenomena,  and t h e  t r i a l  
use  of s a t e l l i t e  images f o r  t h e   i n t e r p r e t a t i o n  of 
cer ta in   permafros t   in format ion  i s  a l s o  in progress .  

s t a n d a r d i z e d   f o r  14 fundamental  physicomechanical 
and  thermological  parameters for  the   s tudy  of perma- 
f r o s t .  A mult ipoin t   quar tz   c rys ta l   thermometer   wi th  
an  accuracy of 0.01'C has  been  developed.  Neutron 
equipment i s  used to   de te rmine  water con ten t  of 
permafros t .   Ul t rasonic   t echniques   have   been   used   to  
measure the modulus  of e l a s t i c i t y ,   P a r s o n ' s   r a t i o ,  
and unfrozen water con ten t  o f  f r o z e n   s o i l .  The ap- 
p l i c a t i o n  of an   e l ec t ron ic   c ryogen ic   coo l ing  
a p p a r a t u s   f a c i l i t a t e s   t h e   e x p e r i m e n t a t i o n .  

Future   S tudies  

Measurements  and t e s t ing   t echn iques   have   been  

A g r e a t  amount of work has been  done i n   t h e  
f i e l d  of permafros t   s tudy   in   China ,   ye t  many 
problems  remain to   be   so lved .  To raise the   s tudy  o f  
p e r m a f r o s t   i n  China t o  a h ighe r   l eve l ,   t he   fo l lowing  
work has t o   b e  done: 

engineer ing.   Solve the following  problems i n   t h e  
nea r   fu tu re :  

- c a l c u l a t i o n   o f   t h e  c r i t i ca l  he ight   and   the  
des ign   he igh t  of the  subgrade of an  asphal ted  high-  
way and of r a i lways   i n   pe rmaf ros t   r eg ions ,  

- t he   des ign  axiom of subgrade i n  z e r o - f i l l i n g  
and   cu t t i ng   s ec t ions ,  

- t he   ca l cu la t ing   t heo ry  of the   t empera ture  
f i e l d  and   t he   s t r eng th   o f   f rozen  walls i n   d r i l l i n g  
w i t h   a r t i f i c i a l   f r e e z i n g ,  

1. I n t e n s i f y  the s tudy of permafrost  

- pr inc ip l e s   and  method for p r e v e n t i n g   f r o s t  
heave in canals .  

2. Concentrate  on fundamental   and  theoret ical  
s tudy ,   t o   gua ran tee   t he   s t eady   deve lopmen t  of re- 
s e a r c h   i n t o   t h e   f o r m a t i o n  and d i s t r i b u t i o n  of  high- 
a l t i t u d e   p e r m a f r o s t ,  the theory of ice formation,  
mois ture   migra t ion ,   and   rheologic   p r inc ip les .  

3 .  Enlarge the scope of t h e   r e s e a r c h  by t h e  
systematic   development   of   engineer ing  geological  
fo recas t s ,   env i ronmen ta l   p ro t ec t ion ,  and ag r i cu l -  
tural   cryopedology in cold  regions.  

a n d   t e s t i n g   t e c h n i q u e s   i n   p e r m a f r o s t   s t u d y .   F u r t h e r  
enhance  accuracy  in  measuring  temperature,   heat,  
water, fo rce ,  and   deformat ion;   es tab l i sh  self-re- 
cording and telemetry;  improve  telemetry  and  remote 
sensing  techniques;  improve  low-temperature  labora- 
to ry   equipment ;   and   cont inue   to   es tab l i sh   f ixed-  
p o i n t   o b s e r v a t i o n   s t a t i o n s .  

5, I n c r e a s e   n a t i o n a l  and i n t e r n a t i o n a l  
academic  exchanges  and accelerate t h e   t r a i n i n g   o f  
young cadres  who s p e c i a l i z e   i n   p e r m a f r o s t .  

4.  Improve prospecting  methods,  measurement, 
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A COMPREHENSIVE MAP OF SNOW, ICE, AND FROZEN GROUND IN CHINA (1:4,000,000) 

Shi Yafeng and M i  Desheng 

Lanzhou Inst i tute  of Glaciology and Cryopedology, Academia Sinica 
People's  Republic of China 

On the  basis  of  recent  progress on the  study of g lac iers ,  f rozen ground, and sea- 
sonal snow and i c e ,  a preliminary and comprehensive map of snow, i c e ,  and frozen 
ground i n  China has been compiled by the Lanzhou Inst i tute  of Glaciology and 
Cryopedology, Academia Sinica,  to  express  the  general  distribution o f  these 
phenomena i n  our country. The map shows the  following  items: (1) mountain 
glaciers,   including  the  continental and  monsoon maritime  types of g lac iers  as well 
as the  current  isopleth o f  the snow l l n e  and the hazardous places of g l a c i a l  
debris flows and f lood  from burst of g lac ia l   lakes ,  (2 )  seasonal snow, containing 
the  stable and unstable snow cover  regions, ( 3 )  seasonal ice, involving  sea  ice 
and r i v e r - l a h   i c e ,  ( 4 )  permafrost,  including  continuous,  discontinuous, and 
insular  permafrost, ( 5 )  seasonally and instantaneously  frozen ground, and ( 6 )  
per ig lac ia l  phenomena  and Quaternary glaciat ion,  such as the  isopleth of the  past 
snow line,   blockfields,   stone  stripes,   polygons,  frost-heave hummocks,  and involu- 
t ions.  

S i n c e   t h e   1 9 5 0 ' s .  s t u d i e s   o n   g l . a c i o  
a n d   c r v o p e d o l o q v   h a v e   b e e n   c a r r i c d   o u t  
c o n t i n u o u s l y  b y -  C h i n e s c   s c i e n t i s t s .  I n  
t h e   p a s t   2 0   y e a r s   o r   m o r e ,   p r o g r e s s   a t  
d i f f e r e n t   d e g r e e s   h a s   b e e n   a c h i e v e d   o n  
m o u n t a i n   g l a c i e r s ,   p e r m a f r o s t ,   s e a s o n a l  
s n o w ,   s e a s o n a l  i c e ,  a n d   s e a s o n a l   f r o z c r r  
g r o u n d ,   a s  wel l  a s   o t h e r   r e l a t e d   h a z a r d s  
i n c l u d i n g   g l a c i a l   d e b r i s   T l o w ,   a v a l a n c h e  
a n d   s n o w   d r i f t ,   a n d   a l s o  o f  p o c i g l a c i a l  
p h e n o m e n a   a n d   t h e   a c t i o n  o f  Q u a t e r n a r y  
g l a c i a t i o n .  I n  t h e   p a s t  2 y e a r s ,  a Com- 
p r e h e n s i v e  Map o f   Snow,  Ice, a n d   F r o z e n  
G r o u n d   i n   C h i n a   h a s   b c e n   p r e l i m i n a r i l y  
c o m p i l e d   b y   t h e   L a n z h o u   I n s t i t u t e   o f   G l a -  
c i o l o g y   a n d   C r y o p e d o l o g y   t o   s h o w  t h e  g e n -  
e r a l   d i s t r i b u t i o n   o f   t h e s e   p h e n o m e n a .  
N e a r l y   2 0   s c i e n t i s t s   p a r t i c i p a t e d   i n  i t s  
c o m p i l a t , i o n ,   e x a m i n a t i o n ,   a n d   v e r i f i c a t i o n *  
Mi D e s h e n g  i s  r e s p o n s i b l e   f o r  i t s  d e s i g n .  
T h e  p r e l i m i n a r y   d r a f t  o f  t h e  map was com- 
p l e t e d  i n  1 9 8 3 .  

M O U N T A I N  GLACIERS 

T h e   m o u n t a i n   g l a c i e r s   I n   C h i n a   a r e   d i s -  
t r i b u t e d  i n  t h e   h i g h   m o u n t a i n s  west o f  
1 0 4 O E ,   c o v e r i n g   a n   a r e a   o f   a b o u t   5 6 , 5 0 0  
km2 wi.th a w a t e r   s t o r a g e   o f   a b o u t ;   5 0 0 0  km3 
a n d  a m e a n   a n n u a l   a m o u n t   o f  melt  w a t e r   o f  
55X109  m 3  ( S h i  Yafeng a n d   Y a n g  Z h e n n i a n g ,  
1 9 8 2 ) ,  an i n v a l u a b l e * w a t e r   r e s o u r c e   f o r  
t h e   a r i d   r e g i o n s   i n   C e n t r a l   A s i a .   T h e  
e x i s t i n g   g l a c i e r s   i n   C h i n a   a r e   d i s t r i b u t e d  
i n  t h e  1 2  m o u n t a i n   s y s t e m s :  i . e .  A l t a y  
S h a n ,   T i a n   S h a n ,   Q i . l i a n   S h a n ,   K u n l u n   S h a n ,  
P a m i r s ,   K a r a k o r a m ,   Q i a n g t a n g   P l a t e a u  
( n o r t h w e s t e r n   p a r t  o f  X i 7 , a n g ) ,   T a n g g u l a  
S h a n ,   N i a n q i n g   T a n g g u l a   S h a n ,   G a n g d i s i  
S h a n  ( i . e .  T r a n s h i m a l a y a  M t s ) ,  H i m a l a y a s ,  
a n d   H c n g d u a n   M o u n t a l n s .   M a i n   a r e a s  o f  

q l a c i e r s   a p p e a r   i n   t h e   m i d d 1 . e   p a r t   o f   T i a n  
S h a n ,  west K u n l u n   S h a n ,   K a r a k o r a m ,   t h e  
m i d d l e   p a r t   o f   G r e a t   H i m a l - a y a ,   a n d   E a s t e r n  
N i a n q i n g   T a n g g u l a ,  i n  w h i c h   s o m e   l o n g   v a l -  
l e y  g l a c i e r s   e x c e e d  2 0 ,  3 0 ,  o r  e v e n  40 km 
i n   l e n g t h .   G l a c i o l o g i c a l   i n v e s t i g a t i o n s  
h a v e   b e e n   c o n c c n t r a t e d   i n   t h e   a r e a s   o f  
Q i l . i a n  Sharl ,  T i a n   S h a n ,   H e n g d u a n   S h a n ,   a n d  
A l L a P   S h a n ,   a s  wel l  a s  o n   t h e   n o r t h e r n  
s l . o p e  o f   m i d d l , e   H i m a l a y a s   a n d   t h e   s o u t h -  
e a s t e r n   p a r t  ol: X i z a n g .   A c c o r d i n g   t o  
t h e i r   p h y s i c a l   p r o p e r t i e s   a n d   g e o g r a p h i c a l  
c o n d i t i o n s ,   g l a c i e r s   a r e   d i v i d e d   i n t o   t w o  
m a i n   c a t e g o r i e s ,   n a m e l y   t h e   c o n t l n e n t a l  
t y p e   a n d   t h e   m o n s o o n   m a r i t , i i m c   t y p e .  

F r o m   t h e   A l t a y   S h a n   t o   t h e   n o r t h e r n  
s l o p c  o f  t h e   H i m a l a y a s ,  n e a r l y  8051 o f   t h e  
g ' l a c i . e r s   i n   C h i n a   b e l o n g   t o   t h e   c o n t i n e n -  
t a l   t y p e .   U n d e r   t h e   c o n t i n e n t a l   c l i m a t i c  
c o n d i t i o n s   o f   C e n t r a l  As ia ,  t h i s   t y p e  o f  
g l a c i e r  h a s  o n l y  a 1eve.L  of mass b u d g e t   a t  
300-1000 m m / y r ,   a n d  i t s  f o r m a t l o n   o f  i c e  
i s  m a i n l y   t h r o u g h   t h e   p r o c e s s  o f  c o l d  
i n f i l t r a t i o n   a n d   c o n g e l a t i o n .   T h e   t e m p e r -  
a t u r e   i n  i t s  a c t i v e   l a y e r  a t  t h e  i c e  t o n -  
g u e   h a s   t h e   c h a r a c t e r i s t i c   o f  a c o l d  
g l a c i e r .  

Monsoon mar i t ime  g l a c i e r s   a r e   m a i n l y  
d i s t r i b u t e d  i n  t h e   s o u t h e a s t e r n   p a r t  o f  
X i z a n g   ( E a s t e r n   N i a n q i n g   T a n g g u l a   S h a n   a n d  
t h e   e a s t e r n   e x t r e m i t y   o f   H i m a l a y a )   a n d  
H c n g d u a n   M o u n t a i n s .   S o m e   o f   t h e m   h a v e  a 
l e v e l   o f  mass b u d g e t  a t  2 0 0 0 - 2 5 0 0   m m / y r ,  
a n d   t h e   f o r m a t i o n  o f  i c e  o f   t h i s   t y p e  i s  
m a i n l y   d u e   t o   t h e   a c t i o n   o f   t e m p e r a t e   i n -  
f i l t r a t i o n   ( S h i   Y a f e n g  e t  a l .  1 9 8 0 ) .  
B a s e d   o n   t h e   s t u d y   o f  L i  J i j u n  ( 1 9 8 2 )  , t h e  
g e n e r a l   d e m a r c a t i o n   l i n e  o f  t h e s c   t w o  
t y p e s  of  g l a c i e r s  i s  shown on t h e  map f r o m  
2Y0N, 92'k e x t e n d i n g   n o r t h e a s t w a r d  t o  
31°N, 90°E a n d  s t i l l  e a s t w a r d   a l o n g   t h e  
l a t i t u d e   t h r o u g h   t h e   H e n g d u a n   M o u n t a i n s .  

114 8 
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Data o f   g l a c i e r   d i s t r i b u t i o n   a n d   p r e s -  
e n t   s n o w   l i n e   a r e   t a k e n   m a i n l y   f r o m   t h e  
a e r i a l   t o p o g r a p h i c   m a p s  o f  1960s a n d   t h e  
L a n d s a t   i m a g e s   o f   1 9 7 0 s ,  a s  wel l  a s  f r o m  
g l a c i o l o g i c a l   L i t e r a t u r e s .  As t o   t h e  
r e g i o n a l   v a r i a t i o n s   o f   t h e   p r e s e n t   s n o w  
l i n e  s h o w n   o n   t h e   m a p ,   e x c e p t   f o r   s o m e  
s p e c i f i c   g l a c i e r s   h a v i n g   o b s e r v e d   d a t a   f o r  
s o m e   s p e c i f i c   g l a c i e r s   h a v i n g   o b s e r v e d  
d a t a   f o r  E L A ,  g e n e r a l l - y   t h e   h e i q h t   o f   s n o w  
L i n e  i s  p l o t t e d   o n   t h e  a e r i a l  t o p o g r a p h i c  
map  by u s i n g   t h e   m e t h o d   o f  H .  Hess, sim- 
p l i f y i n g   t h e  2500 p o i n t s  t o t a l l y  s e l e c t e d  
f o r  t h e   h e i g h t  o f  s n o w   l i n c .  T h e n  t h e  
i s o p l e t h   o f   s n o w   l i n e  i s  d r a w n ,   t h e   l o w e s t  
i s  i n   t h e   A l t a y   S h a n  (2700-3200 m) w h i l e  
t h e   h i g h e s t   o n   t h e   n o r t h e r n   s l o p e   o f  M t .  
Q o m o l a n g m a ,   t h e   h i g h e s t   p e a k   i n   t h e   w o r l d  
( 6 0 0 0 - 6 2 0 0  m )  t o  t h e   e a s t   o f   w h i c h  o n  t h e  
same l a t i t u d e   i n   m o n s o o n  mari t ime c l i m a t i c  
a r e a  t h e   s n o w   l i n e   d e s c e n d s   a g a i , n   t o  4600 
m .  

C o r r e l a t e d   w i t h   s o m e   p r c s e n t   g l a c i a l  
a r e a s  a r e   t h e   h a z a r d o u s   p l a c e s  o f  g l a c i a l  
d e b r i s   f l o w   a n d   f l o o d   f r o m   b u r s t  o r  g l a -  
c i a l  l a k e s .  G l a c i a l  d e b r i s   f l o w   c o n c e n -  
t r a t e s  d e n s e l y   i n   t h e   s o u t h e a s t e r n   p a r t   o f  
X i z a n g   a n d   i n   t h e   C o n g g e ' e r   S h a r r  o f  t h c  
P a m i r s ,   g r e a t l y   d a m a g i n g   h i g h w a y   t r a f f i c ,  
w h i l e   f l o o d i n g   f r o m   b u r s t   o f   g l a c i a l   l a k e s  
a p p e a r s   m a i n l y   i n   t h e   s o u t h e r n   p a r t   o f  
X i z a n g   a n d   t h e   K a r a k o r a m   M o u n t a i n s ,   c a t a s -  
t r o p h i c a l l y   i n f l u e n c i n g   v i l l a g e s   a n d  
c i t i e s  i n   t h e   p i e d m o n t  a r e a .  

SEASONAL SNOW 

T h e   s t u d y   o f   s e a s o n a l   s n o w   i n   C h i n a   h a s  
o n l y   d e v e l o p e d   i n   t h e   p a s t   s e v e r a l   y e a r s .  
B a s e d  o n  t h e   s n o w   r e c o r d s   o f   1 6 0 0   m e t e o r o -  
l o g i c   s t a t i o n s   t h r o u g h o u t   t h e   c o u n t r y ,  L i  
P e i j i   ( 1 9 8 3 )   p l o t t e d   t h e   i s o p l e t h   o f   a n -  
n u a l   a v e r a g e   s n o w - c o v e r e d   d a y s .   T a k i n g   6 0  
d a y s  a s  t h e   d c m a r c a t i o n   b e t w e e n  a s t a b l e  
s n o w   a r e a   a n d   u n s t a b l e   s n o w   a r e a   i n   w i n t e r ,  
h e   f o u n d   t h a t   t h e   f o r m e r   a c c o u n t s  f o r  4 3 %  
o f   t h e   t o t a l  a r e a  o f  C h i n a   w i t h   a n   a n n u a l  
v a r i a t i o n   o f  C v  b e l o w  0 . 4 ,  c o v e r i n g  a l l  
p a r t s   o f   N o r t h e a s t   C h i n a   a n d   ' I n n e r   M o n g o -  
l i a ,  n o r t h e r n   p a r t   o f   X i n g f i a n g ,   m o s t   p a r t  
o f   X i z a n g   P l a t e a u ,  a s  well a s  s'ome h i g h  
m o u n t a i n s   i n   t h e   m i d d l e   a n d   s o u t h e r n   p a r t s  
o f   C h i n a .   F o r   e x a m p l e ,   t h e   p c r i o d   o f   s n o w  
d e p o s i t   i n   t h e   C e n t r a l   R a n g e   i n   T a i w a n  
a l s o   e x c e e d s  2 m o n t h s ,   t h a t   i n   t h e   A l t a y  
o f   X i n g j i a n g   a n d  i n  Da H i n g g a n   L i n g   a n d  
t h e   C h a n g b a i   S h a n  o f  N o r t h e a s t   C h i n a   a l l  
e x c e e d s   1 5 0   d a y s ,   h a v i n g   a n   a n n u a l   v a r i a -  
t i o n   w i t h i n  0.1. I n  a l l  t h e s e   r e g i o n s ,  
t h e  mel t  water o f   s e a s o n a l   s n o w  i s  a n  
i m p o r t a n t   s o u r c e   o f   s u r f a c e   r u n o f f ,   g r e a t -  
l y   b e n e f i c i a l   t o   c r o p s   a n d   a n i m a l   h u s -  
b a n d r y .  

a n n u a l   s n o w   c o v e r   f r o m   1 0 - 6 0   d a y s  i s  
d i s t r i b u t e d   i n   t h e   e x t e n s i v e   r e g i o n   b e -  
t w e e n   t h e   L i a o h e   R i v e r   i n   N o r t h e a s t   C h i n a  
a n d   t h e   l a t i t u d i n a l   r a n g e   o f   Q i n g l i n g   t o  
D a b i e   S h a n   i n   C e n t r a l   C h i n a ,   w h e r e   t h e  

T h e   u n s t a b l e   s n o w  a r e a  w i t h   a n   a v e r a g e  

w i n t e r   s n o w - k e e p s  a c e r t a i n   p e r i o d   o f   d a y s  
w i t h   a n   a n n u a l   v a r i a t i o n   b e t w e e n  0.4-1.0.  
T h e   v e r y   u n s t a b l e   s n o w   c o v e r  a r e a  w i t h   a n  
a v e r a g e   p e r i o d   f r o m  1-10 d a y s   h a s  i t s  
s o u t h e r n   b o u n d a r y  a t  t h e   l a t i t u d e   o f  25' 
t o  2 7 O  ( f r o m   K u n m i n g ,   G u i l i n   t o   W e n z h o u )  
w i t h   a n   a v e r a g e   a n n u a l   v a r i a t i o n   a b o v e  1, 
w h e r e   t h e   s n o w   d e p o s i t   o f   c e r t a i n   y e a r s  i s  
p a r t i c u l a r l y   i n f l u e n t i a l   t o   t h e   l i f e   o f  
t h e   p e o p l e .  As e x p r e s s e d   b y   t h e   o l d  
C h i n e s e   s a y i n g ,   " F o r t u n e - g i v i n g   s h o w   f o r e -  
t e l l s  a b u m p e r   h a r v e s t   o f  a f o r t u n a t e  
y e a r " .  I n  a c o u n t r y   l i k e   C h i n a   w i t h   l o w  
p r e c i p i t a t i o n   i n   t h e   w i n t e r   a n d   s p r i n g ,  
s n o w   d e p o s i t s  a r e  f a v o u r a b l e   t o   a g r i c u l t u -  
r a l  p r o d u c t i o n .  

H o w e v e r ,   i n   t h e   T i a n   S h a n   a n d   t h e   A l t a y  
S h a n   o f   X i n g j i a n g ,   i n   t h e   s o u t h e a s t e r n  
p a r t   o f   X i z a n g ,   a n d   i n   s e v e r a l   o t h e r   h i g h  
m o u n t a i n s ,   a v a l a n c h e s   a n d   s n o w   d r i f t s  
c a u s e d   b y   s e a s o n a l   s n o w   s e r i o u s l y   i n t e r -  
r u p t   h i g h w a y   t r a f f i c ,   w h i l e   s n o w   s t o r m s  
a n d   b l i z z a r d s   o n   t h e   s t e p p c s   o f   I n n e r  Mon- 
g o 1 i . a  a r e  v e r y   d e t r i m e n t a l   t o   a n i m a l   h u s -  
b a n d r y .  

S n o w f a l l   i n   C h i n a  is o f t e n   p a r a l l e l  
w i t h   t h e   a d v e n t  o f  l o w   t e m p e r a t u r e s ,  i . e .  
snow i s  t h i c k e s t   i n   J a n u a r y .  R u t  o n   t h e  
Q i n g h a i - X i z a n g   P l a t e a u ,   s n o w   f a l l s   m o r e   i n  
t h e   s p r i n g   a n d   a u t u m n ,   a n d   t h e   s n o w  d e -  
p o s i t  i s  l e s s  i n   s e v e r e   w i n t e r s .  

SEASONAL I C E  

S e a s o n a l  i c e  i n c l u d e s  s e a  i c e  a n d  
r i v e r - l a k e  i c c .  B a s e d   o n   t h e   o b s e r v e d  
d a t a   f r o m   N a t i o n a l   B u r e a u   o f   O c e a n o g r a p h y ,  
L i  P e i j i   p l o t t e d   o n   t h e  map t h e  limits o f  
f i x c d   a n d   f l o a t i n g  i c e ,  t h e   t h i c k n e s s   o f  
f i x e d  i c e ,  a n d   t h e   a v e r a g e   a n n u a l   f r o z e n  
d a y s .   F r o m   t h e   m a p  we c a n  see  t h a t   s e a  
i c e  i s  l i m i t e d  t o  t h e   n o r t h e r n   p a r t   o f   t h e  
E a s t  C h i n a   S e a ,  i . e .  a l o n g   t h e   c o a s t   o f  
t h e   B o h a i   a n d   t h e   H u a n g h a i ,   a n d   t h e   d u r a -  
t i o n   o f   f r o z e n   p e r i o d  i s  g e n e r a l l y  3 - 4  
m o n t h s .   T h e   e x t e n t   o f   f i x e d  i c e  i s  v e r y  
s m a l l ,  l i m i t e d   t o  a few h a r b o u r s   w i t h  a 
maximum a v e r a g e   t h i c k n e s s   o f  80 cm a n d  a 
w i d t h   o f   f r o m   s e v e r a l   h u n d r e d  metres t o  
3 km. F l o a t i n g  i c e  i s  t h e   m a i n   f o r m   o f  
s e a  i c e  i n   C h i n a ,   g e n e r a l l y   1 0 - 4 0  km 
o f f s h o r e ,   t h e   f a r t h e s t   r e a c h i n g  100 km w i t h  
a t h i c k n e s s   w i t h i n  30 cm a n d  a maximum 
f l o a t i n g   s p e e d   a t   0 . 6 - 1 . 8  m/s. I n   t h e  
yea r s  o f   1 9 3 6 ,   1 9 4 7 ,   a n d   1 9 6 9 ,   B o h a i  Bay 
was f r o z e n   a l o n g  i t s  c o a s t ,   n a v i g a t i o n  was 
i n t e r r u p t c d ,   a n d   s o m e   c o n s t r u c t i o n s   o n   t h e  
s e a  were d e s t r o y e d .  

a r e a  n o r t h   o f  300N.   Based  on  d a t a   f r o m  
56 h y d r o l o g i c   s t a t i o n s ,   t h e   a v e r a g e   f r o z e n  
p e r i o d  o f  r i v e r s   i n   N o r t h   C h i n a   a n d   t h e  
maximum t h i c k n e s s  o f  i c e  a r e  a l s o   i n d i c a t -  
e d   o n   t h e   m a p ,   I n   A l t a y   S h a n  o f  X i n g j i a n g  
a n d   t h e   H e i l o n g j i a n g   ( A m o u r )   R i v c r  o f  
N o r t h e a s t   C h i n a ,   t h e   f r o z e n   p e r d o d  i s  o v e r  
150  d a y s   e v e r y   y e a r   w i t h  maximum t h i c k n e s s  
o f  i c e  o v e r  1 . 0  m ,  i n   t h e   H a i h e   R i v e r   o f  
N o r t h   C h i n a  40-80 d a y s ,  maximum t h i c k n e s s  

R i v e r   a n d   l a k c  i c e  a p p e a r s   i n   t h e   v a s t  
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o f  0 . 6  m y  f o r  t h e  H u a n g h e   ( Y e l l o w   R i v e r )  
m o s t   o f   t h e   y e a r s  20-100 d a y s ,  maximum 

< t h i c k n e s s   o f  0.4-1.0 m ,  n o t   f r o z e n   i n   p a r -  
titular y e a r s ,   a n d   i n   t h e   H u a i h e   R i v e r  
( l a t ,  3 2 0 - 3 4 O N )   g e n e r a l l y   1 0 - 4 0   d a y s .  
Because t h e   s t r e n g t h   o f   c o l d  a i r  c u r r e n t  
i n   w i n t e r   c h a n g e s   g r e a t l y   y e a r   b y   y e a r ,  
t h e   y e a r l y   v a r i a t i o n s   o f   f r o z e n  t ime,  
f r o z e n   p e r i o d ,   a n d   t h i c k n e s s   o f  j c c  i n  
t h e s e   r i v e r s  a r e  a l s o   v e r y   g r e a t ,  

t e r i o r   o f   Q i n g h a i - X i z a n g   P l a t e a u   g a n e r a l -  
l y   r e a c h e s   a b o u t  6 m o n t h s ,   w h i l e  in 
N o r t h e a s t   C h i n a   a b o u t  5 m o n t h s .   F o r   e x a m -  
p l e ,   t h e   a n n u a l   f r o t e n   p e r i o d   o f   t h e   f a -  
m o u s   Q i n g h a i   L a k e   ( K o k o n o r )  d t  t h e   N o r t h -  
e a s t  c o r n e r   o f   Q i n g h a i - X i z a n g   P l a t e a u  
r e a c h e s   1 2 5   d a y s   a n d  maximum d e p t h   o f  i c e  
0 . 4 4  cm. 

T h e   f r o z e n   p e r i o d   o f   l a k e s  i.n t h e   i n -  

PERMAFROST 

C k i n c s e   p e r m a f r o s t   r e s e a r c h e r s   h a v e  
i n v e s t i g a t e d   t h e   p e r m a f r o s l :   i n  Da H i n g g a n  
L i n g   i n   N o r t h e a s t   C h i n a ,   a l o n g   t h e  
Q i n g h a i - X i z a n g   H i g h w a y ,   i n   Q i l i a n   S h a n ,  
T ian  S h a n ,   a n d   p a r t   o f  Altag, S h a n   a n d  
H e n g d u a n   M o u n t a i n s ,   a n d   h a v e   c o m p , i . l e d  mc- 
d i u m   a n d   s m a l l - s c a l e   m a p s  o f  p e r m a f r o s t  
d i s t r i b u t i o n ,   o n   t h e   b a s i s   o f   w h i c h   t h e  
i m p o r t a r r t   c h a r a c t e r i s t i c s  o f  p e r m a f r o s t  
h a v e   b e e n   p r i m a r i l y   s u m m a r i z e d   ( Z h o u  
V O U W U  e t  a l .   1 9 8 2 ) .  

T h e   p r e s e n t   m a p ,   t a k i n g   t h e   d a t a   f r o m  
a c t u a l   i n v e s t i g a t i o n s   i n   t h e   A l t a y .   S h a n ,  
T i a n   S h a n ,   Q i l i a n   S h a n ,   a n d   a l o n g   t h e  
Q i n g h a i - X i z a n g   H i g h w a y  a s  b a s i s ,   s h o w s  
t h e  r e s u l t  o f  a n a l y s i s   o f   t h e   r e l a t i o n  
b e t w c e n   p e r m a f r o s t   a n d   f a c t o r s   o f   t h o  
n a t u r a l   e n v i r o n m e n t ,   a n d   g i v e s   o u t   t h e  
d i s t r i b u t i v e   b o u n d a r y   o f   p e r m a f r o s t .  
A c c o r d i n g   t o   t h e   s t u d y   o f   T o n g   B o l i a n g  
( 1 9 8 3   m a n u s c r i p t ) ,   t h e   l o w e r  limit o f  
i n s u l a r   p e r m a f r o s t   i n   t h e  A l t a i  S h a n ,  
c o r r e s p o n d s   t o   t h e   2 2 0 0  m c o n t o u r ,   w h i . 1 e  
t h a t   o f   t h e   l a r g e   s t r e t c h   o f   c o n t i n u o u s  
p e r m a f r o s t   c o i n c i d e s   w i t h   t h e  2800 m 
c o n t o u r ,   w h e r e   t h e   s n o w   c o v e r   o n  t h e  
g r o u n d   s u r f a c e  i s  q u i t e   t h i c k ,   e l o v a t i n g  
t h e   l o w e r  limit o f   p e r m a f r o s t .  

T h e   s n o w   d e p o s l t   i n   t h e   T i a n   S h a n  i s  
c o m p a r a t i v e l y  l e s s .  A c c o r d i n g   t o   t h e  
a n a l y s i s   o f  Q i u  G u o q i n y   a n d   H u a n g   V i z h i  
( 1 9 8 3   m a n u s c r i p t ) ,   t h e   l o w e r  l imi t  o f   t h e  
l a r g e   s t r e t c h  o f   c o n t i n u o u s   p e r m a f r o s t   i n  
t h e   T i a n   S h a n  is a b o u t   2 7 0 0  m on s h a d y  
s l o p e   a n d   a b o u t   3 1 0 0  m o n   s u n n y   s l o p e .  
H o w e v e r ,   t h c   l o w e r  limit o f   i n s u l a r   p c r m a -  
f r o s t  i s  s t i l l  l o w e r e d   2 0 0 - 4 0 0  m .  

I n   t h e   Q i l i a n   S h a n ,   t h e   l o w e r  limits o f  
t h e  l a r y e  s t r e t c h  o f   c o n t i n u o u s   p e r m a f r o s t  
a n d   i n s u l a r   p e r m a f r o s t   i n   H e s h u i   d i s t r i c t  
a t  3 7 O 2 5 '   a r e  3780 m a n d   3 4 6 0  m r c s p e c -  
t i v e l y   ( R e s h u i   P e r m a f r o s t   S t u d y   G r o u p ,  
1 9 7 6 ) .  A c c o r d i n g  t o  t h c   s t u d y   o f   L u o  
X i a n g r u i   ( 1 9 8 3   m a n u s c r i p t )   o n   t h e  r e l a -  
t i o n s h i p   b e t w e c n   p e r m a f r o s t   a n d   t h e   v e g c -  
t a t i o n   z o n e ,   t h e   l o w e r  limit o f  p e r m a f r o s t  
i s  l o c a t e d   i n   t h e   z o n e  o f  a l p i n e   m e a d o w ,  

a n d  by u s i n g  t h  l e  L a n d  s a t  i m a g e s   t h c   l o c a l -  
i t i e s  o f   i n s u l a r   p e r m a f r o s t   a n d   c o n t i n u o u s  
p e r m a f r o s t  a r c  p l o t t e d   o n   t h e  map. 

t r i c t  o f  h i g h - a l t i t u d e   p e r m a f r o s t   i n   C h , i n a .  
A l o n g   t h e   Q i n g h a i - X i z a n g   H l g h w a y   a c t u a l  
s u r v e y e d   d a t a  were u s e d ,   b u l ;   f o r   o t h e r  
a r e a s  t h e   r e l a t i o n   b e t w e e n  p e r m a f r o s t  and  
m e a n   a n n u a l   t e m p e r a t u r e  were t a k e n  a s  t h e  
b a s i s   f o r   m a p p i n g .   A c c o r d i n g   t o   t h e  
a n a l y s i s  o f  Xu a n d  Guo ( 1 9 8 2 ) ,  i n   X i z a n g  
t h e  m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e  i s  2.0- 
5.OoC h i g h e r   t h a n   t h e   m e a n   a n n u a l   a i r  
t e m p e r a t u r e .   T h u s ,   g e n e r a l l y   t h e   i s o p l e -  
t h s   o f   m e a n   a n n u a l  a i r  t e m p e r a t u r e ,   - 4   t o  
-S0C a n d  -2.OoC, c o u l d   b e   t a k e n  a s  b o u n -  
d a r y   e x p o n e n t s   b e t w e e n   t h e   l a r g e  s t r e t c h  
o f   c o n t i n u o u s   p e r m a f r o s t   a n d   i n s u l a r   p e r -  
m a f r o s t   a n d   b e t w e e n   i n s u l a r   p e r m a f r o s t   a n d  
s e a s o n a l   p e r m a f r o s t .   I n   t h i s   w a y ,   t h e  
d i s t r i b u t i o n   o f   p e r m a f r o s t   o n   t h e   Q i n g h a i -  
X i z a n g   P l a t e a u  was p l o t t e d   o n   t h e   m a p .  
T h e   h e i g h t   o f   t h e   l o w e r  limit o f   p e r m a -  
f r o s t  i n  t h e   H i m a l a y a s   n e a r   t h e  28'N a l -  
r e a d y   r e a c h e s   a b o u t   4 9 0 0  m .  

T h e   c l i m a t i c   c o n d i t i o n s   o f   p e r m a f r o s t  
r e g i o n s   i n   N o r t h e a s t   C h i n a  a r c  wet te r  t h a n  
i n   t h e   p l a t c a u s   o f  West C h i n a .   U n d e r   t h e  
f r e q u e n t   a t t a c k   o f   S i b e r i a n   c o l d   a i r   c u r -  
r e n t s ,   t h e   l o w e r  limit o f   p c r m a f r o s t   i n  
t h e   m o u n t a i n   r e g i o n s   o f   N o r t h e a s t   C h i n a  i s  
a b o u t  800-1000 m l o w e r   t h a n   t h a t  a t  t h e  
same l a t i t u d e   i n  west T i a n   S h a n   a n d   A l t a i  
S h a n .   A c c o r d i n g   t o   t h e  map o f   p e r m a f r o s t  
d i s L r l b u t i o n   i n   H i n y g a n   L i n g   i n   N o r t h e a s t  
C h i n a  (1:2,000,000) c o m p i l e d   b y  Guo Dorrg- 
x i n  ( 1 9 8 3 ) ,  l a r g e   s t r e L c h   o f   c o n t i n u o u s  
p e r m a f r o s t   ( n o r t h   o f  -5OC i s o p l e t h ,  medn 
a n n u a l   a i r   t e m p e r a t u r e ) ,   i n s u l a r   t h a w i n g  
p e r m a f r o s t   ( b e t w c o r r  -5OC a n d  - 3 O C  i s o p l e t h ,  
m e a n   a n n u a l   a i r   t c m p e r a t u r e )   a n d   i n s u l a r  
p e r m a f r o s t   ( b e t w c e n  -3OC a n d  O 0 C  i s o p l e t h ,  
m e a n   a n n u a l   a i r   t e m p e r a t u r e )  a r c  d i s c e r n i -  

Q i n g h a i - X i z a n g   P l a t e a u  i s  a m a j o r   d i s -  

b l e   o n   t h e   m a p .  

SCASONAL FROZEN G R O U N D  

A c t u a l   i n v e s t i g a t i v e   d a t a   a r e   l a c k i n g  
o n   s e a s o n a l   f r o L e n   g r o u n d ,   b u t   i n f e r e n c e  
i s  m a d e   f r o m   a r o u n d   t e m n e r a t u r e   r e c o r d s  o 

I 

f r o m   d i f f e r e n c e   b e t w e e n   g r o u n d   t e m p e r a t u r e  
a n d  a i r  t e m p e r a t u r e   r e c o r d s   o f   t h e   m e t e o r -  
o l o g i c   s t a t i o n s .  Xu and  Guo ( 1 9 8 2 )  t o o k  
t h e   l o w e s t   m e a n   m o n t h l y   g r o u n d   t e m p e r a t u r e  
l o w e r   t h a n  O°C w i t h  a d u r a t i o n   o v e r  1 
m o n t h   a s   a n   i n d e x   f o r   t h e   e x i s t e n c e   o f  
s e a s o n a l   f r o z e n   g r o u n d .   T h i s   v a l u e  o f  
g r o u n d   s u r f a c e   t e m p e r a t u r e   c o r r e s p o n d s  t o  
t h e   m e a n   a n n u a l   t e m p e r a t u r e   o f  8 O C  i n  
X i z a n g   w i t h   d r y   c l i m a t e   a n d  sma l l  a n n u a l  
r a n g e   i n   t e m p e r a t u r e ,   b u t  may r e a c h  a s  
h i g h   a s  l o o  t o  l4OC i n   t h c   s o u t h e a s t e r n  
p a r t   o f   C h i n a  w i t h  i t s  h u m i d  c l i m a t e .  
T h i s   s o u t h e r n   b o u n d a r y   o f   s e a s o n a l   f r o z c r l  
g r o u n d   g e n e r a l l y   r u n s   f r o m   s o u t h w e s t  L o  
n o r t h e a s t ,   s i t u a t e d   b e t w e e n  .?5'N-35ON, 
m a i n l y   c o v e r i n g   l a r g e   a r e a s  o f  N o r t h w e s t ,  
N o r t h ,   a n d   N o r t h e a s t   C h i n a ;   o v c r   3 1 4   o f  
w h i c h   h a s  a s e a s o n a l   f r o r c n   l a y e r   m o r e  

. . .'I 
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t h a n  0 .5  m t h i c k ,   g r e a t l y   i n f l u e n c i n g  
h i g h w a y ,   r a i l w a y ,   c h a n n e l s ,   t u n n e l s ,  
a g r l c u l t u r e ,   a n d   e n g i n e e r i n g   c o n s t r u c t i o n s  
i n   w i n t e r .  To t h e   s o u t h  o f  t h e   s e a s o n a l  
f r o z e n   g r o u n d   z o n e ,  Xu a n d  G U O  ( 1 9 8 2 )  
s k e t c h e d   o u t   a n o t h e r   t r a n s i e n t   f r o z e n  
g r o u n d   z o n e   w i t h   t h e   e x t r e m e   l o w e s t   g r o u n d  
t e m p e r a t u r e   l o w e r   t h a n  O°C a n d  l e s s  t h a n  
1 m o n t h   i n   y e a r  a s  i t s  i n d e x   g e n e r a l l y  
c o r r e s p o n d i n g   t o   t h e   m e a n   a n n u a l  a i r  
t e m p e r a t u r e   1 8 . 5 O   t o   2 2 . 0 ~ ~ .  

PEHIGLACIAL PHCNOMCNA A N D  
Q U A T E R N A R Y  G L A C I A T I O N  

B a s e d   o n   a c t u a l . 1 ~   i n v e s t i g a t e d   d a t a  a t  
m o r e   t h a n  50 l o c a l i t i e s ,   S h i   Y a f e n g   a n d  
R e n   B i n g h u i   ( 1 9 8 0 )   c a r v e d  o u t  o n   t h e  map 
t h e   i s o p l e t h  o f  t h e   a n c i . e n t   s n o w   l i n e   i n  
t h e  l a s t  g l a c l a t i o n   o f  L a t e  P l e I s t o c e n e ,  
w h i c h  was o n l y   2 4 0 0 - 2 6 0 0  m in t h e   A l t a y  
S h a n   a n d   r o s e   t o   5 6 0 0 - 5 8 0 0  m o n   t h e   n o r t h -  
e r n   s l o p e   o f   M i d d l e   H i m a l a y a   ( M t .   Q o m o -  
l a n g m a ) .   S e v e r a l   f a m o u s   c i r q u e s   a n d  t e r -  
m i n a l   m o r a i n e s   u s e d   f o r   c a l c u l a t i o n   o f   t h e  
h e i g h t  o f  a n c i e n t ;   s n o w   L i n e  were a l s o  
i n d i c a t e d   o n   t h e   m a p .   A c c o r d i n q  t o  t h c  
d i s t r i b u t i v e   r e g u l a r i t y  of  s n o w   l i n e   o f  
L a s t   g l a c i a t i o n   t h e   p o s s i b i l i t y   o f   t h e  
e x i s t e n c e  o f  Q u a t c r n a r y   g l a c i e r s   i n   t h e  
e a s t e r n   p a r t  o f  C h i n a   w i t h   a n   e l e v a t i o n  
l o w e r   t h a n  3000 m h a s   b e c n   e x p e l l e d .  

h e a v i n g   a n d   t h a w i n g ,  e t c .  s u c h  a s  b l o c k -  
f i e l d s ,   r o c k  s t reams,  p o l y g o n s ,   f r o s t  
h e a v i n g   h u m m o c k s ,   i n v o l u t i o n s  e t c .  s p r e a d  
e x t e n s i v e l y   i n   C h i n a ,   o f   w h i c h  a few 
p l a c e s   w i t h   t y p i c a l   p a t t e r n s  a r e  i n d i c a t e d  
o n   t h e  map  by   Cui  Z t i T J ' h  ( 1 9 8 0 ) .  

P e r i g l a c i a l   p h e n o m e n a   f r o m   f r o s t   a c t i . o n ,  
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DESIGN AND CONSTRUCTION OF CUTTING AT SECTIONS OF THICK-LAYER GROUND ICE 
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Cu t t ing   a t   s ec t ions  of t h i c k   l a y e r  ground ice upse ts   the   o r ig ina l  ground l a y e r ' s  
n a t u r a l  state o f  thermal  equilibrium. To keep a new system  s table ,  i t s  thermal 
state,  within a cer ta in   scope ,  must be   r e s to red   t o   t he   o r ig ina l   s t a t e   o r   adapa ted  
to   the  condi t ions  caused by t h e  change of thermal   s ta te .  Using t h i s  as the  
s tar t ing  point   for   determining  protect ive  measures ,  the authors  summarize the 
prac t ica l   exper ience  and experimental and research  findings  accumulated  in  China 
s i n c e  1960, e spec ia l ly   r ecen t  ones made at  sec t ions   w i th   t h i ck   l aye r s  of ground 
ice on the  Qinghai-Xizang  Plateau,  and  present two major  proposals €or p r o t e c t i n g  
permafroe t   in   s i tu - - the   re f i l l ing  and heat   preservat ion method,  based on t h e  
pr inc ip le  of s i m i l a r i t y  of heat  power, and the method of suppor t ing   ( sus t a in ing )  
a s t r u c t u r e   t h a t  is based on the p r i n c i p l e  of l o c a l  thawing s e l f - b u r i a l  
s t a b i l i t y .  The design e s s e n t i a l s  o f  these  techniques  are   descr ibed,  and repre-  
s en ta t ive   pa t t e rns  o f  cross-sect ions are given. The inf luence o f  the harsh 
weather  conditions on the   P l a t eau  on construct ion  qual i ty ,   technology,  and 
machinery is discussed,  and the main points  of l i n k s   i n   c o n s t r u c t i o n  are 
emphasized. 

Th ick   l aye r s   o f   g round  Ice i n   t h e   r e g i o n  o f  
the Qinghai-Xizang  Plateau are one  of  tha  most 
sarious b a r r i e r s  t o  c o n s t r u c t i n g   c u t s  i n  that 
area, The i c e  l a y e r  exposed i n  cu t  s l o p e s   a n d  
f o u n d a t i o n s  a f t e r  excavating w i l l  cause  engi- 
neer ing   hazards .   Land-s l ides   and   foundat ion  
subs idence ,  and e v e n   s l i d e   a f t e r   t h a w i n g ,  may 
f o r c e  the abandonment   o f   the   p ro jec t ,  To pro- 
v i d e  a s t a b l e   a n d   d u r a b l e   f o u n d a t i o n ,  it is nec- 
e s s a r y   t o   s o l v e  a series of p r o b l e m s   t h a t   e x i s t  
i n  d e s i g n   a n d   c o n s t r u c t i o n ,  For c u t s   d e s i g n e d  
i n  t h e   l i g h t  o f  t h e  first p r i n c i p l e ,   t h a t  of 
k e e p i n g   t h e   p e r m a f r o s t  i n  it6 f r o z e n  s ta te ,  t h e  
p rob lems   t o   be  addressed are the type   o f  sec- 
t i o n ,  c o n s t r u c t i n g   s e a s o n ,  as w e l l  aa c o n s t r u c t -  
ing technology.  

THI EVIDENCE FOR THE MEASURES OF CON- 
DUCTING A RHOJECT AND TIIE PRINCIPAL 
DESIGNING PLAN 

a a t i o n s   c o n t r o l l e d   w i t h i n   p e r m i t t e d   r a n g e s   o f  
s t a b i l i t y   a n d   d u r a b i l i t y ,  it is  i m p e r a t i v e   t h a t  
the   thermal   and   mechanica l  s t a t e  o f   t h e  new sys-  
tem be r e s t o r e d ,  to some e x t e n t ,   t o   t h e  or iginal  
state ox be   adap tab le  to the   changes   b rought  
abou t .   Th i s  is t h e   e s s e n t i a l   s t a r t i n g   p o i n t  
for d e t e r m i n i n g   t h e   m e a s u r e s   t o  be t a k e n  i n  a 
new p r o j e c t ,   a n d   t h e  two p r i n c i p l e s  of designing, 
e i t h e r   p r o t e c t i n g   t h e   p e r m a f r o s t   f r o m   t h a w i n g   b y  
r e f i l l i n g  and preserving  the  thermal  regime 

based on t h e   p r i n c i p l e  of t b o r m a l   s i m i l a r i t y  o r  
the p r o t e c t i n g   t h e   c o n s t r u c t i o n  by u s i n g  retain- 
i n g   s t r u c t u r e s ,   w h i c h  is based  on the p r i n c i p l e  
of s t a b i l i z i n g   t h r o u g h   s e l f - b u r i a l   a n d   d r a i n a g e .  

DESIGN OF REFILLING AND HEAT 
PRESERVATION METHOD 

Types of S e c t i o n  and P r o c e s s i n L M e a s u r s s  

R e g a r d l e s s  o f  t h e  ~ a u 3 e  of formation o f  t o  f ac i l i t a t e  c o n s t r u c t i o n  and maintenance. 
ground ice, t he  i c e  layer w i t h   t h e   s e a s o n a l l y   T h e r e f o r e ,   s e v e r a l  matters are needed i n  exca- 
thEWiiIK l a y e r  over it has .   under   the  effect  o f  v a t i n g .  
t h e   n a i u r a i   e n v i r o n m e n t  o k r  a long p e r i o d ,  at- 
t a i n e d  a r e l a t i v e l y   s t a b l e   e q u i l i b r i u m .  The 
t empera ture  field, phys ica l   and   t he rma l   phys i -  
a a l   p r o p e r t i e s ,   s t o r i n g ,   t r a n s m i t t i n g ,   a n d  cy- 
c l i n g  o f  heat, and force system are i n  e q u i l i -  
brium.Excavating o f  cuts ,   however ,  w i l l .  inor i -  
t a b l r   i n t e r r u a t   t h e   e q u i l i b r i u m .  To make a new 

When an o r d i n a r y  section is adopted,  it 
should  be  excavated  t o  t h e   r e f i l l i n g   d e p t h  and 
Leave c e r t a i n  amount o f  e x t r a   e x c a v a t i o n  so 
t h a t   t h e  maximum seasona l ly   t hawing   dep th  can 
be   kept  above the boundary   sur face   o f  r e f i l l  
(Figure 1). 

s y s t i m   s t a b l e ;  i * e .  t o  baye e n g i n e e r i n g   d e f o r -  A dra inage   sys t em connecting t h e   r e t a i n i n g  
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FIGURE I Sketch of t yp ica l   cu t  section. 
hT is the  thickneas o f  r e f i l l i n g  lower p a r t  
of slope of cut: 
o h  is the  thickness of r e f i l l i n g   i n  upper 
p a r t  of slope of cut.  

.. 
I Z - J ~ I  , aa.b-&Om 

FIGURE 2 Sketch of re ta ia ing  draiaage,  and wa- 
ter in su la t ion  faei l i t ies .  
a is the   re ta in ing  bank, 
b is the layer o f  tlayeg s o i l ,  
u i s  the turf l a i d  i n  an inverse  order,  
d i s  the  atone  pile  laid  without using mor- 
tar, e i s  the water insu la t ion   layer ,  
A is t h e   c l a y e y   s o i l   r e f i l l e d ,  
B is the coarse granu la r   so i l   r e f i l l ed .  

I - I I - I I " 1 Y  .. 
4 

- D 
"""-"""""" 

r -  

FIGURE 4 Cross-section shoving  heat  insulation 
mater ia l  and other   construct ion  detai ls .  
a i s  the   hea t   i n su la t ion  material, 
b is  the  water-discharge  openings, 
c i s  the  padding  layer o f  sand, 
d is the water insu la t ion  layer ,  
B is the  platform o f  s ida   d i t ch ,  
f I s  the  broken  stones,  padding  layer of 

coaxse sand, 

Layer 
hT is t h e  thickness of heat preservation 

A i s  the  clayey s o i l  r e f i l l e d .  

bank a t   t h e   t o p  of c u t  and the  drainage  ditch 
beyond the  bank i s  bui l t   to   p revent   the   s lope  
Prom damage by auprapeslnaprost water  flowing 
down f r o m  the  upper  part o f  slope  (Figure 2). 

A shallow and  wide cross sec t iona l   s ide  
d i t c h  is used  with its bottom paved with  pl i -  
able  and tough  water  insulation  material  or 
c layey   so i l  f o r  convenient  maintenance and un- 
ObatrUCted flow. 

The slope ~f aut  can be made s t a b l e  by two 
f e a s i b l e  means-"building a platform of s ide  
d i t c h  or bui lding a platform  with a st~ae re- 
t a in ing   p i le ,   l a id   wi thout .ue ing  mortar, a t   t h e  
bottom o f  slope  (Figure 2). 

Pay spec ia l   a t t en t ion   t o   t he  ver t ica l  tran- 
s i t i o n  and j o i n t  between r e f i l l e d   s e c t o r  o f  cut, 
zero-section, and low embanknsnt (Figure 3) .  

The fol lowing  factors  are considered  about 
the measura  of processing a project .  

I. The r e f i l l i n g   m a t e r i a l  is mainly  taken 
from local  materials,   such as broken stones, 
pebble  gravel, clayey s o i l ,   o r   t u r f .  The pro- 
t e c t i v e  measure af re f i l l ing   wi th   c layey  soil, 
with a layer o f  t u r f  paved over it, is advan- 
tageous  to  prevent  the  surface from s l i d i n g  and 
reducing  thnving  depth. 

2. To lessen the amount of r e f i l l   f o r  axca- 
vation,  consideration  should be given t o  pave 

FIGURE 3 T r a n s i t i o n  from cat t o  embankmeat industr ia l   heat-preserving  mater ia l   a l ternately 

I is the embankment sector ,  coarse  sand of cer ta in   thiokness  as i s o l a t i n g  
I1 i s  the   txans i t ion   sec tor ,  layer  beneath  the  bottom of hea t   insu la t ion  
111 is  tho  zaro-section, p l a t e ,  If heat   insu la t ion   layer  is placed  over 
AB is the   o r ig ina l  ground surface,  the  surface o f  slope,  water-discharge  openings 
CD is  the  designed  elevation. have t o  be provided  (Figure 4). 

3sCfiOn. and i n  the  course of construction lay a layer  o f  
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3. To prevent   the  foundat ion f rom being  da- 
maged by water soaking i n ,  it i B  neaessary  t o  
c o n s t r u c t  a water - t igh t   l ayer  over p r o p e r   p a r t s  
of s h p e  and foundation. The water  aontent  and 
d e n s i t y  of f i l l i n E  m a t e r i a l  must be con t ro l l ed .  

4. If r e t a i n i n g  bank is not  set a t  t h e  top  
of   cu t ,   the   thawing   depth   there  will be g r e a t e r  
than  i n  the  middle  o f  t he   s lope  by 6% t o  IWA, 
f o r   t h e   t o p  of t h e   c u t  i s  under the   in f luence  
o f  heat   sourcen from two s ides .  It  is, there-  
f o r e ,   e s s e n t i a l  t o  i nc rease   t ho   t h iokness  o f  
the   heat-preserving  layer  on the  upper parts of 
t h e  slops, 

Det*rmination of t he  Thickness of Heat-Prssery- 
$nR Layer t o  Be R e f i l l e d  

The technique of hea t  p re se rva t ion  by means 
of r e f i l l i n g  is based on the   theory o f  thermal 
s i m i l a r i t y ,  The v a r i o u s   c a l c u l a t i o n s  and t e s t -  
i n g  methods to   de t e rmine   t he   t h i ckness  o f  t h e  
r e f i l l i n g   l a y a r  have t o  be connected t o  some ex- 
t en t   w i th   t he   equ i l ib r ium of l o c a l   n a t u r a l  stra- 
tum i n  many r e spec t s ,  ae boundary  aonditions,  
m e d i u r   u h a r a c t e r i s t i c s ,   e t c .  and s h o u l d   r e f l e c t  
the  specifio f e a t u r e s  ~ j f  the   cu t   sea t iom.   This  
I s  t h e   e s s e n t i a l  base f o r   f o r m u l a t i n g   t h e  re- 
qu i red   ca l cu la t ions .  

Equations are a v a i l a b l e  which based om loca l  
natural  permafros t   t ab le  and revised i n  terms of 
o r i e n t a t i o n  of s lope ,  surfaca conditions,   and 
t h e   n a t u r e  of f i l l i n g  material, etc.  are u s e d   t o  
c a l c u l a t e  e r e f i l l i n g   t h i c k n e s s  of  slope  and 
foandatioa'?; t h i s   a l s o  can be doae by a statis- 
t i c a l  formula  based on local   average  monthly air 
temperature i n  August2). I n  case i n d u s t r i a l  
h e a t   i n e u l a t i o n  material is u s e d   t o  pave over 
slope OF foundation, a convers ion   equat ion   tha t  
t a k e s   t h e   t h e o r y   o f   a t t e n u a t i o n  of amplitude as 
i ts  b a s i s  i s  used  instead3) .  

Computation of Slope  and  Foundat ion  Stabi l i ty  

The s t r e n g t h  of foundation of c u t   i n  perma- 
f r o % t  area can be  computed wi th   r e spec t  to t he  
requirements in   ordinary  areas .  As long as 
t he   t he rma l   ca l cu la t ions  are r e l i ab le ,   t he  maxi- 
mum seasonal ly   thawing  depth will not axceed ra 
f i l l i n g   t h i c k n e s s ,  and t h e   f o u n d a t i o n   i t s e l f  i s  
e f f e c t i v e  enough t a  prevent   the  permafrost be- 
neath  it from  being  soaked by rain as well 
as suprapermafrost   water o f  s lope .  

The s t a b i l i t y  o f  s lope  of c u t   a o n s t r u a t e d   i n  
warm seasons should be c a l c u l a t e d  by t a k i n g  
f i l l i n g  o r  excavat ing  boundary  surface as slia- 
i n g  surface. To avoid loca l  imrstnbili ty,  as 
s u r f a c e   s l i d e ,  e t a .  caused by sudden  increase o f  
water aonten t  of  slope  which is brought  about by 
rap id   thawing  of accumulated snow i n  warm season 
or ra ins torm,  i t  is n e c e s s a r y   t o   p a y   a t t e n t i o n  
t o   t h e   c h o i c e  o f  f i l l i n g  m a t e r i a l  and method of 
p r o t e c t i o n  as well. The g rad ien t  of slope o f  
c u t   l o c a t a d  a t  rfegion o f  t h i e k   l a y e r  of ground 
i c e  shotlld be less t han  q:l*5. 

FIGURE 5 Sketch of r e t a i n i n g  wall f o r  c u t  
a l lov ing   EOlhpSe   and   se l f -bur ia l   behind  the 
wall. 
a is t h e   c o l l a p s e  c o n t o w  measured i n  Sep- 

b is the  col lapse  contour   measured i n  Sep- 

c is the   co l lapse   contour   whi le   the  retain- 

d i s  the   contour  of slope  excavated i n  Au- 

tember, 1971, 

tember, 1970, 

i n g  wall was completed i n  September, 1969, 

P a t ,  1968, 
e is t h e   c o n c r e t e  layer, 0.1-0.2 m t h i ck ,  
A is  t h e   s t o n e   r e t a i n i n g   v a l l   l a i d  witt 

mortar. 

FIGURE: 6 Sketch of s e c t i o n   v i t h   r e t a i n i n g  wall 
a t  t h e  lower p a r t  and t he rma l   p ro t ec t ion  of 
the   upper   par t .  
A is the   c layey  s o i l  r e f i l l e d ,  
a is t h e   p r e f a b r i c a t e d   e r e c t i o n   r e i n f o r c e d  

concre te  L-shaped r e t a i n i n g  wall, 
b is the  sand  padding, 0.1 m t h i ck .  

Design of P ro tec t ion   w i th   Re ta in ina   S t ruc tu re  

Th i s  method i s  based on t h e   p r i n c i p l e   o f  sta- 
b i l i z i n g  by self-burial ,   hence  the  requirements  
needed t o  be s a t i s f i e d   i n c l u d e   t h e   s t a b i l i t y  of 
t h e   s t r u c t u r e   i t s e l f  and f avorab le   cond i t ions  of 
t he   cons t ruc t ion  site. The m e r i t s  o f  t h i s  me- 
thod are r educ t ion  in cu t   s ec t ion   and   r educ t ion  
of the earthwork of c u t  and r e f i l l i n g .  It is, 
i n  ganera l ,  only  adequate  f o r  tihallow c u t  or 
deep  cut   with heat prese rva t ion  (Figure 5 and 6). 
The main po in t s   cons ide red   i n   des ign ing  are: 
first ,  the  method should  normally be u s e d   i n  



p laces  where the   hor  izonta  1 s lope  o f  ground sur- 
face is gent le ;   second,   the  foundat ion of t h s  - 
t a i n i n g  wall should be bur ied  deeper than   the  
permafrost   table  by 0.3-0.5 m or  founded  on bed- 
rock$ t h i r d ,   e s t i m a t e   t h e  area of co l l apse  o f  
slope  and  the  accumulated  height o f  s o i l  mass 
behind  the wall, and  design  the  sect ion o f  re- 
t a i n i n g  wall tak ing   the   p r rssure   y ie lded  by the  
soil   accumulated  behind  the wall as the  main 
evidence;  fourth,   discharge  openings  should be 
arranged a t  d i f f e r e n t   h e i g h t s  o f  the wall and 
t h e   v e r t i c l e   d r a i n a g e   c a p a b i l i t y  of cu t  is re- 
qu i red  t o  be  enhanced, 

For deep cuts,   the  adoption  of such s e c t i o n s  
t h a t   a r e   c a p a b l e  of r e t a i n i n g  a t  the  lower  par t  
and p ro tec t ing   t he   uppe r   pa r t   can  lessen tha  
amount of e x c w a t i o n   a n d   r e f i l l ,   o n l y   t h e  mate- 
r i a l  r e f i l l e d  behind  the wall is r e q u i r e d   t o  
have su f f i c i en t   t h i ckness .   In   des ign ing ,   t h s  
f a c t o r s   t o  be cons ide red   i nc lude   t he   s t ab i l i t y  
under  the aat ion o f  hor i zon ta l  frost heaving 
p res su re  and the   thicknesa of  heat-preservin$ 
layer .  

CONSTRUCTION OF CUT 

The most serious th rea t   encountered  in 
b u i l d i n g   c u t s  i n  regions of thick  ground  ice  
has  been  the  thawing-freezing mud flow,  which 
ser ious ly   de lays   the   p lanned  speed of aonsbruc- 
t i o n   a n d   e v m  makes t h e   s e c t i o n  can not  shaped. 
There had  been  suah  an  example  on  the Qinghahai- 
Xizang  Plateau where a t e a t  cut had t o  be aban- 
doned  because o f  damage t o  over 60$ of Its 
l eng th  by thawing.  This was due t o  neglect of 
hea t   p re se rva t ion   i n   t he   cou r se  o f  cons t ruc t ion  
(Figure 7). It i s ,  therefore ,   an  important  
p r i n c i p l e   t o   g e t   r i d  o f  or reduoe t o   t h e   f u l l e s t  
Bxtent the   d i s turbance  o f  heat-thawing  while 
cons t ruc t ing  in the   reg ion  o f  t h i ck  ground i ce .  

Construction  Season 

In permafros t   a reas  it is favorable  for  w c a -  
vat ing  and  shaping  in   cold  seasons,   for  r e f i l l -  
i n g  i n  warm season.  Thus  construction seasons 

I 
FlGUB'E: 7 Deformatioa of out  caused by heat- 

thawing  landsl ide i n  1960. 
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are r e 1  e v a n t   t o   r a t i o n a l l y   s o l v i n g   t h e   r e l a t i o n  
between  excavating  and  ahaping  and  the Source Of 
f i l l i n g   m a t e r i a l ,  which are cont rad ic tory   wi th  
each  other ,  

If coarse  granular s o i l  is taken as r e f i l l -  
i ng   ma te r i a l  and concent ra te  borrow is adopted, 
it is sugges t ed   t o   ca r ry  on cons t ruc t ion  i n  co ld  
seasoner so as t o  improve cons t ruc t ion   qua l i t y  
and avoid   poss ib le  harm. 

If cons t ruc t ion   has   t o  be c a r r i e d  ou t  i n  
warm seasons, it is  imperative not  t o  do it In  
August o r  September, when r a i n f a l l  is mOst fFe-  
quent  and  heat-thawing  effect  is  ma?rtactive. 
The proper  time  under auah cond i t ions  i s  l i k e l y  
S U ~ P ~ E ~  and la te  autumn,  and hea t   p re se rva t ion  is 
sti l l  worth t o  be noticed  even  then, 

Construction  going beyond the  gear, i.e.  ex- 
cavat ing  and  shaping  in  Autumn and r e f i l l i n g   i n  
warm seasons of next  year,  is b e n e f i o i a l  t o  the  
s t a b i l i t y  o f  cu t ,  which  can  meet  the  different 
requirements  of  both  excavating. 

Cons t ruc t ion   Techno loa  

Construction technology i s  the  key  problem 
connected  with  the  success  or f a i l u r e  o f  build- 
i ng  cu t s .  The working  procedure  should  be 
planned  and  linked up as a whole,  and c a r r i e d  
ou t  success ive ly .  It c o n s i s t s  of  t h e   f o l l o v i n g  
four   s teps :  plannlng---excavating"-rafilLEng-l 
levrsling. 

Planning  before  construction  includes con- 
struction  organization  design,  setting  construc- 
tion schedules,  building  construction  roads, de- 
l inea t ing  borrow areas and transport   routes,  and 
prepar ing   cons t ruc t ion   fac i l i t i es  and materials,  
and establishing  construction team, e tc .  

P r i o r  t o  completion o f  planning, it i s  impe- 
r a t i v e   t o   p r o t e c t   c o n s t r u c t i o n   s i t e   a n d  the 
surrounding  natural   vegetation.  Rashly break- 
i n g  ground i s  not  allowed. 

Pay a t t e n t i o n   t o   t h e   n a t u r a l   d r a i m g a  of tho  
uons t ruc t ion  site. B u i l t  permanent  drainage 
devioe is permi t ted   before   cons t rua t ion .  

It is necessary t o  adopt  high-speed mereha- 
n ized   cons t ruc t ion  i n  excavation t o  achieve 
quick  aompletion. 

Loosening s o i l  with  machinery o r  bor ing  de- 
moli t ion  are   the  eff ic ient  ways of  excavating 
cuts. Deep hole demolit ion i s  f e a s i b l e .  Seve- 
ral  p o i n t s  are t o  be noticed: 

Borings are ar ranged   accord ing   to   the  prin- 
c i p l s  O S  excavat ing   sec t ion   to   ach ieve   shaping  
by demolit ion i n  once so as t o  shor ten   the  
workfnff  time t o  the   fu l les t .   thus   lower ing   the  

l i n g  and  c leaning 
Sector-by-sector 

up a f t e r  demoli- 
long c u t e  (50-100 

effect-of  heat-thawing. 

P a r a l l e l   o p e r a t i o n  o f  d r i l  
up e a r t h  work i s  recommended. 
cons t ruc t ion  i e  e f f e c t i v e   f o r  
m f o r  each  sector).   Cleaning 
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t i o n  and d r i l l i n g   t h e   l a s t  sector are ca r r i ed  
out  simultaneously. 

Great   a t tent ion must be paid  to  waterproof 
and freezing-protecting o f  explosive, Explo- 
s ive  of good waterproof and freezing-protecting 
qual i ty ,  e.g. J-2 pulp-like  explosive, is sa- 
t i s f ac to ry .  

Damage o f  vegeta t ion   before   d r i l l ing  is 
s t r i c t ly   p roh ib i t ed .  

Procedure of eroavating:  excavate  foundation 
f i r s t  then  slope  for  shallow  cuts, and rice 
versa for deep ones. A drainage trough of cer- 
t a i n  width nust  be l e f t  over  foundation surface 
for  both  cases t o  prevent mud flow from being 
accumulated i n  cut%. 

The earthwork  loosened by demolition or the 
loosener is uleaned up  by bulldozer or loaded 
OX transported by other means. 

The loosenad  earthwork  lying a t   the   top  of 
auts ,  which can be reused,  should be t ransport-  
ed 30 m beyond the  excavating limit; the  ice  
layer con ta in ing   so i l  and f rozen   so i l  of r i a h  
ice  baawth  permafrost   table  should be,  accord- 
ing t o  the  length o f  cut ,   bul ldozed  ver t ical ly  
a t  once o r  through  horizontal  passages  sectar- 
by-sector and p i l ed  up at cer ta in   p lace  beyond 
the  cut.  While discarding  waste   soi l ,  notice 
not  to  leave  unfavorable  effect  on draingang up 
si l t  d u r i n g   r e f i l l i n g  and hidden  trouble. 

The bui lding of horizontal  passage should be 
done a t  the same time  with  loosening  soil,   the 
adequate  Interval between them being  round 100 
a. For cuts   shorter   than 200 m, excavation is 
ca r r i ed  out on both  ends and horizontal  pas- 
sages are  set up a t  the lower p a r t  of them; f o r  
long cuts   over  200 IP excavation is c a r r i e d  out 
sector  by sector  and an addi t ional   horizontal  
passage i s  equipped i n  the mid of the cut.  
Bulldozing is done from t o p  t o  bottom, 

When exaavating comes t o  the  s tage of re- 
f i l l i n g ,   p r o t e c t i o n  measure,  covering i n  the day 
time and  removing the  cover  in  the  night,  
should be adopted t o  exposed i c e  layer to  reduce 
the   e f f ec t  of heat-thawing. 

After  the  completion and cleaning up o f  c u t s  
excavated  in warm m a s o n s ,   e n t i r e   r e f i l l i n g  
must be done immediately to   p revent   the   cu t  sur- 
face from being  exposed t o o  long. The po in t s  
for a t t e n t i o n  aret 

The necessi ty  of s u f f i c i e n t   r e f i l l i n g  mate- 
r i a l  supply. Re f i l l i ng  material should first 
be paved over  both side slopes along the   cut  

and then get downward up t o  the bottom s t ep  by 
step  to   provide good heat  preservation, Com- 
paction i s  needed  immediately after paving o f  
refilling mate r i a l ,   e speu ia l lg   a t   t he  tims when 
it is l i k e l y   t o   r a i n .  

The sequence  of r e f i l l i n g  i s  fram  inner  to 
outer  and  from  top t o  bottom,  thereby  allowing 
the  clean up of  the thawed mud of the  sector  
followed. 

Attention  should be paid t o  r e f i l l i n g  and 
compaction s ide  s lopes.  When compaction  equip- 
ment is not  available,  br hand compaation muet 
be resorted  to   layer  by layer,  The gradient of 
slope is adjusted by mews of paving the slope. 

Levelling  includes  the f'oLLowing stepst clean- 
ing  up the soil l e f t   a f t e r   pav ing  slope, clean- 

forms of side d i t ches  and foundation surftiae, 
ana the shaping of cuts ,   e ta .  

i ng  UP the side di tches ,   l eve l l ing  O f f  the pM$- 

SUMMARY 

I n  regions o f  ground iue, which is oonsider- 
ed as the   speaial ly   harmful   geological  area, the 
design aa well   as   construat ion of outs a r e  most 
complicated and arduous and need a comprehensive 
consideration of local  weather and permafrost 
conditions,  topography,  vegetation,  the  run of 
the  cuts ,  and the  nature of s t ra tum,  e tcc ,  and 
it is, therefore,  impossible t o  have a unique 
method for   designing  sect ion and construction. 
The a r t ic le   on ly   p resents   an   essent ia l   d i scus-  
s ion  on several  main points,  and many other 
problems,  such as measures o f  water-insulation 
and drainage,  construction Lechnology,  choice 
of machine, and commentary on work eff ic iency,  
e t c .   a r e   l e f t   f o r   fu r the r   d i scuss ion  so a s   t o  
obtain a plan more applicable,  
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AN EXPERIMENTAL  STUDY OF CRYOGENIC  FACTORS  AFFECTING 
GEOLOGICAL  PROCESSES  IN  PLACER FORMATION 

Yu. V. Shumilov 

Permafrost  Institute,  Siberian  Branch, 
Academy  of  Sciences,  Yakutsk, USSR 

It was  determined  that  rocks  subjected  to  stress  for  long  periods  at  negative  tempera- 
tures  experience  a  reduction in stability.  This  process  accelerates  the  disintegration 
of the  rocks  in  the  hypergenesis zone  due to  pressure  release  unloading,  weathering, 
and  erosion.  This  effect  should  be  taken  into  account in  mining,  construction,  and 
geological  investigations.  It  was  demonstrated  that  weathering  of  rocks  in  the  cryo- 
lithozone  is  accompanied  by  the  simultaneous  formation  of  unconsolidated  materials  of 
varying  particle  size.  Cryogenesis  results  in  intense  removal  of  ions  of  some  elements 
in  water  and  thus  increases  the  mineral  content  of  the  ground  water.  Migration  of 
matter  in  the  cryolithozone  is  clearly  demonstrated  both in ice  and in  water, Elements 
differ  greatly  with  regard  to  their  mobility,  a  factor  which  distinguishes  the  cryo- 
lithozone  from  other  climatic  zones. 

INTRODUCTION 

Advances  of  our  country  in  developing  the 
theory of permafrost  rocks,  including  their  struc- 
ture,  morphology,  and  evolution  in  space  and  time, 
make  it  possible to employ  observed  geocryological 
relationships  in  a  broad  range  of  scientific, 
technological,  engineering,  and  agrobiological 
activities.  One  such  application  is  the  prospect- 
ing  for  mineral  deposits  in  the  permafrost  zone. 
Presently  available  detailed  investigations  of 
cryogenic  mechanisms  and  processes,  and  of  proper- 
ties  of  syngenetic  and  epigenetic  residue,  refer 
only  to  the  formation o f  unproductive  deposits. 
The  formation,  structure,  and  occurrence  in  the 
permafrost  zone  of  mineral  deposits  such  as 
placers  represent  a  virtually  unexplored  field 
from  the  point  of view o f  the  cryology  and  geology 
of mineral  deposits.  Progress in this  direction 
(Shilo, 1981) so far  includes  only  general  state- 
ments  about  the  interrelation  of  the  placer 
formation  with  cryolithogenesis.  To  render  these 
insights  effective in  search and  prospecting 
operations  requires  more  detailed  knowledge  of 
cryogenic  factors  and  their  role  in  placer  forma- 
tion  and  other  geological  processes. 

an experimental  study of the  primary  factors  of 
placer  formation  including  the  cryogenic  (Shumilov, 
1981). A study  was  made  of  three  groups  of  cryo- 
genic  phenomena  and  mechanisms:  physical  breakdown 
of  monolithic  homogeneous  frozen  rock  and  minerals; 
frost  weathering  of  rock  materials  associated  with 
gold,  platinum,  tin,  and  diamond  deposits;  and  the 
formation  of  secondary  haloes of gold  and  attendant 
element  dispersion  in  conditions  of  the  permafrost 
zone. 

During  the  last  decade we have  been  conducting 

PHYSICAL  BRFAKDOWN  OF  FROZEN  ROCKS 

Experiments  were  aimed  at  modeling  physico- 
chemical  weathering in the  Arctic,  using  tempera- 
ture  controlled  chambers  of  "Synthesis"  type  and 

"Nema"  type.  The  determining  factor  was  choses  to 
be  a  cycllc  alteration  of  phase  states  of  water in 
its  transition  from 25°C to -25'C and  vice  versa. 
Techniques  were  also  employed  to  break  samples 
through  uniaxial  compression,  hydromechanical 
fragmentation,  and  impact. In these  experiments 
variations  of  rock  strength,  porosity,  mass  loss, 
gtanulometric  composition  (once  collapse  was 
initiated),  escape  of  material  in  the  liquid  phase, 
and  related  data  were  taken.  Experimental  results 
were  compared with geological  field  observations. 

The  experiments  have  provided  a  detailed 
definition  of  the  mechanism  for  cryogenic  failure 
of rock,  a  process  that  originates  within  a  rock 
long  before  it  is  subjected  to  temperature  fluctu- 
ations,  phase  transitions  of  water,  and  the  influ- 
ence of other  weathering  factors  (Shilo  and 
Shumilov, 1981). It  is  known  that  when  rock  and 
ores  crystallize  and  solidify,  a  large  number of 
crystal  dislocations,  inhomogeneities,  and  other 
defects of the  structure  form  within  them.  This 
primary  condition  is  defined  by  a  certain  initial 
strength  which  is  less  than  that  of  an  ideal 
crystalline  structure with no defects.  The  reason 
is  that  a  portion  of  the  atoms  on  the  lattice  sites 
are  in  a  non-equilibrium  (overstressed or under- 
stressed)  stare  and  tend  to  occupy  a  position  of 
stability  having  the  lowest  energy  level  of  thermal 
oscillation.  The  decrease of rock  temperature  in 
the  case o f  permafrost  formation  leads t o  a  greater 
degree  of  instability  of  non-equilibrium  bonds in 
the  crystalline  lattices  of  minerals.  Under 
mechanical  influences  present  in  upper  levels  of 
the  Earth's  crust  (such as tectonic,  seismic,  tidal, 
etc.) frozen  rock  develops  sites  of  micro-failure 
within  mineral  crystals in the  form  of  incipient 
micro-cracks  and  the  growth  of  existing  cracks. 

considered  as  proceeding  continuously  in  the  region 
of  subzero  temperatures.  The  frozen  state  of  rock 
under  conditions  of long stress  with  changing 
magnitude  and  sign  enhances  the  fatigue of the 
material  and  leads  to  its  destruction  without  any 

Thus,  the  process of rock  breakdown  should  be 
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mass  exchange.  Micro-destruction in mineral 
crystals  is  particularly  intensive with temperature 
fluctuations  in  the  subzero  temperature  domain  and 
when  freezing  and  thawing  occurs  cyclically.  These 
processes  accompanied  by  phase  transitions of water, 
if  any,  introduce  additional  energy  which  produces 
a  kinetic  fluctuation of unstable  atoms  and  ions 
(Regal  and  Slutsker, 1 9 7 3 ) ,  destabilizing  the  atom- 
ion  links  within  the  material. 

tion of rock  is  analogous  to  the  brittle  rupture  of 
solid  bodies  as  documented in technical  physics. 
Destruction  under  the  action  of  cryogenic  factors 
proceeds  discontinuously.  During  a  time  interval 
an  accumulation of critical  stresses  occurs  accom- 
panied  by  the  growth  of  micro-cracks which bring 
about  a  rupture  along  the  most  overstressed  direc- 
tions.  The  process  then  repeats  itself.  Sample 
mass  loss  and an increase  of  sample  porosity  also 
proceed  discontinuously  and  simultaneously  with  the 
destruction. 

It  is  important  to  note  that  cryogenic  destruc- 
tion  evolves  in  two  stages:  precritical  and  post- 
critical. In the  first  stage  the  rock,  despite 
previous  cryogenic  destruction,  retains  its 
external  homogeneity  and  some  residual  strength as 
a  consequence  of  purely  mechanical  engagement of 
grains,  crystals,  and  aggregates.  However, when 
such  rock  is  subjected to weathering  conditions on 
the  ground  it  immediately  enters  the  stage  of  post- 
critical  destruction  and  rapidly  changes  to  a  dis- 
aggregated  state  under  increases o f  stress,  espec- 
ially  if  there  is  a  slight  impact  stress. 

A similar  situation  arises  when  various  struc- 
tures  (tunnels  or  various  chambers)  are  built  with- 
in ledge  rock.  If  the  rock  is  cryogenically 
altered, i.e.  had  been  subject to a  long  stressed 
state  at  low  temperatures  or  to  periodical  freez- 
ing  and  thawing,  then  the  rock  exhibits  abruptly 
weakened  mechanical  and  atom-molecular  links  within 
its  structure.  The  rock  structure  approaches  a 
critical  point  of  internal  stress  where  a  minor 
increase of stress  is  sufficient  for  the  rock  to 
disintegrate,  in  the  manner of brittle  solids  sub- 
jected to postcritical  stress. 

The  influence of the  degree  of  rock  weathering 
upon  rock  strength is well  known  (Yarg, 1974). A 
typical  feature  of  the  phenomenon of cryogenic  pre- 
destruction  is  the  possibility  that  cryogenic 
effects  may  be  present  "behind  the  scenes" in  rock 
that  lacks  external  signatures of weathering  decay, 
and  that  may  appear  monolithic  and  even  possess 
considerable  mechanical  strength  when  tested  in 
the  domain of above  zero  temperatures.  However, 
when  such  rock  begins  to  bear  a  stress,  there 
occurs  an  unforeseeable  destabilization of its 
elements;  its  load-carrying  capacity  is  abruptly 
decreased, with grave  implications  for  the  facili- 
ties under  construction.  There  have  been  cases 
also of a considerable  reduction  in  longevity  of 
concrete  structures  built  in  areas with severe  cold 
climate.  One  cause  of  these  effects  is  the  use  of 
crushed  stone  for  concrete  aggregate which has  been 
prepared  from  cryogenically  modified  rock. A 
further  cause  is  an  experimentally  demonstrated 
increase  of  water  corrosivity  as  it  freezes,  leading 
to  a  rapid  physical  and  chemical  weathering  of 
unstable  carbonate  inclusions  in  rock. 

Experiments  have  confirmed  that  cryogenic  destruc- 

In principle,  the  results o f  the  experimental 

study of cryogenic  destruction  corroborate  previous 
results.  Similar  data  had  been  obtained  from 
omnilateral  compression  of  quartz  samples  beyond 
the  stress  at  which  the  sample  would  be  pulverized 
without  deformation  (Bridgeman, 1955). Latent 
processes  of  destruction  of  monolithic  rock  are 
suggested  by  the  flaking  of  mining  working  walls 
exposed to mining  pressure,  and  by  other  observa- 
tions.  The  results  show  that in order  to  identify 
the  field  of  application  of  the  observed  phenomena 
for  technological  and  geological  purposes,  further 
investigations  are  pertinent. In particular,  even 
in dedicated  papers  (Chistotinov  and  Shur,  1980; 
Tsytovich,  19791,  cryogenic  physical  and  geological 
processes in ledge  rock  have  not  previously  been 
considered. 

CRYOGENIC WEATHERING OF ORE MINERALS 

The  aim of another  set  of  experiments  was  to 
study  physical  and  chemical  weathering of gold,  tin, 
platinum,  and  diamond  ores  in  conditions  of  the 
permafrost  zone  (Shumilov,  1981; Shih, Shumilov, 
and  Sporykhina, 1981; Prokopchuk,  Shumilov,  and 
Vazhenin, 1981). It has  become  apparent  that 
dispersion  of  ore  material in the  permafrost  zone 
proceeds  from  the  earliest  stages  of  weathering 
simultaneously  at  three  levels:  crude  dispersion 
into  particulates of crushed  stone  of  gravel s i z e  
and  larger  fragments,  fine  dispersion  up  to  the 
size  of  pellet  fractions,  and  chemical  extraction 
o f  elements  and  their  compounds  from  ore  material. 
Within  the  layer  of  secular  and  seasonal  tempera- 
ture  fluctuations,  a  weathering  crust  forms of the 
cryogenic  type with inhibited  development  of 
chemical  transformations  but  with  a  pronounced 
physical  dispersion of ore  material.  Dispersion 
proceeds  most  strongly  within  the  layer of seasonal 
thawing  and  initiates  the  liberation of valuable 
(placer-forming)  minerals  from  the  primary  minerals 
of particulates.  The  latter  are  entrained  into  the 
movement of fragmented  material  downslope  and 
produce  haloes o f  secondary  dispersion. 

liquid  water  is  available,  the  permafrost  zone 
exhibits a sharp  increase of exchange  processes 
between  eluvium  and  original  substrate,  between 
slope  deposits  and  underlying  rock,  and  between  the 
river  bed  and  its  solid  bed.  The  high  velocity of 
material on the  slope  in  the  permafrost  zone 
creates  favorable  conditions  for  feeding  river  beds 
with productive  material.  Cryogenic  weathering 
contributes  crucially  to  hydromechanical  fragmen- 
tation  of  ore  debris  within  the  bed,  resulting  in 
the  conversion of minerals  to  a  free  state  and 
their  subsequent  concentration  into  a  crudely 
inhomogeneous  water-debris  medium (a placer 
deposit).  After  the  formation of a  placer, 
syngenetic  freezing  of  the  productive  layer  con- 
tributes  to  subsidence of minerals  into  cracks  of 
bedrock  while  epigenic  freezing  causes  deformations 
and  discontinuities of the  productive  layer. 

the  stability  of  different  formative  types of ore 
against  cryogenic  Weathering  (according to an  index 
of formation  of  a  fraction  smaller  than 1 mm in the 
weathering  products).  Comparison  was  made  of  seven 
formations:  gold-quartz  with low sulphide  content, 

In contrast  to  lithogenetic  situations  where 

The  experimental  results were used  to  evaluate 
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gold-quartz  with  moderate  sulphide  content, 
cassiterite-quartz,  cassiterite-silicate, 
cassiterite-sulphide,  dunite,  and  kimberlite. 
Assuming  the  stability of the  first  (most  stable) 
formation  to  be 100, we  obtain  the  following  series 
of  cryogenic  stability:  100:9:62:29:3:14:2.  This 
series  indicates  that  within  the  permafrost  zone 
the  formative  conditions  of  placers  from  different 
sources  are  sharply  different  and  the  search 
criteria  €or  each  mineral  type of placer  will 
differ  substantially.  The  permafrost zone, as  a 
whole,  is  found  to  be  a  site  of  intense  production 
of disperse  material  that  contributes to the  for- 
mation  of  placers  of  a  comparatively  narrow  mineral 
series. 

CRYOGENIC  CONCENTRATION OF FINE 
PARTICULATES OF MINERALS 

The  third  group o f  laboratory  experiments  was 
aimed  at  a  study of the  chemical  component  of 
cryogenic  weathering  and of the  behavior of finely 
divided  mineral  particulates.  This  work  was 
carried  out  together with V. M.  Pitulko  and  V. L. 
Sukhoroslov. 

cryogenic  weathering  varied  between 10 and 3000 
mg/R.  These  solutions  contained  the  following 
elements  (in  decreasing  order  of  concentration): 
chlorine,  sulphur,  magnesium,  calcium,  zinc,  man- 
ganese,  barium,  nickel,  copper,  and  sodium.  Phase 
transitions  of  water  led  to  an  increase of mobility 
of  arsenic,  silver,  manganese,  nickel,  titanium, 
antimony,  molybdenum,  and  chromium. 

The  properties  of  cryogenic  weathering  were 
most  pronounced  in  processes  that  form  secondary 
haloes  of  dispersion  within  ore  fields  of  gold  and 
silver  deposits  (Pitulko,  Shumilov,  and  Sukhoroslov, 
1979). Detailed  surveys  (1:5000  and  larger)  reveal 
a  zonal  structure of secondary  haloes  that  can  be 
used  as  the  criterion  for  evaluating  the  produc- 
tivity  of  an  ore  outcrop. In this  case  we  dietin-- 
guish  between  secondary  residual  and  secondary 
translated  haloes,  whose  relative  positions  can be 
used  to  reveal  the  presence o f  a  bedrock  and  its 
dimensions. In  a  single  zone  of  anomalies  the 
combination  of  ore  complex  elements  (Au,  Ag, As, 
Pb, Zn, Sb)  and of antagonist-elements  (Ti,  Ni,  Co, 
Ea, Yn, B, Sn  and  partly Mo) is  indicative  of  the 
productivity  of  the  source  outcrop. 

to 30-50 percent of ore  components  in  the  form  of 
free  primary  minerals  are  concentrated  in  a  small 
fraction  of  eluvium  and  deluvium  of  the  cryogenic 
type.  The  predominance  of  a  mineral  form  is  par- 
ticularly  well-defined  for  gold.  Fractions  of 
50-100  mkm  size  and  of  less  than 50 mkm include  up 
to 60 percent o f  extracted  bullion  gold.  Up  to 30 
percent  of  gold  particulates  occur in aggregations 
with  quartz  and  other  minerals.  Residual  haloes 
of  mineral  forms  in  stripping  are  concentrated  near 
the  base  of  a  seasonally  thawing  layer  and  also 
occur  at  the  base of a  suffosion  level.  Secondary 
accumulations of translated  haloes, on the  other 
hand,  more  frequently  occur  near  the  upper  part of 
stripping. 

situ  measurements  leads  us to conclude  that  migra- 
tion  of  material  in  the  permafrost zone is actively 

The  mineralization of solutions  produced  during 

The  experimental  results  have  confirmed  that  up 

The  comparison o f  experimental  laboratory  and  in 

manifested i n  the  chemical  composition  of  solid  and 
liquid  phases of cryogenic  weathering. In this 
case we distinguish:  salt  migrators of rather 
mobi le  components (Zn, Mo, Ag, Ni, As, Mg, Sb, Ca); 
mechanical  migrators of weakly  mobile  elements  (Au, 
Sn, Ti,  Al,  and  partially Pb); and  mixed  migrators 
(Fe,  Cu,  Bi,  Ba)  involved  in  migration  both in a 
salt  and  mineral  form. On the  whole,  analysis of 
the  data  shows  that  the  behavior of material  in  the 
permafrost zone i s  defined  by  the  following  factors: 
permafrost  conditions  within  watershed  and  slope 
deposits,  the  character o f  the  surface  and  the  micro- 
relief;  individual  signatures of the  micro-landscape 
situation  (degree of turfing,  the  character  of  vege- 
tation,  exposure,  inclination, etc.) ; composition  of 
the  ore  source  and  its  configuration  and  orientation 
with respect to relief  elements. 

The  distribution  of  sorption-salt  and  mineral 
forms  in  ore  haloes  of  the  permafrost  zone  permits 
a  diagnosis  of  residual  and  migrated  haloes  and 
anomalies.  Cryogenic  dispersion  attributes  to  a 
high  input  rate  of  components  into  the  deposit  and 
to an  effective  development of lithochemical  and 
hydrochemical  anomalies. 

cesses  whose  adequate  interpretation  in  handling 
specific  geological  problems  requires  proper  allow- 
ance  €or  cryogenic  factors  and  their  further 
laboratory  and in  situ  investigation. 

Thus,  there  is  a wide  range of  geological  pro- 
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Explosive cratering  trials  were  carried  out at four  distinct  sites  in  the vicinity of 
Inuvik, NWT. The  primary  aim  was  to  correlate  measured  properties  of  the frozen 
soils with  the  cratering  results. Two of  the  sites  were underlain by coarse grained, 
sandy  soils and  two  by fine  grained  silty  soils. At each  site  ground temperatures 
and  seismic  properties  were  measured and core samples taken t o  allow  laboratory 
measurement  of moisture content, density, strength, and  seismic  properties. At each 
site  seven  craters  were  formed  using  5  kg charges o f  ANFO explosive  detonated at 
various depths. From crater measurements the optimum depths of charge  burial and the 
maximum dimensions of  the  apparent and true  craters  were  found. It was  concluded 
that no single  property  is  sufficient  to characterize the  soil  with  respect  to  its 
cratering  behavior. Parameters derived  from  the  seismic velocities appear  to offer 
the  best hope for  possible  characterization. 

INTRODUCTION 

Many previous  studies  concerning  the 
explosive excavation or disintegration of frozen 
soils have been limited in scope  to  specific 
individual  sites  or  mines.  A  search of the 
available  literature reveals that in most 
instances  the soil conditions have not been 
described in sufficient  detail to allow behavioral 
correlations between the  cratering  results and the 
soil properties. One attempt at  such  a  general 
correlation by Morgenstern et  al.  (1978) concluded 
that  whether  a  soil was frozen or  not  appeared  to 
make little  di-fference  to  the relation between 
charge weight  and optimum crater  dimensions.  Only 
the  broadest differentiation was  possible between 
soils, and  this  showed  that  in  general  larger 
craters  are  produced  in  fine  grained  soils than in 
coarse grained soils for a given weight of 
charge. A recent  study  by  Smith  (1980)  points  to 
the  complex  nature of the  problem.  Significant 
variations were observed in crater dimensions 
produced in a  frozen silt compared to an  unfrozen 
silt  (moisture  content  about 30%). Only minor 
variations were  observed between a  frozen  and  a 
thawed  gravel  (moisture  content 2-8%) and between 
the  frozen  gravel  and  the frozen silt. The 
problem  therefore  is  that  simple differentiation 
between soils as coarse or  fine  grained  is 
insufficient to reflect  the changes in  probable 
cratering behavior, 

With  the  uncertainty  surrounding  the 
descriptions of  the  soils  in  previous studies, it 
was  decided  that it would  be  of  value  to  conduct 
basic  cratering  trials on different  types of 
frozen  soils  and  to  attempt  to  correlate  the 
cratering  results  with  more  extensive  geotechnical 
properties. To this  end  cratering  trials  and 
geotechnical  evaluations  were  carried  out at four 
sites  near  Inuvik, NWT in  February  1981.  Limited 
results are  presented  in  this  paper  but a detailed 
report  was  given by Simpson (1981). 

CRATERING VARIABLES 

There are  three  basic variables that 
determine  the dimensions of  the  surficial crater 
produced  by an explosive  event. These are  the 
energy and form  of  the  explosive charge, the  depth 
o f  burial of the  charge  beneath  the surface, and 
the  type  of  soil. 

The energy  released by a specific  explosive 
may be  represented  as  a  function of the  weight 
used (W). To maximize a particular crater 
property, such as its  depth  or volume, there  is 
for a specific  explosive  charge  an optimum depth 
of burial (dc). This optimum depth o f  burial 
has been shown within reasonable limits of 
practical  accuracy  to  vary  linearly  with  the cube 
root of  the  weight of explosive  used: 

1 1 
dc = Constant * W' = C W' 

The  constant C is known as  the  scaled  depth of 
burial. The use of this  constant  in  "cube  root 
scaling"  of  explosive  events is reasonably  valid 
over  a  wide range of explosive  weights. However, 
the optimum depth  of  burial may well  be  different 
for  such  individual  factors  as  the diameter, the 
depth, or  the volume of  both  the  apparent  and  the 
true  craters. Thus a  series of constants, C y  need 
to  be  defined  for  any  specific  situation. 

In  addition  the dimensions of the crater 
produced by a specific weight of charge also 
respond to "cube  root  scaling,"  such  that: 

1 - 
Crater  depth  or  diameter = Constant x W3 

and 

Crater  volume - Constant x W 
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Thus  another  series  of  constants  is  required 
and  these  represent  the  scaled  depth,  scaled 
diameter, or  scaled  volume  of  the  apparent or the 
true  craters.  It  is  the  aim  of  most  cratering 
trials  to  find  experimentally  the  scaling 
constants  for  the  crater  dimensions  and  for  the 
optimum  depths  of  burial  for  particular  soil 
conditions  and  explosives. 

When  considering  the  effects  of  the  soil 
conditions on cratering, it  is  desirable  to  define 
some  characteristic  properties or behavior  to 
which  the  scaling  constants  can  be  referenced,  On 
a simple  intuitive  level  one  would  expect 
cratering  to  be a combined  function  of  the  dynamic 
strength of the  soil,  the  constitutive 
relationship  between  stress  and  strain  and  the 
soil  density,  Defining  these  properties,  except 
for  the  density,  is  virtually  impossible  when 
consideration is given to the  dynamic  nature  of 
the  event.  For a frozen  soil  the  problem  is  more 
difficult  than  in  an  unfrozen  soil. 

Recognizing  the  difficulty  of a "proper" 
solution, one may  start  at  the  other  end of the 
spectrum  and  seek  empirical  groupings  of  soils 
that  may  have  similar  strength  properties.  This 
leads  initially  to  simple  differentiation  or 
classification  based on perhaps  grain  size  and 
moisture  content.  For  frozen  soil  the  temperature 
should  also  be  considered  as an integral  factor. 
Beyond  this  first  empirical  stage,  "static" 
strength  measurements  may  be  made  either on 
samples or using  penetrometers  in  the  hope  that 
dynamic  strengths  will  be  relatively  similar. 
These  may  be  combined  with  seismic  velocity  and 
density measurements  to  attempt a more  rational 

TABLE 1 Site  Classification  Data. 
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albeit  still  empirical  approach.  Support  for  some 
aspects  of  such  an  approach  was  given  by  Westine 
(1970)  and  Garg (19821,  who  both  considered  the 
seismic  velocity  to  be a useful  indicator of 
cratering  behavior. 

In th is  study  attempts  have  been  made  to 
characterize  the  four  sites  studied  using  both  the 
simple  empirical  approach  and  the  somewhat  more 
rational  approach. 

SITES STUDIED 

Four  sites  south of lnuvik  were  selected  for 
the  trials. Two were  composed of primarily  fine 
grained  soils  (Sites  FG1  and FG2) and  two of 
coarse  grained  soils  (Sites  CG1  and  CG2).  Site 
FGl  was a natural  undisturbed  site,  whereas  the 
other  three  had  all  served  as  borrow  pits.  Basic 
soil  classification  information  for  the  four  sites 
is  presented  in  Table  1. 

Site  FG1  was  underlain  by a fine  grained, 
silty till with a thin  surficial  layer  of  peat. 
The  moisture  content  for  this  soil  was  rather 
difficult  to  characterize  with a single  average 
value.  The  main  reason  for  this  was  that  limited 
zones  existed  with  very  noticeable  ice  strarifica- 
tion  and  yet  the  bulk o f  the  soil  was  dense  with a 
relatively  low  moisture  content.  In  addition, 
where the surface  peat  layer  was  saturated  it 
possessed a very  high  moisture  content.  The 
moisture  content  presented  in  Table 1 is  an 
average  for  the  basic  soil  without  the  ice 
stratification.  The  range  of  values  measured 
including  the  stratified  material  was  18-55%. 

Site I I FG1 I FG2 I CG 1 

Soil  Description Fine  grained 
glacial  till 
with  peat 
overcover  and 
horizontal  ice 
lenses 

Clay  shale 
with a 
reticulated 
ice  pattern 

Ice  rich 
medium  sand 

Classification 

Sand  Fraction 
Silt  Fraction 
Clay  Fraction 

D5 0 mm 0.019 0.010 0.42 

Liquid  Limit x 31.1 33 .3  non-plastic 

Plastic  Limit % 24.5  22 .a non-plastic 

Average  Moisture 
Content x 25.3 21.4 31.1 
0 to 1 m Depth 

Average  Bulk 
Density  kg/m3 1980 2040 1830 
0 to 1  m  Depth 

CG2 

Ice  poor 
medium  sand 
considerable 
organic 
content 

SP-N f 

95 
05 
ao 

0.49 

non-plastic 

non-plastic 

14.5 

2090 
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TABLE 2 Average  Strength  Properties. 

S i t e  FG2 was formed by the  base o f  a deeply 
excavated  quarry. The "soil"  appeared  to be a 
b r i t t l e   s t r a t i f i e d   s h a l e   o r   s i l t s t o n e ,  Good 
fragmentation was o b s e r v e d   a t   t h i s   s i t e ,  which i s  
be l ieved   to  be a funct ion of t h e   b r i t t l e n e s s  and 
s t r a t i f i c a t i o n .  

S i t e  CG1 was a sand p i t  used i n   t h e  
construct ion  of   the Dempster Highway. The water 
t a b l e  was very  c lose  to   the  surface,   g iving a well 
bonded,  ice-rich, medium sand. 

S i t e  CG2, a l s o  a sand p i t ,  was be t te r   d ra ined  
and  the  moisture  content was considerably  lower, 
giving a poorly  bonded,  unsaturated, medium sand. 
Sampling a t   t h i s  s i t e  proved d i f f i cu l t   because  o f  
t h e  poor bonding and the  presence  of a s i g n i f i c a n t  
network of roots   through  the  upper   soi l   layers .  
The roots   a l so   appeared   to   a f fec t   the   c ra te r ing ,  
as a number of l a rge   s l abs  of s o i l  were observed 
t o  be he ld   toge ther  by the   roo t s   a f t e r   t he  
explosion,  

In a d d i t i o n   t o   t h e   c l a s s i f i c a t i o n  of the  
so i l s   the   fo l lowing   geotechnica l  program was 
car r ied   ou t  a t  each s i t e :  

1. Core samples of the   so i l s   a t   each  s i t e  were 
obtained  using a CRREL pat tern  sampler .  These 
samples were shipped  in  the  frozen  condition to 
the   Univers i ty  of A lbe r t a   i n  Edmonton, where 
unconfined  compression  tests were made on them i n  
a cold room maintained  a t  -8'C. The average 
r e s u l t s  from t h e s e   t e s t s  are presented  in  Table 2. 
The s o i l  from s i t e  FG1 was notably more p l a s t i c  
than  that  from the   o the r   t h ree   s i t e s   a s  may be 
seen from t h e   s t r a i n   a t   f a i l u r e  of 13.4% 

2 .  Seismic   ve loc i t ies  were measured  both in   t he  
labora tory  and i n   t h e   f i e l d .  In the   l abora tory  
each  unconfined  compression  sample was t e s t e d  
using  Terrametr ics   ul t rasonic   equipment   pr ior   to  
t he   ac tua l   compress ion   t e s t .   I n   t he   f i e ld ,  
standard  seismic  equipment  using a small  primer 
charge  as a saurce of dis turbance was employed. 
The bas ic   resu l t s   toge ther   wi th   cer ta in   der ived  
parameters  are  presented  in  Table 3 .  

3 .  Ground temperatures  were  measured  using 
s t r i n g s  of s i x  thermistors   placed  a t   depths  
between 0 and 3 m. Typical   resul ts   obtained 
midway th rough   t he   t r i a l s ,  on a day when t h e   a i r  

TABLE 3 Seismic  Velocit ies and Dynamic Moduli. 
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FIGURE 1 Ground temperature profiles. 

temperature was -32'C, are  presented in Figure 1. 
Site FG2 is  significantly  colder than the other 
three. This is representative of the conditions 
as measured, 

CRATERING TRIALS 

Snow was  cleared  from  each  site in December  and 
again at the end o f  January  immediately  prior  to 
the  cratering  trials. Seven craters were  formed 
at each  site  with  a  sufficient variation i n  depth 
of charge  burial  to  enable  the optimum depths  of 
charge  burial for both  apparent  and  true crater 
dimensions to be  found. Because of  the  limited 
extent of cerKain of the sites, charges were 
formed  using only 5 kg of AMEX I1 (Ammonium 
Nitrate  Fuel  Oil)  explosive  detonated  with 0.45 kg 
Procore 111 primers  and EB electric  blasting 
caps.  The explosives were  charged in 16.5 cm 
holes at a  free  pour  density  of 890 kg/m3* Such 
charges may be  considered  spherical in action. 

Prior to  and  after cratering, surveys  were  made 
of the  ground surface along  set  cross sections 
to allow determination of the  apparent  crater 
dimensions.  Unfortunately  during  the operation 
the  only  two  back-hoes within a  few  hundred miles 
broke  down. Measurements of the  true crater 
dimensions were still  obtained  but  by  hand 
excavation of the  debris. It is f e l t  that  this 
led  to lower  estimates of the  Krue  crater  volumes 
than would have been  obtained by machine 
excavation. 

The results for  the  apparent  crater  volumes are 
presented  in  scaled  form  in  Figure 2. From  these 
graphs  the  optimal conditions indicated in Table 4 
are  obtained. 
The results for  the  true crater volumes  are 

presented in scaled  form in Figure 3 .  These 
results produce  the opKima1 values given in 
Table 5. 

FIGURE 2 Scaled results from  apparent  craters. 

TABLE 4 Optimum Results for  Apparent  Craters. 

and 

Site Optimum  Scaled  Scaled  Apparent 
Volume  Depth  of  Burial 

FG 1 

0.49 0 . 3 4  CG 1 

0.58 0 .33  FG2 

0.68 0 .46  

CG2 0.69 0 .43  

CORRELATIONS AND DISCUSSION 

The relative  behavior  of  the scaled  diameters 
deuths followed  very  similar trends  to  those 

of the  scaled  crater  volumes  indicated  in  Tables 4 
and 5 ,  In general, sites CG2 and FG1 produced 
similar results with CG2 tending  to  be  slightly 
higher. Except  for  the  apparent  depth  and 
apparent volume, site  CG1 always produced 
the  smallest craters, although  the results were 
reasonably  similar  to  site FG2. 
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FIGURE 3 Scaled  results  from  true craters. 

TABLE 5 Optimum  Results for True  Craters. 

1 Site I Scaled  True 1 Optimum  Scaled I 
Vo 1 ume Depth  of  Burial 

1 - 
mt kg 

I I 
FG 1 1.42 0 . 7 3  

FG2 1.14  0 . 7 3  

CG1 1.06 0.78 

I CG2 1 1.70 I 0.83 I 

No single soil  property  sufficiently 
characterizes  the  soils'  behavior to give  a  usable 
correlation with  basic  cratering  results.  Looking 
initially at simple  factors: 
1, At CG1, the  site  with  the  lowest density, the 

smallest craters were produced, This  is  the 
opposite of  what  might  be  expected. 

2 .  For  the coarse grained  soils  the higher 
moisture content  site, CG1,  produced  the  smallest 
crater, whereas  for  the  fine  grained  sites  the 
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higher moisture contents at FE1 produced  larger 
craters.  Qualitatively  the  anomaly may be 
explained for the  coarse  grained  soils  in  terms o f  
the  better  bonding  and  strength  of  the  saturated 
soils at  CG1 compared to the  poor  bonding in the 
unsaturated  soil at  CG2. This  leads  one  to  expect 
that  a correlation may  be  developed  with  the  soil 
strength! 

3 .  This, however, did not show up, as  the  soil  at 
FG2 was apparently  weaker than that  at CG2 even 
though  the craters at FG2 were  much  smaller. Two 
factors  may  be  affecting  this  correlation.  At 
site CG2, sampling  was  very difficult, with  many 
attempts  producing  little more than  broken 
pieces.  The samples obtained  must by "natural 
selection"  have  been  from areas of better bonded, 
stronger material and  may  therefore  be 
unrepresentative of  the  in  situ  average  strength. 
The second  factor was the  colder  ground 
temperature  measured at site  FG2.  All  laboratory 
strength  tests  were  carried  out at a  constant 
temperature  of -8'C. Relatively, therefore, the 
in  situ  strength at FG2 may  be  expected to  be 
greater. However, even accepting  such 
rationalization, one  cannot  explain  the  closeness 
of  the  cratering results between FG2 and CG1 in 
view of the considerable strength  difference 
between  the soils, 

4 .  The seismic velocities are  also  confusing. 
The two coarse grained  sites  had  very  similar 
values, which  were  larger than those at the  fine 
grained  sites. The fine  grained  sites  also 
produced  similar  results. 

Thus if an all-encompassing explanation is  to 
be obtained, it will  have  to be in terms o f  some 
combination of properties. Westine (1970) 
suggested  the  term  (pc2)  as  an  indicator  of  the 
soil's  "compressibility" or "constitutive  effect," 
where p was  the  soil  density  and  c  the  seismic 
dilation wave  velocity.  Once again CG2 appears 
the  most  serious anomaly, as  its  value  of  pc2  is 
the highest. At least  the  other  three  sites show 
a  logical  progression for  this  combined  value. 
Another  similarly  based  tern  would  be  the  dynamic 
Young's modulus derived  from  the  soil  density and 
seismic  velocities.  Values  are  given in Table 3 ,  
and again, if CG2 could  be ignored, then  some 
limited consistency of pattern  emerges between the 
moduli and  the  cratering  volumes  in  Tables 4 and 
5. One  further possibility, which  seems  logical 
and  arises  as  a  grouping  from  a  dimensional 
analysis, is  to divide a  strength  term for the 
soil by  the dynamic modulus value.  This  produces 
what  might  be  thought of as an  "elastic  failure 
strain." 

King  and  Garg (1982) suggested  that 
correlation existed between the compressive 
strength  and  either  the  dynamic  Young's modulus o r  
dilation wave velocity.  The  results f o r  the 
unconfined compressive strengths and dilation wave 
velocities obtained  in  the  laboratory  tests for 
this  study  are  presented  in  Figure 4. A measure 
of agreement is observed.  Certainly  this  type  of 
agreement  gives  further credence to  the  concept 
that  seismic  velocities  may be a  possible  general 
indicator of constitutive behavior as suggested  by 
Westine (1970). From a  practical  point of view 
this certainly would  be  a  desirable outcome. 
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42% in its optimum scaled  depth of burial  were 
observed  in  this  series o f  trials. 

3 .  Derived parameters based on the  seismic 
velocites of the frozen soil are  considered to 
provide  the  best  possibilities  for correlation, 
especially  if  soils  are  dealt  with in more  limited 
groupings. 
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DEEP BLECTEtOWWTETIC SompblAG OVER THE PERMAFROST TERRAIN 
IN THE MACKENZIE DELTA, N.W.T., CANADA 

Ajit K. Sinha  and I,. E. Stephens 
Geological  Survey of Canada,  601  Booth  Street,  Ottawa,  Ontario,  Canada K1A OE8 

A number  of  deep  electromagnetic (EM) soundings  using a multifrequency  and a transient 
system  were  carried  out  over  several  locations  near  Tuktoyaktuk,  N.W.T.,  during  the 
spring of 1982.  The  locations  were  near  drill  holes  that  had  already  been  surveyed  with 
various  geophysical logs .  The  multifrequency  EM  system  used a vertical  magnetic  dipole 
as  the  transmitter  with 128 frequencies  from 1 Hz to 60 kHz for  the  detection of 
conductive  horizons  to a depth o f  700 m from  the  surface.  The  transmitter f o r  the 
transient  soundings  was a large  Turam-type  loap  that  can  transmit  square  wave  pulses  with 
two  base  frequencies  of 3 and 30 Hz. 

The  motivation  for  the  experiments  was  to  test a relatively  inexpensive  and 
environmentally  acceptable  geophysical  technique  for  detecting  horizontal  layers  at 
large  depths,  especially  the  contact  between  ice-bonded  permafrost  and  the  underlying 
unfrozen  sediments,  which  varies  in  depth  from 250 m to 650 m in  the  Mackenzie  Delta 
area.  The  multifrequency EM sounding  interpretations  generally  agreed  well  with  well-log 
information  at most sites.  The  time-domain  results, on the  other hand, detected  major 
interfaces  but  could  not  resolve  minor  discontinuities.  This  could  be  attributed to the 
fact  that  the  resolving  capability of the  time-domain  system  was  somewhat  less  than  that 
for  the  multifrequency  system.  The  experiments  demonstrated  the  viability  and  usefulness 
.of conducting  routine  electromagnetic  soundings  for  detecting  and  delineating  horizons 
within  areas  of  thick  continuous  permafrost. 

INTRODUCTION 

In  the  past  few years, several  electrical  and 
electromagnetic  (EM)  methods  have  become  available 
for  routine  mapping  and  delineation of continuous 
and  discontinuous  permafrost  zones  in  the  arctic 
regions  of  Canada  and  Alaska  (Annan  and  Davis  1976, 
Arcone  et  al.  1978,  Rossiter et al. 1978). These 
methods  generally  yield  good  estimates of the 
permafrost  thickness  and  conductivity  when  the 
permafrost is relatively  thin, i.e., less  than 50 m 
thick.  However, in areas  of  thick  and  continuous 
permafrost,  other  methods  with  greater  depth 
penetration  must  be  used.  This  study  deals  with  the 
use  of  two  deep  electromagnetic  sounding  methods, 
one  frequency-domain  and  the  other  time-domain,  for 
mapping  permafrost  to  depths o f  700 m  in the 
Mackenzie  Delta,  N.W.T.,  Canada. 

The  motivation  for  the  study  was to test  and 
evaluate a relatively  inexpensive  and 
environmentally  acceptable  geophysical  technique 
for  detecting  interfaces  at  large  depths,  especially 
the  contact  between  the  ice-bonded  permafrost  and 
the  underlying  unfrozen  sediments.  This  interface 
is  at  depths  varying  from 250 m to 650 m in  the 
Mackenzie  Delta  area.  All  test  areas  were  chosen to 
be  within  75 km from  Tuktoyaktuk, N.W.T., where  the 
facilities  of  the  Polar  Continental  Shelf  Project 
are  available.  The  tests  were  carried  out  near  deep 
oil  and  gas  exploration  wells  that  had  already  been 
surveyed  by  thermal  and  other  geophysical  logs  for 
detecting  various  geological  horizons,  including 
the  permafrost/thawed-zone  contact,  and  were 
carried  out  during  the  spring  of  1982 when the 
ground  was  frozen.  Hence  the  active  layer  did  not 
pose a problem  in  our  study. 

DESCRIPTION OF SrmvIzy TEcAIpIQnaS 

Mdtifrequcncy En System 

The  multifrequency  deep EM sounding  system 
(Maxi-Probe)  used  for  the  test  surveys  consists  of a 
vertical  magnetic  dipole  transmitter o f  large  moment 
and a receiver  to  record  simultaneously  the  vertical 
and  the  radial  components  of  the  total  magnetic 
fields  at a distance.  The  transmitter  loop  placed 
on the  ground  behaves  like a vertical  dipole  when 
the  receiver  is  placed  at a distance of at  least 5 
times  its  diameter.  The  transmitter  is  powered  by a 
2 . 5  kW gasoline-driven  generator.  The  transmitter 
operator  may  select  up  to 128 discrete  frequencies 
from 1 Hz to 60 kHz from  the  transmitter  console. 
The  receiver  system  consists  of a horizontal  and a 
vertical  coil  enclosed  in a  fiberglass,  spherical 
shell to reduce  wind  noise.  The  shell  is  normally 
placed on a fiberglass  tripod  for  stability.  By 
using a built-in  bubble-level  and a directional 
arrow on the  antenna,  it  is  possible t o  ensure  that 
the  measured  fields  are  true  vertical  and  radial 
components  of  the  magnetic  field. 

The  transmitter  and  the  receiver  consoles  are 
usually  synchronized  with  the  help of two  crystal 
clocks  at  the  beginning  of  the  survey.  This 
eliminates  the  need  for a connecting  cable  between 
them  for  phase  reference.  The  receiver  operator 
normally  records  the  ratios  of  the  vertical  field 
component  HZ to the  horizontal  field  component HX 
and  their  phase  differences  at  each  frequency. 
Since  absolute  values of field  components  are  not 
required, it  is  not  necessary  to  keep  the  current 
constant  or  the  geometry of the  transmitter  loop  in 
any  particular  configuration.  This  simplifies  field 
operation  over  rugged  terrain. 
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The  depth o f  investigation  with  this  system  is a 
function  of  frequency,  electrical  parameters  of  the 
ground,  transmitter-receiver  separation,  and  the 
strength o f  the  transmitter  dipole.  The  lower  limit 
of  usable  frequency  is  normally  dictated  by  the 
extent  of  atmospheric  and  cultural  noise.  Since  the 
frozen  ground  was  quite  resistive,  it  was  possible 
to sound to depths  about  1-1.5  times  the 
transmitter-receiver  separation.  The  field  results 
were  initially  interpreted  by  graphical  means 
(Sinha  1979)  and  finally  by  comparing  the  field 
plots  of  IHz/HxI  versus  frequency  with  computer 
generated  responses of multilayered  earth  sections 
to obtain a good  match.  The  plotting  point  is  taken 
to be  the  middle  point  between  the  transmitter  and 

Sinha  (1979, 1980, 1983). 
the  receiver. The  system  has  been  described  by 

Trauaimt EM System 

The  deep  sounding  transient  EM  system (EM-37) 
consisted  of a large  square  loop  transmitter 450 m 
by 450 m lying  flat  on  the  ground. A steady 
current,  most  commonly  15 t o  20 amperes  is  passed 
through  the  loop  long  enough  to  allow  turn-on 
transients  to  dissipate.  The  steady  current  is  then 
abruptly  terminated  in a controlled  fashion. The 
rapid  reduction  of  the  transmitter  current in a very 
short  time  causes  the  magnetic  flux  to  change 
rapidly,  thereby  inducing an electromotive  force 
(e.m.f.1  in  the  ground  conductors.  This  causes  eddy 
currents to flow in the  ground,  and  these  currents 
decay  in  characteristic  fashion  depending on the 
conductivity,  size, and  shape  of  the  conductor.  The 
time  rate of change  of  the  decay  field  may  be 
measured  by a mobile  receiver  loop  that  may  be 
oriented  in  three  orthogonal  directions to record 
the  decay  in  three  directions. 

The  decay of the  field i s  measured  at 20 preset 
time  intervals  or  channels  after  the  current is 
turned  off.  In  practice,  the  fields  are  measured 
over  many  cycles  and  stacked  to  increase  the 
signal/noise  ratio.  The  system  operates  with  two 
base  frequencies  of 3 and 30 Hz.  Thus, if  both 
frequencies  are used, data  over a total  of 
30 channels  (from 0.089 msec to 72 msec)  are 
recorded,  since  the  last  10  channels  of 30 Hz are 
identical  with  the  first 10 channels  of 3 Hz. 

A 5-BP gasoline  generator  powers  the  transmitter 
loop.  There  are  four  possible  ways  of  synchronizing 
the  primary  and  secondary  pulses,  the  most  stable of 
which  involves  the  use of an oven-warmed  crystal 
oscillator.  McNeill (1980) has  described  the  system 
in  detail. In late  times, i.e.,  when the  decay 
current  pattern  has  stabilized,  the  decay  voltage 
components  are  related  to  the  apparent  resistivity 
of the  ground  by a simple  relation.  Hence  the  decay 
values  over 30 channels  yield 30 apparent 
resistivity  values of the  ground  at  different  time 
intervals.  The  field  results  are  interpreted by 
comparing  field  plots of apparent  resistivity  versus 
(time)+ with a set o f  precomputed  master  curves f o r  
two-  and  three-layer  media  or  by  direct  comparison 
with  sets  of  computer  generated  responses  over 
multilayered  earth  sections.  Kaufman  (1977)  has 
adequately  described  the  procedure. 

GEOLOGY OF THE AREA 

Field  tests  with  the  two EM systems  were  carried 
out  at  seven  sites  in  the  Mackenzie Delta, as  shown 
in Figure 1. The  Tertiary  and  Quaternary  sediments 
of  the  Mackenzie  Delta  consist  of  fluviodeltaic 
clastic  sediments  eroded  and  transported  from 
bordering,  uplifted  highlands to  the  west  and  south 
o f  Mackenzie  basin  (Young  et  al.  1976).  The 
reworking  and  sorting  of  sediments  by  basinward 
progradation of delta  formations  and  the  meandering 
channels  of  the  Mackenzie  river  and  episodic  marine 
transgressions  create a very  diversified  sequence  of 
sediments  in  the  area.  The  sediments  are  more 
uniform  east of Tuktoyaktuk  than  those  west  of it, 
possibly  because  of  their  offshore  prodeltaic 
origin.  In  this  paper  results  will  be  presented 
from  one  site  west  of  Tuktoyaktuk  (#1)  and  two  sites 
east  of  it (#6 and # 7 ) .  

FIELD RESULTS 

Figure 2 illustrates a plot of the  raw  field  data 
from  site #1 (YA-YA P-53) obtained  with  the 
multifrequency  system  using a transmitter-receiver 
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FIGURE 1 Locations o f  the  test  sites  in  the 
Mackenzie  Delta. 
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FIGURE 2 Raw  field  data  with  the  multifrequency 
EM system  at  YA-YA P-53. 

separation  of 500 m.  The  amplitudes  of  HzfH,  are 
plotted on the  ordinate  against  frequency  in  the 
abscissa.  The  dashed  line  represents  the  response 
of a homogeneous  half-space. As  the  frequency  is 
decreased,  greater  depths  are  probed by the  system. 
Any  divergence of the  field  plot  from  the  half-space 
curve  represents a departure of the  medium  from 
this  half-space  model.  By  comparing  such  field 
plots  with  precomputed  half-space  and  multilayered 
curves  plotted  with a nondimensional  parameter 
proportional  to  frequency  along  the  abscissa,  it  is 
possible  to  obtain  the  depth  and  resistivity 
parameters of a multilayered  medium  (Sinha 1979) .  

Figure 3 illustrates a plot  of  the  same  data 
(N-S direction)  after  correcting  for  the  effects of 
altitude  differences  between  the  transmitter Tx and 
the  receiver Rx (Sinha 1980). The data  were 
inverted  in  terms  of  resistivity  and  thickness 
parameters of a multilayer  earth  after  comparison 
with  responses  from  several  computer  generated 
models. The results  indicate  the  presence  of a 
conductive  layer  at a depth  of 444 m from  the 
surface.  Borehole  geothermal  surveys  (Taylor  and 
Judge  1977)  have  indicated  the  depth  of  the 
permafrost  in  the  hole  to  be 433 m. Figure 4 
illustrates  the  corrected  field  response  over  the 
same  location  with  the  transmitter  and  the  receiver 
in a E-W direction,  keeping  their  separation 
Constant.  The  conductive  horizon  is  now  interpreted 
t o  be  at a depth of 435 m.  The  good  agreement 
between  the  two  depth  values  when  the  transmitter- 
receiver  system i s  rotated  by 90" indicates  that  the 
layers  are  more or less  horizontal  and  attests  to 
the  repeatability o f  the  survey  technique.  The 
upward  hump  in  the  field  values  in  Figure 3 could 
not  be  exactly  modelled on the  computer,  thereby 
indicating  the  presence  of a two- or three- 
dimensional  resistive  body  in  the  area. 

FREQUENCY ( H e r t z )  

FIGURE 3 Interpretation  of  multifrequency EM data 
over  YA-YA P-53 for Tx and Rx in  a N-S 
1 ine . 

Figure 5 shows a aection of a deep  induction  log 
at  the  same  drill  hole.  The  log  shows a decrease  in 
resistivity from a range  of 10-30 ohm m at  depths of 
325-400 m to  about 7 ohm  m  at  a  depth  of  about 405 m 
presumably  where  thawing  begins.  The  resistivity of 
the  permafrost  however  exhibits  wide  fluctuations 
possibly  due  to  the  presence  of conductingmaterials 
like  clay  lenses  at  various  depths. Thus the 
multifrequency  interpretations  differ from those 
from  thermal  and  induction  logs  by  less  than 10 per 
cent. 

Figures 6 and 7 show  the  field  ratio  versus 
frequency  plots  at  two  other sites, Atertak E-41 and 
Kimik D-29 (see  Figure I), respectively,  with 
transmitter-receiver  spreads  of 600 m. In Figure 6 ,  
the  depth  sounding  indicates a conductive  layer  at 
565 m with  another  possible  conductor  at 750 m. 
Thermal  measurements  have  indicated  the 
permafrost/thawed-zone  interface  to  be  at a depth of 
535 m at  this  site.  At  Kimik D-29 site  (Figure 7) 
conductive  features  have  been  mapped  at  depths  of 
265 m, 330 m, and 635 m. Apparently  there  are 
several  conductive  horizons  other  than  the  unfrozen 
layer  at  this  site,  consisting  possibly of clay  and 
mudstone  horizons.  Geothermal  data  indicate  the 
permafrost t o  be 663 m deep  at  this site, which 
differs  from  the  interpreted  value  from  multi- 
frequency  interpretation  by  about 4 per  cent. 

Wausient En Surrey 

Figures 8 and 9 show  the  corrected  field  plots 
for  two  transient EM soundings  in  the  near  zone  at 
Atertak E-41 and  YA-YA P-53 respectively.  The 
transmitter  consisted of square  loops with sides of 
450 m, and  the  receiver  was  located  near  the  centre 
of  the  loop.  Using  both  frequencies of 3 and 30 Hz, 
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FIGURE 4 Interpretation  of  multifrequency EM data 
over YA-YA P-53 for Tx and Rx in a E-W 
1 ine . 

it  was  possible  to  obtain  the  decay  voltages  and 
hence  apparent  resistivities  over 30 channels.  For 
plotting  purposes,  apparent  resisri  ities  were 
plotted  along  the  ordinate  and  (time&  along  the 
abscissa.  The  field  data  were  interpreted  in  terms 
o f  resistivity  and  thickness of a layered  earth  by 
comparing  them  with a set of computer  generated 
response  curves.  The  models  with  the  best  match  are 
indicated  in  Figures 8 and 9. 

At Atertak E-41 (Figure 8) the  depths t o  the 
conductive  layers  are  at 370 m and 530 m, 
respectively.  The  bottom  layer  with an interpreted 
resistivity  of 2 ohm m is  close to the  permafrost 
depth  of 535 m from  thermal  logs  and 565 m from  the 
multifrequency  sounding  results.  Figure 9 ,  showing 
the  depth  sounding  curve  at YA-YA P-53 yields a 
three-layer  medium  with  depths at  315 m and 440 m 
from  the  surface.  This  agrees  well  with  thermal 
logs  and  multifrequency  interpretation a t  this  site. 
Table 1 indicates a comparison of interpreted 
results  from  the  three  sites  with  multifrequency  and FIGURE 
transient  soundings  with  the  thermal l o g s .  

Deep induction log inside drill hole 

TABLE 1 Comparison of interpreted  permafrost  depths  with  thermal logs, Mackenzie Delta, N.W.T., Canada. 

Drill  Hole  Location 
. .- . 

Permafrost  Thickne-ss (m) 

Multifreq.  Survey  Transient  Survey  Thermal Logs 

YA-YA P-53 

Atertak E-41 
Kimik D-29 

435-444 

565 

635 

440 

530 

625  

433  

535 

663 
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salmAm m EONCLUSIONS 

Experimental  results  with  deep EM sounding 
indicate  that  both  frequency  and  time-domain  systems 
may  be  used  over  the  permafrost  terrain  of  the 
Mackenzie  Delta  with a fair  degree of reliability. 
The  multifrequency  system  has  somewhat  higher 
vertical  resolving  power  to  identify  thin  beds of 
contrasting  resistivity.  The  use  of  large  Turam- 
type  loops  for  the  transient  EM  systems  lowers  the 
resolving  power  for  that  system. On the  other hand, 
the  use of large  loops  as  transmitters  makes  the 
transient  system  less  susceptible  to  terrain 
effects,  which  may  be  substantial  in  the  multi- 
frequency  system. 

The  agreement  between  Khe  interpreted  depths of 
the  permafrost/thaw-zone  interface  from EM sounding 
results  and  thermal  logs  were  usually  within  5%  in 
almost  all  sites.  It  is  obvious,  however , the 
interpreted  model  parameters  are  one of several 
possible  models  that  would  satisfy  the  field  data 
because  of  the  phenomenon  of  equivalence. 
Multifrequency  EM  systems  seem  to  be  more 
susceptible  to  lateral  inhomogeneities  since  Tx-R, 
separation  has to be  larger  than  the  loop  size  for 
transient  systems  for  similar  depth  penetration. 
This  is  obvious  at  YA-YA  P-53  where  the  interpreted 
highly  resistive  layer  in  Figure 3 was  missing  in 
Figure 4 when  the  Tx-Rx  set  up  was  rotated  by 90' 
presumably  because  the hump  in the  field  plot  in 
Figure 3 was  caused  by a resistive  body  of  limited 
extent. In terms  of  cost  and  productivity,  the  two 
systems  are  comparable.  The  field  equipment  is 
heavy  for  both  systems  requiring  helicopter 
transport. On a good day, it  was  possible  to  carry 
out  3-4  soundings  with  either  system  with a three- 
man  crew. 

The  success of the  two  relatively  inexpensive  and 
environmentally  acceptable  geophysical  techniques 
to  predict  the  depth  of  permafrost  to  depths  up  to 
700 m may  lead  to  their  use in connection  with 
exploration  for  oil  and  gas in the  Mackenzie  Delta. 
Such  surveys  may  be  carried  out on a routine  basis 
for  siting  of  drill holes, and  the  results  may  be 
used by seismic  exploration  crews  in  making 
corrections  to  seismic  time  sections  and  for 
interpolating  permafrost  thicknesses  between  drill 
holes. 
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SUmER STREAMFLOW AND SEDIMENT YIELD 
FROM DISCONTINUOUS-PERMAFROST HEADWATERS CATCHMENTS 

C. W. Slaughter, J. W. Hi lger t ,  and E. H. Culp 

Inst i tu te   o f   Nor thern  Forest ry ,  USDA Forest  Service, 
Fairbanks,  Alaska 99701 

The presence of  permafrost i n  a  catchment system affects  the  hydrology and water 
q u a l i t y   o f  streamflow. Sumner streamflow and concentrat ion o f  suspended sedi- 
ment i n  streamflow  from  f irst-order catchments i n  the discontinuous-permafrost 
t a iga   o f   cen t ra l  Alaska ( l a t i t u d e  65olO'N) have been analyzed. In terms o f  
resu l tan t  streamflow,  permafrost-underlain  terrain i s  much more responsive t o  
precipitation inputs  than i s  permafrost-free  terrain, and propor t ion   o f  
permafrost, w i t h  concomitant  cold,  thick  organic  layers  overlying  mineral  soil, 
i s  a  primary  determinant o f   d i f f e r i ng   s t reamf low   cha rac te r i s t i cs   i n  headwaters 
catchments. A permafrost-free  f i rst-order stream consistent ly has higher 
(sumner) baseflow  than does an adjacent  petmafrost-dominated f i rs t -o rder  
stream. A small  permafrost-dominated  catchment has consistently  lower suspended 
sediment  concentrations  than does a  s imi lar -s ize  v i r tua l ly   pemafrost - f ree 
catchment. During  storm-free  eriods, suspended and dissolved  loads  are 
consistent ly  less  than 5 mg.1- P fn   bo th  basins.  Concentrations  are comnonly 
an order o f  magnitude h igher   dur ing  s tom events. Sediment and streamflow 
relat ionships  are  h ighly  var iable i n   t h i s  stream system. 

INTRODUCTION 

Less than two decades ago, v f r t u a l l y  no 
publ  ished  information  exi  sted  concerning  hydrology 
o f  headwaters, f f rs t -o rder  streams i n  Alaska's 
discontinuous-permafrost regions.  Covert and 
E l  1 sworth (1 909) publ  ished  hydro1  ogi  c 
reconnaissance measurements o f  some small streams, 
bu t  most h i s t o r i c a l  (and  present  day)  continuous 
streamflow measurements are o f   l a r g e r   r i v e r s .  

Dingman (1966, 1971)  provided  the f i r s t  mod- 
ern, quant i ta t ive  analys is  o f  hydrologic  condi- 
t i o n s   i n  a  North American discontinuous-permafrost 
catchment. Dingman (1971 1 showed tha t   a  small 
(1.8 km2 basin) stream had qui te  prolonged  stom- 
flow  recessions when compared to   s imi lar -s ized 
basins i n  more temperate sett ings, and suggested 
tha t   t he  concept o f  variable-source-area  runoff 
production  (Hewlett and Hibbert 1966,  Dunne 1978) 
i s  appl icable t o  subarct ic watersheds. Kane e t  
a l .  (1978b) s ta ted   tha t  ,..permafrost  areas  are 
responsible  for   contr ibut ing  a  large  percentage o f  
the peak f low  fo r   bo th  snowmelt and ra in fa l l   r un -  
o f f  events" i n  subarct ic Alaska.  Streamflow meas- 
urements i n  upland  basins  wi th  d i f fer ing  propor-  
t ions  of   permafrost   provided  fur ther  evidence  that  
permafrost presence s t rongly   a f fects  headwaters 
runoff  patterns  (Slaughter and H i l g e r t  1978). 

and Arc t i c  has received  increased  attention i n  
recen t   yea rs ,   pa r t i cu la r l y   i n  Canada. Anderson 
(1974) showed that  streamflow  from  a 31-km2 basin 

recessions and precipi tat ion/runoff   pat terns 
i n  the Mackenzie Delta, N.W.T., had hydrograph 

s i m i l a r   t o  those  reported  by Dingman (1971 1, and 
suggested t h a t  stream  response was strongly 
influenced  by  permafrost and "widespread 
occurrences o f  peaty topso i l  and mosses." Ambler 
(19741, Jasper (19741, Newbury e t   a l .   ( 1  9791, 
Vincent and Russell (19791, and Marsh and Woo 
(19791, among others, have reported on 

Hydrology o f  small  catchments i n  the  subarct ic 
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h igh- la t i tude catchment studies i n  recent  years. 
Possible  effects  of  frozen  round  are  consid- 

ered i n   d e t a i l  by Dingman (19758. Permafrost  (per- 
ennial ly  f rozen ground) can a c t   e f f e c t i v e l y  as an 
aquiclude,  confining  groundwater and r e s t r i c t i n g  
aqu i fe r  recharge; i n  the  d iscont i  nuous-permafrost 
zone t h i s   e f f e c t   i s   l o c a l i z e d  and water i s   y i e l d e d  
to  the  surface  through  unfrozen zones (Kane and 
Slaughter 1973, Nelson 1978). I n f i l t r a t i o n   i s  se- 
vere ly   res t r i c ted  by f ine-grained  frozen  soi ls 
(Dingman  1975,  Kane e t   a l .  1978a). Permafrost- 
underlain  slopes  would be expected t o   y i e l d  water 
more rapidly  to  streamflow  than would non-pema- 
f r o s t  slopes,  other  factors  held  equal , because o f  
r e s t r i c t e d   w a t e r   i n f i l t r a t i o n .  Taiga  permafrost- 
under la in  s i tes  are commonly mant led  wi th  a  th ick 
(0.1-0.5+ m ) ,  v i r tua l l y   con t i nuous   l i v i ng  and dead 
organic  layer  which has strong  inf luences on hy- 
drologic response (Dingman 1971 1. This  permafrost/ 
sur f ic ia l   organic  mat condi t fon must cont r ibu te   to  
the  "f lashy,  responsive storm hydrographs"  observ- 
ed i n  Glenn Creek (Dingman 1971) and i n  catchment 
C-3 i n   t h i s  study. Dingman (1971) a lso   a t t r ibu ted  
prolonged  stom-flow  recessions (compared w i th  more 
temperate  basins) t o  storage and subsequent slow 
drainage o f  water i n  the  sur f ic ia l   organic   layer .  

Stream ecology and qual i ty are  affected  by  the 
land-water  interface (Cummins 1974,  Hynes 19751, 
and by  sediment i n t roduc t i on   t o  streams. Analysis 
of  undisturbed streams draining catchments o f  
varying area, permafrost,  aspect,  slope, and 
vegetative  cover  should  provide  better 
understanding o f  hydrologic-sediment  relationships 
w i  th in   subarct ic  stream/catchment systems. 

g i c  and stream system qua l i t y   cha rac te r i s t l es   o f  
f i rs t -order   subarct ic  catchments encompassing per- 
mafrost-dominated and pennafrost-free landscapes. 
Resul ts   are  be ing  u t i l ized  in   research  concern ing 
the consequences o f   l a n d  and resource management 
p rac t ices   fo r   ta iga  watershed systems. 

This  study was undertaken t o  determine  hydrolo- 



117 3 

Table 1. Catchment characteristics (adapted  from  Bredthauer and Hoch (1979) and Lotspelch and Slaughter  (1981)) 

Drainage  Elevation Dominant 
Area d i s t r i b u t i o n  
( X )  by elevat ion Dwninant Draina e Proport ion o f  

vegetation  density, h k m 2  permafrost, X Catchment area, km2 range, m aspect range (m) 

<305 m 305- 488 m- ,640 
~ 487 m 639 m 

c-2 5.18 329-738 S 0 7KCi T O  33,O Declduous 0.70 3.5 

c-3 4.55 305-770 NE 0.1 39.5 51.4 9.1 Coniferous 0.73 53.2 

c-4 8.34 240-773 SSE* 5.9 27.3 50.9 1 5 . 9  M i x e c '  0.70 18.8 

:'Extreme headwaters o f  catchment C-4 are  northeast-facing. 

*/Mixed: Deciduous f o r e s t  on south,  southwest  slopes,  coniferous  forest on north,  northeast  slopes. 

METHODS 

Study Area 

Creeks Research Watershed (CPCRW), a 110-km2 Exper- 
imental  Ecological Reserve l o c a t e d   a t  65"lO'N l a t i -  
tude, 35 km no r th   o f  Fairbanks, Alaska. The study 
area i s   i n  the   " In te r i o r "   c l   ima t i c  zone o f  Alaska, 
characterized by large  diurnal  and annual  tempera- 
tu re  extremes and low  prec ip i ta t ion.  The long-term 
mean annual prec ip i ta t ion  a t   Fa i rbanks  (e levat ion 
132 m) i s  285 mn; man Yanuary and Ju ly  tempera- 
tures  are -24.4OC and +17.loC respectively. 
Mean annual p r e c i p i t a t i o n   a t  [PCRW 1s estimated a t  
500 mn; the average r a t i o   o f  sumner (MapSeptember) 
p r e c i p i t a t i o n   a t  CPCRW t o   p r e c i p i t a t i o n   a t  
Fairbanks i s  1.47:l (Haugen e t   a l .  19821, 
consis tent   wi th   prec ip i ta t ion/e levat ion  gradients  
observed  elsewhere i n   c e n t r a l  Alaska  (Santeford 
1976). The estimated mean annual temperature a t  
CPCRW var ies from -4.9oC i n  the  Caribou Creek 
va l ley  (e levat ion 240 m ) ,  t o  as  warm as -1 . P C  
a t  mid-elevation  (480 m) on south-facing  slopes 
(Haugen e t  a1 . 1982) 

CPCRW l i e s   i n   t h e  Yukon-Tanana Uplands 
(Wahrhaftig 1965). Bedrock metamorphic Precambrian 
schists  are  mantled  with  Quaternary  aeolian  si1 t s  
o f  varying  thickness, comnonly less  than 1 m, and 
rock  outcrops  are  encountered on r idges a t  higher 
e leva t i ons .   Pe r ig lac ia l   ac t i v i t y   i s  evidenced by 
so l i f l uc t i on   l obes  and slumps on north-facing  per- 
mafrost-underlain  slopes,  Soils o f  south-facing 
(permafrost-free)  slopes  are s i l t  loams o r   g r a v e l l y  
s i l t  loams, f ree  from  permafrost;  north-facing 
slopes and val leys  include  extensive  areas  of  per- 
mafrost-underlain s i l t  loams (Rieger e t   a l .  1972). 
The vegetation o f  the  basin i s  heterogenous, re- 
f l e c t i n g   s o i l s ,  aspect, e levat ion and f i r e   h i s t o r y .  
Permafrost-underlain,  north-facing and va l l ey   s i t es  
are  generally  occupied by black spruce  (Picea 
mariana (Mill. B.S.P. 1 f o res t  stands, w-ipari- 
m e y )  s e t t i n  s dominated by w i l low  (Sa l i x  
sp. 1, dwarf b i rch  Betula nana L. 1, and st- 
stands o f  black spruce an-arack ( L a r i x   l a r i c i n a  
(DuRoi K. Koch). Warmer, b e t t e r - d r a m s -  
slopes  support  extensive  stands o f  aspen (Populus 

F i e l d  work was conducted i n  the Caribou-Poker 

L 
tremuloides Michx 1 b i r ch   (Be tu la   a   r i f e ra  
'Rarsn j ,  lesser aria: o f   w h i t ~ c $ + h i a u c a  

l (Moench) Voss). and comnonl Y a maSor understow 
component of  aider  (Alnus  &ispa IAit.) Pursh.-) 
( T r o t h   e t   a l .  1975). 

Hydro1 ogic  data 

The catchments studied  are  designated C-2,  C-3 
and C-4; per t inent   character f   s t ics   are sumnarfzed 
i n  Table 1. Summer p rec ip i t a t i on  was recorded i n  
the  lower  Caribou Creek Val 1 ey (240 m elevat ion) 
Sumner streamflow  data were obtained  from  fiber- 
glass  Parshall  flumes (23-cm t h r o a t   i n  C-2 and C-3, 
i n s t a l l e d   i n  sumner  1977; 45.7-cm t h r o a t   i n  C-4, 
i n s t a l l e d   i n   f a l l  1979) equipped with  waterstage 
recorders (S1 aughter 1981a).  Data analyzed i n   t h i s  
repor t  were obtained  during  the sumner ( ice-free) 
streamflow season, a f t e r  breakup and snowmelt 
runoff.   Acquisit ion  of  streamflow  data  during 
breakup has been hindered i n  these headwaters 
streams by extensive  aufeis  accumulation a t   t h e  
gaging sites  (Slaughter 1982). and flows  during 
breakup  are often  estimated  using  t ime-lapse 
photography (S1 aughter 1981 b) . 

Sumner streamflow  data  continuity was good 
during  the  three  years  reported  here (1978, 1980, 
1981 1. The 1979 hydrographs had poor  data 
cont inui ty,  and were no t   inc luded  in   th is   ana lys is .  

Non-f i l terable Residue (Suspended Sediment)  Data 

Non-f i l   terable  residue (suspended sediment) was 
sampled using pre-washed 500-ml widemouth Nal gene 
bo t t les .  Weekly grab samples were taken a t   t h e  
center   o f  each Parshall  flume  throat, and were no t  
depth and width-integrated because o f  extremely 
shallow  water  depths a t  most sampling  times. 
Storm-flow samples were obtained  using automated 
water samplers, wi th  the sampler intake  nozzle sus- 
pended i n  the flume throat. A l iqu id - leve l  actua- 
t o r  was placed i n  each flume, wi th   the timer se t  
t o  sample a t  6-hour in terva ls   fo l lowing exceedance 
o f  a  pre-determined  flow  level. The samplers were 
also  manually  activated  weekly, a t   t he   t ime   o f  
grab sampling, to  obtain  a  simultaneous  col lect ion 
f o r  technique comparison. 

re turned  to   the  lab and analyzed f o r   t u r b i d i t y  and 
spec i f i c  conductance, then  f i l tered  through  tared, 
pre- igni ted 0.45 micron Gelman micro-quartz  f iber 
f i l t e r s .  The f i l t e r   w i t h   r e s i d u e  (>0.45 micron) 
was dr ied  to   a   constant   welght   a t  105'C. and 
weighed again t o  determinf NFR. I f  residue concen- 
t r a t i o n  exceeded 25 mg.1- , t h e   f i l t e r  was ashed 
a t  550'C, wetted,  dried, and weighed t o  determine 
the amount o f   v o l a t i l e   m a t e r i a l  (American Publfc 
Heal t h  Association 1975). 

The non- f i l terab le  res idue (NFR) samples were 
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Estimates  of  sediment  production were calcula- 
ted  using mean dai ly   f low and the mean o f   t h e   r e s i -  
due samples taken i n   t h a t  day, because the NFR co l -  
lect ions  represented such a small sample both i n  
terms o f  volume and time.  Total  estimated  sediment 
production i n  each stream was then  calculated as 
res idue  per   un i t  area and residue  per  uni t volume 
of stream  discharge. 

RESULTS AND DISCUSSION 

Haugen e t  al.  (1982) showed t h a t  1978 and 1980 
were sumners of  below-average prec ip i ta t ion ,  based 
on long-term  Fairbanks c l   imat ic   records,  and thus 
r e f l e c t   r e l a t i v e l y   d r y   c o n d i t i o n s .  June and Ju ly  
1981 were qu i te  wet and curnulatlve sumner 1981 pre- 
c i p i t a t i o n  was  70% higher  than  the  previous  years. 

Streamflow  records o f  1978, 1980 and 1981 were 
examined t o  determine  whether  previously  reported 
(Slaughter and H i  l g e r t  1978) hydrologic  patterns 
are  conslstent  over  the more recent  study  period. 
Qua l i t a t i ve   i nspec t i on  o f  seasonal  hydrographs and 
storm  unit-area  hydrographs  (1-sec-lkm-2)  (Figure 
1)  immediately shows the   d ispar i ty   in   behav io r  
between catchments C-2 and C-3.  The storm o f   l a t e  
June 1978 (F i   u re   l a ) ,  observed i n  both  Caribou and 
Poker Creeks THaugen e t   a l .  1982, Figs. 9 and l o ) ,  
was prominent i n  the C-3 hydrograph. Pe k mean 
d a l l y   f l o w  (24 June) was  61.5 l*sec-lkm-h;  the 
instantaneous C-3 peak fo r   tha t   s to rm was 
69.3 1 msec-1  km-2. Response to   t he  same storm 
event i n  the  south-facing C-2 catchment was l a t e r  
and r e l a t i v e l y  subdued, w i th   the  peak mean d a i l y  
f low (27  June)  being 8.0 l*sec' lk -2; instantane- 
ous C-2 peak f l ow  was 11.9 1-set-Ykm-2. Basin- 
averaged to ta l   s to rm  y ie lds  (22 t o  30 June 1978) 
were 4.6 mn and 22.9 mn f o r  C-2 and C-3, 
respect ively.  

from 1980  and 1981. The modest storm o f  August 
1980 (F igu re   l b )  produced v i r t u a l l y  no streamflow 
increase i n  C-2, s l i g h t   i n c r e a s e   i n  C-4, and a 
prominent  hydrograph r i s e   i n  C-3. Storm per iod 
(120  hours) y i e l d s  were 4.3 mn, 12.5 mn and 5.9 mn 
f o r  C-2,  C-3, and C-4, respect ively.  The l a r g e r  
J u l y  1981 storm  (Figure I C )   r e s u l t e d   i n  pronounced 
and synchronous f low peaks i n  the  three streams; 
uni t -area C-2 flows exceeded those o f  C-4. As i n  
previous  years and other storms,  catchment C-3 
y ie lded  much higher  unit-area peak flows  than C-2 
o r  C-4: storm  period  (312  hours)  yields were 
22.6 mn, 29.5 nnn, and 16.2 mn f o r  C-2,  C-3, and 
C-4, respect ively.  

comparing  streamflow  patterns (Dunne and Leopold 
1978). Figure 2 presents  f low-duration  curves 
based on mean daily  unit-area  streamflow, for the 
years 1978, 1980 and 1981 (C-4 i n  1980 and 1981 
only) .  Any p o i n t  on a curve  indicates,   for   the 
time  period used i n   i t s  construction,  the  percent 
o f  t ime  (X-axis)  during  which  that  f low  (Y-axis 
value) was equalled or exceeded, The 1978 p l o t  
(Figure 2a) shows t h a t   a t   f l o w s   i n   t h e  range o f  3 
t o  5 l-sec'1km-2, the C-2 and C-3 catchments 
are i n   f a i r  agreement' the  curves are approximate1 
co inc iden t   i n   t he  40-80% time  equal l f d   o r   e x c e e d e l  
range ( in  the  fo l lowing  discussion,  t ime  equal led 
or exceeded'' i s  simply  termed  "duration") A t  low- 

Similar  patterns  are seen i n   s t o m  hydrographs 

Flow-duration  curves  provide  another method f o r  
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F i   u r e  1 Storm hydrographs f o r   ( a )  1978, 
(by 1980, and ( c )  1981. 

e r  flows,  the C-3 curve  dropped r e l a t i v e   t o   t h e  C-2 
curve, i n d i c a t i n g   t h a t  C-3 exper ienced  re la t ive ly  
more low-flow  fayspin 1978 than  did C-2. For f lows 
above 5 l=sec-  km' the C-2 curve shows moderate 
responses, whi le  the C-3 curve  indicates a high 
propor t ion  o f   f lows  equal l ing or exceeding  the 



h ighes t   l eve l s   o f  C-2.  The f l ow   a t   t he  20% dura- 
t i o n  was  abo t 5 l=sec'1km'2 f o r  C-2, compared 
t o  10 1 =sec-Ykm-2 f o r  C-3; f l ow   a t   t he  10% 
duration was about 6 1 msec'l k r 2  and 
17  losec-lkm-2 f o r  C-2 and C-3, respectively. 

1980 was a s u m r   o f   g e n e r a l l y   l o w e r  flows 
than 1978, as r e f l e c t e d   i n   F i g u r e  2b.  The 
f low-duration  curves  for C-2 and C-3 again  dif fer 

SUMMER 1-76 

F i   u r e  2 Flow-duration  curves  for  (a) June  1978, 
(by  August 1980, and (c )   Ju ly  1981. 
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markedly a t   h i  h flows  (low  duration). A t  20% 
duration,  the 8-2 f low was less  than  hal f   that   of  
C-3; a t  10% duration,  the C-2 f low was 
approximately 25% tha t  o f  C-3. A t  low  flows  (high 
durations)  the  f low-duration  curves for C-2 and 
C-3 were q u i t e   s i m i l a r   i n  1980. 

The 1981 sumner  was markedly  wetter  (Table 21, 
a cond i t ion   re f lec ted   in   the  curves o f  Figure 2c. 
The 50% duration  point,  nearly  coincident for C-2 
and C-3, i s  approximately  13 l-sec-1km-2. L i t t l e  
di f ference between C-2 and C-3 IS evident  at   lower 
flows,  except  that C-3  shows appreciably  lower 
flows above 80% duration. A t  higher  flows,  the 
re la t i ve   pos i t ion   o f   the   curves  i s  s i m i l a r   t o   t h a t  
i n  1978 and 1980, although C-2 evidenced  higher 
unit-area  flows  than i n  the   ea r l i e r  years. A t  20% 
duration  there was l i t t l e   d i f f e r e n c e  between C-2 
and C-3, b u t   a t  10% duration  the C-2 value was 
only 50% t ha t  o f  C-3. 

It i s  evident  that  the  streamflow  pattern o f  
contrast ing catchments i n i t i a l l y  suggested, t h a t  
the  north-facing,  permafrost-dominated C-3 basin 
has higher peak flows and lower  low  flows  than  the 
south-facing C-2 basin, i s  consistent  during  both 
dry (1978, 1980) and r e l a t i v e l y  wet (1981 1 s u m r s .  

Despite i t s   l a rge r   s i ze ,   t he  C-4 catchment i s  
intermediate between C-2 and C-3 i n  terms o f  perma- 
f ros t  and aspect  (Table  1). The northeast-f lowing 
headwaters o f  C-4 presumably are  strongly  inf lu-  
enced by permafrost  terrain,  while  major downstream 
slope  areas  are  south-facing and permafrost-free. 
The hydrographs and the  f low-duration  curves sug- 
gest  that  streamflow  patterns o f  C-4 m a y  be consid- 
ered  "intermediate" between those o f  C-2 and C-3. 
I n   b o t h  1980 and 1981, t h e   f l o w   o f  C-4 closely  par- 
a l le led  that   o f   the  permafrost - f ree C-2 basin. In 
t he   d r i e r  1980 summer, the C-2 and C-4 uni  t-area 
flows were v i r t ua l l y   co inc iden t  through  the  entire 
measurement period. In 1981 the  patterns were 
again  similar,  although C-2 maintained a higher 
unit-area base f low  than  did C-4 (which i n   t u r n  
had higher  unit-area base flow  than C-3). The 
1980 C-4 f low-durat ion  curve  c losely  fo l lows  that  
f o r  C-2, bu t   i s   d i sp laced  upward on the Y-axis. 
This  indicates  that  streamflow response t o   p r e c i p i -  
t a t i o n  was s i m i l a r   t o   t h a t   o f  C-2, b u t   f o r  any 
given  duration  the C-4 stream had a h igher   un i t -  
area  flow.  During,  the  wetter 1981 sumer,  the  pat- 
t e rn  was less  consistent  (Figure  2c). A t  durations 
above 70% the C-4 flows exceeded those o f  C-2, bu t  
a t  low  durations  the  unit-area  f lows o f  C-4 were 
less  than  those of C-2. I n   bo th  1980 and 1981, the 
f low-duration  curves  indicated  that  the  behavior  of 
C-4 i s  more 1 i k e   t h a t   o f  C-2 than  tha t   o f  
pennafrost-dominated C-3. 

The years 1980 and 1981 saw increased 
emphasis on NFR storm  response monitor in . On a 
unit  area/unit  streamflow  basis, NFR y i e  9 ds 
(Table 2 )  i n  the   re la t i ve ly   d ry  1980 season were 
highest i C 4 and lowest i n  C-3 (1.00 and 
0.25  gm"gkm'2day-1, respect ive ly)   wi th  C-2 having 
0.34  g=m-3km-2day-1.  The wetter 1981 season showed 
increased  residue  yields,  with C-3 having  the 
highest mean i e l d  and C-2 the  lowest (12.04 and 
2.80  g*m-3km-3day-1, respect ively)  an  C-4 having 
an i n te rmed ia te   y ie ld   o f  7.71  g=m- 3 9  km- day- 1 . The 
much higher NFR y i e l d s   i n   t h e  C-3 stream  are an ap- 
paren t   resu l t   o f  more pronounced hydrologic  re- 
sponse t o  storm  events  (Jasper  (1974)  reported  that 
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Table 2. Non- f l l te rab le   res idue (suspended  sediment)  determinations. 

Year: 1978  1980 1981 

c 2   c 3   c 2  c3 c 4  c2 c 3   c 4  

Measurement June22  through 
period: 

June 7 through 
October 1 (102 days)  August 31, (76 days) 

June 9 through 
September 23 (107 days) 

Total  sea onal  discharge: 
( m j  x 105)  1.56 2,40 1.01 1.88  2.69  5.71  6.59  8.08 

Mean dai l   d lscharge:  
(m3 day-1 x l o 3 )   1 . 5 3   2 . 3 5  1.33 2.48  3 .54  5 .34  6 .16  7 .55 

Mean d a i l v   u n i t - a r e a  

disch?ijeim-2 day-l)  295.37 517.13  256.16  545.09  424.64 1030.07 1353.55  904.97 

Seasonal NFR* (Kg): 50.24  48.13  179.39  215.71  2252.32  1553.18  5862.02  6881.63 

Mean NFR con en t ra t i on :  
(s.m-5) 0.32  0 .20  1 .78 1 . 1 4  8 .37  2 .72  8 .90   8 .52  

Oal l y  NFR product ion:  
(kgmday-1) 0.49  0.47  2.36  2.84  29.64  14.52  54.79  64.31 

Dally  area-weighted 
NFR produc i on   a te :  

( g d  km-$ day-1) 0.06 0.04 0.34 0.25 1.00  2 .80  12.04  7 .71 

- */NFR=non-fil terab le  res idue.  

about 80% o f   t o t a l  sumner sediment y ie ld  occurred 
during  storm  runoff  events i n  a catchment a t  
65"23 N i n  the  Mackenrie Mountains, N.W.T.).  When 
to ta l   res idue  y ie lds   fo r   the  1981 season are com- 
pared (Tab1 e 21,  C-3 and C-4 have high  values (5862 
and 6882 kg, respect ively) ,   whi le C-2 had only 
1553 kg. The dras t ic   d iss imi la r i t y   o f   res idue 
y i e l d s  from  the  similar-sized C-2 and C-3 basins 
emphasizes the   d i f f e rence   i n  catchment response. 

Analysis o f  data  from  the 1978, 1980 and 1981 
ice-free seasons suggests t h a t   i n  high-discharge 
water  years NFR (suspended sediment) i s  y i e l d e d   a t  
a much g r e a t e r   r a t e   i n  watersheds w i t h   r e l a t i v e l y  
higher  proport ions  of  permafrost. Assuming t h a t  
th is  observat ion f s  consistent  wi th  other  water-  
sheds wi th in   the discontlnuous-permafrost zone, the 
e f fec ts  o f  land management pract ices on sediment 
r i e l d  must be evaluated i n  the   con tex t   o f   d i f f e r i ng  

natural  " sediment  production  rates o f  watersheds. 
This  "natural 'I sediment y i e l d  i s  af fec ted  by both 
permafrost and by precipi tat ion,   wi th  major  storm 
events and higher  baseflows  producing  markedly 
h i g h e r   y i e l d s   o f  sediment. 

CONCLUSIONS 

Summer streamflow and sediment y i e l d   i n  subarc- 
t i c  Alaska  are  affected by presence o f  permafrost 
i n  headwaters  catchments. A permafrost-dominated 
f i r s t -o rde r  stream has higher peak streamflow, 
h igher   s tom-f low suspended sediment  concentra- 
t ions,  lower base (non-storm)  streamflow, and lower 
base-flow suspended sedlment  concentrations  than 
does a  nearby, v i r tua l l y   permaf ros t - f ree   f i r s t -o r -  
der stream. Such consistent  dif ferences i n  stream- 
f low and sediment y i e l d   i n  undisturbed,  close-prox- 
imi ty catchments  suggest tha t   (1   de ta i led  under- 
standing o f  streamflow and sediment  production  from 
upland  watersheds  throughout  the  discontinuous-per- 
mafrost  taiga i s  needed; ( 2 )  regulat ion o f  l and  and 

resource management pract ices on the  basis  of  pos- 
s i b l e  consequences for  streamflow and water  qual ity 
must be accompanied by knowledge of   the  "natural" ,  
pre-management behavior o f   t a i g a  watersheds, paying 
spec i f i c   a t ten t i on   t o   e f fec ts   o f  permafrost-under- 
l a i n  landscapes on catchment/stream systems; (3 )  
ext rapolat ion  o f   hydro log ic  and water qual i ty  data 
from ex i s t i ng  records,  which  are  largely  for  major 
rivers,  to  lower-order  (upstream)  basins must i n -  
clude awareness o f   na tu ra l   va r ia t i on   i n   hyd ro log i c  
regimen of   subarct ic  headwaters catchments as  de- 
monstrated i n   t h i s  study. 
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PEIWFKOST SENSITIVITY  TO  CLIMATIC  CHANCE 

M.  W. Smith and D. W. Biseborough 
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Carleton  University,  Ottawa,  Ontario,  Canada K1S 5B6 

Possible  large-scale  climatic  warming,  due  to  the  so-called  greenhouse  effect,  has 
obvious  implications  for  the  stability  of  permafrost  conditions.  This  paper  presents 
a preliminary  examination of the  possible  effects of climate  change  on  the  ground 
thermal  regime  in  the  zone of discontinuous  permafrost.  Caution  must  be  exercised 
i.n  extrapolating a warming  trend in the  atmosphere  to  the  ground.  The  significance 
of  atmospheric  warming  for  permafrost  depends on the  accompanying  increase  in  the 
ground  surface  temperature  and  the  proximity  of  ground  remperatures  to O°C. The 
characteristics  of  natural  surfaces  determine  the  interacrion  between  climate, 
microclimate,  and  ground  thermal  conditions. A  numerical  microclimatic  model 
based on the  surface  energy  balance,  has  been  used  to  investigate  the  range of 
ground  temperature  response  under a uniform  climate,  due to variation  in  site 
conditions.  Sire  factors  included  slope,  albedo, wetness,  roughness,  snow  cover, 
and soil thermal  properties.  Site  wetness  and  snow  cover  were  the  most  sensitive 
factors.  The  potential  for  permafrost  degradation  during 25 years  of  climatic 
warming  was  then  simulated  for  various  sites  using  climatic  data  for  Whitehorse, 
Yukon Territory. In one  part  of  rhe  analysis,  three  different  patterns of warming 
were  analysed  at a single  site.  The  distribution  of  warming  during  the  year  had 
relatively  little  effect on long term  permafrost  degradation.  Much  greater  differ- 
ences in degradation  resulted  from  variation  in  site  conditions,  for  the  case of 
uniform  warming. 

INTRODUCTION  However.  the  nature  and  extent  of  these  effects 

This  paper  discusses  the  possible  effects of 
climate  change  on  the  ground  thermal  regime  in  the 
zone of discontinuous  permafrost.  The  possibility 
of  large-scale  climatic  warming, due to  the so- 
called  greenhouse  effect,  has  obvious  implications 
for  the  stability  of  permafrost  conditions,  although 
this  has  been  generally  ignored  in  northern  geo- 
technical  considerations. A warming  trend  could  be 
significant in areas  of  discontinuous  permafrost, 
for,  as the  mean  annual  air  temperature  rises,  some 
permafrost  at  the  southern  limit  could  thaw  and 
ground  ice  would  melt  (e.g.,  see  Thie 1974, Ilackay 
1975, Chatwin 1961). Judge (1973) suggests  that 
permafrost  up  to 30 m thick  in  the  Mackenzie  Valley 
thawed  completely  during  the  warming  period  from 
approximately 1350 to  1950.  Recent  results  from 
Alaska  show  that  permafrost is beginning  to  warm 
up, in response  to  higher  winter  temperatures,  and 
that  active  layer  thicknesses  are  increasing 
(University  of  Alaska 1982, p .  16). It is  impor- 
tant,  therefore, to  attempt  some  determination of 
the  nature, rate, and  magnitude  of  ground  tempera- 
ture  changes  that  might  occur  as a result of 
climate  change  over  the  next  30-50  years. 

As  a result  of  human  activity,  carbon  dloxide 
concentration  is  increasing in the  atmosphere,  and 
could  double  by  the  middle of the  next  century. 
There  is, as yet, no  definitive  answer  to  what 
climatic  structure  would  exist  in a 2 X C02,world. 
However,  the  basic  effects  of a global  warming, 
concentrated  in  the  Arctic,  and  increased  precipit- 

Harvey 1982). Such  changes will  have  significant 
atiun  seem t o  be  generally accepted  (e.p., see 

and  profound effects on the arctic.  environment. 

have  yet t o  be  determined;  in fact, some  may  be 
indeterminable  until  they  actually  occur.  For 
example,  whilst  thermal  boundaries  would  move 
norrhward,  increased  precipitation  could  mean 
deeper  snow  cover,  which  would  act  to  complicate 
the  efrects on ground  thermal  conditions. In 
addirion,  whilst  winter  temperatures  could  rise by 
as  much  as 15*K,  summer  increases  could  be  much 
less. 

a warming  trend  in  the  atmosphere to the  ground. 
The  specific  effects  on  permafrost  conditions  of 
any  large-scale  climate  change  will  be  modulated, 
perhaps  strongly,  by  local  microclimatic  and 
lithologic  conditions.  The  significance  of  any 
climate  change  depends on the  magnitude o f  any 
accompanying  increase  in  the  ground  surface  temper- 
ature,  and on the  proximity of  ground  temperatures 
to  O°C. The  change  in  surface  temperature  will 
depend  upon  the  way  in  which  energy  is  dissipated 
at a site.  For  example,  at a wet  site,  additional 
energy  would  result  largely  in  increased  evaporation 
and  have  little e€fecr on sensible  heating.  At a 
very  dry  site,  however,  additional  energy  inpur 
would  be  mostly  utilized  in  sensible  heating.  The 
characteristics  of  natural  surfaces  determine  the 
interaction  between  climate,  microclimate,  and 
ground  thermal  conditions,  and  between  climate 
change  and  ground  thermal  response. 

Because  of  the  complex  relationship  between 
permafrost  and  climate,  prediction  of  the  rate  and 
magnitude  of  ground  temperature  change  is  not 
simple,  This  paper  discusses  the  use  of a numerical 
microclirnatic/ground  temperature  model  based on the 

Caurion  must  be  exercised, then, i n  extrapolating 
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surface  energy  balance  (Outcalt 1972, Outcalt  et 
al. 1975, Smith  1977)  to (I) illustrate  the  range 
of  ground  temperature  response  under  a  homogeneous 
climate,  due to variation  in  site  conditions, (2) 
analyse  the  susceptibility  of  permafrost  to  degra- 
dation  due  to  various  climate  changes,  and (3 )  
analyse  the  role  of  site  conditions  in  modulating 
permafrost  degradation  under  climatic  warming. A 
flow  diagram  of  the  model  is  shown in  Figure 1; 
it  identifies  that  changes in the  ground  thermal 
regime, and hence  in  the  thickness  and  extent  of 
permafrost,  can  result  from  changes i n  climate  and/ 
or  local  conditions,  Before  proceeding  with  the 
results  of an analysis,  various  field  data  are 
first  presented to demonstrate  these  interrelation- 
ships. 

MICROCLIMATIC INFLUENCES ON GROUND 
TWERATURE CONDITIONS 

Wide  variations  in  ground  thermal  conditions 
are  known  to  occur  within  a  small  area of uniform 
climate. In areas  where  mean  annual  ground  temper- 
atures  are  close  to O'C, local  factors  can 
determine  whether  permafrost i s  present  or  not. 
Ground  temperature  data  from  Smith  (1973,  1975) 
show  that  substantial  differences  exist  between 
various  sites  in  the  Mackenzie  Delta. Filst the 
mean  annual  air  temperature  there  is -9 to  -lO°C, 
mean  annual  surface  temperatures  range  from  about 
-4.2' t o  above O°C over a small  area. In  fact, 
permafrost  is  over 60 m  thick  at  some  sites,  but 
absent  at  others,  due  to  local  factors.  Figure  2 
shows the  annual  regimes  at 50 cm  depth  for  five 
sites,  the  details  of  which  can  be  found in 
Smith (1975). The  following  points  are  noteworthy. 

1. Site 1 (no vegetation)  is  warmest  in  summer  but 
cools  the  most  in  winter  (virtually no snow cover). 
2 .  Site 4 (open  vegetation  canopy) i s  warmer  than 
site 5 (dense  canopy)  all  year  round. 
3 .  The  regimes  at  sites  2  and 3 are  distinctly 
different  from  the  others,  there  being  a  virtual 
absence of the  winter  cooling  wave  because of deep 
snow  cover. 
4. Ground  temperatures  during  the  second  winter 
were  everywhere  higher  than  in  the  previous  year 
even  though  monthly  air  temperatures  were 2' - 9  C 
lower.  This  is  because  at all sites  snow  depths 
were  greater  and,  moreover,  snow was on the  ground 
by  the  end  of  September. 

Such  data  show  that,  although  certain  temperature 
differences  arise  because of vegetation  effects, 
the  most  significant  factor  to  the  ground  thermal 
regime  in  permafrost  regions i s  snow  cover  (see 
Goodrich  1902),  which  can  determine  whether  perma- 
frost  is  present  or  not. 

closely  spaced  sites  in  the  Takhini  Valley,  near 
Whitehorse,  Yukon  Territory,  in  Khe  zone  of d i s -  
continuous  permafrost.  The  data  (taken for 
approximatel8  the  warmest  time  of  year)  show  a 
range o f  3.5 C; permafrost  is  present  at  five  sites, 
but  at  most of these  it  is  very  close  to Ooc. The 
warmest  sites  include  those  where  snow  accumulates 

presumably be  very  susceptible to a climatic 
in  winter. Permafrost  in  this area would 

d 

Table 1 presents  2-m  ground  temperatures  at 10 
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warming,  and  therefore  ground  temperature  obser- 
vations  here  will  be  continued  in  the  future. 

TABLE 1 2-m Temperatures  (September  1982),  Takhini 
Valley, Yukon Territory. 

Site  Temp. (OC) Site  description 

1 -0,l High  ground,  well  drained 

2  1.3 Low, well  drained,  small  poplar 
3 2.3 Low,  with bushes  up  to 1 m 

(Snow  free?) 

4 
(Snow  trap?) 

-0.1 
5 

Poplar  forest 

6 
2 . 6  Similar  to 3 

7 
-0.1 Valley  side  (east-facing) 
-0.1 Similar  to 6 

8 1.5 
9 

Willow, 1.5 m  high 
-0.9  Spruce  forest 

10 2 . 2  Open  grassland 

The  data  in  Figure 2 show the  variation  in  ground 
temperatures  over  less  than  a  2-year  period. In 
Figure 3 are  shown 1.06 m  (3.5  foot)  remperatures 
at four closely  spaced  sites  at  Churchill,  Manitoba, 
f o r  almost  a  &year  period  (data  adapted  from  Brown 
1978). It is  interesting t o  note  that 

1. Permafrost  is  present  at  sites 2 and 3 but 
absent  at 1 and  4. 
2, Intra-annual  variation  is  large  at  site 1 (high 
thermal  diffusivity),  moderate  at 2 and 3 ,  and 
small  at 4 (high  heat  capacity). 
3. Interannual  variation  is  greater  for  winter 
than  for  summer,  except  at  site 4 .  Variation is 
large  at  site 1, small  at  site 4, and  intermediate 
at 2 and 3 (see note 2 above). 
4. The  summer  of  1975  was  the  coolest  at  site 1, 
the  warmest  at  site 2 ,  and  intermediate  at 3 and 4 
(little  variation). 
5. For  sites 1 and 3 ,  rhe  summer  of  1976  was 
warmer  than  1975;  for  sites  2 and 4 ,  1975  was 
warmer  than  1976. 
6. Sire 2 was  cooler  than  3  in  summers  1973, 1974, 
and  1976,  but  warmer in 1975. 
7. At site 2 ,  the  winter of 1975  was  colder  than 
1974; at 4 ,  1975  was  warmer;  at 1 and 3 they  were 
about  the  same. 
8. At  sites 1, 2, and 3 the  winter of 1976  was 
colder  than  1975; at 4 they  were  about  the  same. 

These data illustrate  the  variability of ground 
thermal response t o  climatic  conditions; and to 
climate variation.  They  demonstrate the difficulty 
O €  assessing  the  sensitivity of permafrost  to 
climate  change,  and  the  need to unravel, f i r s t ,  
the  interactions  of  climate,  microclimate,  and 
ground  thermal  condiKions. 

SIMULATION RESULTS 

This  part  of  the  paper  discusses  the  application 
of  a  numerical climate/microclimate/ground temper- 
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ature  model  to  analyze  the  variability  in  ground 
thermal  conditions  and  the  magnitude  and  rate  of 
response t o  climate  change.  The  strategy for this 
is  outlined  in  Figure 1. The  local  surface  energy 
regime  (microclimate)  is  modeled as the  inter- 
action  between  atmospheric  (climate),  surface,  and 
subsurface  conditions. This,  in  turn,  provides 
the  boundary  condition  governing  the  ground 
thermal  regime. Hence, ground  temperatures  are 
explicitly  linked t o  the  microclimate,  which is 
itself  linked  to  the  climate. 

the  level  of  which  serves  to  limit  evaporation, 
Soil  moisture  is  modeled  as  a  simple  reservoir, 

via  the  equilibrium  model.  Soil  thermal  proper- 
ties  are  fully  temperature  dependent,  and  moisture 
dependent  in  the  surface  layer.  Except  for  snow- 
fall, monthly  normal  climate data for  Whitehorse, 
Yukon  Territory,  were  used  in  the  analysis,  Snow 
accumulation  was  specified on a  daily  basis. 

In part  one  a  sensitivity  analysis  was  con- 
ducted,  the  results of which  serve as  an  indicar- 
ion  of  the  range of possible  ground  thermal 
conditions  created  by  variations  in  local  (site- 
specific)  factors  under a uniform  climate.  These 
factors  included  albedo,  slope  and  aspect,  surface 
wetness,  aerodynamic  roughness,  snow  cover,  and 
lithologic  conditions,  which  were  varied in turn 
in the  model,  The  effect on the  mean  annual 
surface  temperature  is  summarized in Table 2. 

TABLE 2 Simulation  of  Changes  to  Mean  Annual 
Surface  Temperature  by  Changing  Various  Site 
Factors. 

" 

Site  Factors  Mean  Annual  Surface  Temp. 
Normal  AT 

SFC  LAYER PEAT +l. 4 1.6 
SI,LT 0.0 1.4 

SURFACE ROUGHNESS .ol +0.5 1.5 
(Cm) 0 .1  t o .  2 1.5 

1.0 0.0 l . 5  
10.0 -0,2 1 . 3  

ALBEDO .1 +o, 2 1.4 
.2  0.0 1.4 
. 3  -0.2  1.4 
.4 - 0 , 5  1.4 
.5  -0.7 1.4 

0.0 +7.2 2.8 
0.2 +3.3 2.4 
0.4 i"1.0 2 . 1  
I 0.6 0.0 1.4 
0.8 -1.6 1.1 
1.0 -3 .0  1.8 

-1.0 1.3 
10°N -0.4 1.4 

- 

SLOPE,  ASPECT 3ooN 

v O0 0 . 0  1 . 4  
10 s 0.0 1.9 
30'5 +O. 9 2.0 

SNOW COVER 4 NORMAL -2.2 1.8 
NORMAL 0.0 ' 1.1 

2rnORMAL +o. 5 0.2 

WETNESS 

Note:  Values In column 1 are  referred  to O°C at 
the  standard  site  (underlined) for the 
normal  climate 

In addition,  the  surface  temperature  change  for  the 
same  site  conditions,  bur  for a uniformly 2'K 
warmer  climate,  is  also  shown (AT). The  authors 
recognize  the  limitations of varying  site-specific 
factors  independently,  since  they  are  actually 
cross-correlated  in  nature. The same  holds  true 
for varying  air  temperature  alone,  since  climatic 
variables  are  also  cross-correlated.  To  some 
extent,  therefore,  the  results  discussed  in  this 
section  are  a  sensitivity  test of the  model,  rather 
than o f  nature  per  se. 

The  main  results of  the  sensitivity  analysis 
are as follows. 
1. Variations in every  microclimatic  parameter 
result  in  some  variation in surface  temperature. 
The  variation  is  smallest  for  aerodynamic  rough- 
ness (0.7°Kofor  three  orders  of  magnitude)  and 
albedo (0.9 K for a five-fold  change).  However, 
such  variations  could  he  significant  enough  in  the 
discontinuous  permafrost  zone to  determine  whether 
permafrost  was  present  or  not.  The  most  sensitive 
factor  is  the  surface  wetness,  since  evaporation 
is such an important  term in the  energy  balance. 
Snow cover is also  important. 
2. The difference in  surface  temperature  due to 
the  variation  within  a  single  microclimatic  factor 
is, in some  cases,  greater  than  the  change  caused 
by  air  temperature  warming.  For  example,  variat- 
ions  in  surface  wetness, snow cover,  wind  speed, 
and  slope  angle  result  in  differences  in  surface 
temperature  greater  than  that due to air  temper- 
ature  warming. 
3 .  The  range  in  response to the 2'K warming  among 
all  sites  simulated  was 0.2' to 2.8'K (column AT, 
Table 2 ) .  Thus  a  simple  correlation  between  air 
temperature  changes  and  ground  temperature  changes 
is  not  likely  to  occur  in  nature. 

climatic  warming  patterns  were  investigated  (based 
on iarvey 1982): (1) all  months  increased by 
0.2 Kfyear, (2) an  annual  warming  concentrated  in 
the  winter  months  (O,G0K/year),  and ( 3 )  same  as 
(2)  but  with  double  winter  precipitation.  The 
effect o f  each  of  these on mean  annual  surface 
temperature  and  active  layer  development  at  the 
standard  site  was  simulated  for 25 years.  The 
results  of  these  simulations  are  summarized in 
Figures 4 and  5. 
1. Permafrost  degradation  proceeds  more  rapidly 
under  a  climatic  change  which  is  uniform in all 
months.  Where  the  warming is concentrated  in  the 
winter  months,  the  snow  cover  insul.ates  the  ground 
from  the  warming  trend,  The  maximum  difference  at 
any  time  between  active  layer  depths  for  the 
uniform  trend  and  the  winter  trend i s  about 50 cm. 
2. After  25 years, permafrost  degradation  associ- 
ated  with  a  winter  warming  trend  alone does not 
appear  to  be  significantly  different  from  that 
associated  with  a  winter  warming  trend  accompanied 
by  increased  winter  precipitation.  Comparison of 
surface  temperature  trends  shows  that  mean  annual 
surface  temperature  of  the  site  with  increased 
snow  cover  is  initially  higher,  but as the  simula- 
tion  proceeds,  increasing  amounts  of  winter 
precipitation fall  as  rain, thereby  both  reducing 

In the  second  part of the  analysis,  three 



the  insulation  effect  and  increasing  evaporation, 
and  thus  lowering  surface  temperatures.  Longer 
term  simulations  should  produce  greater  degrada- 
tion at sites  without  increased  precipitation, 
where  the  effect  of  evaporation  will  not  dominate. 

In the  last  part  of  the  analysis,  four  differ- 
ent  model  site5  were  subjected to a 25-year 
warming  of  0.2 K per  year  in  each  month.  Natura- 
lly, it  is  important to establish  an  equilibrium 
profile  a6  the  initial  condition.  Because  of  the 
thermal  offset  effect in ground  temperature 
profiles  (see  Goodrich  1978),  which is a  function 
o f  soil  thermal  properties,  the  relationship 
between  surface  and  subsurface  temperatures  is 
somewhat  complicated.  Equilibrium  profiles  for 
the  four  model  sites  (Figure  6)  were  established 
by  repetitively  running  an  annual  simulation 
using  normal  Whitehorse  climatic  data.  Whilst  the 
profiles  may  not  be  precise  replications of actual 
conditions,  the  marginal  nature  of  permafrost  they 
portray  would  seem to be  quire  representative  for 
the  region. 

table  at  the  four  sites  over  a  25-year  uniform 
climatic  warming, 
1. Variations in  site  characteristics  produce 
larger  changes  to  the  rate  of  permafrost  degrada- 
tion  than  variations  in  the  details of the 
climatic  trend  (compare  Figures 4 and 7 ) .  
2. Where  the  subsurface  material i s  changed  to 
pure  ice,  active  layer  depths  and  the  rate  of 
degradation  are  greatly  reduced,  although  the  mean 
annual  surface  temperature  is  higher  than  for  the 
standard  site, 
3 .  At  the  sites  without  ice  rich  lithology, 
degradation  proceeds  rapidly  due  to  the  lower  heat 
required  for  melting  in  the  ground  materials. 
Degradation  accelerates in the  middle  years, 
presumably  because  the  whole  profile  has  been 
warmed. 

using  arbitrary  changes in individual  variables 
t o  represent  climate  change. In subsequent 
analyses,  it  is  planned  to  synthesise  future 
climatic  data  via  stochastic  simulation. 

Figure 7 shows  the  lowering  of  the  permafrost 

The  authors  have  alluded  to  the  limitation  of 

CONCLUSIONS 

The  implications  of  climatic  warming to 
permafrost  conditions  must  be  viewed  in  the  con- 
text  of  the  complex  interactions  of  climate, 
microclimate,  and  ground  temperature  conditions. 
This  paper  has  presented  a  strategy  for  analyzing 
these  interactions  and for incorporating  them 
into an assessment  of  the  impact  of  climate  change 
on  permafrost.  Climatic  warming  would be undeni- 
ably  serious for permafrost  conditions;  however, 
the  results  presented  here  indicate  that  site 
effects  can  be as important as climatic  factors 
in  determining  ground  temperature  response  to 
environmental.  change. 
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FIGURE 1 Flow diagram for the  simulation  model 
(Q* = net radiation, Q, = convection, Q,  = evap- 
oration, (I = ground heat flux). 
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FIGURE 2 Ground temperatures at 50 cm depth for 
five  sites in the  Mackenzie  Delta, N.W.T. (after 
Smith 1975) e 

2 Till 
3 Pulsa 
4 Depression 

1973 I 1974 I 1975 I I 1976 
DATE 

FIGURE 3 Ground temperatures at  1.06 m  depth for 
fou r  sites at Churchill,  Manitoba (data adapted 
from Brown 1972). 
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FIGURE 4 Annual  maximum  active Layer developmenr 
under v a r i o u s  climatic warming t r e n d s .  
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FIGURE 5 Change in mean  annual ground surface 
temperature for various climatic warming trends. 
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FIGURE 7 Annual maximum  active layer development 
at four model sires under a uniform climatic 
warming  trend, 

FIGURE 6 "Equilibrium" mean  annual ground 
temperature profiles for four  model sites. 



ENGINEERING  DESIGNS FOR LAYING  PIPELINES  IN  PERMAFROST 
AREAS AND BOGGY  TERRAIN  IN THE NORTH 

V.  V. Spiridonov 

All-Union  Scientific  Research  Institute on Construction o f  
Pipeline  Mains (VNILST),  Moscow,  USSR 

On the  basis  of  extensive  research  and  prototype  construction  the USSR has  accumu- 
lated  considerable  experience  in  the  area of northern  pipeline  construction; 
engineering  designs  have  been  developed  and  standard  documents  produced  to  solve 
the  problems  of  building  large-diameter  pipelines  in  northern  regions.  Systems 
for  laying  pipelines  that  are new  in  principle  have  been  developed  for  various 
conditions.  These  include  an  above-ground  system  with  slightly  curved  sections; 
an above-ground  system with partial  compensation  for  longitudinal  strains f o r  
anchoring  the  pipeline on heaving  or  waterlogged  sections;  an  underground  system  on 
supports  for  floodplain  sections  with  permafrost  conditions;  a  system  where  the 
exposed  pipeline  is  laid on the  surface  with  compensating  sections;  and  finally, 
various  modifications  to  all  of  these.  Methods  of  analyzing  the  various  systems 
and recomendations as  to  engineering  design  have  been  developed. 

The  urgent  need  for  more  and  more  energy 
resources for the  successful  development of all 
economic  areas  makes  the  development  of  the  gas 
and  oil  industry  of  great  priority.  Major  gas  and 
oil  deposits  have  been  found in the  northern 
regions,  with  most  of  the  deposits  far  beyond  the 
Arctic  Circle.  The  main  consumers  of  gas  and  oil, 
however,  are  in  the  temperate  and  southern  climates. 
The  construction of high-capacity  pipeline  systems 
has  become  a  major  challenge to the USSR, the  USA, 
Canada,  and  other  countries.  The  range  of  construc- 
ted  pipelines  that  are  1220-1420  mm in diameter 
increases  steadily  with  each  passing  year.  At  the 
same  time  the  ratio  of  the  lines  laid  in  the 
northern  regions  also  increases. 

CONSTRUCTION IN NORTHERN REGIONS 

,Pipeline  construction  in  the  northern  regions 
depends  on  climatic,  hydrogeological,  geocryo- 
logical,  technological,  and  economic  factors.  The 
northern  regions  of  the  USSR  are  characterized by 
long  winters with low  temperatures  (down  to -65'C), 
frequent snowstoms and  winds up to 40 m / s ,  preval- 
ence  of  permafrost,  an  appreciable  number  of  bogs 
and  water  bodies,  territories,  the  long-lasting 
polar  night,  a  poorly  developed  infrastructure,  and 
the  lack of a  permanent  road  network. 

Pipeline  mains  a5  engineering  constructions  are 
unique  in  the  nature  and  intensity  of  their  iater- 
action with the  environment  due t o  their  length, 
surface area,  the mass  of  the  transported  product, 
and  its  heat  content, a5 well  as  the  volume  of  the 
ground  with  disturbed  natural  structure.  During 
their  lifetime,  in  all  their  parts,  pipelines  are 
subjected  to  very  high  tensions  approaching  the 
standard  characteristics of metal  strength. Even 
moderate  deviation  of  the  operating  conditions  from 
the  initial  design  parameters  bring  the  system  into 
a  srate  of  extreme  tension. 

Pipeline  construction  significantly  changes  the 

environment,  and  there  appears  to be a  specific 
problem  of  long-term  prognosis  and  control o f  the 
interaction  between  the  pipeline  and  the  environ- 
ment,  The  existing  dynamic  balance of the  bio- 
sphere  of  the  northern  regions  is  unsteady, so it 
is  easily  upset  by  any  intervention. 

Prognosis  for  the  northern  regions  is  highly 
complicated  due  to  the  many  factors  involved  and 
the  many  interconnections of the  processes  and 
phenomena  of  natural  development. 

taken  into  account when constructing  pipelines  in 
all  northern  regions,  including  areas  with  perma- 
frost : 

the  pipeline  with  freezing-thawing  ground, with 
water ( i n  passing),  and with the  surrounding 
atmosphere; 

ties of the  ground  during  processing,  freezing,  and 
thawing; 

(3)  the  change  in  the  ground  water  content  along 
the  route  of  the  pipeline; 

( 4 )  the  impact  of  territorial  development  on 
geocryological  processes  and  the  change in the 
perennial  frozen  ground  condition  due  to  changes  in 
vegetation,  redistribution  of  the  snow  cover, 
formation  of new foci f o r  the  waters  over  the 
permafrost,  and so forth. 

make  the  construction  and  maintenance  of  pipelines 
difficult,  such  as  ground  subsidence,  heaving, 
landslides,  thermoerosion,  the  formation  and 
development  of  ice  coating,  and  frost  fissures  in 
the  ground. 

Therefore,  a  specific  feature  of  such  projects 
in  permafrost  regions  is  the  formulation of a 
quantitative  long-term  prognosis  of  geocryological 
changes  due  to  the  pipeline  construction  and  main- 
tenance  that  affirms  technological  design,  construc- 
tion  techniques,  and  transport  regulations  for  gas 
and  oil.  This  prognosis  should  not  be  passive,  but 

Therefore,  the  following  considerations  must  be 

(1) the  thermal  and  mechanical  interaction  of 

( 2 )  the  change  in  the  physicomechanical  proper- 

Permafrost  presents a number  of  phenomena  that 
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must  provide for future  changes  to  the  system. 
Engineering  and  geological  studies  for  pipeline 

construction  in  permafrost  regions  are  the  basis 
for  design,  and  require,  apart  from  routine  opera- 
tions,  intensive  geocryological  research  along  the 
entire  pipeline  route,  using  the  full  range  of 
photography  and  geophysical  methods. 

PIPELINE  CONSTRUCTION  IN  NORTHERN  REGIONS 

The  length of  large-diameter  (1220-1420 mm) gas 
and  oil  pipelines  with  compressors  and  pumping 
stations  is  considerable.  They  are  laid  in  perma- 
frost  regions,  wet  and  boggy  territories with  a 
large  number  of  rivers  and  streams  and  their  flood- 
plains,  without  roads,  and  under  unfavorable  clim- 
atic  conditions.  Their  construction  is  a  complex 
scientific  and  engineering  problem  that  must  be 
solved with  due  regard for the  most  recent  experi- 
ence  in  preliminary  studies,  design,  implementation, 
and  maintenance of similar  constructions  both  in 
the  Sovtet  Union  and  abroad. 

Most  gas  pipelines  from  northern  deposits  to  the 
central  regions  have  to  cross  permafrost (a complex, 
multicomponent  ecosystem)  and  boggy  and  wet  areas. 
In many  cases,  the  permafrost  may  be  classified  as 
unsteady,  and  there  are  sites  where  violation  of 
its  temperature  and  humidity  modes  may  turn  it  into 
a  liquified  mass.  There  may  be  an  increase  in  or 
the  appearance  of  landslides  or  thermokarst  phen- 
omena  at  these  sites,  as  well  as  washouts,  heavings, 
and  the  formation  of  permafrost  belts,  depending  on 
the  changes  introduced  into  the  'natural  life'  of 
the  region  in  the  course  of  pipeline  construction 
and  maintenance.  Those  phenomena  must  be  foreseen 
in  the  prognostic  studies  and  must  be  taken  into 
account in engineering  design,  construction  manage- 
ment,  and  maintenance  requirements. 

The  route  may  also  have  sites with relatively 
satisfactory  characteristics  from  the  viewpoint  of 
the  requirements  for  laying  pipelines.  Along  the 
route,  considerable  diversity of geocryological 
conditions,  landscape  relief,  water  content,  and 
other  factors  necessitate  the  use  of  different 
systems of pipeline  construction  at  different  sites, 
based on the  requirement  for  high  reliability  at 
minimal  cost  and  labor.  Any  solution  should  be 
justified,  above  all,  from  the  point  of  view  of 
equal  reliability  along  the  entire  pipeline  system, 
and  both  cost-effectiveness  and  technological 
reliability. 

There  are  two  principles  to  be  applied  in  the 
construction of pipelines on permafrost.  The  first 
principle  is  maintaining  the  frozen  state  of  founda- 
tions  during  construction  and  maintenance.  The 
second  allows  thawing  of  the  permafrost  during 
construction  and  maintenance.  Accordingly,  under- 
ground,  surface,  and  aboveground  systems  for  laying 
pipelines  are  depending  on  the  conditions  along  the 
route  and  the  product  transport  method.  Laying 
pipelines  in  complex  geocryological  conditions 
should  take  into  account  the  possibility  that  the 
restraining  capability of the  ground  may  change, 
destabilization,  changes  in  ground  temperature 
during  construction  and  maintenance,  and  the 
processes  and  phenomena  in  the  ground  surrounding 
the  pipeline,  as  well  as  the  dynamic  wind  load on 
aboveground  pipelines.  These  and  other  features 

required  principally new engineering  designs  of 
pipelines  for  various  construction  conditions. 

The Soviet  Union  has  constructed  and  is  main- 
taining  pipelines  in  the  extreme  North  and  in 
permafrost  regions.  We  have  accumulated  consid- 
erable  experience  based  on  a  large  volume  of 
scientific  research  and  prototype  construction  of 
a  number of complexes,  which  allows  for  the 
reliable  design  and  construction  of  large-diameter 
(1220-1420 m) pipelines. 

in diameter  have  been  built  and  are  maintained  in 
the  permafrost  region  near  Yakutsk,  out  of  which 
250 km is  aboveground.  More  than 600 km of  above- 
ground  720 mm gas  pipeline  and 300 km of  lesser 
diameter,  and 40 km of  underground  429-529 mm 
diameter  gas  pipelines  have  been  built in the  flood- 
plains  of  the  rivers  near  the  city  of  Norilsk.  The 
fourth  leg  of  this  gas  pipeline  system  is  currently 
being  designed  and  built.  Gas  pipelines  1220-1420 
mm in  diameter  were  built  and  are  maintained on the 
Medvezhie-Nadim-Punga,  Urengoi-Chelyabinsk,  and 
Urengoi-Nadim  routes.  There  is  a  total  of  more 
than  12,000 km of large-diameter  pipelines in the 
complex  engineering  and  geocryological  conditions 
of northwest  Siberia. 

The  eleventh  five-year  plan  (1981-1985)  includes 
construction  of  six  pipeline  mains  from  the  Urengoi 
gas  deposit,  a  total  of  more  than  22,000 km. A 
1220-mm-diameter  pipeline  1285 km long  was  built  in 
Alaska.  Of  this  length, 640 km are  aboveground  on 
steel  supports  and 630 km are  underground. US and 
Canadian  experts  have  designed  an  underground 
large-diameter  gas  pipeline  with  refrigerated  gas 
especially  for  laying  in  permafrost. 

To substantiate  engineering  designs  for  the 
northern  parts  of  Canada  and  for  Alaska,  experi- 
mental  stations  and  testing  grounds  were  built  with 
pipeline  legs  of  1220 mm pipes,  and  a  large  complex 
of studies  has  been  conducted  concerning  pipelinel 
environment  interaction,  pipe  resistance to cold, 
techniques  for  pipeline  construction  and  mainten- 
ance,  as  well  as  the  development of construction 
technology. 

Research  and  analysis  of  the  results of these 
studies,  as  well as the  design,  construction,  and 
maintenance of pipeline  systems  in  the  northern 
parts  of  Canada  and  in  Alaska  show  that  although 
these  regions  are  climatically  similar  to  the 
northern  regions  of  west  Siberia,  many  differences 
have  been  observed  in  geographical,  geological, 
geocryological,  and  hydrogeological  conditions. 
The US and  Canadian  engineering  designs  are  highly 
labor-intensive  and  costly. 

Traditional  methods  cannot  be  used to lay  pipe- 
lines  in  boggy  regions  and  in  perennially  frozen 
ground.  Perennially  frozen  ground  may  change  its 
characteristics in the  area  of  construction  due  to 
disturbance of the  thermal  and  hydrogeological 
regimes.  When  the  frozen  ground  thaws,  there  may 
be  considerable  subsidence,  formation of themo- 
karst  sinks,  solifluction  phenomena,  landslides, 
cave-ins,  mud  flows,  and  avalanches.  Most  such 
regions  are  characterized  by  ground  heaving when 
the  seasonally  thawed  layer  is  freezing. 

The engineering  methods,  technology,  and  main- 
tenance  techniques  have  an  essential  bearing  on  the 
stability  and  durability  of  the  pipeline  and  other 
constructions  located  in  its  vicinity. In this 

At  present,  about 600 km of  gas  pipelines 529 mm 
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connection,  the  prognosis of the  interaction  of 
the  pipeline with the  permafrost  and  problems  of 
geocryological  control  are of great  significance 
in  solving  problems  of  pipeline  design,  selection 
of  pipeline  structures,  construction  technology, 
and  maintenance  techniques. 

ENGINEERING  DESIGNS  APPLIED IN PIPELINE 
CONSTRUCTION  IN THE SOVIET  UNION 

There  are no precedents  for  constructing  a  long 
(3000 km)  pipeline 1420 m in  diameter  during  a 
single  construction  season  under  the  complex  engin- 
eering  and  geological  conditions  Eound  in  western 
Siberia.  Unlike  Alaska  and  Canada,  western  Siberia 
lacks  the  large-aggregate  and  grave1  ground  requir- 
ed  for  road  construction,  ground  replacement  in 
pipeline  trenches,  and  banking  under  surface  con- 
structions,  as  well  as  for  producing  construction 
structures.  It  also  lacks  a  network  of  permanent 
roads for freight  hauling  and  temporary  construc- 
tion  roads. 

In  the USSR, the  study  of  the  problems  of  pipe- 
line  construction  in  northern  regions  involved  a 
large  number  of  scientific  research  and  industrial 
organizations.  Many  years  of  research  have  pro- 
duced  technical  solutions  and  standardized  docu- 
ments  allowing  construction  of  large-capacity 
pipeline  systems  in  those  regions, 

In the  Scientific  Research  Institute  on Con- 
struction of Pipeline  Mains (VNIIST), studies on 
pipeline  construction  in  regions with perennially 
frozen ground  were  started  in 1959. Experimental 
studies  on rhe construction  and  operational  parts 
of  the  Messoyakha-Norilsk  gas  pipeline  have  been 
carried  out  since 1968. 

Research  is  currently  underway  at  the 8-km 
looping  experimental  site  in  the  Ukhta  area, where 
1220 mm pipes  are  buried  underground,  banked  up  on 
the  surface,  and  aboveground on roller  and  sliding 
supports.  There  are  also  special  testing  grounds. 

experimental  parts  of  gas  pipelines,  research  is 
being  carried  out  at  test  rigs, with special 
devices,  on,models  using  analog  and  digital  com- 
puters,  and  there  is  a  wide  spectrum  of  theoretical 
studies. 

The  primary  directions  of  research  are  engin- 
eering  designs  and  calculation  methods,  prognosis 
of  thermal  and  mechanical  interaction o f  pipelines 
with  the  environment,  the  technology of gas  trans- 
port,  construction  technology,  and  machinery 
design. 

Experimental  and  theoretical  studies  have 
investigated  the  aboveground  laying  of 529 and 720 
m gas  pipelines on suspended  and  sliding  supports 
and  of 1220 mm pipes on roller  and  sliding  supports, 
underground  and  surface  laying  of  pipelines  of 
various  diameters,  and  surface  pipelines  without 
embankments.  Also  designed  and  studied  are  diverse 
support  structures  (wooden,  reinforced  concrete, 
metal,  slab,  pile,  thermopiles,  with  prestressed 
tension  members,  suspending,  sliding,  roller, etc.), 
as  well  as  the  loads  on  the  supports,  coefficients 
of  pipeline  displacement  resistance,  stress  resist- 
ance  of  supports,  and  ground  foundations. 

The  dynamic  stability of aboveground  pipelines 
under  various  effects  including wind, stress 

Concurrent  with  the  studies on operational  and 

resi stance,  and  resilien ce  of  curved  elements  and 
pipelines of different  contours  with  bent  and 
welded  laterals  that  have  small  and  great  curvature 
radii  were  studied,  as  well  as  stability  and 
strength f o r  all  types of pipeline-laying,  restrain- 
ing  and  ballasting  capacity of grounds,  and  rein- 
forced  concrete  weights. 

The  design  and  construction o f  various  devices 
have  been  developed  and  studied,  including  devices 
for  preventing  pipeline  escillations  for  anchoring 
and  ballasting  underground  pipelines  in  areas of 
frost  heave  and  subsidence,  and  new  types  of 
anticorrosive  insulation  for  pipelines,  improved 
methods  for  construction  of  supports,  anchoring 
stabilizers,  and  other  constructions  for  perma- 
frost  regions. 

The  thermal  and  mechanical  interaction  of  pipe- 
lines with  the  surrounding  ground  has  been  studied, 
including  temperature  fields  in  the  ground,  aureoles 
of  freezing  and  thawing,  gas  temperature  changes 
along  pipelines  of  various  engineering  designs,  the 
dynamics of thermal  and  mechanical  interaction 
processes  under  various  conditions  of  long-term 
pipeline  maintenance,  the  processes  of  foundation 
heaving  and  settling,  as well as  the  stresses to 
the  pipelines  brought  about  by  these  processes. 

pipelines  in  the  North,  such  as  thermoerosion, 
thermokarst,  solifluction,  ice  crust  formation, 
have  also  been  studied. 

Many  years o f  complex  studies  resulted in the 
development o f  new  systems  for  laying  pipelines in 
the  regions o f  the  extreme  North  and  permafrost 
grounds,  including  an  aboveground  system with 
slightly  curved  sites,  surface  and  underground 
systems  with  partial  compensation  of  longitudinal 
strains  and  special  anchoring  devices  for  heaving 
and  wet  sites, an underground  system  on  suppoi-ts 
for  floodplain  sites with permafrost,  an  open 
ground  system  without  banking-up  with  compensating 
portions,  laying on float  supports,  and  their 
various  modifications  applied to concrete  condi- 
tions. 

It should  be  noted  that  aboveground  and  surface 
systems  of  laying  with  slightly  curved  aboveground 
sites  have  been  comprehensively  studied  and  checked 
in  the  course of industrial  operation.  The  open 
aboveground  system  of  laying  is  the  most  economical 
of  all  systems  applied  to  date. 

The  aboveground  laying  without  embankments  may 
be  applied  widely in permafrost  regions,  as  well  as 
over  bogs  where  placing  the  pipeline  below  the 
surface  leads to appreciable  construction  and  tech- 
nological  difficulties. 

systems of pipeline-laying,  as  well  as  recommen- 
dations  for  engineering  design. In particular,  the 
construction of roller  supports  that  convey  minimal 
loads  to  the  foundations  was  studied,  making  it 
possible  to  use  light  foundations  for  the  supports, 
such  as  slabs  or  piles,  and  avoiding  transfer  of 
dynamic  loads  to  the  pipeline.  Constructions  were 
designed  for  thermopiles  and  high  supports with 
tension  members  to  pass  over  narrow  gullies  and 
ravines. 

special  devices  have  been  designed  and  studied  that 
allow  greater  distance  between  supports,  thereby 
lowering  the  cost  of  the  whole  construction. 

Geocryological  processes  along  the  routes  of  the 

Methods of analysis  were  worked  out  for  various 

To prevent  oscillations in aboveground  pipelines, 
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In  a  number of cases i .t has  been n .ecess ary  to 
lay  pipelines  underground in unstable  heaving 
ground  (e.g., in  wide river  floodplains  where  ice 
drift  is  possible. In these  cases  the  pipeline 
is  fixed  by  means of patented  anchoring  devices 
(USA ~~3903704 and  Canadian  p.9889271..  Also 
developed  and  patented  was  a  construction of rein- 
forced  concrete  ballasts  that  increase  the 
restraint on buried  pipelines  that  has  been  quite 
cost-effective  and  allows  the  development of new 
systems of pipeline  laying with partial  compensa- 
tion of strains (USA p .  4166710 and  Canadian p. 
1076373). 

Methods  have  been  developed  to  analyze  the 
thermal  and  mechanical  interaction of pipelines 
with the  surrounding  ground,  to  predict  and  control 
the  geocryological  processes  brought  about  by  pipe- 
line  construction  and  maintenance,  as  well  as 
methods of technological  design  for  large-diameter 

gas  pipelines of various  constructions  and  in  di- 
verse  climatic  conditions. 

These  studies  have  led to the  solution of 
problems  of  pipeline  construction  in  the  extreme 
North.  However,  they  must  be  continued  at  the 
research  stations with experimental  sites of 1220- 
1420 m pipes  and on operational  large-diameter  gas 
and  oil  pipelines  under  various  natural  and  clima- 
tic  conditions,  engineering  designs,  and  technology 
of  gas,  oil,  and oil products  transport.  These 
studies  are  necessary  since  advances i n  other 
fields of science  and  technology  make it possible 
to  steadily  improve  designs  in  the  field of pipe- 
line  construction,  increasing  their  reliability 
and  lowering  costs. 

A11  the  developed  methods  of  analysis  and  design 
were  thoroughly  studied  under  laboratory  conditions, 
as  well as on  operating  pipelines  and  are now 
incorporated  in  practical  pipeline  design  and 
construction  in  the USSR. 



INVESTIGATIONS AND IMPLICATIONS OF SUBSURFACE  CONDITIONS 
BENEATH THE TRANS  ALASKA  PIPELINE IN ATIGUN  PASS 
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'Alyeska  Pipeline  Service Co., Anchorage,  Alaska  USA 
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In  June 1 9 7 9 ,  a  leak  was  detected  in  the  Trans  Alaska  Pipeline  in  Atigun  Pass, 
located  in  the  east  central  Brooks  Range. A major  subsurface  investigation  was  per- 
formed  for  the  purpose  of  providing  detailed  subsurface  information  as  input  to  the 
design  of  remedial  measures  to  repair  the leak and  to  detect  any  other  problem 
areas.  Another  area of pipe  settlement  was  found on the  south  side  of the pass  in an 
insulated  section of the  pipeline.  Subsurface  exploration  revealed  thawing  of  the 
foundation  materials,  apparently  as  a  result  of  subsurface  water  flow. 
Large-diameter  diamond  coring  with  refrigerated  fluids  was  found  to  be  the  only 
exploration  method  capable of providing  samples  of  adequate  quality  for  thaw  strain 
testing.  Thaw  strain  test  data,  in  conjunction  with  information on subsurface  con- 
ditions  obtained by refrigerated  coring,  allowed  estimation  of  the  settlement  that 
might  occur  if  the  pipeline  foundation  materials  were  to  continue to thaw.  Data 
from  test  holes and other  investigations  during 1980 and 1981 have  allowed  determi- 
nation  of  the  need  for  additional  repair  work  and  a  rational  prediction of future 
pipeline  performance. 

INTRODUCTION 

The  completion of the  Trans  Alaska  Pipeline  in 
1977 was  a  major  achievement  in  arctic  engineering 
and  construction.  Almost 1,290 km  in  length,  the 
pipeline  delivers  crude  oil  from  the oil fields  of 
Prudhoe  Bay to  a  tanker  loading  facility at the  Port 
of  Valdez  (see  Figure 1 ) .  Luscher (1977) and  Liguori 
et  al. (1978) provide  a  summary  of  the  design  and 
construction of the  pipeline. 

Engineering  problems  associated  with  permafrost 
were  a  major  concern  during  pipeline  design  and  con- 
struction.  The 122 cm  diameter  pipeline  was  general- 
l y  buried only in  areas  where  permafrost  was  absent 
or  was  judged  to  be  thaw-stable.  In  areas  of  non- 
thaw-stable  permafrost,  the  pipeline  was  elevated  on 
vertical  support  members.  Because  of  the  greater 
difficulty  and  expense  involved  in  aboveground con- 
struction,  initial  route  selection  attempted  to 
optimize  the  amount of belowground  pipe. 

At  a  few  locations,  subsurface  conditions 
required  special  construction  techniques.  Atigun 
Pass  was  one  of  these  locations. 

MONITORING THE PERFORMANCE OF THE PIPELINE 

Where  burial of the  pipeline  prevents  direct 
observation,  data  collected  using  a  number  of  tech- 
niques  are  available to Alyeska  engineers. Level 
surveys o f  monitoring  rods  attached  to  the  tap  of  th-2 
pipe,  when  compared  with  as-built  surveys,  allow 
determination  of  pipe  settlement.  Surveys  of  the 
pipe  interior  with a corrosion/deforrnation  pig  can 
detect  pipe  shape  changes,  which  may  indicate  unsat- 
isfactory  pipe  movement. (A pig  is a device  that 
fits  inside  the  pipeline  and  is  moved  through  the 
line  by  the  force  of  the  fluid  flowing  through  the 

line.)  Aerial  reconnaissance  of  the  pipeline 
right-of-way  can  reveal  ground  surface  disturbances 
related to pipe  settlement. In addition,  where  ther- 
mistor  strings  have  been  installed,  future  thermal 
performance  may  be  predicted  using  computer  tech- 
niques. 

In  .the  latter  situation,  where the thermal  regime 
beneath  the  pipe  is  changing,  accurate  information 
an subsurface  soil  and  rock  conditions  is  critical to 
determination of possible  future  performance of the 
pipeline.  Qualitative  information  from  test  hole 
logs  is  essential,  and  quantitative  information  from 
laboratory  testing of samples is also  an  aid. 

HISTORY OF THE PIPELINE IN ATIGUN  PASS 

Background 

Atigun  Pass,  with  a  crest  elevation  of  nearly 
1,450 m, is  the  highest  point on the  Trans  Alaska 
Pipeline.  Located  in  the  east  central  Brooks  Range 
265 km  south of Prudhoe  Bay  and 160 km  north of the 
Arctic  Circle  (see  Figure l), the pass is  underlain 
by permafrost  to  great  depth. 

Construction  of  the  pipeline  in  the  pass  took 
place  in  late 1976. Preconstruction  subsurface 
investigations  revealed  large  amounts  of  segregated 
ice,  both  in  unconsolidated  colluvial  and  glacial 
deposits  and in weathered  and  fractured  zones  in  the 
underlying  bedrock. 

Were  it  not  for  the  hazards  of  avalanches,  slush 
flows,  and  rock  slides,  the  pipeline  would  have  been 
constructed  aboveground  through  these  two  ice-rich 
areas on the  north  and  south  sides of the  pass. 
Instead  the  pipe  was  buried  in  an  insulated  box 
designed to thermally  isolate  the  warm  pipeline  from 
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the underlying  ice-rich  soil  and  rock.  This  box sur- 
rounded  the  pipe  with  over 50 cm of rigid  foam  insu- 
lation,  designed to limit  thawing to 0.3 m  beneath 
the  pipeline.  About 0.5 km of pipe on the  north  side 
of  Atigun  Pass  and 1.3 km on  the  south  side  were  bur- 
ied  using  this  insulated  box  design  (Figure 2 ) .  

Geology  and  Subsurface  Conditions 

Atigun  Pass  is  typified  by  unconsolidated  depos- 
its  of  various  origins  overlying  a  bedrock  sequence 
of quartzites  and  argillites. The unconsolidated 
deposits  consist  of  varying  thicknesses  of  talus, 
rock  glacier,  avalanche,  and  landslide  deposits  in 
addition to glacial  till. The colluvial  material  is 
typically  quite  angular  and  contains  material of all 
fractions  from  clay  size  to  boulders,  the  coarser 
fractions  predominating.  These  deposits  are  gener- 
ally  perennially  frozen  in  their  undisturbed  state 
and  inclusions  of  clear  ice  are  common. 

Pipeline  Performance 

In  June 1979, a  leak  developed in the  pipeline on 
the  north  side  of  Atigun  Pass. The leak  was  found to 
be  due  to  buckling  of  the  pipe  at  a  location  about 40 
m  outside  the  southern  end of the  north  insulated  box 
(Figure 3 ) .  An extensive  subsurface  investigation 
carried  out  at  that  time  to  determine  remedial  meas- 
ures  revealed  that  the  buckling  had  been  caused  by 
thawing  of  a  limited zone  of ice  in  the  colluvial 
soi ls  and  fractured  bedrock. 

Since  1979,  detailed  monitoring  of  pipeline per- 
formance,  in  conjunction  with  gathering  of  addi- 
tional  subsurface  information,  has  allowed  Alyeska 
engineers to assess  the  condition  of  the  pipe  and 
predict  its  future  performance.  While  conditions 
have  necessitated  extensive  remedial  measures  in 
some  instances, no further  leaks  have  occurred. The 
largest  remedial  effort  was  required  at  the  northern 
end  of  the  south  insulated  box;  it is described  in 
detail  in  a  later  section. 

SUBSURFACE  INVESTIGATIONS IN ATIGUN  PASS 

Preconstruction 

During  the  design  and  construction  phases  of  the 
pipeline  project,  a  total  of  about 200 exploratory 
test  holes  were  drilled  in  Atigun  Pass  for  purposes 
of route  selection,  design,  and  design  verification. 
Almost  all  of  these  were  drilled  using  some  version 
of air  rotary  techniques,  in  which  the  test  hole  is 
logged  primarily on the  basis  of  drilling  action  and 
classification of cuttings  ejected  with  the  air. 
None  of  these  exploratory  holes  indicated  that 
potential  problems  existed  in  the  areas  later  expe- 
riencing  settlement  nor  did  any  of  them  indicate  a 
need  for  further  exploration. 

South  Repair  Area-1979 

Following  the  investigation  of  the  leak  area on 
the  north  side  of  Atigun Pass in  June  1979,  addi- 
tional  test  holes  were  drilled  in  other  areas, 
including 13 test  holes  near  the  northern  end  of  the 
south  insulated  box.  These  13  test  holes  were  all 
'drilled  by  logging  cuttings  from  an  air  track.  After 

drilling  was  completed,  the holes were  equipped  with 
thermistor  strings to measure  ground  temperatures. 

This  investigation  revealed  subsurface  conditions 
as  depicted  in  cross-section  in  Figure 4 ,  with  thaw 
extending  much  deeper  than  design  criteria  allowed. 
In addition,  abundant  groundwater  was  encountered  in 
the  test  holes,  which  penetrated  thawed  materials 
beneath  the  south  insulated  box.  Groundwater  was 
also  encountered  in  holes  drilled  adjacent to  the 
uninsulated  pipe  above  the  box. 

South  Repair  Area-1980 

To provide  detailed  information  for  analysis  and 
remedial  action as necessary,  Alyeska  authorized a 
subsurface  exploration  program in the  spring of 
1980. Conventional  auger  drilling  and  drive  sampl- 
ing  techniques  were  not  capable  of  penetrating the 
bouldery  overburden  and  indurated  bedrock  in the 
pass.  Differentiation  between  bouldery  overburden 
and  the  abundant  soil-filled  fractures  in  the 
bedrock  was  difficult  with  air  rotary  drilling  tech- 
niques.  For  these  reasons,  diamond  core  drilling  was 
used  in  the 1980 drilling  program. 

Almost 310 m of exploratory  test  holes were 
drilled  in  the  repair  area  in  1980.  Half  of the 
holes  were  drilled  using  diamond  core  drilling tech- 
niques.  Half of these  utilized  refrigerated  drill- 
ing  fluids to maintain  the  original  thermal  state  of 
.the  core  samples. 

The diamond  coring  employed  a  triple-tube, PQ- 
size, wireline  core  barrel. The relatively  large 
diameter PQ core ( 8 2 . 6  mm  core  diameter)  was  chosen 
to minimize  the  effect  of  thermal  disturbance and 
fluid  erosion on the  core.  The  wireline  system 
allowed  relatively  trouble-free  advancing  of the 
test  hole  through  fractured  rock or other  caving 
materials,  while  the  triple-tube  core  barrel  design 
facilitated  recovery of highly  fractured  or  colluvi- 
al  material  in a relatively  undisturbed  state. 

For refrigerated  coring,  a  solution  of  propylene 
glycol  and  water  was  cooled to temperatures  in  the 
range  of -2 '  to -6 'C  by  an  electrically-powered 
refrigeration  compressor  coupled to a heat  exchanger 
system.  In  general,  frozen  core  recovery  was  excel- 
lent,  including  recovery  of  ice  lenses  in  the 
colluvial  soils  (see  Figure 5). Some  erosion  of  ice 
lenses  in  hard  bedrpck  was  found to  be  unavoidable. 

Since  loss  of  freezing-point-depressing  drilling 
fluids  in  the  soils  adjacent  to  the  pipeline  might 
prevent  later  refreezing,  coring  in  these  areas  used 
fresh  water  at  about 15'C. Ice  and  some  fines were 
washed  away  in  this  process,  but  coxe  recovery  was 
sufficient to differentiate  between  colluvial  soils 
and  bedrock. 

When  the  primary  purpose  of  a  test  hole  was the 
installation  of  temperature or groundwater  measuring 
instrumentation,  air  rotary  drilling  techniques  were 
used.  Both  conventional  and  casing-advancing, 
down-hole-hammer  drilling  allowed  rapid  penetration 
of  both  frozen  colluvium  and  bedrock.  Limited geo- 
technical  information  was  obtained  by  logging  drill 
penetration  and  cuttings  from  these  test  holes. 
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The use  of  refrigerated  and  fresh  water  diamond 
coring  techniques  greatly  improved  the  state  of 
knowledge  concerning  subsurface  conditions  in  the 
repair  area. The thickness  of  colluvial  soils  was 
found to  be  somewhat  greater  than  had  been  revealed 
by  the 1979 air  drilling  program. In addition, 
refrigerated  coring  provided  the  first  accurate 
assessment of the  extent  of  ice  in  both  the  colluvium 
and  the  bedrock. 

Ground  temperature  and  groundwater  monitoring 
instrumentation  was  installed  in  most  test  holes, 
depending on whether  the  ground  was  frozen  or  thawed. 
Thermistor  strings  were  installed in 2 . 5  cm 
(nominal)  plastic  pipe  filled  with a propylene gly- 
col/water  mix.  Slotted  plastic  pipe  of  the  same  size 
served  as  standpipe  piezometers  for  observation  of 
groundwater  levels. 

Laboratory  testing  of  samples  from  the  pass con- 
sisted  primarily of standard  index  property  tests. 
Because o f  the  wide  variation  of  grain  sizes  and  the 
abundance  of  coarse  gravels  and  cobbles,  it  was dif- 
ficult  to  predict  thaw  settlement  using  parameters 
such  as  moisture  content,  density,  and  grain size .  
For this  reason,  specially  fabricated  cells  that 
matched  the  core  diameter  were  used  to  test  represen- 
tative  samples  for  thaw  strain  (see  Figure 6 ) .  After 
trimming  with a diamond saw, the  samples  were sub- 
jected  to a uniaxial  load  provided  by  dead  weight, 
and  strain  upon  thawing  was  measured  with a dial 
indicator.  Thaw  strains  as  high  as 55% were 
measured. 

DATA  ANALYSIS  AND  DETERMINATION 
OF  REMEDIAL  MEASURES 

Abundant  data  were  available  from  the  test  hole 
program,  including  test  hole logs, thermal  data  from 
thermistor  strings  placed  in  the  test  holes,  and 
water  levels  measured  in  piezometers. On the  basis  of 
these  data,  it  was  clear  that  thawing  had  exceeded 
design  criteria  for a significant  distance  along  the 
insulated  box.  The  presence of still-frozen,  poten- 
tially  ice-rich  colluvial  deposits  below  the 
existing  thaw  depth  caused  concern  for  the  future 
stability  of  the  pipeline. 

Investigation  of  the  area  indicated  that  runoff 
water  from  snowmelt  and  rainfall  was  entering  the 
backfilled  pipe  ditch  near  the top of  the  pass. 
Flowing  through  the  ditch  along  the  uninsulated 
pipe, it  was  being  heated  by  the  warm  (about 55'C) 
oil.  This  heated  groundwater  then  apparently  flowed 
under  and  around  the  insulated  box  and  appeared 
responsible  for  the  observed  thawing. 

Alyeska  engineers  developed a repair  program  that 
was  implemented  in the summer  of 1980. The program 
consisted  of  surface  drainage  to  minimize  water 
influx to the  area  and  grouting to cut  off  the  water 
flow  beneath  the  insulated  box  followed  by  mechan- 
ical  refrigeration  and  installation  of self- 
refrigerating  heat  pipes to refreeze  the  ground. 
This  program  is  described  by  Thomas  et  al.  (1982). 
Figures 3 and 4 show  the  area  of  the  pass  where  this 
work  was  undertaken,  and  Figure 7 shows  this  work 
being  implemented  in  the  summer of 1980. 

For  this  repair  program  it  was  necessary  to  ana- 
lyze a variety  of  data  including  pipe  and s o i l  move- 
ment  monitoring,  ground  temperature  measurements, 
groundwater  levels,  and  groundwater  movement  infor- 
mation.  By  analyzing  the  data  from  this  array  of 
instrumentation,  it  was  possible to (1) develop a 
repair  program, (2) monitor  the  effectiveness of the 
program as the  various  components  were  implemented 
and  judge  their  interaction,  and ( 3 )  monitor  the 
effectiveness  of  the  repairs  in  subsequent  years. 

Pipe  and  Soil  Movement 

Pipe  and soil movement  data  were  obtained  from 
several  sources: (1) the  elevation  of  the  top of 
pipe  exposed  for  repairs  or  monitoring  rod  installa- 
tion, (2 )  the  elevation of the  top  of a monitoring 
rod of known  length  attached to the  buried  pipe,  and 
( 3 )  inclinometer/extensometers founded  in  bedrock, 
some  of  which  were  also  attached to the  side  of  the 
pipe.  Pipe  movement  data  (the  difference  in ele- 
vation  between  the  as-built  top  of  pipe  elevation  and 
the  present  top o f  pipe  elevation)  determined  from 
monitoring  rods  were  used  in  the  initial  determi- 
nation  that  there  was a problem  that  required 
remedial  action.  Later,  data  collected  from  the  rods 
showed  that  there  was  continuing  movement and 
allowed  estimation  of  the  magnitude  of  the  movement 
and  the  rate.  After  installation of the 
inclinometexjextensometer instrumentation,  it was 
possible  to  very  precisely  measure  pipe  and  soil 
movement  in  three  dimensions.  This  allowed  determi- 
nation  of  movement  vectors and enabled  the  engineers 
to analyze  the  stability of the  pipe  and  soil  inde- 
pendently. 

Surface  Water 

The  influenca  of  surface water, as  noted  above, 
was  evident  from  observations  that  water  disappeared 
into  the  ground  near  the  top of the pass except  in 
times of very  high  runoff.  In  addition,  rainfall 
events  in the pass  caused  increases  in  the  groundwa- 
ter  elevations  observed  in  the  standpipe  piezometers 
in  the  repair  area  within a few  hours  of  the  onset of 
the  rain.  The amount  of  surface  water  that  could 
enter  the  pipe  ditch  was  reduced  by  channeling  the 
surface  water  into  control  ditches. 

Groundwater 

Analysis of the  data  from  the  standpipe  piezome- 
ters  installed  in  the  test  holes  and  the  pumping 
tests  performed on test  wells  installed in the  pro- 
ject  area  led  to  the  conclusions  that (1) the  ground- 
water flow along  the  pipe  uphill  (north)  of  the 
repair  area  was  causing  the  ground  thawing  and  subse- 
quent  pipe  settlement, (2) groundwater  velocities 
through  the  area  were too high  for  passive  ground 
freezing  to be effective,  and ( 3 )  active  ground 
freezing  efforts  would  be  severely  effected  by  the 
flow  through  the  site.  On  the  basis  of  these  conclu- 
sions,  it was determined  that  it  would  be  necessary 
to grout  the  area  prior  to  any  refreezing  efforts. 

A grouting  program  was  designed  with  three  compo- 
nents.  An  upper  grout  curtain  would  cut off  ground- 
water f low above  the  insulated box. Grouting  of  the 
soils  around  the  box  would  reduce  porosity  and  allow 
artificial  freezeback.  Finally, a lower  grout  cur- 



tain  would  confine  slurry  grout  within  the  limits of 
the  repair  area. The grout  curtain  locations  are 
shown  in  Figures 3 and 4 .  

During  the  grouting and ground  freezing  programs, 
extensive  monitoring of the  piezometers  and  test 
wells  was  performed. The data  were  used  to  determine 
when  sufficient  grout  had  been  injected  to  immobi- 
lize  the  groundwater or to  reduce  the  velocities suf- 
ficiently  to  allow  ground  freezing  to  be  effective. 
Later,  groundwater  data  were  used  in  the  determi- 
nation of the  long-term  effectiveness  of  the 
grouting  and  ground  freezing  programs. 

Ground  Temperature 

Initially,  data  from  the  thermistor  strings 
installed  in  the  test  holes  was  used  in  the  determi- 
nation  of  the  cause  of  the  pipe  settlement  in  this 
area.  Temperature  measurements  north  of  the  insu- 
lated  box  section  indicated  that  ground  water tem- 
peratures  were  as  high  as 21'C near  the  pipeline. 
This  led to the  conclusion  that  flowing  groundwater 
was  the  agent  of  thaw  and  subsequent  settlement of 
the  pipeline  immediately to  the  south.  Secondly, 
thermal  data  were  used  in  determining  the  limits  of 
thawed  ground  that  could  be  grouted.  Thermal  data 
revealed  that  it  was  not  feasible  to  install  the 
upper  grout  curtain  because of the  extreme  size of 
the  thaw  bulb  at  that  location  (greater  than  15 m 
wide  by 20  m deep). Third,  the  thermal  data  were  used 
during  the  ground  freezing  program  to  determine  the 
effects  of  the  freezing  efforts  and  to  determine  when 
the  shutdown  criteria  for  the  freezing  operation  had 
been  met.  Finally,  long-term  thermal  data  are  being 
gathered to provide  information  on  the  performance 
of  the  repairs. 

EFFECTIVENESS OF REMEDIAL  WORK 

General 

Analysis  of  data  collected  during 1981 and  1982 
indicates  that  the  repairs  and  remedial  measures 
effected  during  1980  and  enhanced  by  additional  work 
during 1981 (primarily  surface  drainage  control) 
stabilized  the  northern  end of the  south  insulated 
box.  The  maximum  depth  of  thaw  in  the  repair  area 
was above  the  bottom  of  the  insulated  box  during 1981 
and 1982. In 1980  it  had  extended to depths  greater 
than 10 m below  the  box.  No  significant  degradation 
of  the  artificially  refrozen zone occurred  during 
the  summer  months,  although  it  had  been  anticipated 
that  the  northernmost  portion  of  the  site  would  expe- 
rience  some  thawing.  Contingency  plans  were 
prepared for  installation o f  a series  of  dewatering 
wells  across  the  valley  north of the  insulated  por- 
tion  of  the  pipeline  and  for  installation  of a grout 
curtain  at  the  northern  end of the  insulated box. 
The wells  were  installed  during 1981 but  were  only 
test-pumped.  Because  of  the  excellent  performance 
of  the  repairs  accomplished  during 1980 and  1981, 
there  was  no  need  to  operate  the  walls  after  the  test 
pumping  was  completed. The wells  were  not  operated 
at  all  during 1982 and  the  upper  grout  curtain was 
not installed. 

Verification  by  Subsurface  Investigation 

Subsurface  conditions  adjacent  to  the  south  insu- 
lated  box  south  of  the  1980  repair  area  were  investi- 
gated  by a drilling  program  in  the  summer  of  1981 
consisting  of  270 m of diamond  coring.  Over  half 
this  amount  was  cored  using  refrigerated  fluids.  One 
purpose  of  this  program  was to assess  the  effective- 
ness  of  the  remedial  work  in  reducing  the  flow  of 
heated  groundwater  (and  consequent  thaw  settlement) 
beneath  the  insulated  box. The investigation  showed 
that  groundwater  flow  was  reduced,  improving  condi- 
tions  downstream o f  the  repair  area. 

CONCLUSION 

Experience  with  the  Trans  Alaska  Pipeline  in  Ati- 
gun  Pass  has  proven  the  necessity for reliable sub- 
surface  geotechnical  information  in  predicting  the 
performance of structures  in  permafrost  terrain. 
In  coarse-grained  colluvial  deposits  and  frozen 
bedrock  such  as  are  found  in  the pass, diamond  core 
drilling  with  refrigerated  fluids  was  found to  be  the 
only  practical  method to obtain  both  this  informa- 
tion  and  samples  of  suitable  quality  for  laboratory 
thaw  strain  testing.  Subsurface  soils  information 
in  conjunction  with  data  from  instrumentation  has 
allowed  assessment of conditions,  development  of a 
repair  program,  and  prediction of future  performance 
of  the  pipeline. 
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MOISTURE AND TEMPERATURE  CHANGES I N  THE  ACTIVE  LAYER 
OF ARCTIC ALASKA 

M.  G. Stoner. F. C. Ugolini and D. J. Marrett 
College of Forest  Resources,  University of Washington 

Seattle, Washington 98195 USA 

Occasional deep  percolation of meteoric water  in  the foothills of the  Brooks Range is 
critical  to  the  genesis  and  physical  behavior of well-drained  Spodosols. In situ 
measurements of soil water  tension  and  temperature  were made during  three 
consecutive .summers at two sites  in  northern  Alaska,  one  in  the  boreal  forest  and  one 
in the  arctic  tundra. Soil climate responses  to  changes in weather  conditions are 
explained with additional  data on soil physical  properties  measured  in  the  laboratory, 
Important  factors  controlling  depth of wetting  front  penetration  include:  precipitation, 
vegetation  cover, soil texture  and  antecedent soil moisture  content.  Coarse  textured 
soils  in  the  arctic  tundra show leaching of the  profile with  only 5-7 mm of 
precipitation. Medium textured soils in  the  boreal  forest  require  in  excess of 25 mm of 
rain  to overcome high  evapotranspirative  demands.  Stable soil temperature  profiles 
develop by  July.  exhibiting  a  sharp  decrease  in  temperature with depth.  These 
conditions are  abruptly  altered  by  a  significant  pulse of heat  transmitted  through  the 
active  layer  during summer storms,  This  study  shows  that  deep  percolation  is  an 
important mechanism of transport  for soil water,  solutes,  and  heat  at  well-drained  sites 
in  permafrost  affected  regions. 

INTRODUCTION 

Accurate  interpretation of observed  changes in 
the  active  layer is especially  important  in 
permafrost  affected  regions. Many workers  have 
studied  the  environmental  factors  controlling 
active  layer  depth  and  behavior  in  relation  to 
permafrost  stability  and  have  found  that  sparse 
vegetation,  convex  landscape  topography, and 
coarse soil texture  favor  deep  thaw  penetration 
(Drew et  al. 1958, Brown 1973,  Gold and 
Lachenbruch 1973,  Line11 and Tedrow 1981).  Soil 
development at  these  deeply  thawed  northern  sites 
is also affected by these  site-specific  conditions, 
In terms of latitudinal  distribution, Spodosols are 
found  in  well-drained  areas of the  boreal  forest, 
and  Inceptisols  and  Entisols  tend  to dominate 
upland  positions in the  arctic  tundra  (Tedrow  et 
al. 1958).  However, repeated  reports of 
Spodosols well beyond  present  treeline  in Alaska 
and  other  arctic  regions  (Brown  and Tedrow 1964, 
Ugolini 1966, James 1970, Moore 1974, Tedrow 1977, 
Everett 1979) have  raised  questions  about 
the  relations  between soil processes  and 
environmental  conditions  at  high  latitudes. A 
leaching  water  regimen,  needed  for  podzolization, 
seems unlikely  in  the  excessively  harsh  and 
limiting arctic climate. Brown and Tedrow (1964) 
suggested  that Podzols (Spodosols)  in  northern 
Alaska may be  relict  features of a warmer and 
wetter  paleoenvironment. More recently,  it  has 
been  postulated  that podzolization has  been  a 
continuous  process  in  the  boreal  forest,  but  has 
occurred  in  the  past  and/or  sporadically  in limited 
areas of the  arctic  tundra (Ugolini et  al. 198la). 
This  hypothesis i s  based in part  on the climatic 
transition  across  the  Brooks  Range from the 
relatively warm and wet boreal  forest  to  the 
relatively cold and dry arctic  tundra  (Berg  et  al. 
1978). However, the  effect of this climatic and 

biotic  transition on active  layer  processes  and soil 
development has not been  adequately  addressed. 

Evaluation of the  physical  behavior of these 
apparently anomalous arctic Spodosols in relation 
to  current  environmental  conditions  is  reported  in 
this  paper.  The  study  required  instrumentation 
of two sites,  one  in  the  boreal  forest,  where 
Spodosols  normally occur, and  one  in  the  arctic 
tundra. Data collection included daily  monitoring 
of soil moisture  and  temperature  fluctuations  in 
response to changing  weather  conditions  during 
the summer.  Additional data on soil physical 
properties  determined in the  laboratory  are  used 
to explain  these  observed soil climate variations. 

SITE DESCRIPTION 

Field investigations  were  conducted  at two 
locations in the  Brooks  Range of northern Alaska 
which have  been  previously  studied  and 
extensively  characterized  (Brown 1966, Goldstein 
1981, Ugolini et  al. 1981a. Ugolini et  al.  1981b). 
The  boreal  forest  site is at 600 m elevation  near 
Walker Lake (67O09'N,  154O22'W). It i s  near 
latitudinal  treeline (%ea gZauca, P.  marianu) with 
a  ground  cover of ericaceous  species  and  lichens. 
The  arctic  tundra  site is at 610 M elevation in the 
Okpilak River  valley (69O26'N. 144OO2'W) and is 
100 km north of present  treeline with a  lichen 
mixed-heath vegetation  assemblage.  Parent 
material  at  both  sites is glacial drift  approximately 
13,000 years old (Hamilton and  Porter 1975, Sable 
1977, Hamilton 1979). The  drift  consists of 
medium textured mica schist  in  the  boreal  forest 
and  extremely  coarse  textured  granitic  clasts  in 
the  arctic  tundra. Remarkable soil morphologic 
similarities  between  sites  are  evident  despite major 
lithologic.  biotic  and climatic differences (Ugolini 
e t  al. 1981a). 
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FIGURE 1 Particle  size  fraction,  bulk  density  by  large  irregular hole (total)  and small undisturbed 
sample (core),  and  moisture  desorption  at  boreal  forest  and  arctic  tundra  sites  in Alaska. 

METHODS 

Soil climate responses  to  changes  in  weather 
conditions  were  measured  daily  at 1000 h r s  for 
several weeks at  each  site  during  the summers of 
1980-1982. Active layer  depth was in  excess of 1 
m at  both  sites  during  the month of July  for  each 
of the  study  years, Weather data  included  air 
maxlmin temperatures,  precipitation,  relative 
humidity,  and cloud cover. Soil temperatures 
were  measured  to 0.1OC at  seven  depths  to  a 
maximum  of 1 m with thermocouples. Soil moisture 
tension was measured to 0.1 cm  Hg (1.5 cm H20) 
at  three  depths  corresponding  to  the A 2 ,  B2, and 
B3 horizons  by  mercury manometer tensiometers. 
Three soil moisture  and  temperature  profiles were 
instrumented  at  each  site. 

Soil physical  properties  were  measured  by 
genetic  horizon  in  the  field  and on samples  in the 
laboratory. Measurements taken on site  included 
bulk  density  by  large  irregular hole and  percent 
particles  larger  than 2 . 0  rnm. Small undisturbed 
cores (5.0 cm dia. x 3.0  cm) were collected for 
field moisture  content,  ovendry  bulk  density,  and 
moisture  desorption,  Large soil columns (11.5 cm 
dia.  x 50.0 cm) were  used  for  saturated  hydraulic 
conductivity  and  ponded-head  infiltration.  The 
column from the  boreal  forest was collected intact 
in  the  field;  the  arctic  tundra column was packed 
by  genetic  horizon  to  bulk  density  approximating 
that  measured between large  cobbles  and  stones. 
Particle  size  analysis was done by  the  hydrometer 
method. All laboratory  experiments  were  run  at 
room temperature. 

RESULTS AND DISCUSSION 

Soil Texture 

This  study  has shown that climate, vegetation 
and soil texture  are  critical  in  controlling  active 
layer  processes.  Texture,  bulk  density,  and 
water  holding  capacity  values  through  the  profiles 
are summarized in  Figure 1. Coarse  fragments 
(greater  than 2 . 0  mm) are much more prevalent  in 
the  arctic  tundra  soil,  especially  in  the B 3  and C 
horizons,  but  textural  multi-layering  is  evident  in 
both  soils. Both soils  have  significant 
components of silt  and  clay  in  the A2 horizons 
which provide much of the  similarity  in  their 
morphologies. The  texture of the c2 .0  mm 
fraction of each  horizon is important  in 
determining  water  holding  capacity  and flow 
rates.  Although  the A2 horizons  retain 
substantial  moisture  at 10 kPa (23 .1% in  the  forest 
and 28.0% in  the  tundra),  large  differences  occur 
in  the lower horizons. A t  the  boreal  forest  the C 
horizon  is  finer  than  the  overlying B horizons, 
but  at  the  tundra  the B3 and C are much coarser 
than  the  upper  horizons.  These  textural 
discontinuities impede  downward infiltration; 
however,  at  the  tundra  site  the  dramatic  increase 
in  pore  size with depth i s  more significant  under 
conditions of low soil tension  (Baver  et  al. 1972). 

Moisture Flow 

The  importance of texture  is  further  illustrated 
by  moisture flow studies of these  layered  soils. 
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The  saturated  conductivity  and  infiltration 
capacity of porous media axe functions of several 
factors,  but mainly pore  size. In multilayered 
soils  the  conductivity is limited by  the  layer with 
the smallest pore  size:  in  our  soils  this  feature is 
found  at  the  surface.  It was observed  that 
ponded-head  infiltration  into  dry ( ~ 5 %  moisture) 
soil columns was  slowed at  the lower boundary of 
this  surface  layer, Measured hydraulic 
conductivities  were almost identical  for  each 
column: 1.53 x 10-5 m-s-l for  the  forest  and 1.55 
x 10 - 5  m-s for  the  tundra.  The  curves  for 
cumulative  infiltration  and  wetting  front 
penetration  versus time are shown in  Figure 2 .  
Water moves rapidly  into  the  surface  layer  after 
saturation of the  organic  mats,  due  to  a 
combination of capillary  tension  and  gravity. 
Flow characteristics  are  very similar for  the 
upper 22 cm  of soil for  both  sites.  Initial  wetting 
of the columns is rapid,  then slows as  the  higher 
matric  potential  in  the A2 must be overcome. 
Once sufficient  pore  pressure is attained,  wetting 
proceeds  into lower horizons. Deeper wetting  in 
the  tundra column is rapid as  gravitational  water 
cascades  through  the  large  pores  in  the B3 and C 
horizons. Only 2.55 cm of water is needed  to wet 
the column to 47 cm. The  boreal  forest soil 
responds more slowly at  depth,  requiring 5.86 cm 
of water  to wet the column, more than twice as 
much as  in  the  tundra soil. Thus soil texture  at 
these two sites is a  critical  factor  controlling  deep 
percolation of meteoric water  through  the  profile. 

Observed  variation  in soil climate in  response 
to  weather  conditions  can  be  explained more 
completely  with this  information on soil texture, 
water  holding  capacity,  and  infiltration 
characteristics,  Representative  data on air  and 
soil conditions  for  the 1981 field season  are 
graphed  for  each  site  in  Figure 3.  During  dry 
periods  at  the  arctic  tundra,  moisture  losses  are 
due  to  evapotranspiration from the A2 horizon  and 
downward unsaturated flow from the C. Under 
these  conditions  the B2 horizon (16 cm) remains 
wet (50 cm H 2 0 )  despite soil matric  tension of 145 
cm Hz0 in  the A2 (7cm) and as high  as 330 cm 
Hz0 in  the B3 (30cm). Soil tension  in  the B2 is 
sufficient  to  prevent downward flow into  the 
coarse B3. This  textural  arrest of the  wetting 
front may be  important  to  pedogenesis  as  heat 
and  solutes  associated with the moving water  are 
conserved  in  the  upper  body of the soil. 
Percolation through  these  textural  barriers  does 
occur,  however,  as is evidenced  after 3 days of 
light  orographic  precipitation  (July 4-6) totaling 
only 0.9 cm of water. A subsequent  rain of 1.0 
cm on July 11 was then  sufficient to saturate  the 
soil to  at  least 30 cm and  cause  intense downward 
leaching.  Thus a sequence of light  rains  and 
fogs, common during  July,  can  lead to deep 
saturated flow through  the  profile.  This  moisture 
regimen was documented  several times at  the 
arctic  tundra  site  during  the  study  period. 

At  the  boreal  forest, soil tension can be  as 
high  as 200 crn Hz0 at 8 cm depth while only 80 
cm H20 at 35 cm depth,  indicating  that  hydraulic 
gradients may at  times be  upward  in  the  active 
layer.  This is due  to  the  relative  humidityr  often 
as low as 40%, the  high  transpirative  demands of 
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FIGURE 2 Cumulative infiltration  and  wetting 
front  penetration on dry soil columns from the 
arctic  tundra  and  boreal  forest, Alaska. 

the  forest  and  the  capillary  continuity of the 
medium textured soil. Wet periods  in  the  boreal 
forest  are  initiated  in  the summer by  intense 
convectional  precipitation  events. For example, 
on July 27 the  profile was saturated  after 4 .0  cm 
of rain,  but  drying of the  surface is shown over 
the  next  several  days  despite  interception of an 
additional 2 . 3  cm  of rain.  Frequent  showers of 
smaller magnitude  often  result  in  partial  wetting 
of the  profile. Limited penetration of the  wetting 
front may also have  pedogenic  consequences in 
the  boreal  forest  as  solutes  are  repeatedly  leached 
through  just  the  upper  portion of the soil. 

Deep percolation  through  the  active  layer is 
clearly shown to  be  a normal hydrologic  event  in 
both of these  northern  Spodosols.  Antecedent 
soil moisture  content  in  the  upper  horizons is 
more critical  in  the  arctic  tundra  where 
precipitation  during  the summer is much less than 
in  the  boreal  forest.  Coarse  textured  soils  in 
barren  convex  positions of the  tundra  site allow 
repeated  leaching of the  profile. In the  boreal 
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FIGURE 3 Soil moisture  and  temperature  changes  in  response to weather  conditions  in  northern  Alaska. 
Measurements  were taken  daily  at 1000 hrs during  the summer of 1981. 

forest,  intense  thunderstorms  can  regularly 
overcome vegetational  demands  and  cause  deep 
percolation  even  in  these medium textured  soils. 

Soil Temperature 

Soil temperatures  are  controlled  by  various 
factors  including climate, organic  layer  insulation 
and  thermal  conductivity of the  soil.  Organic 
layer  insulation is most effective  at  our  sites 
during  dry  periods,  particularly  at  the  boreal 
forest  where  the  surficial  debris is thicker  and 
continuous. Daily soil temperature  fluctuations  in 
the  active  layer  are  relatively small below the soil 
surface  and  a  short-term  steady  state  condition is 
attained  by midsummer (Figure 3 ) .  These 
intervals of relatively uniform temperatures  are 
abruptly  broken  by  percolative  events when 
temperature  sensors  indicate  the  rapid 
transmisson of heat downward through  the  soil. 
Measured  soil temperature  increases  during  these 
episodes  were as high  as 5OC in  the  boreal  forest 
and  l0C  in  the  arctic  tundra  even  at 100 cm 

depth. Heat inputs from 6 cm  of precipitation  in 
the  boreal  forest  and 2 cm in  the  arctic  tundra 
with air-soil  temperature  differences of 3OC total 
0.75 MJ-m -* and 0 . 2 5  MJ-m -2 ,  respectively. 
These caloric inputs  are  not  enough  to  cause 
temperature  changes of this  magnitude (Line11 and 
Tedrow 1981). Nor is  this  occassional small heat 
input from precipitation  significant  in  relation  to 
total  heat  absorbed  by  the soil on a  daily  basis 
from global radiation  in  July, which  can be 
conservatively  estimated  at 2 . 3  MJ-m -2 at  the 
boreal  forest  and 3.5 MJ-m-2 at  the  arctic  tundra 
(Carlson  and Kane 1973, Ng and Miller 1977, 
Ryden 1978, Goldstein 1981).  Since  there is no 
decrease  in  surface  temperature  associated with 
the  increase  at  depth,  redistribution of heat in 
the soil mass  must  also be  discounted  (Gavril'yev 
et  al.  1973).  Consequently,  these  measured 
temperature  increases must be localized to a 
portion of the soil  which i s  dramatically  affected 
by  percolating  water,  as  are  the  thermocouple 
sensors.  During wet episodes  rapid flow prevents 
temperature  equilibrium  between  relatively warm 
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meteroric  water  and  the  bulk soil mass,  however. 
surfaces of particles  respond  quickly  to  this  pulse 
of heat. A s  moisture flow slows,  pore  water  and 
particle  surfaces  equilibrate with the  thermal mass 
of the  bulk  soil,  and  measured  temperatures 
return  to normal steady  state  values.  Although 
precipitation  does  not  add  appreciable  heat to the 
soil body  per  se,  the  temporarily  elevated 
temperatures of the  liquid  phase  and  particle 
surfaces  can  be  significant  not  only  for soil 
weathering  reactions,  but also for transpiration 
and  net  photosynthetic  activity of treeline  and 
tundra  plant  species  (Billings et al. 1977, 
Tranquilini 1979, Goldstein 1981). 

CONCLUSIONS 

This  study  gives  direct  evidence  that 
percolation of  meteoric water  through  the solum 
and  active  layer  is  a  contemporary  hydrologic 
event,  both  in  the  northernmost  boreal forest and 
arctic  tundra of Alaska. There is no  reason  to 
question podzolization as  a  present phenomenon in 
arctic  environments  due  to  moisture  limitations. 
In  well-drained  northern  locations downward 
pulses of heat  associated with summer storms may 
also create  temporary  conditions in the soil more 
conducive  to  biotic  and mineral reactions. 

Data also confirm that climate, vegetation,  and 
soil texture  control soil moisture  and  temperature 
changes  in  the  active  layer. Climatic conditions 
in  the  southern  foothills of the  Brooks  Range  are 
capable of overcoming the  high  moisture  demands 
of the  boreal  forest  in midsummer, Although  the 
measured  precipitation  during  the  study was much 
less  in  the  arctic  tundra,  losses from 
evapotranspiration were low due  to  sparse 
vegetation  and  persistent low clouds  and  fog, In 
coarse  textured soil  with a moist surface, 
precipitation of 5-7 mm can  induce  a  percolative 
event  through  the  profile.  It is not,  therefore, 
a  coincidence  that Spodosols  in the  tundra  are 
limited to  convex  landscape  positions,  coarse 
textured  parent  material,  and  thin  vegetation 
where  repeated  leaching  can  occur. 

Further  research of this  type along more 
detailed  transects  and with more complete data 
collection is required  for mathematical modeling 
and  prediction of active  layer  responses  to climate 
at well-drained locations  in  the  arctic. 
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PLEISTOCENE DIAPIRIC UPTURNINGS OF LIGNITES AND CLAYEY SEDIMENTS 
AS PERIGLACIAL PHENOMENA I N  CENTRAL EUROPE 

Horst   Strunk 

U n i v e r s i t y  of Saarbruecken,  Department of Geography 
6600 Saarbruecken ,   Federa l   Republ ic   o f  Germany 

D i a p i r l i k e   i n t r u s i o n s   o f   l i g n i t e   i n t o   g r i t t y   o r   s a n d y   t o p s o i l ,   s e v e r a l  meters t h i c k ,  
are widesp read   i n   t he   cen t r a l   European   l i gn i t e   f i e lds   and   whereve r   c l ayey   s ed imen t s  
l y i n g   n e a r   t h e   s u r f a c e .   T h e s e   s t r u c t u r e s   o c c u r   o u t s i d e   t h e  l imits  of   the   Scandinavian  
i c e   s h e e t .   T h i s   e l i m i n a t e s   t h e   a s s u m p t i o n   t h a t   t h e i r   f o r m a t i o n  was pr imari ly   caused  by 
the   we igh t  of t he   i ce .   Ra the r ,   t he   up tu rn ings   were   caused   by   dens i ty   i nve r s ions   du r ing  
t h e   d e g r a d a t i o n  o f  permaf ros t .  The light l i g n i t e ,   w a t e r - s a t u r a t e d   b y   t h e   f r e e z i n g   p r o -  
c e s s ,   r o s e  up--much t h e  same as s a l i n e   d o m e s - - i n t o   t h e   o v e r l y i n g   l a y e r s   h a v i n g   g r e a t e r  
s p e c i f i c   w e i g h t .   P r e v i o u s l y - f r o z e n   l i g n i t e   h a s  an agg lomera te   s t ruc tu re ,   r e sembl ing  
"co f fee   g rounds" .   D i s tu rbed   l aye r s   t hus   p rov ide   i n fo rma t ion   abou t   t he  minimum depth  of 
p e r m a f r o s t   p e n e t r a t i o n .   I f  i t  d i d   n o t   p e n e t r a t e  as f a r  as t h e   l i g n i t e ,   t h e n   t h e   l a t t e r  
d i d   n o t  become upturned.  The boundary   be tween  agglomera te   and   undis turbed   l ign i te   ap-  
p e a r s   t o  mark t h e  limit of maximum f r o s t   p e n e t r a t i o n  and thus   the   lower  limit of t h e  
pe rmaf ros t .  The maximum t h i c k n e s s  of P l e i s t o c e n e   p e r m a f r o s t   i n   c e n t r a l   E u r o p e   d e -  
c r e a s e s   r a p i d l y   f r o m   s e v e r a l   d o z e n  meters i n   t h e   n o r t h e a s t   t o  less than  10 m i n   t h e  
w e s t  and  southwest.  

INTHODUCTION 

In   cen t r a l   and   wes t e rn   Europe ,   pe rmaf ros t   ag -  
g r a d a t i o n  and d e g r a d a t i o n  took p l a c e   s e v e r a l  times 
d u r i n g   t h e   P l e i s t o c e n e .  A number  of  phenomena are 
known t o   o c c u r   o n l y   i n   t h e   p r e s e n c e   o f   p e r m a f r o s t  
( c f .  Washburn 1979)   and  are   found  today as they 
l e a v e   d e f i n i t e   t r a c e s   b e h i n d   e v e n   a f t e r   t h e   i c e  
has   me l t ed .   In  many o t h e r   c a s e s   u n f o r t u n a t e l y  no 
s i g n s   c a n   b e   f o u n d   i n   t h e   s u b s o i l   t o   i n d i c a t e  
whether or not   permafrost   had  formed.  It i s  h a r d e r  
s t i l l  t o   o b t a i n   r e l i a b l e   e v i d e n c e  on t h e   t h i c k n e s s  
o f  t he   pe rmaf ros t .  

PROBLEMS 

Because   the   Scandinavian   ice   shee t   advanced   to  
Europe   severa l  times d u r i n g   t h e   P l e i s t o c e n e   ( c f .  
L ied tke  19811, a s o u t h e r l y  movement of t h e   p e r i p h -  
e r a l   p e r i g l a c i n l   a r e a  must  be  assumed  synchronous 
t o  the   advance  of t h e  ice.  There was a r e v e r s e   d i -  
r e c t i o n ,  when t h e   i c e   s h e e t   r e t r e a t e d .  I t  remains 
unc lear ,   however ,   whether   degrada t ion   of   the   per -  
maf ros t  came about   benea th   the  i ce .  I n  any   case ,  a 
d i f f e r e n t   s o u t h e r l y  and sou thwes te r ly  l i m i t  t o   t h e  
e x t e n t   o f  the permafrost   must   be  assumed  for   each 
ice  age.   Only a small number of p a l e o c l i m a t i c   o r  
pa leogeographic   s tud ies   have   been  made so f a r   f o r  
t h e   P l e i s t o c e n e  o f  c e n t r a l  and  western  Europe.  
These   ex i s t   on ly   €o r   t he   "Weichse l i an"   ( i . e . ,  la te  
Devensian) i ce  age,   approximately 30.000-13.000 
B.P. f o r   B r i t a i n   ( W i l l i a m s   1 9 7 5 ,  Watson  1977).  For 
t h e   w e s t e r n   p a r t s   o f   c e n t r a l   E u r o p e   t h e r e  i s  a 
s y n t h e s i s  by Karte (19811, who p o i n t s   o u t   t h a t   d i -  
ve rg ing   op in ions  s t i l l  ex is t   about   the   "Weichse l -  
ian" p e r m a f r o s t   e x t e n t   i n   t h i s   a r e a .   I n t r u s i o n s   o f  
l i g n i t e   i n t o   t h e   t o p s o i l   p r o v i d e   e v i d e n c e   t o   s u b -  
s t ' ad ' t i a t e   t he   occu r rence   and  maximum depth   o f   pcr -  
mafros t   in   each   reg ion ,   and ,   depending  on t h e   s o i l  
p r o f i l e   f o r m a t i o n ,   i n f e r  the a g e   o f   t h e   i n t r u s i o n  

phases .  

DISTRIBUTION ANT) APPEARANCE 

I n t r u s i o n s   o f   l i g n i t e   i n t o   o v e r l y i n g   s e d i m e n t s  
o c c u r   i n  a l l  t h e   l i g n i t e   f i e l d s   i n   c e n t r a l   E u r o p e ,  
provided  the  upper  limit of t h e   l i g n i t e  i s  no t  
more than  a few dozen   me te r s   be low  the   r ecen t   su r -  
f ace .  A small number of s i m i l a r   c l a y   i n t r u s i o n s  
a l s o   e x i s t .   B e c a u s e   t h e i r   o c c u r r e n c e   h a s   a n   e x -  
t r e m e l y   d e t r i m e n t a l   e f f e c t  on t h e   q u a l i t y  o f  t h e  
l i g n i t e  and i t s  e x p l o i t a t i o n ,   a n d   a l s o  makes 
d r a i n i n g   t h e   p i t s  a p r o b l e m ,   a t t e m p t s   t o   d e s c r i b e  
and e x p l a i n   t h e   i n t r u s i o n s  go b a c k   n e a r l y  150 
y e a r s .  The l i t e r a t u r e   c o v e r s  more  than 1 2 0  t i t l e s :  
more r e c e n t  6UWYmrieS i n c l u d e  Viete (1960a, b ) ,  
Ruchholz  (1977),  and  Eissmann  (1978,  1981). The 
i n t r u s i o n s  may be  wide dome shaped ,   po in ted   cones ,  
p i l l a r   s h a p e d ,  and  moundlike  or  wallike  (Eissmann 
1978) .   Enclosed  depressions s e t  w i t h i n  a moundlike 
su r round ing   f r ame   w i th   e i the r   round  o r  o v a l   o u t -  
l i n e s  are a l s o  widespread  (Strunk  1982) .  The base 
of t h e   u p t u r n i n g s   i n   c e n t r a l  Germany l i e s  a t  a 
depth of  up t o  150 m benea th   Qua te rna ry   t opso i l  
( F r i e s  1 9 3 3 ) .  I n t r u s i o n   h e i g h t s  are more than  50 m 
(Vie t e   1960a ) ,   bu t   no t   g rea t e r   t han  10 m i n   t h e  
s o u t h e a s t  (Hsim  1971)  and  extreme  west o f  Germany 
(Kaiser  1958,  Quitzow  1958).   They  occur a long way 
o u t s i d e   t h e  ltlaximurn e x t e n t  of t he   Scand inav ian   i ce  
s h e e t .  

DEVELOPMENT 

The de fo rma t ions  are p a r t l y   " l o a d   c a s t s "  (Kuenen 
1953),  brought  about  by g r a v i t a t i o n a l   c o m p e n s a t o r y  
movement c a u s e d   b y   t h e   i n s t a b i l i t y   o f   l i g h t e r  
h y d r o p l a s t i c   l a y e r s   b e i n g   a f f e c t e d  by o v e r l y i n g  
s t r a t a  wich a g r e a t e r   s p e c i f i c   w e i g h t   ( D z u l y n s k i  
1966,   Ankete l l  e t  a l ,   1 9 6 9 ) .  Load c a s t s   u p   t o  a 

120 0 
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few  dec imeters   he ight  are known from a l l  e r a s   o f  
e a r t h   h i s t o r y ,   s t a r t i n g   w i t h   t h e   P r e c a m b r i a n   u p   t o  
the   p resent   day   (e .g . ,  Allen 1 9 8 2 ,   P e t t i j o h n  and 
P o t t e r   1 9 6 4 ) .   F r e q u e n t l y ,   t h e   l i g n i t e s   h a v e  pene- 
t r a t e d   t h e   t o p s o i l   a n d  become d i a p i r s .   T h e s e   d i f f e r  
f rom  the  small f o r m s   d e s c r i b e d   h e r e   o n l y   i n   t h e i r  
d i m e n s i o n s ,   a n d   n o t   i n   t h e i r   o r i g i n   o f   f o r m a t i o n ,  
i . e . ,  d e n s i t y   i n v e r s i o n  (Heim 1958) .   They  const i -  
t u t e  a worldwide  phenomenon  (Ramberg  1972). The 
most   spectacular   examples   of   compensatory movement 
due t o   d e n s i t y   i n v e r s i o n  must s u r e l y   b e   t h e   s a l i n e  
domes (Lotze  1938,  Balk  1949,  Trusheim  1957). 

65%,   as  was e s t a b l i s h e d  by  PotoniC (19301, Haase 
and P f lug   (1958) ,   and   Spe l t e r   (1968) .  It  should  be 
k e p t   i n  mind however ,   t ha t   t he   min ing   a r eas   a r e  
g iven   deep -d ra inage   t r ea tmen t   be fo re   min ing  i s  be- 
gun  and  the water c o n t e n t  of t h e   l i g n i t e  w i l l  t hus  
be c o n s i d e r a b l y   h i g h e r   b e l o w   t h e   g r o u n d w a t e r   l e v e l .  
D e s p i t e   t h e   f a c t   t h a t   t h e   T e r t i a r y   l i g n i t e   d e p o s i t s  
w i th   h igh  water content   are   covered  by  more  than 
300 m of   g rave l ly   sed iments   which  may be   o ld  as 
T e r t i a r y   i n   a g e ,  no i n d i c a t i o n   a r e   f o u n d   i n   t h e  
l i t e r a t u r e   t h a t   t h e   l i g n i t e   i n t r u s i o n s   i n   c e n t r a l  
Europe are o lde r   t han   t he   P l e i s tocene .   E i s smann  
(1978) came i n   t h e  same conclusion.  

Eajor  (1958)  and  Eerger (1958) a r e   e x c e p t i o n s  
s i n c e   t h e y   d e s c r i b e   i n t r u s i o n s   o f   f i n e   s a n d   i n t o  
l i g n i t e   i n   t h e   s o f t   c o a l   r e g i o n   o f   t h e  German 
Rhineland,  However,   these were caused  presumably  by 
the   t ransgress ion   of   the   Nor th   Sea   in   the   Miocene  
period  and are n o t   g e n e t i c a l l y   l i n k e d   t o   t h e   l i g -  
n i t e   i n t r u s i o n s .  

The c o n s i d e r a b l e   d i f f e r e n c e   i n   d e n s i t y   b e t w e e n  
l i g n i t e  a t  1 .2-1.4  kg dm-3 and g r a v e l  a t  2.0-2.4  kg 
dm-3 (Ruchholz  1977)  was  not  enough t o  t r i g g e r   d e n -  
s i t y   i n v e r s i o n s   b e t w e e n   t h e   l i g h t e r   l i g n i t e   a n d   t h e  
h e a v i e r   r o p s o i l .  However, t h e s e   d e n s i t y   i n v e r s i o n s  
occur red   s eve ra l  times i n   t h e   Q u a t e r n a r y   p e r i o d .  
This i s  why it was c o n j e c t u r e d   t h a t   a u t o p l a s t i c  
l i g n i t e  movement (Lehmann 1922,  Weigel t   1928,  Walk 
1937)  and  the  permafrost  of t h e   P l e i s t o c e n e   p e r i o d  
caused   the   up turn ings  (Grahmann 1934,  Pruskowski 
1954, Kaiser 1958,  Schenk  1964).  Ruchholz  (19771, 
Eissmann  (1978,   1981) ,   and  the  author   hold  that   the  
a u t o p l a s t i c   i n t r u s i o n s   o f   l i g n i t e  are d e n s i t y   i n -  
v e r s i o n s   o c c u r r i n g   i n   w a r e r s a t u r s t e d ,   t h a w i n g   p e r -  
mafrost   (e.g. ,   French  1979,  Vandenberghe  and Van 

Ligni te   f rom  mining   has  a water   conten t   o f   55-  

den  Broek  1982). Much t h e  same c o n d i t i o n s   o c c u r   i n  
p e a t   d e p o s i t s  (Czudek  and Demek 19731,  where  exten- 
s i v e   l e n s e s  of segregaLiona1   ice   form  dur ing   the  
f r e e z i n g   p r o c e s s .  If the   l ower   f ros t  l i m i t  does   not  
r e a c h   t h e   b a s e   o f   t h e   l i g n i t e   d e p o s i t ,   a l r e a d y  con- 
t a i n i n g  a good d e a l   o f   w a t e r   a t   t h e   o u t s e r ,   ( t h i s  
b e i n g   t h e   g e n e r a l   r u l e   i n  the  wes te rn   pa r t s   o f   cen -  
t r a l   E u r o p e ) ,   t h e   f r e e z i n g   o f   l i g n i t e   t a k e s   p l a c e  
i n   a n  "open  system" (Beskow 1935,  Ducker  1939, 
Pe l t ie r   1953) .   Unl imi ted   amounts   o f   water   keep  
r e a c h i n g   t h e   f r e e z i n g   f r o n t .   H o r i z o n t a l   c r e v i c e s  
f i l l e d   w i t h   s a n d   f r o m   t h e   t o p s o i l ,  8 cm th i ck   and  
up t o  17 m long  (Keilhack  1921,  Magalowski 19631, 
r o g e t h e r   w i t h   t h e   f i n e   f l a k y   s t r u c t u r e  of t h e   l i g -  
n i t e   ( K e i l h a c k   1 9 2 1 ,   F l i e g e l   1 9 3 7 ,  Kaiser 1958)  in- 
d i c a t e   t h e   f o r m e r   p r e s e n c e  of  l e n t i c u l a r   s e g r e g a -  
t i o n a l   i c e   i n   t h e   p e r m a f r o s t .  Due t o   t h e   f o r m a t i o n  
o f   i c e   i n '   t h e   f r e e z i n g   l i g n i t e ,   t h e  l a t t e r  t a k e s  on 
a n   a g g l o m e r a t e   s t r u c t u r e .  In  e x t r e m e   c a s e s ,   t h i s  
produces a "co f fee   g rounds"   t ype   d i s in t eg ra t ion  
(Hubner  1979).   Corresponding  observations  can  be 
found  in   a lmost  a l l  d e s c r i p t i o n s   o f   l i g n i t e   u p t u r n -  
i n g s .  The degrada t ion   of   the   permafros t   p roduces  
d i ap i r l i ke   compensa to ry  movements of t h e  water-sat- 
u r a t e d   h y d r o p l a s t i c   l i g n i t e   i n t o   t h e   h e a v i e r   o v e r -  
ly ing   sed iments ,   which   s ink  a t  the  same time. They 
must also  have   been   hydrop la s t i c ,   because ,  as t h e  
au thor   has   observed ,   rocks   accumula te  in t he   g rav -  
e l - f i l l e d   d e p r e s s i o n s   b e t w e e n   t h e   d i a p i r s   i n   t h e  
bot tom  of   the   ho l lows .   Hunger   and   Se ich ter   (1955)  
obse rve   t he  same. This  compensation of d e n s i t y   i n -  
v e r s i o n s  i s  r e f e r r e d   t o   a s   " m o l l i s o l   d i a p i r i s m "   b y  
Eissmann  (1978). 

The idea  of p u r e   g r a v i t a t i o n a l   d e n s i t y   i n v e r -  
s i o n s   d i d   n o t   w i n   w i d e   a c c l a i m   u n t i l   r e c e n t l y ,   a n d  
c o n f l i c t e d   w i t h   t h e   c o n c e p t   o f   u p t u r n i n g s   o c c u r r i n g  
due t o   t h e   l o a d   p r e s s u r e  of t h e   i c e   s h e e t s   ( e . g . ,  
Eissmann  1978) .   But ,   even  for  areas w i t h i n   t h e  max- 
imum ex ten t   o f   g l ac i a t ion ,   E i s smann   (1981)   p rov ides  
ev idence  of t h e   a u t o p l a s t i c   a s c e n t   o f   t h e   l i g n i t e  
i n  s e v e r a l   p l a c e s ,   w i t h o u t   b e i n g   a f f e c t e d   i n   a n y  
way b y   t h e   i c e   s h e e t .  Here, d i ap i r i sm  occur s - - and  
t h i s  i s  c l e a r l y   s u b s t a n t i a t e d  by s t r a t i g r a p h i c   o b -  
se rva t ions- - tempora l ly   independent  of g l a c i a t i o n ,  
w i t h   d i a p i r s  s t i l l  f o r m i n g   i n   t h e  l a s t  ( i . e . ,  
Weichse l )   i ce  age, when i c e   s t a g n a t e d  100 km t o   t h e  
n o r t h .  Lehmann (1922) made similar o b s e r v a t i o n s .  

F igu re  1 Deformation of  l i g n i t e  a n d   t h i n ,   l i g h t   l a y e r s   o f   c l a y ,   c a u s e d   b y   d e n s i t y  
i n v e r s i o n ,   Z i e v e l   c l a y p i t ,  German Rhine land .   Sca le  i s  g i v e n   i n  meters. 
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F i g u r e  2 Depth in meters o f   pe rmaf ros t  i n  c e n t r a l   E u r o p e ,   w i t h   t h e   l e f t - h a n d   v a l u e  
i n d i c a t i n g   t h e  maximum P l e i s t o c e n e   t h i c k n e s s   a n d   t h e   r i g h t - h a n d   v a l u e   t h e  
t h i c k n e s s   d u r i n g   t h e   l a s t   ( i . e . ,   W e i c h s e l )   g l a c i a t i o n .   P o i n t e d   l i n e s  mark 
maximum e x t e n s i o n  of t h e   i c e   s h e e t s   a n d   t h e   e x t e n t   o f   t h e   W e i c h s e l i a n   i c e  
s h e e t .  

PERMAFROST DEPTH 

A s  d e s c r i b e d   a b o v e ,   p r e v i o u s l y   f r o z e n   l i g n i t e  i s ,  
t o  a g r e a t e r   o r  lesser e x t e n t ,   a g g l o m e r a t e .  In are- 
as o f   d i a p i r i c   s t r u c t u r e s ,  k t  h a s  a f l o w   s t r u c t u r e .  
The t h i n ,   l i g h t   l a y e r s   o f   c l a y ,   n o r m a l l y   d e p o s i t e d  
u n d i s t u r b e d   i n   l i g n i t e   l a y e r s ,   a r e   a l s o   a f f e c t e d   b y  
t h e s e   u p t u r n i n g s ,  as can   be   observed  i n  any  mine 
( s e e   F i g u r e  1). The lowes t  limit o f   t h e s e   u p t u r n -  
i n g s   r u n s   t h r o u g h   t h e   d e p o s i t s   e v e n l y  or i n  s l i g h t -  
ly   d i scordant   waves .   Accord inF:   to   E issmann  (1981)  
and  Maarleveld (1976)  t h i s   l o w e s t  limit o f   d e f o r -  
ma t ions  i s  t h e   l o w e s t  limit o f   t h e   a c t i v e   l a y e r .  
W i t h   d e g r a d a t i o n  of t h e   p e r m a f r o s t ,   t h i s  l i m i t  
moves down and   mus t   have   caused   up tu rn ings   t he re .  
I t  i s  s t r i k i n g   t h a t   t h e   l o w e s t  l i m i t  i n   t h e   n o r t h -  
e r n   p a r t   o f   c e n t r a l   E u r o p e  is 2-4 times d e e p e r   t h a n  
i n   t h e   s o u t h   a n d  west. T h i s   s i g n i f i e s ,   a c c o r d i n g  to 
Eissmann (19811, t h a t   t h e   g r o u n d   t h a w e d   t o  a g r e a t e r  
d e p t h   c l o s e   t o   t h e   i c e   s h e e t   t h a n   f u r t h e r   t o   t h e  
south   and   wes t .   That  i s  t h o u g h t   u n l i k e l y .   I f ,  how- 
e v e r ,   t h e   l o w e s t  limit 01 deformat ions   and   up turn-  
i n g s   i n   t h e   l i g n i t e  i s  c o n a i d e r e d   t o   b e   t h e   m a x i -  
mum dep th  o f  t h e   p e r m a f r o s t ,   t h e n   c h i s   i n t e r p r e t a -  
t i o n   b e t t e r   f i t s   t h e   o b s e r v a t i o n s  made t h u s   f a r .  
The t h i c k n e s s  of the   permafros t   would   have   de-  

c r eased  as d i s t a n c e   f r o m   t h e   i c e   s h e e t   i n c r e a s e d ,  
and   w i th  i t ,  o f  c o u r s e ,   t h e   d e p t h  o f  t h e   u p t u r n i n g s  
caused   by   permafros t -degrada t ion .  

PALEOGEOGRAPHIC ASPECTS 

I f   t h e   o b s e r v a t i o n s  made o f   t h e   l o w e s t  limit of 
the   up tu rn ings   caused   by   pe rmaf ros t   and   t he   dep th  
of the l i g n i t e   d e p o s i t s   b e l o w   t h e   s u r f a c e  are pu t  
i n t o   s p a t i a l   o r d e r ,   t h e   f o l l o w i n g   r e s u l t s :  

1. As t h e   d i s t a n c e  €rom t h e   i c e   s h e e t   i n c r e a s e s ,  
t h e   t h i c k n e s s   o f   t h e   p e r m a f r o s t   d e c r e a s e s .  

2 .  I f   l i g n i t e   d o e s   n o t   p o s s e s   u p t u r n i n g s ,   t h e  
maximum pe rmaf ros t   dep th  m u s t  have  been less than  
t h e   t h i c k n e s s   o f   t h e   o v e r l y i n g   s e d i m e n t s .  

3 .  W i t h o u t   f u r t h e r   s t r a t i g r a p h i c   e v i d e n c e ,   t h e  
lowes t  limit o f   d i s t u r b e d   l i g n i t e   p r o v i d e s   o n l y   t h e  
maximum d e p t h   o f   t h e   p e r m a f r o s t   a t t a i n e d  a t  some 
p o i n t   i n  time d u r i n g   t h e   P l e i s t o c e n e   a g e .  

4 ,  By c o n s i d e r i n g   t h e   o v e r l y i n g   l a y e r s   t h a t   c a n  
b e   d a t e d  ( e . g . ,  g r a v e l   o r   i n t e r g l a c i a l   s o i l s ) - - p o s -  
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s i b l y   i n  a discordant   manner-- the minimum age  of 
t he   pe rmaf ros t   deg rada t ion   can   be   de t e rmined .  I f  
t h e   i n t r u s i o n s   a r e   s y n g e n e t i c ,   t h e   a g e  of  t h e   p e r -  
maf ros t   deg rada t ion   co r re sponds   t o   t he   age   o f   t he  
cover ing   sed iment ,  

The p e r m a f r o s t   t h i c k n e s s e s   f o r   c e n t r a l   E u r o p e ,  
ob ta ined  in t h e  way descr ibed   above ,  are shown i n  
F igu re  2 ( i n   p a r t   a c c o r d i n g   t o   E i s s m a n n   ( 1 9 8 1 ) ) ,  
w i t h   t h e   l e f t - h a n d   v a l u e   i n d i c a t i n g   t h e  maximum 
P l e i s t o c e n e   t h i c k n e s s   a n d   t h e   r i g h t - h a n d   v a l u e   t h e  
t h i c k n e s s   d u r i n g   t h e  las t  ( i . e , ,   W e i c h s e l )   g l a -  
c i a t i o n .  The d a t a  are g iven   i n   me te r s .  

ACKNOWLEDGMENTS 

The au thor   thanks  E .  Bibus,  K .  Heine,  H.  D .  
Lang, W. Schirmer  and G .  Se idenschwann  for   he lpfu l  
d i scuss ions   and   unpub l i shed   obse rva t ions .  He a l s o  
thanks H .  M. F r e n c h   f o r   r e v i s i n g   t h e   E n g l i s h   t e x t .  

REFERENCES 

A l l e n ,  J. R. L., 1982 ,   Sed imen ta ry   s t ruc tu res ,  
t h e i r   c h a r a c t e r   a n d   p h y s i c a l   b a s i s ,   v ,  11: 
Amsterdam,  Oxford, New York, E l s e v i e r   S c i e n t i f -  
i c   P u b l i c a t i o n  Go. ,  p .  1-669. 

A n k e t e l l ,  J. M., Cegla ,  J,, and  Dzulynski ,   S t . ,  
1969,  Unconformable  surfaces  formed  in  the  ab- 
sence   o f   cur ren t   e ros ion:   Geologica  Romana, 
v .  8, p.  41-46. 

Bajor ,  M . ,  1958,  Beobnchtungen  iiber  Fazies,  synse- 
d imentare   Tektonik  und  Schwimmsandintrusionen 
i n   d e r   G r u b e   N e u r a t h   ( N i e d e r r h e i n ) :   F o r r s c h r i t -  
t e  der   Geologie   Rheinland und Westfalen,  v .  1, 
p .  119-125. 

dome, Van Zandt   County,   Texas:   Bul le t in  o f  t h e  
Amer ican   Assoc ia t ion   of   Pe t ro leum  Geologis t s ,  
v .  33, p .  1791-1829. 

Schwimmsand-Intrusionen i m  Tagebau  Frimmersdorf- 
Siid: F o r t s c h r i t t e   d e r   G e o l o g i e   R h e i n l a n d  und 
Wes t f a l en ,  V. 1, p.  113-118. 

Beskow, G . ,  1935 ,   Soi l  f r e e z i n g :  Sveriges   Geolo-  
giska  Undersoknisg,  S e r .  C ,  v .  375, p. 1-145. 

Czudek, T . ,  and Demek, J . ,  1973, Die R e l i e f e n t -  
wicklung  wahrend  der Dauerfrostbodendegradat i -  
on: Kozpravy  Ceskoslovenske  Akademie  Ved, 
V .  83,  p.  1-69. 

Wicker,  A. ,  1939,   Untersuchungen  uber   die   f rostge-  
f a h r l i c h e n   E i g e n s c h a f t e n   n i c h t b i n d i g e r  Boden: 
For schungsa rbe i t en   aus  dem Straflenwesen,  v. 1 7 ,  
p.  1-79. 

Dzulynski ,  S. ,  1966 ,   Sed imen ta ry   s t ruc tu res  re- 
s u l t i n g  f rom  convec t ion- l ike   pa t te rn   o f   mot ion:  
Rocznik  Polskiego  Towarzyatwa  Geologicznego, 
p .  3-21. 

Eissmann, L . ,  1978 ,   Mol l i so ld i ap i r i smus :  Ze i t -  
s c h r i f t   f u r   a n g e w a n d t e   G e o l o g i e ,   v .   2 4 ,  
p.  130-138. 

m a f r o s t s t r u k r u r e n   a u s   s e c h s   K a l t z e i t e n  del:  Quar- 
t a r s :   A l t enburge r   Naru rwis senscha f t l i che   Fo r -  
schungen, v .  1, p .  1-171. 

F l i e g e l ,  G . ,  1937,   Erlauterungen  zur   Geologischen 
Karte von  PreuDen  und  benachbarten  deutschen 
Landern ,   L ieferung  283 ,   Bla t te r   Frechen ,   Koln ,  

Balk,  R . ,  1949, S t r u c t u r e  o €  Grand S a l i n e  sa l t  

Berger,  F.,  1958,  Flijzsandauswaschungen und 

Eissmann, L . ,  1 9 8 1 ,   P e r i g l a z i a r e   P r o z e s s e  und Pe r -  

Kerpen ,   Bruhl :   Ber l in ,   Preuss i sche   Geologische  
L a n d e s a n s t a l t ,   p .  5-132,  

Progress   in   Phys ica l   Geography,  v. 3,  
p.  264-273. 

F r i e s ,  W., 1 9 3 3 ,   T e r t i a r  und  Diluvium i m  Griinber- 
g e r  Hkihenrucken:  Jahrbuch  des  Halleschen Ver- 
bandes   f i i r   d i e   E r fo r schung   de r   mi t t e ldeu t schen  
Bodenschatze und ihre   Verwertung,  N .F . ,  v .   12 ,  
p .  167-198. 

Grahmann, R . ,  1934 ,   Spa t -und   pos tg l az i a l e  SuDwas- 
s e r b i l d u n g e n   i n   R e g i s - B r e i t i n g e n  und d i e   E n t -  
wicklung  der   Ur landschaf t   in   Westsachsen:  Mit- 
t e i l u n g e n   a u s  dem Os te r l ande ,  N.F., v .  22,  
p .  14-44. 

Haase,  F.,  and  Pflug, H. D . ,  1958,   Fazies  und B r i -  
k e t t i e r b a r k e i t   d e r   n i e d e r r h e i n i s c h e n   B r a u n -  
koh len :   Fo r t sch r i t t e   de r   Eeo log ie   Rhe in land  und 
WesLfalen, v. 2,  p.  613-632. 

K e i m ,  A . ,  1958,  Beobachtungen  uber  Diapirismus: 
Ec logae   Geologicae   Helve t iae ,   v .  51, p .  1 - 3 3 .  

H e l m ,  D., 1971 ,   La te r i t i s che   Basa l tve rwi t t e rung   und  
Bauxi t  i m  Bereiche  der   Wetterau-Schwelle:  Ab- 
handlungen  l ies  Hessischen  Landesamtes  fur Boden- 
forschung,  v .  60, p .  251-257. 

Hubner, J., 1979,   Frostdynamische  Erscheinungen  in  
de r   Braunkoh len lage r s t a t t e   Wal l endor f :   Ze i t -  
schr i f r   f i i r   angewandte   Geologie ,   v .   25 ,  
p .  365-367. 

Hunger, R , ,  a n d   S e i c h t e r ,  A . ,  1955,  Glazigene De-  
formationen  in   der   Braunkohle   von  Grafenhain-  
i c h e n :   F r e i b e r g e r   F o r s c h u n g s h e f t e ,   v .  C 21,  
p .  24-39. 

Ka i se r ,  K .  H., 1958,  Wirkungen  des  pleistozanen 
Bodenfrostes   in   den  Sedimenten  der   Niederrhein-  
i s c h e n   B u c h t :   E i s z e i t a l t e r  und  Gegenwart, v .   9 ,  
p .  11G-129. 

Karte, J., 1981,   Zur   Rekonstrukt ion  des   weichsel-  
hochglaz ia len   Dauer f ros tbodens  irn wes t l i chen  
M i t t e l e u r o p a :  Bochumer Geographische  Arbei ten,  
v .   40 ,  p .  59-71. 

Kei lhack,  K , ,  1921, Die abbaustorenden  Einlagerun-  
gen und Veruureinigungen  in   den  Braunkohlen-  
f lozen   de r   Laus i t z :   Braunkoh le ,  v .  2 0 ,  
p.  481-489. 

some obse rva t ions   i n   Wes t -Cen t ra l  Wales: Ver- 
handelingen  Konikl.   Nederlandse  Akademie Weten- 
schapten ,   Afde l ,   Natuurk . ,   Sec t .  I ,  v.   20,  
p.  1-47. 

Lehmann, R.,  1922, Das Diluvium  des   unteren Un- 
s t r u t t a l e s  von SEmmerda b i s   z u r  Miindung: J ah r -  
buch des   Hal leschen   Verbandes   f i l r   d ie   Er forsch-  
ung   der   mi t te ldeutschen   Bodenschatze  und i h r e  
Verwertung, N.F., v .   3 ,  p .  89-124. 

L ied tke ,  I{,, 1981 , Die nord ischen   Vere isungen   in  
Mitreleuropa:   Forschungen  zur   deutschen  Landes-  
kunde, v.  204, p .  1-307. 

Lo tze ,   F . ,   1938 ,   S t e insa l ze  und Kal i sa lze ,   Geolo-  
g i c ,  Die wich t igs t en   Lage r s t a t t en   de r   "Nich t -  
erze", v .  111: Ber l in ,   Born t r aege r ,  p .  1-634. 

Maarleveld,  G. C . ,  1 9 7 6 ,   P e r i g l a c i a l  phenomena  and 
t h e  mean a n n u a l   t e m p e r a t u r e   d u r i n g   t h e   l a s t   G l a -  
c i a l  time i n  the   Nether lands :   Biu le tyn   Pery-  
g l a c j a l n y ,  v .  26,  p.  57-78. 

Magalowski, G . ,  1963,   Glazigene  Flozdfformationen 
i m  Tagebau   Spree ta l   und   ih r   E inf lu i3   auf   d ie  
Braunkohlenqual i ta t :   Bergakademie,   v .   15,  
p.  185-188. 

P e l t i e r ,  K . ,  1953 ,   Con t r ibu t ion  B 1 ' 6 l a h o r a t i o n  

French,  H.  M . ,  1 9 7 9 ,   P e r i g l a c i a l  Geomorphology: 

Kuenen, Ph., 1953,  Graded  bedding  in  general   and 



1204 

d ' u n e   t h e o r i e   c a p i l l a i r e  du gel d e s   s o l s  
r o u t i e r s ,  $ Proceed ings  o €  t h e   T h i r d   I n t e r n a -  
t i o n a l   C o n f e r e n c e  on Soil   Mechanics   and  founda-  
t i o n   E n g i n e e r i n g   S w i t z e r l a n d   5 3 ,  v .  11: Zur i ch ,  
Schweizer ische  Gesel lschaft   f i i r   Bodenmechanik 
und Funda t ions t echn ik ,  p. 128-132. 

P e t c i j o h n ,  F. J., and   Po r t e r ,   P .  E.,  1964, Atlas 
a n d   g i o s s a r y   o f   p r i m a r y   s e d i m e n t a r y   s t r u c t u r e s :  
B e r l i n ,   G o t t i n g e n ,   H e i d e l b e r g ,  New York,  Sprin- 
ger-Verlag,   p.   1-370. 

PotoniB,  R . ,  1930,  Uber  den  Muskauer  Faltenbogen, 
s e ine   Ober f l achenfo rmen  und deren   Abhangigkei t  
von   de r   Bescha f fenhe i t   und   Tek ton ik   de r   Braun-  
koh le :   J ah rbuch   de r   P reuss i schen   Geo log i schen  
L a n d e s a n s t a l t ,   v .  51, p .  392-416. 

P r u s k o w s k i ,   P . ,   1 9 5 4 ,   E i s z e i t l i c h e   B o d e n f r o s t b i l -  
dungen i m  Deckgeb i rge   de r   rhe in i schen   Braun-  
i coh le :   Be i t r age   zu r   Rhe inkunde ,   v .  2 ,  p. 41-54. 

Quitzow, H. W.,  1958,  Verwerfungen  und  pseudotekto- 
n i s c h e   F a l t u n g e n  i m  Hauprf l i iz   der  V i l l e  zwischen 
L i b l a r  und B r u h l :   F o r t s c h r i t t e   d e r   G e o l o g i e  
Kheinland  und  Westfalen,   v .  2 ,  p.  645-649. 

Rarnberg, H. ,  1 9 7 2 ,   I n v e r t e d   d e n s i t y   s t r a t i f i c a t i o n  
a n d   d i a p i r i s m   i n   t h e   e a r t h :   J o u r n a l   o f  Geo- 
physical   Research,   v .   77,   p .   877-889.  

Ruchholz,  K., 1977 ,   Zur   Genese   g rav i ta t iver  
Schichc-und SedimentkGrper-Deformationen i n  Ver- 
e i s u n g s g e b i e t e n :   W i s s e n s c h a f t l i c h e   Z e i t s c h r i f t  
d e r  Ernst-Moritz-Arndt-Universitat Gre i f swa ld ,  
v. 26,  Mathematisch-naturwissenschaftliche Reihe 
No. 1 1 2 ,  p. 49-57. 

Schenk, E.,  1964,  Das Q u a r t a r p r o f i l  i n  den  Braun- 
kohlentagebauen  bei   Berstadr   und  Weckesheim 
( W e t t e r a u ) :   N o t i z b l a t t   d e s   h e s s i s c h e n   L a n d e s -  
amtes fur   Bodenforschung,   v .   92,   p .   270-274.  

S p e l t e r ,  M . ,  1968 ,   Tektonisch   bedingte   oder   durch  
u n t e r i r d i s c h e   O x i d a t i o n   d e r   K o h l e   h e r v o r g e r u f e -  
ne L a g e r u n g s s t o r u n g e n   d e r   J u n g e r e n   H a u p r t e r r a s -  
se a u f   d e r  V i l l e  i m  rhe in ischen   Braunkohlenre-  
v i e r :   Z e i t s c h r i f t   d e r   d e u t s c h e n   G e o l o g i s c h e n  
G e s e l l s c h a f r ,  v. 118, p .  162-173. 

S t runk ,  I * . ,  1982, Zur p l e i s t o z a n e n   R e l i e f e n t w i c k -  
l u n g   t a l f e r n e r   A r e a l e   d e r   E i f e l - N o r d a b d a c h u n g :  
A r b e i t c n  aus dem G e o g r a p h i s c h e n   I n s t i t u t   d e r  
U n i v e r s i t a t   d e s   S a a r l a n d e s ,  v .  32,  p.  1-109. 

deutung fur d i e   s t r u k t u r e l l e   E n r w i c k l u n g   N o r d -  
d e u t s c h l a n d s :   Z e i t s c h r i f t   d e r   d e u t s c h e n  Geolo- 
g i s c h e n   C e s e l l s c h a f t ,   v .   1 0 9 ,   p .   1 1 1 - 1 5 1 .  

Vandenberghe, J . ,  and Van den  Broek,  P. ,   1982, 
Weichse l ian   convolu t ion  phenomena  and p r o c e s s e s  
in f ine   s ed imen t s :   Boreas ,   v .  11, p .  299-315. 

Viete, G. ,  1960a ,  Zur En t s t ehung   de r   g l az igenen   La -  
g e r u n g s s t o r u n g e n   u n t e r   b e s o n d e r e r   B e r u c k s i c h t i -  
gung  der   F lozdeformacionen  im m i t t e l d e u t s c h e n  
Raum: F r e i b e r g e r   F o r s c h u n g s h e f r e ,   v .  C 78, 
p .  1-257, 

Viete, G. ,  1960b, u b e r   d i e   C e n e s e   d e r   g l a z i g e n e n  
Deformat ionen   der   mi t te ldeutschen   Braunkohlen  
und d i e   MEgl i chke ic   i h re r   Vorhe r sage   i n   neuen  
G r u b e n f e l d e r n :   F r e i b e r g e r   F o r s c h u n g s h e f t e ,   v ,  
C 80, p.  13-24. 

p e r i g l a c i a l   p r o c e s s e s   a n d   e n v i r o n m e n t s :   L o n d o n ,  
Edward Arnold  Lcd. ,   p .   1-406,  

G r e a t   E r i t a i n   d u r i n g   t h e   D e v e n s i a n :   P h i l o s o p h i -  
c a l   T r a n s a c t i o n s   o f   t h e   R o y a l   S o c i e t y  of London, 
v .  B 280,  p.  183-198. 

Trusheim, F . ,  1957,   Uber   Halokinese  und  ihre  Be- 

Washburn, A. L . ,  1979,  Geocryology--A  survey of 

Watson, E. ,  1977, The p e r i g l a c i a l   e n v i r o n m e n t  of 

Weige l t ,  H., 1928, Die Koh lenaufp res sungen   i n   den  
Geise l ta l -Gruben   "Leonhard t" ,   "PfPnderha l l "   und  
"Rhein land" :   Jahrbuch   des   Hal leschen   Verbandes  
f i i r   d i e   E r fo r schung   de r   mi t t e ldeu t schen   Boden-  
scha tze   und   i h re   Verwer tung ,  N.F., v .   7 ,  
p.  68-97. 

Williams, R. B. G . ,  1975,  The B r i t i s h   c l i m a t e   d u r -  
i n g   t h e  las t  G l a c i a t i o n .  An i n t e r p r e t a t i o n   b a s e d  
on p e r i g l a c i a l  phenomena, & Wright,  A.  E . ,  and 
Mosely, F., eds . ,   I ce   ages ,   anc ien t   and   modern :  
G e o l o g i c a l   J o u r n a l ,   S p e c i a l   I s s u e ,   v ,   6 ,  
p .  95-120. 

der rhe in ischen   Braunkohle :   Braunkohle ,  V. 36, 
p .  405-410,  423-431. 

Walk, E . ,  1937,  F a l t u n g s e r s c h e i n u n g e n   i n   d e r  nie- 



LARGE-SCALE DIRECT SHEAR TEST SYSTEM FOR TESTING PARTIALLY FROZEN SOILS 

Brian J. A. Stuckert   and  Larry J. Mahar 

Ertec Western, fnc. 
Long Beach, Cal i forn ia  90807 USA 

The des ign   and   cons t ruc t ion   o f   o f f shore   ea r th - f i l l   s t ruc tu res   i n   t he  arctic environ- 
ment requires   the  determinat ion  of   mechanical   propert ies   of   the   construct ion material 
under   appropriate   thermal   condi t ions.   Sal t -watex  saturated materials e x h i h i t  a zone 
of p a r t i a l l y   f r o z e n  so i l  a t  the  frozen/unfrozen soi l  in te r face .  To de f ine   t he  criti- 
cal  f a i l u r e   s u r f a c e  and   gove rn ing   shea r   s t r eng th   i n   t h i s   zone ,   t he   e f f ec t s   o f   pa r t i a l  
f r e e z i n g  on the  mechanical  hehavior, as a f reezinq  f ront   advances,   must  he w e l l  
understood. 

A l a rqe-sca le   d i rec t   shear   appara tus  was developed t o  test the   shea r   s t r enq th  of a 
s o i l  sample   th rough  an   undis turbed   par t ia l lv   f rozen   in te r - fac ia l  zone. The apparatus  
has   t he   capab i l i t y  of shear ing  a 30 e m  square,  frozen  specimen  using a wide  ranqe of 
shear  displacement rates. The specimen is instrumented  with  thermistors  to provide 
t h e   c a p a b i l i t y  t o  monitor   the  thermal   regime  as   the  par t ia l ly   f rozen  zone  progresses  
toward a predetermined  shear  plane i n  a 30 c m  deep  sample. The shear  hox i s  
constructed  f rom  t ransparent   Plexiglas  material which  minimizes  thermal  disturhance 
and permits v i sua l   i n spec t ion  of t h e  sample  during  shearing. A sample  preparation 
system was designed t o  provide a specimen  having a reproducible  thermal  condition 
while  thermal  and  mechanical  disturhance  during  handling is minimized. 

The pape r   p re sen t s   de t a i l s  of the design  of   the  large-scale  direct shear   apparatus  and 
tes t ing  procedures .   Typical   resul ts   f rom tests conducted on freshwater  and seawater- 
sa tu ra t ed   g rave l s  are shown, demonstrat ing  the  usefulness  of system  and  procedures  for 
dc te rmininq   the   s t rength   o f   par t ia l ly   f rozen  soils. 

INTRODUCTION 

The design of o f f s h o r e   e a r t h - f i l l   s t r u c t u r e s  
c o n s t r u c t e d   i n  arctic wa te r s   r equ i r e s  knowledge 
of the  mechanical  response o f  t he   cons t ruc t ion  
material t o  an t ic ipa ted   loadinq   condi t ions .  
L a t e r a l  ice load ing   can   r e su l t   i n   t h ree   po ten -  
t i a l   f a i l u r e  mdes: ( 1 )  loca l ized   edge   fa i lure ,  
( 2 )  f o u n d a t i o n   f a i l u r e   a t   o r  b e l o w  the  mudline, 
( 3 )  s h e a r   f a i l u r e  in t h e   f i l l  material. The 
lat ter mode will l ike ly   occu r  as a m o s s  hor i -  
z o n t a l   s h e a r   f a i l u r e  a t  or   near   the   f rozen/  
unfrozen  interface  (Prodanovich 1979). Due to  
the  presence of s a l i n e  pore f l u i d ,  a s i g n i f i c a n t  
zone  of  poorly bonded ice e x i s t s  a t  t h i s   i n t e r -  
f a c e   i n   t y p i c a l   g r a n u l a r  f i l l  material (Hahar e t  
al. 1982). It  is of i n t e r e s t  t o  understand  the 
mechanical  behavior  within  this  zone when suh- 
j e c t e d  to  vertical  overburden  and  subsequent 
hor izonta l   shear .  Development of appropr ia te  
des iqn   s t r eng th   pa rame te r s   r equ i r e s   t ha t   an t i c i -  
pated  loading  and  thermal  conditions be modeled. 

An i d e a l l y   s u i t e d   l a b o r a t o r y  test to   cha rac -  
t e r i z e   h o r i z o n t a l   s h e a r   s t r e n g t h  i n  a soi l  
sample is t h e   d i r e c t   s h e a r  test. Roqgensack  and 
Morgenstern (1978) performed direct shear  tests 
on natural  fine-qrained  permafrost,  and Thomson 
and  Lobacz (1973) performed  direct   shear  tests 
a t  t h e  thaw i n t e r f a c e  i n  f reshwater   sa tura ted  
silt;  however, t h e   r e s u l t s  are not   appl icable  to  
t h e   d e s i g n   o f   a r t i f i c i a l  arctic is lands  because 
of the  coarse-grained  nature   of   the   construct ion 

material and t h e   e f f e c t  of a sa l ine   po re   f l u id  
on s t rength  hehavior .  The on ly   da t a   ava i l ab le  on 
t h e   s t r e n g t h  of   sal ine-saturated  granular  
materials i s  i n   t h e  form of t r i a x i a l  test  r e s u l t s  
(Oqata et  al. 1982, Seqo et a l .  1982); however, 
t h e s e   s t u d i e s  do no t   i nves t iqa t e   t he   s t r eng ths  
unde r   t he   r e l a t ive ly  warm cond i t ions   t ha t  exist 
wi th in   the   f reeze- f ront  zone. The present   s tudy  
represents  an e f f o r t  aimed a t  i n v e s t i g a t i n g   t h e  
s t r e n g t h   w i t h i n   t h i s  zone. 

The d i r e c t   s h e a r  test s imula t e s   an t i c ipa t ed  
f i e ld   l oad ing   cond i t ions ;  however,  conventional 
direct shear  equipment is  n o t   s u i t a b l e   f o r  
tes t ing   the   coarse-gra ined  material of i n t e r e s t  
because of the small shear  box size.  Large 
Bamples must  he tested to  minimize particle s i z e  
e f f e c t s  on t es t  r e s u l t s .  A large-scale  direct 
shear  machine  and sample preparation  system has 
heen  developed,  allowing a l a r g e  sample to ha 
s u b j e c t e d   t o  a wide range  of  repeatable  thermal 
and  loadinq  condi ti ons . 

The equipment  and  procedures  developed to  
t e a t   f r o z e n  and par t ia l lv   f rozen  coarse-qrained 
material wi th in  and near  the  frozen/unfroren 
in te r face   zone  are descr ibed helow. Typical  
test r e s u l t s  from a p r e l i m i n a w   t e s t i n q  program 
are provided. 

TEST APPARATUS 

The la rge-sca le   d i rec t   shear   sys tem  descr ihed  
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h e r e  was designed to   permi t   inducing   shear  
f a i l u r e  a t  a con t ro l l ed   p l ane   w i th in   t he  par- 
t i a l l y   f r o z e n   f r e e z e - f r o n t  zone. The system was 
designed to   i nco rpora t e   t he   fo l lowing  
c a p a b i l i t i e s :  

1. a b i l i t y   t o   i n d u c e   s h e a r   f a i l u r e  a t  a 
p re sc r ihad   p l ane   i n  a sample a t  a   control led 
rate of  displacement 

2. sample   s i ze   l a rge  enough to e l imina te  
p a r t i c l e   s i z e   e f f e c t s   a s s o c i a t e d   w i t h   t e s t i n g  
grave l  material 

3. adjus tab le   shear   gap  to  accommodate maxi- 
mum p a r t i c l e   s i z e  of material be inq   tes ted  

4. a b i l i t y  to  maintain  desired  thermal  con- 
d i t i ons   du r inq  direct shea r   s e tup  and t e s t i n g  

5. a b i l i t y  t o  s imultaneously  f reeze  mult iple  
samples  uniaxially  under  well-controlled 
environmental   conditione 

6. remote monitorinq of f reeze-front  
progression  and  shear   tes t ing to  minimize opera- 
tor t i m e  i n s ide   co ld  room 

7. a b i l i t y   t o   a p p l y   v e r t i c a l   l o a d   d u r i n g  
s h e a r   t e s t i n g  t o  s imula te  in s i t u  stress con- 
d i  t i o n s  

The l a rge - sca l e   d i r ec t   shea r  test apparatus  
comprises a sample  preparation  system  and  a 
d i r e c t   s h e a r  test system i n  which large  samples 
(30 cm x 30 cm x 30 c m )  are f r o z e n   u n i a x i a l l y   i n  
a  controlled-environment chamber and t e s t e d   t o  
fa i lure   under   direct   shear   loading.   Temperature  
monitoring of  the  sample  allows Fiirect shear  
t e s t i n g  when the  desired  thermal   condi t ion 
e x i s t s  a t  the  shear  plane.  The sample is then 
p l aced   i n   t he   shea r   appa ra tus ,   sub jec t ed   t o   an  
overhurden  pressure and  sheared a t  a  constant 
rate of displacement.   Horizontal   load,  vertical  
load,   hor izontal   deformation,   ver t ical   defor-  
mation,  and temperatures are monitored  durinq 
the   shea r  test. A l l  d a t a  from t h e   f r e e z i n g  and 
shear ing   por t ions  of t h e  test a te  qathered  and 
s tored  on tape,   and  selected  data  are p l o t t e d  
uning a computer-based data a c q u i s i t i o n  system. 

Sample Preparation  System 

The sample  preparation  system is shown sche- 
m a t i c a l l y   i n   F i g u r e  1. The purpose of this 
system is to   i nduce   un iax ia l   f r eez ing  hy a p p l i -  
c a t i o n  of a sur face  a i r  step  temperature.  A 
wide range of s t e p  a i r  temperatures ( 0  t o  -25OC)  
can be cont ro l led  to  provide  sample  temperature 
d i s t r ibu t ionn   and   f r eez inq  rates so t h a t  tests 
can be run   for   spec i f ic ,   repea tab le   thermal  con- 
d i t i o n s  a t  the  shear  plane.  

The system is s i t u a t e d   i n  a cold room i n  
which a i r  temperatures  can be cont ro l led  t o  
wi th in  +I OC. Wp to  three  samples  can be pre- 
pared  simultaneously  inside a second  environmen- 
t a l  chamber i n  which  temperatures are cont ro l led  
t o   w i t h i n  +.2OC. The cold-room  and preparat ion-  
chamber  temperature  can he varied to  provide a i r  
temperatures  from -25OC t o  + 2O0C. 

HEATING  ELEMENT 

CIRCULATION FAN 

ACCESS DOOR 
THERMISTORS 

Figure 1 Sample Preparation  System 

The prepara t ion  chamher c o n s i s t s  o f  a 
polystyrene foam insu la t ion   hase ,   wi th   cubica l  
receptacles   to   house  special ly   desiqned  sample 
prepara t ion  and tes t ing   conta iners ,   covered  by a 
plexiqlas   environmental  chamher. The a i r  tem- 
p e r a t u r e  is cont ro l led   us ing  a propor t iona l  tem- 
p e r a t u r e   c o n t r o l l e r  that  s u p p l i e s  a c u r r e n t  to a 
hea t ing  wire running  the perimeter of  t h e  
chamher. Four  fans  provide  adequate  circulation 
t o  maintain  constant  thermal  conditions 
throughout   the chamher. Samples are surrounded 
by a minimum of 30 cm of Styrofoam,  which 
ensures  predominantly vertical heat  f low  and 
hence  uniaxial   f reezing.   Heated  drain  l inen 
from t h e  sample box allow expulsion  of pore 
water t o  eliminate  sample  expansion  during 
freezinq.  

me sample  preparation  and  testing  con- 
t a i n e r s ,  shown i n   F i g u r e  2, are made of t w o  
halves of a cub ica l   p l ax ig l a s  box  Soined by a 
membrane tha t   p reven t s  water leakaqe  throuqh  the 
shear   qap  and  a l lows  re la t ive  displacement  o f  
t h e  hox halves   during  shear .   Spacers   are  
i n s e r t e d   i n   t h e   s h e a r   g a p  and the  upper  and 
lower  halves of t h e  box a r e  clamped a q a i n s t   t h e  
spacers  to  minimize physical   d is turbance  during 
t r a n s p o r t   p r i o r  to  t e s t i n g .  

Direct Shear  Test  Machine 

The shea r   t e s t in s   sys t em w a s  designed t o  
induce a ho r i zon ta l   shea r   €a i lu re   u s inq  a 
cont ro l led  rate o€ disp lacement   in  a frozen or 
p a r t i a l l y   f r o z e n   s o i l  sample  while  minimizing 
thermal  disturbance  during  setup  and  testing. 
The apparatus ,  shown schemat ica l ly   in   F iqure  3 
and  p ic tured   in   F igure  4, i s  composed of f o u r  
components: ( 1 )  h o r i z o n t a l   r e a c t i o n  €rame, ( 2 )  
v e r t i c a l  load system, ( 3 )  shear  box  assembly, 
and ( 4 )  power t ra in .   Toqethe t ,   th i s   sys tem is 
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capable of shearing a 30 cm square,  completely 
f rozen   gave l  sample over a wide range of 
displacement  rates  under  vertical  loads up t o  
2,270 kg, while  maintaining  desired  thermal con- 
ditions  established  during sample  preparation. 
The components of the  apparatus  are  discussed 
below. 

/ / I l l /  / / / / /  F I X E D  VERTICAL 
LUAU FHAME 

V E R T I C A L  
DEFORMATIONII I  

II Y LOAD 

I 
I 
I 
I 
1 

L J  

I HORIZONTAL 
CONTROLLED  RATE DEF'RMATIoN'Z' 
OF DISPLACEMENT 

Figure' 3 Schematic of Large  Scale  Direct  Shear 
Apparatus 

1. Horizontal  reaction frame--The reaction 
frame is made of two s t ruc tura l - s tee l  end sec- 
t ions  t ied  together  by four 3.8-cm diameter, 
high-strength steel tension  rods 300 cm i n  

length. It is  capable o f  prov 
horizontal   reaction. The reaction frame i s  
mounted on a base frame tha t   d i s t r ibu te s  con- 
centrated  ver t ical   loads  to  the cold room floor. 

2. Shear box assembly-The  shear box 
assembly  (Figure 5 )  is designed to   withstand a 
horizontal  compressive  loading of 90 tonnes and 
allow  shear  displacements up to 5 cm. The shear 
box is constructed of transparent  Plexiglas, 
providing  the  required  structural   strength and 
insulat ing  the sample t o  minimize thermal 
disturbance  during  setup and testing. The 
material  also  allows  visual  observation o f  the 
aample during  shear.  Tolerance between the  
sample box and shear box  was minimized t o  elimi- 
nate sample rotation  during  shear.  A s l i d e  
bearing  system  provides  axial  alignment of both 
halves of the  shear box, while  maintaining  sta- 
t i c   s t a b i l i t y  of the system. The shear box 
halves  are  separated by an adjustable  bearing 
mount to   a l low a shear  plane gap from 0 t o  2 .5  
cm t o  accommodate t e s t ing  of var ie ty  of maximum 
so i l   pa r t i c l e   s i ze s .  The ends of the  shear box 
a r e   f i t t e d   w i t h   s t e e l   p l a t e s   t o   d i s t r i b u t e  
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forces from the load  cell  and  loading  ram  over 
the Plexiglas face. A spherical  interface bet- 
ween the plates and the ram and  load  cell 
ensures transmittal of a horizontal load. 

3. Vertical load  system-Vertical  loads  up 
to 2,270 kg are  provided  by a pneumatic  ram 
cylinder fixed  to a reaction beam. The system 
i s  mounted  on the horizontal tension rods,  and 
vertical tension rods tied to the base  frame 
provide  the  necessary  reaction.  The vertical 
frame ia mounted on linear  slide  bearings to 
maintain a vertical  load  centered on the sample 
throughout the test. Although the  bottom  half 
of the shear box is tied  to  the drive system  to 
provide the relative shear displacements, small 
horizontal displacements of the upper  half of  
the sample  do  occur  due  to  system  compliance. 

4. Power train- The power train is  composed 
of a variable-speed  electric  motor,  speed 
reducer,  shaft  assembly,  and high capacity-screw 
jack. The motor and  speed  reducer  are  located 
outside the cold  room,  being  connected  by a 
drive shaft  assembly  to the screw jack mounted 
on  the horizontal load frame inside the cold 
room. Once set  at the desired  speed  (range: 
30-1,800 rpm), the motor transmits torque as 
required  directly to the  speed  reducer,  which 
reduces at a constant  ratio of 2,537:l. The 
shaft  assembly  drives the worm gear (6 .4  
turns/cm)  of the screw jack. The  entire  system 
i s  designed  to  provide a 90-tonne horizontal 
thrust at a displacement  rate in the range of 
.112 cmlmin to ,0019 cdmin. 

Instrumentation and Data Acquisition System 

A microcomputerbased data  acquisition  system 
is capable of monitoring temperatures o f  three 
samples during freezing and  load-displacement 
during shearing.  All raw data  are  stored on 
tape,  reduced  data  are  printed  out, and selected 
data are  plotted for quick  reference. 

All samples  are  instrumented with 10 ther- 
mistors, 9 at  set 1.2- to 2.5-cm spacing pro- 
viding internal soil temperatures  and 1 
monitoring the chamber air temperature 2 'em 
above the sample. The rapid-response ther- 
mistors are  waterproofed  and  have  certified 
accuracies  to within 2O.l"C. During freezing, 
thermistor data  are  monitored at selected time 
intervals (typically 1 hr), stored on tape, 
printed  out,  and temperature versus  depth  plots 
are generated to observe  progression of the 
freezing front  or  zone. Vertical deformation o f  
the sample during freezing is  monitored using a 
dial  gauge (2 0.0002 cm) . 

During shear testing the shear  test  sample  is 
monitored at selected  time intervals (typically 
a 10-0 scan rate). Sample temperatures are 
recorded  to  quantify  thermal  disturbance, if 
any, during testing. In addition, vertical 
load,  vertical  deformation,  horizontal  load,  and 
horizontal shear deformation are  recorded  and 
printed. Relative shear displacements are 
measured  between the top and  bottom halves of 

the sample  box at the shear plane,  on  both  sides 
of the sample. Average shear displacement  is 
plotted  against  horizontal  load  throughout the 
test. 

TEST PROCEDURE 

The test  procedure  consists  of  three separate 
stages: (1)  sample preparation,  (2) freezing 
phase, (3 )  shear test  phase. The procedures  are 
summarized as  follows: 

1. A membrane i s  installed in the 1.3-cm 
shear gap. Sample box  halves  are  separated  by 
1.3-cm spacers that  are  removed  prior to 
testing. Hoisting rods are inserted  on the out- 
side of the sample,  and are used to clamp 
against the spacers, thereby reducing distur 
bance  during  subsequent  transport. A string of 
thermistors is placed at the desired spacing on 
the inside of the sample box  wall. A pea  gravel 
drain, overlain by filter paper, is placed in 
the bottom  of the box,  and the air-dried  test 
sol1 i s  placed in 5-cm lifts at the desired  den- 
sity. Two intertor thermistors are  placed  down 
the dddle of the sample,  one an inch above  and 
one  directly at the shear plane. Saline fluid, 
prepared at the desired  aalinity (ASTM 
Standardized Sea Salt)  and  checked with a con- 
ductivity  meter (51 ppt), is used  to saturate 
the sample slowly  from the base under approxima- 
tely 30 cm of head. Saturation levels are  typi- 
cally 95% 25Z.  A top bearing  plate i s  then 
placed,  and the sample is put into a cooler  and 
brought  to  an isothermal condition  of  approxima- 
tely -5OC.  The sample is then transported to 
the cold room testing facility, while great  care 
is taken to ensure minimal physical  disturbance 
during transport. 

2. The sample is then placed in the freezing 
preparation  chamber. A heated drain line  ia 
hooked  up to the base of the sample and the 
desired  air temperature is established  and  main- 
tained to within 5.2'C throughout the freezing 
phase. The top perimeter of the sample is 
sealed  against the surrounding insulation using 
insulation tape to minimize horizontal heat loss 
and thus achieve  uniaxial  freezing. 

The test time is then selected  based  on the 
sample temperature profile. For the testing of 
distilled-water-saturated samples a distinct 
freeze front exists and is clearly  identified 
from the temperature profile. Tests can be per- 
formed when the freeze  front is at the  desired 
location relative to the shear plane. Because a 
distinct freeze front  does  not  exist in a 
saline-saturated  soil, the progression  of a 
desired  test temperature, rather than depth  of 
freeze front,  is  monitored to define testing 
conditions. 

Typical thermal data during preparation  are 
shown in Fipre 6 for a saline-saturated sample. 
For the particular saline test shown the desired 
test  temperature  was -2.3-C. Also shown is a 
typical temperature  profile  generated during 
freezing of a distilled-water-saturated sample. 
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The distilled-water sample was tested when the 
freeze front  coincided with the shear plane. 
The temperature profiles  generated allow testing 
precisely when the temperature in the middle of 
the sample  is at the desired  test  temperature. 
The outside thermistor string provides the 
progression of the temperature profile, while 
the interior thermistor 5 cm above the middle of 
the shear  plane is ueed to assess  uniaxial 
freezing close to the shear plane,  as  depicted 
ifi Figure 7. The interior thermistor at the 
shear plane is used to provide  an  exact testing 
time. This thermistor is removed at the end  of 
the freezing to avoid thermistor failure during 
shear testing,  and thermal disturbance during 
sample transport  and testing is  assessed with 
the remaining eight  thermistors.  At the end  of 
the freezing phase, the sample is hoisted  to the 
direct shear machine. 

-A 

TEMPERATURE ('C) 
-3 -2 -1 0 +1 

L 
E 40 36 32 28 24 20 16 TIME (HRS) s ~ \  TEST SALi:ril,P  TEMPERATURE PPT 

SALINITY 7 30 PPT 
AIR TEMPERATURE "6% 

Figure 6 Temperature Profiles During Freezing 

3. When the sample is  ready for testing, it 
is removed  from the preparation  chamber and 
placed in the shear box. The hoisting rods  and 
spacers are removed,  and the LVDT mounts are 
attached  to the sample box. The vertical  load 
frame is centered  over the top of the sample, 
and the desired vertical load  is  applied. The 
sample  is then subjected  to a constant  shear 
displacement  rate to obtain peak  and residual 
strengths. Upon completion of the test, a por- 
tion of the frozen sample ia removed for sali- 
nity  and  moisture-content  determinations. 

TYPICAL TEST RESULTS 

Typical test  reaults  are  presented for three 
well-graded  sandy-gravel  samples  (maximum  grain 
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size  diameter  of 1.3 cm), similar to arctic ma- 
vel island construction material. The first 
sample was completely unfrozen and was performed 
as a reference test. A second  test was per- 
formed on a distilled-water-saturated sample, 
with the freezing front  coincident  with the 
shear plane. The results for these two tests 
were essentially  identical, implying that the 
unfrozen strength is appropriate for the 
strength at the freeze  front for distilled- 
water-saturated  material. A third  test was per- 
formed on seawater (30 ppt)  saturated material, 
with a sample temperature at the shear plane of 
-2.3"C. This is assumed  to  correspond to the 
cold portion of the poorly  bonded i ce  zone. 

FREEZING PROCESS COMPLETE 
SIMULTANEOUSLY  AT BOTH LOCATIONS 

I I I I I I 

0 5 10 15 20 25 
TIME (HOURS) 

SHEAR PLANE 

14 CM u L U  
PLAN U 

15CM 
ELEVATION 

Figure 7 Assessment  of Uniaxial Freezing 

The results  of  distilled-water  versus- 
seawater-saturated material are shown in Figure 
8 for comparison. Note that a 15% gain in peak 
strength over the unfrozen state is  obtained  for 
the partially frozen saline sample,  and the 
residual strength is essentially that  for  unfro- 
zen material. 

The test  system  described  herein  is  currently 
being  used in a major, joint  industry/ 
proprietary research study to investigate the 
shear strength of  saline-saturated  sands  and 
gravels  for  use in arctic exploration and pro- 
duction islands. Although the detailed  results 
and conclusions of this  study  are  not  yet 
available for publication, the large-scale 
direct shear test  has  proven  to  be a very  effec- 
tive method for determining the shear strength 
of soils In the region close to the frozen1 
unfrozen interface. 
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SUMMARY 

It has been shown tha t  the need e x i s t s   t o  
characterize  the  mechanical  behavior,  near and 
within  the  freeze-front zone tha t  is present   in  
saline-saturated  granular  material ,   for  desim 
of ea r th - f i l l   s t ruc tu res   cons t ruc t ed   i n   a r c t i c  
marine  environments. To do so ,  i n   s i t u   s t r e s s ,  
thermal, and loading  conditions must be modeled 
using  typical   construct ion  soi l .  
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Figure 8 Typical Load-Displacement Results 

The large-scale   direct   shear   tes t ing system 
described  allows  uniaxial  freezing of l a r g e   s o i l  
samples and subsequent direct   shear   tes t inR when 
desired  thermal  conditions have been obtained a t  
the  shear  plane. It has   the  capabi l i ty   to  
induce  horizontal  shear  failure,  a  principal 
design  fa i lure  mode, allowing  simultaneous 
application of a   ver t ica l   load   to   s imula te  over- 
burden  pressures  present  in  si tu.   This  testing 
system  can be used t o  characterize  the mechani- 
cal  behavior  within  the  freeze-front zone of 
saline-saturated  granular  material .  

Typical   tes t   resul ts   are   presented €or three 
well-graded  sandy-gravel  samples. Two 
distilled-water-saturated samples, one comple- 
t e l y  unfrozen and the  other  with  the  freeze 
front  coincident  with  the  shearplane, were 
found to exhibit  very  similar  mechanical beha- 
vior.  A saline-saturated (30 ppt) sample tes ted  
w i t h  a temperature of -2.3-C at  the  shear  plane 
exhibited  at  15% increase  in  peak strength and 
no increase i n  residual  strength  over  the  unfro- 
zen  material. 
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DEFORMABILITY OF CANALS DUE TO FREEZING AND THAWING 

Sun Yuliang 

Water Power Research Insti tute,   Northeast  Design Ins t i t u t e ,  
Ministry of Water Conservancy and Elec t r ic  Power 

Changchun, People's  Republic of China 

The destruction of canals by f ros t  heave and thaw settlement is  a serious problem 
in  the  northern  regions of China. To lay  down ef fec t ive  measures for preventing 
f ros t  damage, the  author  has  investigated  the  deformation  characteristics of 
canals  during  freezing and thawing  periods in   s i t u .  The r e su l t s  show tha t   f ros t  
heave differs  along  the  cross  section of a canal: it is greatest   a t   the  bottom, 
smaller on the  slope, and l eas t  on the top. The le'ngth o f  the  slope is shortened 
during  freezing and extended  during  thawing, and depends mainly on the amount of 
f ros t  heave at   the  foot o f  the  slope.  Freezing and thawing w i l l  cause  the col- 
lapse of canals and destroy  the  lined pavement, due to   the   d i s tor t ion  of concrete 
slabs, soil erosion, and thawing  collapse. Based on the  data,  the  authors  have 
worked out  formulas for  estimating both  the amount of slope  shortening and the 
displacement of concrete  slabs, and propose  measures to  protect  canals from f r o s t  
damage. 

To study  the  reasons of the  canal ' s   f rost  
damage for the lay down methods for  preventing 
it, we went i n to   f i e ld   obse rva t ions   a t  1979-1982 
i n  some i r r i g a t i o n   d i s t r i c t s  of J i l i n  province. 
Observed canals  included  soil  canals, cement 
l ining  canals ,   p las t ic   f i lm  l ining  canals ,   e tc .  
This  paper is the summation of  these  observations. 

DEFORMATION IN CANALS DURING 
PERIODS OF THAWING AND FREEZING 

Distribution of Frost Heave Alonn the 
Cross-Section on a Canal 

Frost  heave  along  the  cross-section of a canal 
is unequal  due  to  the  effects of the shape o f  the 
canal,  differing  temperature  conditions due to 
differences  in  height,  and, most importantly,  the 
d i v e r s i t y  of moisture  conditions.  The drainage at 
the  top of a canal i s  bet te r   than   a t   the   bo t t6m,  
the   mo t s tme   con ten t   a t   t he  t o p  is Lessr than a t  
the  bottom,  and  the  distance t o  t h e   l e v e l  of 
ground  water is g r e a t e r  a t  the  top of  the  canal 
than a t  the  bottom. Thus the  condi t ions o f  mois- 
ture   replenishment   during  f reezing periods i s  
d i f f e r e n t .  The r e s u l t  i s  t h a t   t h e   l a r g e s t   f r o s t  
heave i s  a t  the  bottom, l e s s  heave  occuxs i n  the 
middle  part and t h e   l e a s t  heave  occurs a t   t h e   t o p  
of canal. 

Inves t iga t ions  and  observed  data show t h a t  
such  deformation  charncter is t ics  are abundant and 
universa l  and a re   t he   p s inc ipa l  form of cross- 
sect ional   deformation  in   canals .  

t i o n  of f r o s t  heave  along  tha  cross-section is 
greater in  the  middle o r  a t  the  upper   par t  and 
sma l l e r   a t   t he  Lower pa r t .  This  behavior  has  been 
observed when the  Level of ground  water is higher 
than o r  approaching  the  canal  bottom, arid a t   t h e  
same time  the s o i l  beneath  the  canal  has a grea- 
t e r   d e n s i t y  and smaller  permeabili ty  than soil 

I n  some deeply  excavated  canals  the  distribu- 

beneath  the  sides.  For example, a t  a Cer ta in  
sec t ion  on the  Xiangyang r e se rvo i r   ea s t  main 
c a n a l   i n  Yushu county o f  province  J iZin,   the  
moisture   content   in   the s o i l  is OVBX TO%, the  
maximum f r o s t  heave ac tua l ly  measured is 43 cm, 
the  correspondina  frozen  depth k 3  149 cm, f r o s t  
heave r a t i o  is a s   l a rge  as 40.5%, and the   d i s r r i -  
bution  of  frost  heave  takes  the form of l a r g e r   a t  
the  upper  part and smaller a t   t h e  lower.  Figures 
1, 2, and 3 show the   d i s t r ibu t ion  of maximum f r o s t  
heave  along  the  cross-sections of  Songqian No. 1 
main cana l ,  Xiangyang west main canal and Xiang- 
yang  eaat main cana l ,   respec t ive ly .  TABLE 1 
g ives   Cha rac t e r i s t i c s  of the  three  observed 
canals.  

In   engineer ing   prac t ice ,   cana ls   wi th   c ross -  
s e c t i o n a l   f r o s t  heave amount l a r g e r  a t  the  Power 

.z 0. I 

FIGURE 1 Dis t r ibu t ion  of f r o s t  heave amount on 
the  cross-section of a sec t ion  of  ear th   cana l  
on the  Songqian No. 1 main c a n a l ,   i n  cm, 

FIGURE 2 Dis t r ibu t ion  of f r o s t  heave amount on 
the  cross-section of the  Xiangyang  west main 
c a n a l ,   i n  om. Line of cross-section o f  the  
canal   af ter   f reezing.2.   Line of cross-section of 
the   canal   in   or i6inal   s ta te .3 ,around  water   level ,  
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par t   and   sma l l e r  a t  t h e   u p p e r   a r e  more common, 
t h e r e f o r e  t h i s  a r t i c l e  w i l l  lay  emphasis  on 
discusviiig t h e   r e g u l a r i t y  of t h i s  kind o f  defoc- 
mntion. 
R e d a r i t y  o f  Deformation Along Canal Cross-sec- 
t i o n  DurinR F r e e z i w  a4d Thawinp;, 

Frost  Heave Deformation a t  the  Bottom of the  
Canal: During freezing, the locus l i n e  of f r o s t  
heave deformation a t  the toe of  the  s lope  is a 
straight l i n e  perpendicular t o  the canal bottom, 
as shown i n  Figure 4 .  Such f ros t  heave deforma- 
t i on  a t  the toe  of the slope indicate8 tha t  dur- 
ing the period of freezing the  width  of the canal 
bottom basically remains unchanged o r  changes only I c r o s s - s e c t i o n  o f  the  Xiangyang  east   main canal, 

dn m. 

TABLE 1 C h a r a c t e r i s t i c s  of t h r e e   c a n a l s .  
Name of 

e a s t  main weat main No1 .main c a n a l  
Xiangyang Xiangyang gongqian 

I c a n a l  canal I c ana l  
h o w  a t  I I I 

I I I (myaec. ) 
l i d t h  of 
)ottom ( m )  
k p t h  of 
, :anal  (m) 

k a t i o  oz 

4.0 122 1.2 

2.5 2.0 2.1 

2.0 1.5 1.5 

onstruc-  
f i l l i n g  t i o n  
ing & i n g  

Lei t 

Distance (cm) 
5 

FIGURE 4 Process  curve of freezing and  thawing a t  
the  base  of   s lope,   Xiangyang  east   main  canal .  1 
Fros t   heave ,  2 Thawing process. 

l i t t l e .  These observations also i l l u s t r a t i  that  
the connec t ing   po in t  of the   cana l   bo t tom and the 
s l o p e  on the  whole has no l a t e r a l   d i s p l a c e m e n t .  
As seen  from t h e   d i s t r i b u t i o n  o f  f r o s t   h e a v e  
amount, i t  a p p e a r s   t h a t   t h e r e  i a  a l i t t l e  more 
f r o s t   h e a v e  i n  the   middle  of the   bot tom  than a t  
both ends, Fros t   heav ing  a t  t h e   t o e  of  t he  s l o p e  
is r e s t r a i n e d  by t h e   s l o p e ,   w h i l e   t h e   r e s t r a i n t  
a c t i o n  i n  t h e  middle p a r t  o i  the   bot tom of t h e  
canal is r e l a t i v e l y  small. 

Frost Heave Deformation and Displacement Direction 
on t he  Slope Surface: As mentioned above, when 
the d i s t r ibu t ion  of f ros t  heave amount on the 
slope s u r f a c e  is l a r g e r  a t  t h e   l o w e r   p a r t  and 
smaller a t  the   uppe r ,  i e .  t h e   f r o s t   h e a v e  amount 
a t  the   base  of t h e  slope is larger than  on  the 
s lope  and on t h e   t o p  of s l o p e ,   t h e   f r o s t   h e a v e  
r a t i o   t h e   l o w e r   p a r t  i s  a l l  a l o n g   l a r g e r   t h a n  
t h a t  on the   uppe r  part .  As t h e   f r o z e n   l a y e r  
thickens and i ts  s t rength  increases, frost heav- 
ing  a t  the canal bottom affects the deformation 
of each poin t  on the slope. As seen from Figure 
5 ,  f > r  poin t  5 a t  the toe  of the slope, because 
o f  ita nearness   to   the   cana l   bo t tom,  a t  only 18.3 
cm, its f r o s t  heave   condi t ion  i s  a c t u a l l y   j u s t  
t h e  same as t h a t  a t  the   bo t tom,   t he re fo re  its 
o r i e n t a t i o n  i s  v e r t i c a l  t o  the  bot tom of t h e  

5 

FIGURE 5 LOCUB of the   d i sp lacement  of o b s e r v a  
p o i n t s  on t h e   f a c e   o f   r i g h t   s i d e   s l o p e   o n t h e  
Xiangyang  west  main canal. 1,2,3,4,5... .number o f  
observ ing   po in ts , , . . , . .observed   po in ts   on  6 J a n ,  
1981. 
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9 

FIGURE 6 Observed points .  

canal .  The o r i e n t a t i o n  of displacement  of o t h e r  
p o i n t s   o n   t h e  s lope  s u r f a c e   r e S a i n s  an i n c l u d i n g  
a n g l e   w i t h   t h e   s l o p e  surface smaller than  90: and 
t h e   v a l u e d ' e s m a l l e r   w h i l e   n e a r i n g   t h e   t o p  of t h e  
s l o p e .  A t  p o i n t  2 n e a r   t h e t o p   b e f o r e   J a n .  6 ,  0-0 
i e   t h e   d i s p l a c e m e n t   o r i e n t a t i o n  is mainly a long  
t h e   d i r e c t i o n   o f   s l o p e ,  The deformation  value o f  
each   po in t  on t h e   s l o p e   s u r f a c e ,  i n  a d d i t i o n  t o  
i ts  own f r o s t   h e a v e ,   a l s o   I n c l u d e s   p a r t  of t h e  
deformation from t h e  upward t h r u s t   c a u s e d  by frost 
heaving a t  the canal bottom. 

Shortening of Slope  During  Freezing:  Although 
rhere  is a d i f f e r e n c e  between the   f ros t   heav ing  
a t  the upper   and  lower  par ts  of t h e   c a n a l   s l o p e ,  
t h e r e  may be no l a t e r a l  displacement  a t  t h e  toe  
o f   t h e   s l o p e   d u r i n g   t h e   p e r i o d   o f   f r e e z i n g .  
Therefore ,  as t h e   c r o s s - s e c t i o n a l   l i n e  st t h e  
canal   bot tom is l i f t e d  d u r i n g   f r e e z i n g ,   t h e  
l e n g t h  of t h e   c a n a l   s l o p e   s u r f a c e   l i n e  is shor-  
tened.  The amount of t h e   s h o r t e n i n g  is r e l a t e d  t o  
the   d i f f e rence   be tween   t he   f ros t   heave  amount a t  
t h e   t o e  of the s lope   and  a t  t h e   t o p .  The l a r g e r  
t h e   d i f f e r e n c e ,   t h e   g r e a t e r   t h e  amount of ahor- 
t en iug ,   and   v i ce   ve r sa .  TABLE 2 g i v e s  a p r a c t i c a l  
example  showing t h e  amount  of  aisplacement  and 
t h e   s h o r t e n i n g  amount   a long   the   s lope   d i rec t ion  
of all the   measured   po in ts  on t h e   r i g h t   s l o p e  
th roughou t   t he   f r eez ing   pe r iod  a t  the  Xiangyang 
west  main  canal. 

TABLE 3 shows the   sho r t en ing  amount of d i s tances  
between  measured po in t s   on   t he  same cross-sect ion 
from 1 Dec. 1981 to 1 1  March 1982. This  could 
f u r t h e r   p r o v e   t h a t   i n   t h e   c o u r v e  of f r e e z i n g ,   t h e  
Canal   s lope   shor tens   whi le   the   wid th  of the c a n a l  
bo t tom  bas ica l ly   s tays   unchanged.  

Though t h e   l i n e  of t he   s lope   de fo rma t ion   du r ing  
f r e e z i n g  is s l i g h t l y   c u r v e d ,  it could  be  taken 
as l i n e a r   w i t h   o n l y   l i t t l e   e f f e c t  on t h e   l e n g t h  
of t h e   s l o p e   s u r f a c e .   I n   t h i s  way. t he   sho r t ened  
amount could  be  expressed  approximately by t h e  - 

FIGURE 7 Diagram of  c o n t r a c t e d  amount on t h e  s i d e  
s lope .  1 Line  of c r o s s - s e c t i o n  o f  t h e  canal. 
a f te r  f r eez ing ,   and  2 Line o f  c r o s s - s e c t i o n  of 
t h e   c a n a l  i n  o r i g i n a l   a t a t e .  

TABLE: 2 Displacement   and  Contract ion Between t h e  
Observed  Points   on  the  Side  Slope o f  Xiaggyang 
West Main  Canal. 

P o i n t  Displacement  (ch)  Difference of 
Plumbing  Slope  facing  displacement 

(cm) 
1 0.5 -0.5 2.6 

2 2.6 7.1 I 

5.6 4.1 1 .o 
3 " 1.8 
4 10.6 5 . 9  

" 

5 14.1 I 7.5 1.6 

Tota l   d l sp lakement  (cm) 7.0 ( up t o  
(Cont rac t ion  o f  side s l o p e )  Mar. 20) 

TABLE 3 Measured  Distance  between  Observed Pointa 
on the   S lope   Face  of  Xiangyang West Main Canal. 
(1981 - 1982) 

I Observed 1 Contrac t ion  of s i d e  
P o s i t i o n   s l o o e  (em) 

p o i n t s   S e c t i o n a l  I T o t a l  
B i a h t  s ide  1 2 2  2.4 I .+ 

c a n a l   s l o p e  2 - 5  1.1 3.0 
7 - 4  A0.5 

Bottom of 4 - 5  0.2 
cana l  5 - 6  -0.5 -0.3 

L e f t  s ide  6 - 7  1.6 

cana l  slope 8 - 9 1.9 
7 - 8  0.9 4.4 

fo l lowing  formula: 

AB=& dBa-2Bh. Sinwh'  (1 1 
Where AB i s  the  shortened  amount o f  slope, i n  
cm 
B is the   d i s tance   be tween two c a l c u l a t e d   p o i n t s ,  

& is t h e   o r i g i n a l   s l o p e   a n g l e  of t h e   c a n a l ,  in 
i n  cm, 

degrees.   (See  Figure 71, 
when #GO. 1 , eg 1 could  be  approximately BX- 

pressed by: 

@=h. 9ina ( 2 )  
For example,  on 20 March 1 9 8 1 ,   t h e   f r o s t  

heave  amount  measured a t  the f o o t  of t h e  r ight  
s l o p e  of t h e   c a n a l  ia 14.8 CQ, and the  f r o s t  
heave amount a t  t h e   t o p  of t h e   c a n a l  is 0.5 cm, 
g i v i n g  a v a l u e  of d i f f e r e n c e  of f r o s t   h e a v e  
amount  h=14.5 cm. The c a l c u l a t i o n   g i v e s  

&h. S i n a  =14.3.7$=7.9 cm w h i l e   t h e  value 
from acrual measurement is 7.0 cm (see  Table  2). 

Deformation of Canal  Cross-Section D u r i n g  
Thawing: The a ide   s lope  of a canal   shor tens  
du r ing   t he   pe r iod  of f r e e z i n g ,   b u t  i n  the p r o c e s s  
of  thawing it genera l ly   resumes  its shape, Fol- 
l owing  the   thawing   and   ae t t lement  of t h e   t o e  of 
t h e  s l o p e ,  the 'cana l   bo t tom  wi th   the   down-s l ide  
of t h e  thawed l a y e r   a n d   t h e  thawed l a y e r  a t  t h e  
canal   bot tom i s  compressed and  narrowed, TABLE 4 
shows the   ac tua l   measwed  data a t  the  Xiangyang 
west main cana l .  Under t h e   c o n d i t i o n  of a f r o a t  
heave  amount   difference  value a t  16.3 cm, t h e  
r i gh t  s l o p e  s u r f a c e  w i t h  a l e n g t h  of 314 crn and 
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TABLE 4 Measured  Distance  between  Observed  Points 
on the  Cross-section  of  Xiangyang West  Main Canal. 

1 ObservedlDistance  betweenlDiffe-  

bottom I 6 - 7 1102.~100,~ 1OO.Ol -2,5 

of   canal  7 - 8 106,$104,5 102,2 -4.7 

L e f t  @ - 9 40.5 41 * f  41.1 0,6 

i si 

I C B  

To t a l  
d i i f e -  
r e n c e  

(cm) 

6.7 

-6.8 

7.1 

* See Figure 5 f o r  numbers of observed  points. 

t h e   l e f t   s l o p e  surface w i t h  a l e n g t h   o f  238 cm 
have a downward s l i d e  of 6.7 cm and 7.1 cm, 
r e spec t ive ly .   Dur ing   t he  same p e r i o d ,   t h e   w i d t h  
of t he   cana l   bo t tom  con t r ac t s  6.8 cm. 

Under t h e   c o n d i t i o n  of a v e r y   l a r g e   f r o s t  
heave  amount  and a very high mois tu re   con ten t  i n  
f r o z e n   s o i l ,  as i n  Figure 8, downward s l i d e   o r  
s lope   s l i pp ing  of t h e  embankment of the  canal  
of ten   occurs .  

During thawing, t he   mo i s tu re  i n  t h e   u p p e r   p a r t  of 
t h e  s o i l  d r a i n s  away t h r o u g h   t h e   p o r e s   i n   t h e  
s u r f a c e  layer of the  thawing soil, and the  upper  
p a r t  of t h e   s o i l   s e t t l e s   u n d e r  i t s  own weight and 
i s  compacted,  reducing i t s  permeabi l i ty .  The 
dra inage   condi t ion   o f th ,o   thawing  s o i l  in the   deep  
l a y e r  is due  to  heaving of a f rozen   layer  below 

FIGURE 8 Variat ion of water content   before  and 
a f t e r   f r e e z i n g ,  Xiangyang east main  canal. 

i t  and a thawing l aye r   w i th  small permeabi l i ty  
over i t .  Consequent ly ,   th is   thawing  soi l   layer  
with  high  moisture   content   s l ides  down along  the 
sur face  of tts underlying  frozen  layer,.  simul- 
t a n e o u s l y   c r e a t i n g   s l o p e   s l i p p i n g   w i t h   t h e  thawed 
a o i l  above it. Such a hazardous  freezing-thawing 
phenomenon f r equen t ly   occu r s  a t  t h e   s e c t i o n s  o f  
deep  excavat ion a t  pumping S t a t i o n s  and c a n a l s ,  
g i v i n g   g r e a t   t r o u b l e   t o   t h e  management o f  engine- 
er ing  works,   Every  year  Large amounts  of s i l t  
d e p o s i t s  must be removed b e f o r e   i r r i g a t i o n   t o  
f n c i l i t a t e   c h a n n e l l i n g   w a t e r   i n t o   t h e   f i e l d s .  

FROST HEAVE DEFORMATION OF CAN& 
AND L I N I N G  PAVEMENT 

To reduce  the  canal  seepage  loss,  resist 
erosion,   and  ensure  the  s tabi l i ty  of the  
canal ,   var ious  types of l i n i n g  pavement should 
be  provided  for  canal.  However, i n   co ld   r eg ions ,  
s ince   t he   l i n ing   u sua l ly  is not   adaptable  
t o   f r o s t   h e a v e   d e f o r m a t i o n ,   f r o s t  damage problem 
is geaern l ly  p r e s e n t   I n   e n g i n e e r i n g  works.  There 
a r e  a l o t  of  d i f f e r e n t   k i n d s  of ma te r i a l s   and  
d i f f e r e n t   t y p e s  o f  l i n i n g   f o r   c a n a l ,  here we will 
l a y  emphasis OR d i s c u s s i n g   c o n c r e t e   p l a t e   l i n i n g  
for t r a p e z o i d   c a n a l ,  which is a r e p r e s e n t a t i v e  
cana l   type   wide ly  used i n   e n g i n e e r i n g   p r a c t i c e  
and bas more f r o s t  damage problems. 

The Main Cause o f  D e s t r u c t i o n  

The d i f f e r e n c e  o f  f r o s t   h e a v e  amount  between two 
c e r t a i n   p o i n t s  a t  t h e   f o o t  of and on t h e  top o f  
s l o p e  o r  on the  slope s u r f a c e   a x o u s e s   t h e  cou- 
t r a c t i o n  o f  t h e  slope and  causes  the  bottom  face 
of t h e   l i n i n g   p l a t e   t o   r e c e i v e  B c o n t r a c t i n g  
p r e s s u r e  resulting from the   i reea img  force   be twe-  
e n   t h e   l i n i n g   p l a t e  and s o i l  of t h e   s l o p e   s u r i a c a  
These   a r e   t he  main  reasons f o r  t h e   d e s t r u c t i o n  of 
l i n i n g   p l a t e ,  Under such c o n d i t i o n  o f  r e c e p t i o n  
of f o r c e ,   t h e   l i n i n g   p l a t e  would be s u b j e c t e d   t o  
d i f f e r e n t  forms of d e s t r u c t i o n  o f  d i f f e r e n t  types. 

When t h e   l i n i n g   p l a t e   b e n d s   a n d   f o r c e  is 
rece ived  a t  a d e v i a t e d   c e n t r e ,   t h e   l i n i n g   p l a t e  
w i l l  be  broken a t  poin t  0 as Figure 9, fur ther -  
more, it w i l l  heave up and  hollow  out i n  t h e  
process of s lope  shortening as Figure 10. When 
t h e r e  is longi tudina l   expans ion   jo in t   be tween 

FIGURE 9 Deformation o f  l i n i n g   p l a t e   i n   t h e  
process  of f r e e z i n g .  1 Line  of c r o s s - s e c t i o n  o f  
t h e   c a n a l   i n   o r i g i n a l   s t a t e ,  2 Line  of c ross -  
s e c t i o n  of t h e   c a n a l   a f t e r   f r e e z i n g ,  3 L i n i n g  
p l a t e  of s l o p e   a f t e r   b e n d i n g ,  4 L i n i n g   p l a t e  
hollowed  out down beloy,5 Sealed   top  wi th  cement 
sand g r o u t ,  6 L i n i n g  p l a t e  and soil bed f r o z e n  
t o g e t h e r ,  7 D i r e c t i o n  of f r o s t  heanre a t  the   base  
of f r e e z i n g  s o i l  bed, 8 Frozen s o i l  bed, 
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Frost heave layer 

FIGURE 10 Lining   p la te   bu lg ing   and   ho l lowed  ou t  
down below, i n  ern. 1 L i n i n g   p l a t e   i n  50X50X8, 2 
Lin ing   p l a t e   swe l l ing   and   cav ing ,Y   L ine  of 
c ross -sec t ion  of t h e   c a n a l   a f t e r   f r e e z i n g ,  4 
Line of c r o s s - s e c t i o n  of t h e   c a n a l   i n   o r i g i n a l  
s t a t e .  

FIGURE 1 1  Diaplacernent   of   concrete   plate  a t  
middle  seam, by a c t i o n  of f r o s t   h e a v i n g ,  in cm. 

I 

FIGURE 12 B u l g i n g   o f   l i n i n g   p l a t e  a t  top  o f  t h e  
embankment, i n  cm. 1 L i n i n g   p l a t e ,  2 Line of 
c r o s s - s e c t i o n  of t he   cana l  a f te r  f r e e z i n g ,  9 
Line of c r o s s - s e c t i o n  of c a n a l   i n   o r i g i n a l  
s t a t e .  

l i n i n g   p l a t e s  on the   s lope   su r f ace ,   and  i f  t h e  
p l a t e   a b o v e   t h e   j o i n t  remains unmoved w h i l e   t h a t  
below it heaves up g r a d u a l l y   f o l l o w i n g   t h e   f r o s t  
heaving o f  t h e  s l o p e   S u r f a c e ,   t h e n   t h e   p l a t e s  on 
t h e   o p p o s i t e   s i d e s  of the  j o i n t  w i L l  be   s taggered 
as (FIGURE 1 1 ) .  When t h e   p l a t e  OM t he   uppe r   pa r t  
d o e s   n o t   s t i c k   v e r y   s t r o n g   w i t h   t h e   b a a e   s o i l  by 
f r e e z i n g  o r  p l a s t i c   t h i n  film or sand   grave l  
u n d e r l y i n g   l a y e r  i s  provided ,   then   compara t ive ly  
t h i c k   s u r f a c e   p l a t e  will move upward along the  
slope  surface  in  a whole piece and protrude 
(Figure 12) .  When the  unequality  of  frost 
heave  amout  along  the a slope s u r f a c e  i s  compara- 
t i v e l y   g r e a t ,   t h e   m i d d l e   a n d   u p p e r   p a r t   o f  the  
l i n i n g   p l a t e  on t h e   s l o p e   s u r f a c e  would o f t e n  
hollow  out as  shown in  Figure 9. If the  plate 
is rather  thin and the  section hollowed o u t  i s  
r a t h e r   l o n g ,   t h e n   t h e   p l a t e  will f a i l  and  break 
under its own weight. If p r e f a b r i c a t e d   p l a t e s   a r e  
used fox  p r o t e c t i n g   t h e   s u r f a c e ,   s e v e r a l   t e r r a c e s  
may t a k e   p l a c e .  

The d e s t r u c t i o n   l o c a t i o n  of t h e   l i n i n g   p l a t e  
from  bending is r e l a t e d   t o   t h e   d e f o r m a t i o n   s t a t e  

o f  t h e   s l o p e   s u r f a c e   d u r i n g   f r e e z i n g  s n d  t h e  
r e s t r i c t i v e   c o n d i t i o n  of tk f r o z e n  layer t o   t h e  
plats  body,  and  generally i t  i s  a t  a place   about  
40-60 cm above  the  bot tom  of   the  canal .  After t h e  
appearance of c rack ,   t he   heav ing  up and hollowing 
o u t  of t h e   l i n i n g   p l a t e  w i l l  occur  i n  t he   p rocess  
of cont inuous frost heave  displacement a t  the  
bottom, The f rost   heave  hol low-out  amount c m  be 
c a l c u l a t e d  by the  fol lowing  formula:  

H= +dZTEiF ( 9 )  
Where B is the   f ros t   heave   ho l low-out  amount i n  
om, B and AB s h a r e   t h e  same  symbols i n  eq ( I ) .  

r e l a t e d   t o  B and AB. When B=100, 200, and 400 cm, 
and if dB=5.5 cm, the amOunK o f  frost heave 
deformation  aroused would  be 16.7,  23.0, and 
33.0 cm r e s p e c t i v e l y .  It could be seen t h a t  I 
small frost heave  amount might b r ing  about  a b i g  
heave deformation.  In the  investigation o f  
frost damage, i t  could often b e  seen  that  the 
concrete  plate near the  foot  of  the  slope heaves 
up outwards and vertically KO the  slope  surface 
and the  height o f  rhe upheaving is  about 10-20 cm, 
a  result  of such frost heaving action. Therefore, 
in rhe design of canal l in ing ,  measures should 
be  taken  to   prevent   the  heaving-up and hollowing 
out  of t h e   p l a t e  as f a r  as p o s s i b l e .  

fiynea of L i n i q g  

The frost   heave  hol low-out  amount B is 

To a l l e v i a t e   t h e  damage of f r o s t   h e a v i n g   t o  
t h e   l i n i n g ,  i t  i s  necessa ry   t o  ra ise  the  aeepage 
p reven t ion   p rope r ty  of  t h e   l i n i n g  so as t o   l o w e r  
the mois tu re   coo ten t   and   t he   f roa t   heave  amount 
i n   t h e   b a s e  soil on t h e  one  hand  and t o   s e l e c t  
t h e   l i n i n g   m a t e r i a l s  t h a t  a r e   a d a p t a b l e   t o  t he  
f ros t   heave   de fo rma t ion  in t he   base  soil on t h e  
o t h e r  hand. I n   c o l d   r e g i o n s ,   s o f t   l i n i n g  is 
preferable. Engineering practice shows that  using 
thin membrane, plastic  thin  film,  asphalt  felt, 
e tc .   t o   p reven t   pe rmea t ion   and   p re fab r i ca t ed  
c o n c r e t e   p l a t e  as p r o t e c t i v e   l a y e r  is a b e t t e r  
way for l i n i n g .  Its a d a p t a b i l i t y   t o   d e f o r m a t i o n  
depends  on  the  length of the p r e f a b r i c a t e d   p l a t e  
and   t he   ma te r i a l   u sed   t o  f i l l  the  seams.  Pre- 
v i o u s   c a l c u l a t i o n   i n d i c a t e s   t h a t   u n d e r   t h e  same 
c o n d i t i o n s  of  f r o s t   h e a v i n g ,   t h e  amount of  up- 
heaving  and  hollowing  out o f  p r e f a b r i c a t e d   p l a t e  
is  directly  proportional  to  the  length  of  plate 
( a l o n g   t h e   d i r e c t i o n  of e l o p e ) ,  With   the   smal le r  
l e n g t h  of plate ,   the   up-heaving  and  Bol lo ,uing  out  
amount; is s m a l l e r  aud s u b s e q u e n t l y   i t a  &apfalsi- 
l i t y   t o  the  f r o s t   h e a v e . d e f o r m a t i o n  ia higher .  
We are  o f  t he   op in ion :   t he   l eng th  of t he   p re fa -  
b r i c a t e d   p l a t e   r u n n i n g  i n  t h e  game d i r e c t i o n  o f  
the  slope should be 50 cm for  the  canal  with 
grea te r   f ro s t   heav ing   amoun t ,   wh i l e  100 cm f o r  
t he   cana l  with s m a l l e r   f r o s t   h e a v i n g  amount. The 
seam  between t h e   p r e f a b r i c a t e d   p l a t e s   s h o u l d  be 
a t  about  1.5 crn which is  t o   b e  filled with  stiff 
a spha l t   s and   mor t a r ,  8. mortar  won't  be  squeezed 
out  at high   tempera ture ,   se rves  as a b u f f e r  
be tween   p l a t e s   du r ing  f r o s t  heaving   and   res tores  
t h e   p r e f a b r i c a t e d   p l a t e s   t o  the i r  original pos i -  
t i o n   u n d e r   t h e i r  own weight   dur ing   thawing   in   the  
b a s e   s o i l .  If t h e   p l a t e s  are d i rec t ly   connec ted  
and  cement  mortar is used f o r  f i l l i n g  t h e  seams, 
they   a re   eaa i ly   b reakable ,   and   once   upheaved  



and hollowed out, f o r  the great  friction  between 
plates, restoration t o  their original position 
following thawing i s  impossible,  thus  reducing 
their protective  ability to the  thin film. 

Lining of canal,  besides as a means to pre- 
vent  seepage, i 3  also used to eard against 
erosion and wash out from freezing and thawing. 
If a layer f o r  antifiltration and drainage i s  
added under the antiseepqge  thin film, under 
certain  condition,  the  action of slope alipping 
during  freezing  and  thawing could also be 
resisted, If a layer for  antifiltration  and dra- 
inage  at 15-20 cm thick i s  added t o  the  canal 
lining for small size side  slope, the consolida- 
t i o n  by drainage in the  surface  soil  layer  could 
be accelerated during thawing. It would together 
with the  lining  resist  slopeslipping  during  thaw- 
ing in the deep layer. For the stability of side 



VENTIFACTS AS PALEOWIND INDICATORS I N  A FORMER PERIGLACIAL AREA O F  
SOUTHERN  SCANDINAVIA 

Harald Svensson 

Geographical Insti tute,   University  of Copenhagen, Copenhagen, Denmark 

Studies of ancient wind ac t iv i ty  have  been performed i n  a  coastal  area  of  southern 
Sweden, s i tua ted  below the  highest  shoreline of Late  Weichselian time. The area 
i s  composed of   f luvioglacial  and eolian  deposits.   Cultivated  f ields show very 
dis t inct   pat terns   (crop marks) o f  c a s t  ice-wedge polygons. Pavements o f  intensely 
blasted  stones  are found below a n  eolian sand cover. Many ventifacts  are  sculp- 
tured  with two facets.  Larger,  well-anchored  venff€acts have  been studied i n  
de t a i l   ( f l u t ing  and grooving] t o  determine  the  active wind direction. The main 
d i rec t ions  of wind-blasting  are from the ENE-ESE and W-SW sectors.  The eas t -  
facing  facets   are   the most numerous and generally  also  represent  the  greatest  re- 
shaping o€ the stones. According to  shoreline  chronology,  the  area was deglaciat-  
ed  about 13,000 B.P. and consti tuted  a  periglacial  environment. During this pe- 
riod  the  area was constantly  influenced by steady,  easterly winds from the nearby 
ice  cap,  shaping the east-facing  facets.  The west-facing  facets  are  considered to  
have been formed during  the  Allergd  period ( l L , B O O  t o  10,900 B.P.). 

LOCATION AND EMPIRICAL FINDINGS OF THE PERIGLACIAL c lear ly  be associated  with the polygon pa t te rn   tha t  
ENVIRONMENT INVESTIGATED indicates a thennokarst  origin of the  val ley 

The research  area  (Figure 1) const i tutes   a  
p l a i n   a t   t h e  Laholm  Bay, southern Sweden (N56O30' , 
13OE) , s i tua ted  below the  highest  shoreline (55-60 
m a.s.1.)  of  Late  Weichselian  time and composed of 
fluvioglacial  sand and gravel, which w a s  reworked 
by the  sea  during  the  isostat ic  upheave1 of the 
land. Formerly having been a  heath,  the  area is 
now intensely  cult ivated.  

FLGURE 2 Oblique aerial view o f  Esssil ~ ~ e - w e d ~ ~  
polygons. in ~ u l t i v ~ ~ @ d  ?&Ids. 

FIGURE 1 Index map.  The location  of  the  area i n -  
vestigated is shown by the  black  rectangle. 

Indications of large-scale polygon patterns were 
f i r s t  observed  as  faint   l ines on a e r i a l  photographs 
(Svensson 1962) .  L a t e r  the presence  of  polygons 
was demonstrated as crop marks (Figure 2)  outlining 
pa t te rns  of higher-growing cereals  (barley and 
oats) .   In   ver t ical   sect ions  cut  through  the  lines, 
funnel-formed cas t s  show up (Figure 3 ) ,  so the ob- 
servations  clearly  confirm the existence 05 a fos-  ~~~~R~ J ~ s e ~ d o ~ o y ~ h  of ice wedge. ~ u e  ~ higher 
si1 pa t te rn  og ice-wedge polygons.  In some pa r t s  content the  illin^ in^ contrasts clearly 
of the  area,  dry  valleys  occur whose existence can with the coarser side soil. 
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t r a i n s .  I n   t o t a l ,   t h e  qeorr lorpholoqic evi dence 
proves the  area t o  have  been  underlain  with perma- 
f r o s t   d u r i n g  a per iod   a f te r   the   wi thdrawal   o f   the  
Weichselian ice shee t .  

PRESENT-DAY WIND ACTIVITY 

The t o p  soil of t h e   c u l t i v a t e d  area i s  mostly 
made up of   sand,   and  sect ions  indicate  the o r i g i n  
t o  be  wind  accumulated. A t  the  Laholm Bay, c o a s t a l  
dunes are a c t i v e ,  and  by means of  aerial  photo- 
graphs,  contours o f  fossil   dunes  can  be  observed 
a l s o   i n  some f i e l d s   l o c a t e d  a t  a g rea t e r   d i s t ance  
from the sea. Stones are n o t   f r e q u e n t   i n   t h e   c u l t -  
i v a t e d   f i e l d s ,   b u t  some stones  found show wind- 
b l a s t ed   su r f aces  * 

During   dry   seasons ,   espec ia l ly   in   ear ly   spr ing ,  
sand d r i f t  normally  occurs fo r  some days. The 
b l a s t i n g  may thus  be a present-day phenomenon, b u t  
it may a l so   be  of an older da te .  Anyhow, these  
b las ted   s tones   cannot   be   used   for  a determinat ion 
of a c t i v e  wind d i r e c t i o n s ,  as they  have  been  turned 
aga in   and   aga in   dur ing   cu l t iva t ion ,  

PAVEMENTS  OF OLD WIND-BLASTING 

During  the  research of t h e   f o s s i l   p e r i g l a c i a l  
f e a t u r e s  o f  t h e  Laholm area, grave l   p i t s   have   regu-  
l a r l y  been  observed for s tud ie s   o f   s ec t ions   s ince  
1962.  During  these  inspections a pavement o f  wind- 
blown s tones  was found a t  the   v i l lage   o f   V&xtorp ,  
14  km from  the  present   coast ,   and la tex also a t  the 
v i l l a g e   o f  Veinge, 1 2  km f a r the r   t o   t he   no r th   and  
a t  a d i s t a n c e  of 8 km from the   coas t .  The a l t i -  
tudes   a re  54 and 55 m a.s.1. respectively,   which 
means a few meters below the h i g h e s t   s h o r e   l e v e l  of 
Late Weichselian time. 

A t  b o t h   l o c a l i t i e s   t h e  pavements a r e  composed of  
well-rounded, 5-20 cm blocks   o f   g ran i te  and gne iss .  
Geomorphologically  they  belong to a f l u v i o g l a c i a l  
d e l t a  complex  accumulated a t  t h e   h i g h e s t   s h o r e l i n e  
dur ing   the   deglac ia t ion .  The blocks are well an- 
chored i n  the underlying  gravelly material and  have 
f o r  a per iod   of  time c o n s t i t u t e d  a sea-washed  zone 
du r ing   t he   i sos t a t i c   upheava l  of the  area. Later 
the   s tone  pavement was exposed t o   d e f l a t i o n   a n d  
thereaf te r   p reserved   under  a cover  of wind-blown 
sand.  In  the  sometimes more than 1 m th ick   sand  
cove r ,   fo s s i l   f ro s t   s t ruc tu res   occu r   (Svensson  
1973a), a f a c t  that  proves the wind-b las t ing   no t   to  
be   recent   o r   subrecent   bu t   be longing  to an e a r l y  
per iod  of an arct ic  climate. 

- The wind-blasting  of  the  pavement is evidenced 
by a smooth pol i sh   wi th   fur rows ,   o r   e longated   ho l -  
l o w s  s t a r t i n g  from  rock  s t ructures  or mineral ag- 
g rega te s   i n   t he   s tone   su r f ace .  The i n t e n s i t y   o f  
t h e   b l a s t i n g  is, however,  most  conspicuous i n   t h e  
r e s u l t i n g   f a c e t s  which,  because  of the well-rounded 
form  of   the  s tones,   const i tute  a d i s t i n c t l y   o u t -  
l i n e d  new element   of   the   surface  (Figure 4) .  

PREPARATION AND SELECTION OF STONES FOR  ANALYSIS OF 
ACTIVE WIND DIRECTION 

From t h e   f i r s t   i n s p e c t i o n   o f   t h e  pavements it 
was obvious   tha t  many of  the wind-worn s tones  show- 

FIGURE: 4 Ventifacts from the Vzxtorp gravel p i t .  

ed  facets .   In   order   to   determine  whether   any 
s i g n i f i c a n t   d i r e c t i o n s   o f  wind  erosion  could  be 
e s t a b l i s h e d ,  325 blocks w e r e  c o l l e c t e d  a t  t h e  Vdx- 
t o r p   l o c a l i t y  and 400 a t  t h e  Veinge l o c a l i t y ,  A t  
Vixtorp the blocks  were  dug  out i n  a v e r t i c a l  sec- 
t i o n ,  the s t r i k e   a n d   d i p  of the  block  surface  were 
marked and  noted,  and  the  blocks  brought  for  ana- 
l y s i s   i n  a laboratory  with  adequate   l ight   condi-  
t i o n s .  Out of the  325 blocks,  100 were chosen  for 
de t a i l ed   ana lys i s .  Criteria of   the  choice were 
(besides  marked wind-blast ing)   that   the   blocks were 
la rger   than  1 0 x 1 0 ~ 5  cm and  had  an  almost  plane 
bottom  surface.  Taking i n t o  c o n s i d e r a t i o n   t h a t   t h e  
pavement i s  anchored  in  a grave l   sur face ,  i t  is 
supposed t h a t   t h e  two c h a r a c t e r i s t i c s  are a f a i r  
guarantee   tha t  the blocks were hardly moved, t u r n -  
ed ,  or dipped   dur ing   def la t ion .  A t  the  Veinge lo- 
c a l i t y  the pavement was uncovered  and the s tudy 
thus made i n  a hor i zon ta l   s ec t ion   (F igu re  5 ) .  The 
s e l e c t i o n  and a n a l y s i s  of LOO stones  were made i n  
s i t u   i n  the pavement, as adequa te   l i gh t   cond i t ions  
were provided on the s u n l i t  ground  surface.  Other- 
wise the same c r i t e r i a  for select ion  of   specimens 
were  used as a t  t h e  Vdxtoxp l o c a l i t y .  

FIGURE 5 Part of uncovered ~ a v e ~ e n t  at Veinge. 
Most of  the larger stones are moileled with facets. 

I t  i s  worth not ing  that  among the l a r g e  number 
of  blocks  observed, no "Dreikanter" were found. The 
formation  of  "Dreikanter" i s  usual ly   explained by 
the  assumption that  a stone was turned more t imes,  
f a c i n g  new sides   toward the eroding  wind.  Venti- 
f a c t s   w i t h  two facets have  been  found,  one  facing 
eastward  and  one  westward,  the  east-facet  always 
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being the larger one. 

DIRECTIONS OF ERODING WIND 

The  wind-worn microforms, wind furrows and 
elongated  hollows  (Figure 6), make possible  a de- 
termination  of  active wind d i r ec t ion ( s )  on each 
stone. The direct ions  are  measured with a compass 
within 2O, and the  values  placed  in  sectors  of 
22.5O. From Table 1 it i s  evident   that   there   exis t  
two maxima f o r  each loca l i t y ,  one main and one se- 
condary maximum. A t  Vdxtorp the main maximum is 
centered i n  the  E-sector and a t  Veinge i n  the ENE- 
sector.  Because of fewer observations  the  second- 
ary maxima have not  the same degree og s ign i f i -  
cance. I t  is, however, worth  noting  that  they  are 
found i n  westerly  sectors: a t  Veinge i n  the WSW- 
sector and a t  Vixtorp in   t he  SW-sector, 

FIGURE 6 Close-up view of block i n  s i t u  abraded by 
eas te r ly  wind (from  the l e f t ) .  

TABLE 1 In i t ia l   Di rec t ions   for  Wind-Blasting 

N  NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW 

Veinge 1 3 l e  33 27 12 3 0 1  0 4 7 4  5 1  0 

v:xtorp 0 3 8 LO 34 20 17 3 1  1 13 8 7  4 4  0 

Number of investigated  blocks i s  100 a t  each site. Several  blocks show wind-blasting from 
more than one d i rec t ion ,  

Based on the  frequent  occurrences and the  in- 
tense  reshaping of the  blocks, it can be s t a t ed  
tha t   the   b las t ing  from the  east   has been f a r  more 
active t h a n  the  abrasion by westexly winds. A few 
vent i fac ts  have  been  found on which an east-facing 
face t  meets a westward face t  i n  an intervening 
edge. On such stones the westward f ace t  was de- 
veloped  over  the  eastward  facet, which thus  gives 
their   re la t ive  age,  namely the westward f ace t  w a s  
l a s t  formed. 

CHECK OF THE DETERMINATIONS OF ACTIVE WIND 
DIRECTIONS 

After  detailed  studies of v e n t i f a c t s   a t  Vaxtorp 
and Veinge had been performed, two  new observations 
were made t h a t  can be used t o   t e s t  the r e l i a b i l i t y  
of  the measurements of active wind direction on the 
ventifacts.  

The f i r s t   observa t ion  w a s  made in   t he   g rave l   p i t  
a t  Vixtorp, where a huge ventifact   (side  lengths,  
4.4,  3.2,  3.1, and 2 . 1  m; height, 2,O m)isexposed. 
The upper p a r t  of the  block was  embedded i n  wind- 
blown sand, whereas the  basal  part   lay  enclosed i n  
the  or iginal  beds of fluvioglacial  gravel. Because 
of its dimensions and stable  foundation t h i s  block 
must be considered  stationary under the deflation 
phase and i ts  records of wind direction conse- 
quently of greater  reliabil i ty  than  those of the 
smaller  ventifacts. The block i s  intensely  blasted 
and contains   a   lot  of face ts ,  the largest   being 1 . 7  
m wide (Figure 7 ) ,  On the  eastern,  upper side o f  
the  block  a  very  distinct  direction o f  wind erosion 
is found a l l  over  the  surface, namely from S76E. 
This i s  i n  good agreement  with  the  result of the 
measured directions on vent i fac ts   in   the  same 

g rave l   p i t ,  where the most frequent  observations 
were from E-ESE (Table 1). FurthermOre, the good 
agreement between the wind direction  observed on 
the  block and i n   t h e  sample of wind-blown stones 
ju s t i f i e s   t he  methods used of measuring  the  direct- 
ion of eolian  abrasion i n  a  great nwnber of venti- 
f a c t s ,  well anchored in   the  ground, t o  ge t  a f a i r l y  
good reconstruction of a main wind direction. 

On the  western  side  of  the huge block  the main 
direction of  wind-blasting i s  found t o  be from 
N57W. This direction does not  coincide  with  the 
secondary maximum of  Table 1. The disagreement i s  
probably due to   the   fac t   tha t  the t o t a l  number of 
observations of westerly wind-worn stones i s  too 
small ~ 

ing the measured wind direction  appeared. Two 
Also, for   the Veinge loca l i t y  a chance of t e s t -  

F~~~ 7 part of large wind-eroded f ace t  an the 
huge vent i fact  a t   to^^. 



d  out- kilometers from the pavement invest igate  
cropping  gneiss  surface was found facing  southeast  
and showing intense  wind-blast ing  with  s t r ic t ly  
p a r a l l e l  wind furrows from N86E. AS the main m a x -  
i m u m  of the measurements i n  the wind-worn pavement 
a t  Veinge i s  centered   in  the sectors  E-ENE (Table 
l) ,  it again  confirms  the  possibility  of  recon- 
s t ruc t ing  a main wind d i rec t ion  from measurements 
on a  large number of wind-blasted  specimens. No 
check  of the  western  wind-blasting  found in the 
Veinge  pavement could  be  performed in   the   ou t -  
cropping  gneiss  surface,  as it had no slope  exposed 
t o  the  west. The existence of b l a s t ing  from the 
west in   rocks of the Veinge area i s ,  however,  doc- 
umented i n  a paper by Mattsson (1957) ,  but  without 
giving  a more precise   direct ion (number of degrees) 
of   the  act ive wind. Mattsson also  observed an 
eas te r ly ,   poss ib ly   per ig lac ia l  wind a c t i v i t y ,  and 
from the  coastal   area  fur ther   to  the north,   Hille- 
fo r s  (1969) , besides  frequent  observations  of  east-  
erly  wind-blasting,  mentions wind erosion from the 
west a t  lower  levels. 

CONCLUDING REMARKS CONCERNING PALEO-ENVIRONMENT AND 
AGE OF WIND EROSION 

To decide  the  character  of  the  environment  in 
which the  wind-blasting  acted, it i s  a t   f i r s t  i m -  
po r t an t   t o   s t a t e   t ha t   t he   ven t i f ac t s   a r e   s i t ua t ed  
j u s t  below the  highest   shoreline of the   a rea  de- 
veloped by  wave erosion i n  Late  Weichselian  time. 
It means tha t   t he  pavements once const i tuted  a  
beach  area. The f luv iog lac i a l   ma te r i a l  below the 
pavement conta ins   cas t s  of i c e  wedges, which demon- 
s t r a t e s   t h a t   t h e   a r e a  w a s  underlain  with perma- 
f ros t .  Fucthermore,  the  cover of wind-blown sand 
shows t h i n   i n f i l l i n g s  of the  character  of  sand 
wedges,  which ind ica tes   tha t   the   a rea  was a f fec ted  
by f ros t   f i s su r ing   a l so   a f t e r   t he   depos i t i on  of the 
eolian  sand. From these   fac ts  it i s  qu i t e   c l ea r  
that   the  wind-blasting took  place i n  an a r c t i c  en- 
vironment s h o r t l y   a f t e r   t h e   i s o s t a t i c  upheaval  of 
the  innermost  parts of the  coastal   p la in .  

From marginal  deposits  accumulated  during  the 
deglaciation of the  area,  it can be s t a t ed   t ha t   t he  
front  of  the  receding  ice  cap had a NNW-SSE d i r ec t -  
ion i n  the coastal   area (Mohren and Larsson 1968, 
Mdmer 3969),   indicating  that   the  Vixtorp and  Vein- 
ge l o c a l i t i e s  had  been subject  to  pe r ig l ac i a l  con- 
di t ions  outs ide  the  ice   cap  during i ts  r e t r e a t  
eastward. 

The s teady  easter ly  winds responsible  for  the 
intense  wind-blasting of the pavements were caused 
by the  ice   cap,   e i ther   as  an element i n  the  general 
c i r cu la t ion  from a high-pressure  cel l ,  or simply a s  
a ca t aba t i c   e f f ec t   j u s t   ou t s ide   t he   i ce  margin. 
During this f i r s t   p e r i o d  of wind-blasting  the ab- 
rasive  material  may largely have  been snow (ice 
c r y s t a l s )   a t   v e r y  low temperatures. 

The younger  westerly  wind-blasting  corresponds 
to   a   l a t e r   pe r iod  of  deglaciation, when the   g l ac i a l  
high  pressure  had moved northward, and  west-wind 
systems  could  penetrate into the  area.  A t  t h a t  
t ime,  vast   areas of sand  deposits were s e t   f r e e  
from thhe sea due to t h e   i s o s t a t i c  upheaval  of  the 
land and could  supply  material for the   b las t ing   as  
well   as  for  the  burying o f  the  pavements. 

Chronologically  the  eastern  wind-blasting  be- 
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longs t o  an ear ly   per iod o f Late Weichse llian  time. 
According t o  a shoreline  diagram  of  the Swedish 
west coast  constructed by Morner (1969),  the Vax- 
torp and  Veinge areas  were r a i sed  above sea   l eve l  
12,900 and 12,700  years B . P . ,  respectively,  which 
may thus  be  Considered  the  ear l ies t   s tar t ing time 
of  the  intense  eastern wind a c t i v i t y .  

A chronological  determination  of  the  western 
wind-blasting is  more d i f f i c u l t .  A s  the covering 
sand shows f ros t   f i s su res ,   t he   b l a s t ing  must have 
been  followed by a  period o f  arct ic   c l imate .   This  
f a c t   p o i n t s   t o  the Allerdd  chronozone  (11,800 t o  
10,900 B.P.) , a period i n  which a west-wind regime 
is  considered  to have started.  Furthermore,  the 
AllerGd  period was followed by a  period  of  cold 
climate,   the Younger Dryas chronozone.  That the 
area was r ea l ly   a f f ec t ed  by frost-f issur ing  during 
this   per iod is a l so  documented  by the  existence o f  
f o s s i l  ice-wedge polygons in  the  western,  lower 
p a r t s  of  the coastal p l a in  (Svensson 197323). To 
reach a more than  hypothetical  dating  of  the  west- 
ern  wind-blasting,  however, more observations  of 
wind-worn blocks  or   outcrops,   especial ly   in  lower 
l eve l s  of the  area,   are  needed. 
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HEAT AND SALT  TRANSPORT  PROCESSES I N  THAWING  SUBSEA  PERMAFROST AT 
PRUDHOE BAY, ALASKA 

0. W. Swift, W .  D. Harrison and T. E .  Osterkamp 
Geophysical Inst i tute ,   Universi ty  of Alaska, Fairbanks, Alaska 99701 

The thickness of the subsea thawed layer near the West  Dock, Prudhoe Bay, Alaska, 
and i t s  temperature,  pore  water  salinity and pore  water pressure are described. 
The pressure data are t h e   f i r s t  of their k i n d  and provide good evidence f o r  non- 
hydrostatic  behavior  that i s  probably due to  pore water motion. Present knowledge 
of heat and mass transport  mechanisms controll ing the thawed layer development is 
summarized. Heat transport  i s  conductive, b u t  sa l t   t ransport   (necessary because 
temperatures are negative) is by pore water motion, probably on the order of a few 
tenths of a  meter per year. What drives the motion is s t i l l  uncertain.  Driving 
by the release of re la t ively  f resh,  buoyant  water by thawing must occur, b u t  i t  
may not  provide enough energy t o  explain  the  observations.  Driving by surface 
wave action seems unimportant, a t   l e a s t   a t  West  Dock. 

INTRODUCTION 

During the past decade or  so of high interest 
i n  subsea permafrost, i t  has become increasingly 
obvious tha t  subsea  permafrost i s  a d i f fe ren t  
material from i t s  subaerial analogue. The most 
obvious reasons are the  transient  nature o f  
subsea  permafrost, and the important and complex 
ro le  of salt i n  i t s  evolution. The importance 
of s a l t  i s  partfcularly obvious when ice-bearing 
subaerial  permafrost i s  inundated by shorel ine 
r e t r ea t ,  and a thawed layer  develops beneath the 
sea bed even though mean annual sea bed tempera- 
tures are  negative,  over most of the  Beaufort 
Sea shelf  of Alaska, Much of t h e   s a l t  necessary 
for thawing i n  this negative  temperature regime 
probably enters the  sediments  after  inundation, 
a1 though the transport of s a l t  obviously would 
n o t  be necessary i n  sediments t h a t  were suf f i -  
c ien t ly  sal t y   i n i t i a l   l y  . Since 11 thology can 
influence the thaw ra t e  by several  orders of 
magnitude, i t  i s  clear  that   physical  and chemical 
controls on the sal t   t ransport   process  must 
exist. In near shore  regions where new subsea 
permafrost  formation i s  rapid because of rapid 
shorel  ine retreat, i t s  evolution i n  response t o  
the sa l ty ,  re1 a t ive ly  warm sea  water i s  corres- 
pondingly rapid.  Prediction of the response of 
subsea  permafrost t o  natural  or man-made changes 
i n  sea bed boundary conditions  given  the 11 t h -  
01 ogy, i s  a  task  that  cannot  yet be accomplished 
because of an inadequate  understanding of sa l t  
transport mechanisms. 

T h i s  paper  focuses on the observations and 
in te rpre ta t ions  from the West Dock area, Prudhoe 
Bay, Alaska, t h a t  have a more or  less d i r ec t  i m -  
p l icat ion  for   the  heat  and sa l t  transport 
mechanisms operating i n  the thawed 1  ayer  there. 
The data  are  described i n  greater d e t a i l  i n  a 
s e r i e s  of reports, the most relevant o f  which 
a re  Osterkamp and Harrison 1976, 1980, 1982a; 
Harrison and Osterkamp 1977,  1981a. Additional 
da ta  reduction  has led t o  some small  differences 

between the  reports and this paper.  Addltional 
research  has been car r ied  o u t  by several  other 
investigators i n  this area  (Sellman, 1980; 
Harrison and Osterkamp,  1982; Smith e t  a l .  and 
Morack and Rogers, i n  press). Data were obtained 
along  a  single  1 ine bearing N 31.5" E from North 
Prudhoe Bay S ta t e  Number One well  (Figure 1). 
The sediments  are  thick i n  this area,  exceeding 
the permafrost  thickness on shore of 560 m a t  
the well. They cons is t  mainly of alluvial  mate- 
r i a l  over1 ain by several  meters o f  recent s i1   ty  
marine sedfments. The shore l ine   re t rea t   ra te  i s  
roughly 1 m per  year. The water i s  shallow, 
reaching 3 m depth about 3 km from shore. A t  
the sites from which the data i n  th is  paper Here 
obtained, the spring  sea ice thickness  usually 
equals or exceeds  the  water dep th ,  although 
several hundred meters or more from shore i t  may 
occasionally be l i f t e d  by t ide .  
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PRUDHOE BAY 

FIGURE 1 Location map of study  area. 
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RESULTS 

We begin w i t h  a summary  of the results which 
give  the most obviously  direct  information  about 
heat and salt   transport   processes i n  the thawed 
l aye r   a t   t he  West  Dock. Old r e su l t s   a r e   b r i e f ly  
summarized; new ones are  described i n  more de t a i l .  

Theory 

I t  has been shown (Harrison and Osterkamp 
19781 t h a t  convection o f  the  pore  water i n  the 
thawed layer  should  occur a t  the West Dock, 
basically because relat ively  f resh and therefore 
buoyant  water i s  generated by thawing of i c e   a t  
the bottom of the thawed 1 ayer. This  will be 
referred  to  here  as  gravity  driven  convection. 
To be e f f ec t ive  the hydraulic  conductivity of 
the sediments must not be too  small. 

Phase Boundary Definition 

Present   d r i l l ing  and probing  data  indicate 
tha t   the   t rans i t ion  between Ice-free and ice- 
bearing  sediments a t   t h e  bottom of the thawed 
layer ,  which we r e fe r   t o   a s   t he  phase boundary, 
i s  sharp a t   t h e  West Dock. This imp1 i e s   t h a t  
thawing is  occurring i n  response to   s a l t   t r ans -  
port  through  the thawed layer ,  and not predomi- 
nantly i n  response t o   s a l t   t h a t  was present 
before  the  permafrost was submerged by changing 
shoreline  position  (Harrison and Osterkamp 19821. 

Phase Boundary Shape, Shoreline  Retreat  Rate, and 
Mean Annual Temperature 

Although there i s  an uncertainty of a fac tor  
of 2 o r  more, the shore l ine   re t rea t   ra te   a t  the 
West Dock is on the order of 1 m yr-1. To the 
extent   that   condi t ions have not changed i n  the  
l a s t  few thousand  years  or so, the  offshore 
d is t r ibu t ion  of the thawed layer  thickness,  the 
phase boundry shape, can be interpreted to  give 
the thaw rate  over  past  time. The shape is  shown 
i n  Figure 2. Little thawing seems t o  have taken 
place w i t h i n  400 m of shore, b u t  i n  the next 40 
meters  there i s  a "ramp" area where the phase 
boundary drops  rapidly and more or  less 1 inearly. 
Beyond this the phase boundary i s  almost  parabollc 
out  to  several  kilometers from shore  (Harrison 
and Osterkamp 1982, Osterkamp and Harrison, 
1982b). The behavior of the ramp area is not 
yet  understood,  because i t s  steep  slope implies 
a thaw rate   too  rapid  to  be understood w i t h  any 
reasonable  sea bed temperature model, However, 
beyond the ramp the parabolic  shape must be due 
to  the expected  approximate dtime thickness 
dependence, and i t  seems fa i r ly   s a fe  i n  this re- 
gion t o  estimate thaw ra t e  from phase boundary 
shape and shorel ine  re t reat   ra te .  The r e su l t  
(typically  several  hundredths of a meter  per 
year) is much too   fas t   for   the   necessary   sa l t  
t ransport   to  be by molecular  diffusion, given 
the typical mean annual sea bed temperature of 
-1°C (Harrison and Osterkamp 19781. 
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FIGURE 2 Uepth t o  the base o f  the thawed layer.  

Hydraul IC Conductivity and Porosity 

Hydraulic  conductivity  probably  controls the 
transport  regime through  the thawed layer.  
Several  profiles  of i t  have been measured through 
the thawed layer i n  the  course of pore  water 
sampllng, by determining  the  rate a t  which water 
enters  the  pore  water  sampling  probe  (Harrison 
and Osterkamp 1981b). These measurements tend 
t o  Indicate a fa i r ly   cons tan t   d i s t r ibu t ion  of 
hydraulic  conductivity w i t h  depth,   typically from 
1 t o  10 m yr-1, which implies a s ca t t e r  of 
perhaps a fac tor  of 3 about some  mean value. In 
the formulation of the simplest theory  for  heat 
and mass transport  through the thawed layer 
based on Darcy's law (Harrf son 19821, the porosity 
enters  as  well ,  b u t  when i t  can be considered 
constant,  only  the  combination,  hydraulic conduc- 
t ivity  to  porosity  ratio,   enters.   Unfortunately,  
probing does not  determine  porosity, and a value 
o f  0.4 charac te r i s t ic  of deep samples on shore 
(Lachenbruch e t   a l .  19821 is taken as  represen- 
ta t ive .  A typlcal  hydraulic  conductivity  to 
porosi ty   ra t io  i s  then 10 m yr-1. 

The uncertainty i n  porosity, the possible i m -  
portance of anisotropy i n  hydraulic  conductivity, 
and the  method of measurement o f  hydraulic conduc- 
t i v i ty   a l l   l eave  something t o  be desired. The 
measurement problem i s  due t o  the possi b i l i  t y  
of clogging of the probe f i l t e r  and f51 t e r  guard 
through which the pore  water is collected,  and 
the   fac t   tha t   the  incoming flow rarely obeys 
Darcy's law. The poss ib i l i ty  of s ignf f icant  sys- 
tematic  errors i n  hydraulic  conductivity  to 
poros i ty   ra t io   therefore   s t i l l  seems open. 

Temperature 

The l i nea r i  t y  of temperature  profiles below 
the depth of seasonal  f luctuations suggests 
that   heat   t ransport ,  unlike sa l t   t ranspor t ,  i s  
essentially  diffusive,  or  conductive;  that Ss, 
i t is not  Influenced  appreciably by pore  water 
motion. This means t h a t  the Peclet  number f o r  
heat, a rough measure of  the   ra t io  of convective 
to   diffusive  t ransport ,  i s  s igni f icant ly  less 
than  one, which t rans1   a tes   in to  a typical  vertlcal  
component of pore  water  velocity  significantly 
l e s s  than 1 meter per year  (Harrison and Osterkamp 
1982, Osterkamp and Harrison 19821. Although not 
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completely  convincing,  because of complications i s  interpreted  as a boundary layer  over which 
due t o  seasonal temperature variations and other the transport  regime changes from convective t o  
fac tors ,  there is some evidence for  curvature i n  diffusive. The lower par t s  of two prof i les  from 
some temperature  profiles t h a t  could  possibly be holes  about 421 and 441 m from shore are shown 
due t o  pore  water motion on the  order of several i n  Figures 4a and  4b, along w i t h  probe  driving 
tenths of a meter per year  (Figure 3 ) .  information. 
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HOLE 435- 1981 
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1 ELECTRICAL CONDUCTIVITY AT 25°C ( S  m') 

1 4 -2.3 -2.2 -2.1 -2.0 -1.9 -1.8 k 
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FIGURE 3 Temperature p ro f i l e  through the en- 
t i r e  thawed 1 ayer  thickness i n  hole 435-1981, 
June 2, 1981. The leading  digi ts  i n  the hole 
number represent the distance i n  meters  off- 
shore from a f i x e d  mark near the tundra edae: 
i t  i s  the  same reference mark used i n  the 1980 
holes. Except f o r  the p o i n t   a t  about 4.5 m 
depth the temperatures  are  probably w i t h i n  a 
few hundredths  o f  a degree of equilibrium. 

Pore Water Chemistry 

Although there are detectable  differences, 
the  pore water chemical composition  resembles 
tha t  of sea water (Iskandar e t  a l .  1978, Page an 
Iskandar  1978). T h i s  may be evidence  for a 
f a i r l y   e f f i c i e n t  Pore water  flushing mechanism. 

Pore Water Sal ini  t y  

57 5.9 6.1 6.3 
I 1  I I I 
I 

Pore  water samples were collected through the 
thawed layer  using  lightweight  driving equipment 
and specially  designed  sampling  probes (Harrison 
and Osterkamp 1981b), and the e l ec t r i ca l  conduc- 
t i v i t y  was measured i n  the   lab  to   precis ion and 
accuracy  of 0.5% or  better.  Since,  as  noted  pre- 
viously,  the chemical cornposition i s  s imilar   to  
t h a t  o f  sea  water,   salinity can be estimated 
from conductivity by standard methods. Recently 
measured pore  water  conductivity  profi 1 es e x h i b i t  
most of the charac te r i s t ics  of those determined 
previously,  notably  the  small  gradients expected 
i n  a strongly  convectf ng system. The large 
gradient  observed i n  a very t h i n  layer above the 
phase boundary, a t  the bottom o f  the thawed layer,  

I I I I 

80 160 240 320 
BLOWS PER 0.15m 

FIGURE 4a Pore  water electric  conductivity 
( r igh t   p ro f i l e )  and blows required  to  drive 
the samplin  probe 0.15 m ( l e f t   p r o f i l e )   a t  
hole 421-19!1,  May 31June 1, 1981. Length of 
sampler was 0.1 m. The p o i n t  labelled F.P. 
i s  the  conductlvity a t  the phase boundary as 
estimated from temperature  data i n  hole 420- 
1981, 1 m closer   to   shore 

Id The boundary layer   feature  i s  n o t  so obvious 
as  Figure 4 would indlcate, because  once  the 
probe t i p  encounters  ice, there 5s enough probe 
driving  energy  avail ab le  t o  me1 t some o f  it, 
possibly  diluting the samples and giving an 
erroneously low conductivity at   the  deepest  point.  
Nevertheless, the conductivity has a1 ready 
begun to   decrease   a t   the  second grea tes t  dep th ,  
which i s  a consistent feature, However, the 
magnitude of the  conductivity jump across  the 
boundary layer cannot be estimated very  accurately 
from these data. The result of an attempt  to 
improve the estimate by determining the conduc- 
t iv i ty   exac t ly  a t  the boundary from measured 
temperature and freezing p o i n t  data  i s  labelled 
F.P. i n  Figure 4. The e r ro r  bars are f o r  a tem- 
perature  uncertainty of 0.03 K ,  which may be 
optimistic,  because while the agreement i n  Figure 
4b is  sa t l s f ac to ry ,   t ha t  i n  Figure 4a is not. I t  
i s  concluded, however, t h a t  the conductivity  (or 
s a l i n i t y )  jump across  the boundary layer i s  typic- 
a l l y  very  small,  not much more than a few percent, 
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which i s  similar  to  previous  estimates  at   differ-  
ent  si tes  (Harrison and Osterkamp 1982). 

ELECTRICAL CONDUCTIVITY AT 25°C (S m") 
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FIGURE 4b Pore  water  electrical  conductivity 
( r igh t   p ro f i l e )  and blows ( l e f t   p r o f i l e )  a t  
hole 441-1981. May 28-30, 1981. The point 
labelled F.P. was estimated from temperature 
d a t a  i n  the same hole. 

I f  convection of the pore water i s  the domi- 
nant sa l t  transport  mechanism, i t  is  l i ke ly  t h a t  
the typical  vertical  component of velocity  consid- 
erably  exceeds  the thaw ra t e  (a 0.03 m yr'l 
700 m from shore). Otherwise a convecting parcel 
of  water would have t o  give up most of i t s  sa l t  
as i t  approaches  the  phase boundary, a condition 
t h a t  seems unlikely  because of the small s a l i n i t y  
variation i n  the  thawed layer. 

Pore Water Pressure 

The most d i r ec t  evidence so f a r   f o r  pore  water 
motion comes from a pore water  pressure  profile 
measured through the thawed layer a t  one s i t e .  
I t  was obtained w i t h  a commercial pneumatic 
piezometer  connected t o   t h e   f q l t e r  assembly of a 
pore  water  sampling probe. The result from a 
hole  about 441 m from shore i s  presented i n  
Figure 5 as  the  difference between pressure and 
hydrostatic  pressure. The 1 atter was calculated 
from the densi ty   prof i le  implied by the  known 
electr ical   conduct ivi ty   (sal ini ty)  of the  pore 
water; density i s  almost  independent of temper- 
a ture  under the prevailing conditions. The 
result shows a small deviation from hydrostatic 
pressure, which appears t o  be a real   effect ,  b u t  
w i t h  two qualifications.  First, the  pressure 

gauge used was calibrated before and a f t e r  use 
to  standards  traceable  to  National Bureau of 
Standards, b u t  the transducer was not .  However, 
the nonhydrostatic  effect  exceeds by  an order of 
magnitude any e f f e c t  of system  nonlinearity  as 
speciffed by the manufacturer (Sinco,  Seattle, 
WA). Second, the  effect   could be caused by a 
deviation  of the probe from the vertical  of lo" ,  
which seems extremely  unlikely b u t  not impos- 
s ib le .  The nonhydrostatic  effect ,  amounting t o  
about 0.23 m head over a depth of about 14 m ,  
appears t o  be real. 
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FIGURE 5 Pore water pressure minus hydro- 
s ta t ic   p ressure  i n  hole 440-1981, May 27-30, 
1981. 

Certain  other  observations  are  also  important. 
First, tide was measured by observing the level 
o f  water i n  a nearb  hole  through the sea  ice, 
referenced  to a prote driven securely  into  the 
sea bed; typical peak-to-peak amp1 i t u d e  was 
about 0.15 m. I t  i s  interesting  that  pore  water 
pressure  variations o f  approximately the same 
ampli tude and phase  occurred a t   l e a s t  below the 
5 m depth,  although  the  ice d i d  n o t  f l o a t   a t  the 
hole, and there was probably some seasonal ice 
formation i n  the  sea bed above 1.45 m depth.  The 
t ide  data  used to  correct  the  piezometer pressure 
data, which were obtained a t   d i f fe ren t   t imes  and 
therefore a t  d i f fe ren t  tides. Second f a i l u r e  
t o  o b t a i n  expected system resolution 17 mm head) 
a t  depths  less t h a n  4 m may have been instru- 
mental or  operator  related,   or may have been due 
to   the  time varying i n  situ conditions. Th i rd ,  
an exponentially  decaying  pressure  transient  after 
driving the probe was observed a t  depths  up t o  
3.3  m. Fourth,  the  point marked "freezing" i n  
Figure 5 was obtained  after  the  piezometer had 
been a t   t h e  phase boundary f o r  34 minutes and  

meter.  Fifth,  the  high  pressure a t  0.54 m d e p t h  
could be due t o  freezing i n  or around the piero- 

is probably  related  to  the  seasonal  freezing i n  



the  shal low  sediments  indicated  by  temperature 
and conduc t i v i t y   da ta .  

da ta   be l  ow 5.72 m. Its s lope   i nd i ca tes  an average 
head   g rad ien t   o f  -0.016, which  wot l ld   ind icate a 
downward. v e r t i c a l  component o f   po re   wa te r   ve lo -  
c i t y ,   t he   oppos i . t e   d i rec t i on   t o   wha t   wou ld   be  
caused by thaw  consn l   ida t ion ,   fo r  example. Given 
a rep resen ta t i ve   va lue  of 10 m y r - I  f o r   t h e  
hydraul  i c   c o n d u c t i v i t y   t o   p o r o s i t y   r a t i o .   d i s c u s s e d  
e a r l i e r ,   t h e   i m p l i e d   v e l o c i t y  component  would  be 
0.16 m yr- l ,  which i s  of the   expec ted   o rder   o f  
magnitude i n   t h e   l i g h t  of   previous  discussion, 
and t h e r e f o r e   s u g g e s t s   t h a t   t h e   e r r o r   i n   h y d r a u l i c  
c o n d u c t i v i t y  t o  p o r o s i t y   r a t i o   i s   n o t   l a r g e .  

The s o l i d  1 i n e   i s  a l e a s t  squares fit t o   t h e  

Summary 

The general  con'clusTon i s  t h e   f o l l  owing: S a l t  
t r a n s p o r t   i s   r a p i d   r e l a t i v e   t o   m o l e c u l a r   d i f f u -  
slon. The  mechanism i s  probably   convect ion of 
the   pore   water ,   w i th  a t y p l c a l   v e r t i c a l  component 
o f   v e l o c i t y  on t h e   o r d e r   o f  a few t e n t h s   o f  a 
meter   per   year .  

GRAVITY DRIVEN CONVECTION 

Pore  water  mot ion  can  provide  the  necessary 
r a p i d   s a l t   t r a n s p o r t ,  and  good e v i d e n c e   f o r   i t s  
occurrence now e x i s t s .  However, t o   p r e d i c t  
a n y t h i n g   f r o m   f i r s t   p r i n c i p l e s  such  as l i t h o l o g y  
and  sea bed  boundary  condit ions, we must  under- 
s tand  what   d r ives   tha t   mot ion .   For  example, i s  
the  energy  source  "external  ' I ,  driven  by  motionl l  
o f   t h e   o v e r l y i n g  sea  water, o r   i s  it " i n t e r n a l  , 
with  the  energy  source  below  the sea  bed? I n  
t h e   l a t t e r  case  the 1 i k e l y  energy  source  would 
b e   t h e   g r a v i t a t i o n a l   e n e r g y   o f   t h e   r e l a t i v e l y  
f resh,  and  therefore  buoyant,   water  re leased by 
thawing a t   t h e   b o t t o m   o f   t h e  thawed  layer.   This 
process will be c a l l e d   g r a v i t y   d r i v i n g ,  and we 
can  Invest igate  whether  the  energy it can  supply 
i s   s u f f i c i e n t   t o   e x p l a i n   t h e   o b s e r v a t i o n s .  A 
two-dimensional model i s  used. 

I f  the   pore   water   mot ion   i s   governed  by  
Darcyls  law, It i s   s t r a i g h t f o r e w a r d   t o  show 
t h a t   t h e   f r i c t i o n a l  power (F)  d i s s l p a t e d   i n   t h e  
pore  volume of  the  thawed  layer  i s  g iven by 

where g i s   t h e   g r a v i t a t i o n a l   a c c e l e r a t i o n ,  k i s  
t h e   r a t i o   o f   h y d r a u l i c   c o n d u c t i v i t y  and po ros l  ty, 
p r  i s  a reference  densi ty  used i n   d e f i n i n g  
the   head  un i t ,  v i s   t h e   p o r e   w a t e r   v e l o c i t y ,  and 
x and y a r e   t h e   h o r i z o n t a l  and v e r t i c a l   c o o r d i -  
nates. The  power (E) a v a i l a b l e   f r o m   g r a v i t a -  
t i o n a l   p o t e n t i a l   e n e r g y   r e l e a s e   i s   g i v e n   b y  

dY 

d t  
E = I B A p g Y - d d x  ( 2 )  

where B < 1 i s  t h e   f r a c t i o n   o f  Hz0 i n   t h e   s o l i d  
s t a t e   j u s t  below  the  phase  boundary ( B  < 1 i f  
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t h e   s a l t   c o n t e n t   i s  unequal t o  zero  there),  AP 

t h e  sea hed  and t h a t  a t  the  phase  boundary, Y i s  
i s   t h e   d e n s i t y   d i f f e r e n c e  between  the  water a t  

the  thawed  layer  th ickness,  and  dYIdt  i s   t h e  thaw 
r a t e .  The maximum energy  would  be  avai lable 
If B =1, and i f  Ap had i t s  maximum value 
(Ap max) cor respond ing   to   f resh   water   a t  
the  phase  boundary. I n   f a c t ,   t h e   a v a i l a b l e  
mechanical  energy will usual ly   be  cons iderably  
less,   because  of  i t s  t rans format ion   to   chemica l  
energy  by  d i f fusion. When s p a t i a l   v a r i a t i o n s  of 
Y and  dY/dt  are  ignored,  Equations (1) and  (2) 

: 
t h e   f o l l o w i n g   c o n s t r a i n t  on the  rms v e l o c i t y  

1 /2 p< [2Eq p r  d t  

FOE an  apparent ly   t yp ica l  !ea hed  sal i n i  ty  of 
43 / o o  dY/dt 0.03 m yr-  (700 m 
from  shore),  -and k = 10 m yr-1 (Har r i son  and 
Osterkamp 1982) t h i s   g i v e s  

J F <  0.1 m yr-1 

Since any c o n v e c t i n g   p o r e   w a t e r   v e l o c i t y   f i e l d  i s  
p r o b a b l y   h i g h l y   m - u n i f o r m ,  v could  be  consider-  
ab l y   l ess   t han  di?, 

The n e t   r e s u l t  o f  a l l   o f   t h e s e   f a c t o r s   i s  
t ha t   conse rva t i on   o f   ene rgy   app l i ed   t o   g rav i t y  
d r i v i n g  seems t o   i m p l y  mean ve loc i t i es   cons ide r -  
ab l y   l ess   t han  0.1 m yr-1. T h i s  seems too   l ow  
i n   t h e   l i g h t  of t h e   c o n c l u s i o n   a t   t h e  end o f   t h e  
prev lous   sec t ion .  

DISCUSSION 

A l t h o u g h   t h i s   c a l c u l a t i o n   r a l s e s   s e r i o u s  
d o u b t   t h a t   t h e   g r a v i t y   d r i v i n g  mechanism by 
i t s e l f  will be ab le   t o   exp la in   t he   obse rva t i ons ,  
we do n o t   f e e l   t h a t  i t  i s   e n t i r e l y   r u l e d   o u t   a t  
t h e   p r e s e n t   s t a g e   o f   f i e l d   o b s e r v a t i o n  and i n t e r -  
p r e t a t l o n .  A more  complete  in terpretat ion,  
w h i c h   i n c l u d e s   t h e   p o s s i b l e   e f f e c t   o f   c o n v e c t i v e  
d r i v i n g  from t h e  sea b e d   b y   s a l i n i t y   v a r i a t i o n s  
there ,   awa i ts   our   comple t ion   o f  a numerical 
c a l c u l a t i o n   o f   t h e   p o r e   w a t e r   v e l o c i t y   f i e l d .  
I n   t h e  meantime, it i s   c l e a r   t h a t   o t h e r   d r i v i n g  
mechanisms shoul d be  considered. 

This  has  been done a l r e a d y   f o r   t h e  most ob- 
v ious  of   the  possible  ' 'external  '' mechanisms, t h e  
dr iv ing   o f   pore   water   mot ion   by  sea su r face  wave 
act ion,   and I t s   e f f e c t  on s a l t   t r a n s p o r t   i n t o  
t h e  sea bed. H a r r i s o n   e t   a l .  (1983) have shown 
t h a t   t h i s   p r o c e s s ,   v i a  a mechanism  known i n  
ground  water  hydrology as mechanical  dispersion, 
i s   i m p o r t a n t  where   the   hydrau l i c   conduct iv i t y  
i s   c h a r a c t e r l s t i c   o f  sand, b u t   n o t   a t   t h e  West 
Dock where It i s  much smal ler .   This i s  another 
i l l u s t r a t i o n  of how the   phys i cs   o f   t he   t ranspor t  
mechanisms through  the  thawed  layer  depends 
c r i t i c a l l y  on hydrau l i c   conduc t i v i t y .  

It should  be  emphasized  that   the  br ie f  sum- 
mary i n   t h e  second  sect ion does n o t   d e s c r i b e   a l l  
t h a t   i s  known about  permafrost  i n   t h e  West Dock 
area, so t h e r e   a r e   p r o b a b l y   o t h e r   c l u e s   t o   t h e  
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processes operating there i f  one knew how t o  
interpret them. Possible examples a re  the u n i -  
formity of the phase boundary salinity,   higher 
s a l t  concentration i n  the  pore  water  than i n  
normal sea  water, and  the  presence of s ign i f icant  
amounts of brine below the phase boundary. None 
of these features i s  understandable w i t h i n  the 
framework of present ideas. We are  forced  to 
the  conclusion  that despite some progress, the 
evolution  of  subsea  permafrost  under  natural 
conditions i s  not well understood, even In the 
intensely  studied West  Dock area. I t  seems t o  
follow  that new ideas  are needed t o  predict the 
e f f ec t s  on subsea permafrost of fu ture  man-made 
disturbances,  such  as  hot  pipelines and well bores. 
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EXCAVATION RESISTANCE  OF  FROZEN SOILS 
UNDER VIBRATING CUTTINGS 
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This  paper   p resents  the dynamic   l abora tory   exper imenta l   s tud ies  of f rozen  
sands  and s i l ts  a t   t e m p e r a t u r e s   v a r y i n g  from -2'C t o  -11'C; u s i n g   v a r i o u s  
cu t t ing   ve loc i t ies  from 2mm per second to 18mm per second. The 6Hz vibration mode 
used was varied from 1.3mm amplitude t o  4mm amplitude.  Theoretical  analyses o f  
the   cu t t ing   res i s tance  of frozen sails under vibration  cutting  are  formulated to  
explain  the  fa i lure   character is t ics   obtained  during the experimental work. 

Energy r a t i o  v e r s u s   t h e  number of c o n t a c t s  per inch  of c u t t i n g  (Nc) p l o t s  
show a s imi l a r  tendency for both s i l t y  and sandy  frozen soil samples;  that i s ,  a s  
the energy rat io   increases ,  Nc increases. The contact  length between the  soi l  and 
t h e  t oo l  i n  a v i b r a t i o n   c y c l e  is inve r se ly   p ropor t iona l  t o  Nc. A t  h igh  Nc, t h e  
con tac t   l eng th  i s  too s m a l l  t o  cause   t he  s o i l  f a i l u r e  and t h e r e b y   i n c r e a s e s   t h e  
v i b r a t i o n   e n e r g y .   R e l a t i o n s h i p s   b e t w e e n   t h e   e n e r g y   r a t i o  and Nc a t   v a r i o u s  
amplitudes for both soil types, show  a greater  energy  requirement a t  4mm amplitude 
of v i b r a t i o n   t h a n   a t  1.3mm a m p l i t u d e ,   i n   s p i t e  of t he  i d e n t i c a l  d r a f t  energy 
reduction a t  both vibration  amplitudes. It is possible  that  by inducing  vibration 
of t h e   c u t t i n g  t o o l ,  a r e d u c t i o n   i n  d r a f t  energy  can be obtained and the reby  
excavation  process  can be e f f i c i en t ly  executed in  frozen ground. 

INTRODUCTION 

C o n s t r u c t i o n  o f  f o u n d a t i o n s   a n d  
in s t a l l a t ion   o f   unde rg round   s t ruc tu res   i n  the 
a r c t i c  and s u b a r c t i c   r e g i o n s   o f t e n   r e q u i r e  
e x c a v a t i o n   i n   f r o z e n   g r o u n d .   V a r i o u s  
investigators (Mellor, 1977; Nishimatsu, 1972; 
Harrison,  1972  and Wismer e t  al., 1972)  have 
reported the results of theo re t i ca l   a s  well a s  
e x p e r i m e n t a l   s t u d i e s  on  the  mechanics  of 
c u t t i n g  s a i l s  and r o c k s  u n d e r   d i f f e r e n t  
pa rame te r s   such   a s   w id th  of t o o l ,  rake angle ,  
c u t t i n g  dep th  and  speed.  Smith e t  a l .  (1971), 
Barkan  (19741, Burton et al. (1977) and Gohlieb 
e t  a l .   ( 1 9 8 1 )   r e p o r t e d   t h e   r e s u l t s  of 
e x p e r i m e n t a l   s t u d i e s   o n  coal,  rock and S o i l  
cu t t ing  by v ibra t ing  tools under  different test 
conditions  of  vibration  amplitude,   frequency, 
t o o l  s i z e  and  shape. Most of these r e p o r t s  
i n d i c a t e d   t h a t   t h e   c u t t i n g   r e s i s t a n c e  was 
r e d u c e d   s i g n i f i c a n t l y   w i t h   t h e   u s e  of t h e  
v i b r a t i n g   c u t t i n g  mode. S ince  t h i s  c u t t i n g  
mode requires  additional  energy t o  v ib ra t e   t he  
cu t t ing  tool, the  to ta l  energy  consumption per 
uni t   length of sail cut  has to  be compared with 
the   ene rgy   r equ i r ed  for s t a t i c  c u t t i n g  tQ 
e v a l u a t e  t h e  e f f i c i e n c y o f v i b r a t i o n   c u t t i n g .  
Very l i t t l e  data is available  regarding s ta t ic  
a s  well as dynamic cu t t i ng   cha rac t e r i s t i c s  of 
frozen soils. Excavation res i s tance  of frozen 
soi ls  under s ta t ic  loadings was studied by the 
a u t h o r s  (Phukan  and  Takasugi,  1982)  and t h i s  
work r e p o r t e d  here is an   ex tens ion  of t h i s  
earlier research work. 

The   paper   summar izes  t h e  l a b o r a t o r y  
s tudies  of dynamic cu t t ings  o f  frozen sand and 
silt samples a t  temperatures  varying from -Fc 
t o  -11'C. A v i b r a t i o n   c u t t i n g  mechanism  was 
designed and used t o  o p e r a t e   a t  6Hz v i b r a t i o n  
mode. The ampli tude of v ib ra t ion   was   va r i ed  
from l.3mm t o  4mm t o  o b t a i n   t h e   r e l a t i o n s h i p  
b e t w e e n   t h e   e n e r g y   r a t i o  and the  number o f  
con tac t s   pe r   i nch  of c u t t i n g  far both   f rozen  
s a i l  t y p e s .   T h e o r e t i c a l   a n a l y s e s   a r e  
f o r m u l a t e d  t o  e v a l u a t e  t h e  f a i l u r e  
cha rac t e r i s t i c s  of frozen soils under vibration 
cutt ing.  

LABORATORY STUDY 

Equipment 

The vibrating  cutt ing  device  consisting of 
a 3/4 H.P., DC motor with a gear  reduction box,  
f l y  wheel  and  toggle  linkage  was  designed and 
p r e p a r e d   a s  shown i n  Fig. 1. Th i s   dev ice  i s  
a b l e  t o  produce up t o  10 Hz frequency w i t h  
l2.7mm amplitude  vibration t o  the   cu t t i ng  t a d .  
The v ib ra t ion   dev ice   was   a t t ached  t o  t h e  
c u t t i n g  too l ,  t he   s ample   f eed   dev ice  was t h e  
same  one  used i n   t h e  s t a t i c  c u t t i n g  t e s t  
reported by  Phukan and Takasugi (1982). Due t o  
t h e   c h a r a c t e r i s t i c s  of the toggle  mechanism, 
t h e   s h a p e  of t he  v i b r a t i o n  was no t  a pure  
s i n u s o i d a l  wave. A t y p i c a l   w a v e   s h a p e  
generated by t h i s  device is shown i n  Fig. 2. 
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Measurement 

The horizontal force acting  an  the  cutt ing 
tool was  measured by s t r a i n  gages. Two sets of 
f o u r   s t r a i n   g a g e s  were g lued   an   l ink  CB (Fig. 
1). Prior t o  t h e   e x p e r i m e n t ,   t h e   c a l i b r a t i o n  
was obtained between s t r a i n  and force. 

A Gilmore a c c e l e r a t i o n   p i c k - u p  was 
i n s t a l l e d   a n   t h e   c u t t i n g   t o o l  and t h e   o u t p u t  
s igna l   was   i n t eg ra t ed  and amplif ied  by a 
Gilmore Model NS04 i n t e g r a l   a m p l i f i e r .   T h i s  
o u t p u t   s i g n a l  was  used t o  a c t i v a t e  t he  s t r a i n  
g a g e   c i r c u i t .  The o u t p u t  power ( f o r c e  x 
veloci ty)   was  monitored by a Hewlett-Packard 
plotter with  respect ta time. A second set of 
s t ra in   gages   was   used  t o  monitor  the  force 
a c t i n g  on t h e  c u t t i n g  t o o l ,  and t h e  farce was 
recorded on a Houston Instrument X-Y recorder 
with  respect to  the tranverse  length. 

S ince  t h e  ou tpu t  power of Model NS04 is 
too small to  ac t iva te   the   s t ra in  gage c i r cu i t ,  
a Condyna analog CQmpUter GP6 was connected 
between the integral   amplif ier  and the  s t r a i n  
g a g e   c i r c u i t .   D e t a i l s  of t h e  measurement 
system are  given by Takasugi (1982). 

Test  Procedure - 
I n i t i a l l y ,  the samples were placed  in the 

walk-in  cald room for  24 hour s  t o  a t t a i n  t h e  
required tes t  temperature. The temperature of 
t h e  s o i l  s a m p l e s  were m o n i t o r e d   u n t i l  a 
cons t an t  desired t empera tu re  (+ 0.5OC) was 
ab ta ined .  After they  remained for 8 hours  a t  
'constant  temperature,  the  prepared  samples were 
tested. 

Special   a t tent ion was given ta obtaining a 
f l a t   su r f ace  on the  sample t o  ensure a constant 
c u t t i n g  dep th  for  the e n t i r e  0.25m sample 
length .  Each sample  was  cut  by 6 t e s t  r u n s  a t  
var iaus   cut t ing  veloci t ies  from 2.5mm t o  20.3mm 
a t  a p a r t i c u l a r   v i b r a t i o n   a m p l i t u d e .  One of 
the s i x  test runs d i d  not employ the  vibrat ion 
mode. 

The power and the  cu t t ing   res i s tance  were 
monitored as the  sample was moved against   the 
vibrat ing  cut t ing taal. 

Test Results and Discussion "- 
The vibration  energy was measured by  means 

of t h e   v i b r a t i o n   v e l o c i t y  (VI and c u t t i n g  
res i s tance  (F). The vibration  energy (Ev) may 
be  written  as: 

E, SF'V d t  (1) 

similarly,   the  draft   energy  without  Vibration 
(Ed) i s  given by: 

Ed SFds (2) 
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The e n e r g y   r a t i o  versus Nc r e l a t i o n s h i p  
(Fig.  3) show  a s imi l a r   t endency   fo r   bo th  
samples ;   t ha t  is, t h e   i n c r e a s e  o f  the   energy 
r a t io   a s   t he  Nc increases. The contact  length 
be tween  the   so i l  and t h e   t o o l  i n  a v i b r a t i o n  
cycle is inversely  proportional  to  the Nc. A t  
higher N c ,  t h e   c o n t a c t   l e n g t h  i s  t o o   s m a l l   t o  
c a u s e   t h e   s o i l   f a i l u r e  and t h a t   i n c r e a s e s   t h e  
v ib ra t ion  energy. 

The r e l a t i o n s h i p   a t   v a r i o u s   a m p l i t u d e s  
between the   d ra f t   r a t io  and Nc is shown i n  Fig. 
4 and Fig.  5 fo r   f rozen  sand and f rozen  silt, 
r e spec t ive ly .   These   p lo t s  show a g r e a t e r  
energy  requirement   a t  3.81mm amplitude  of 
vibration  than  at  1.27mm amplitude, i n  s p i t e  of 
t he   i den t i ca l   d ra f t   ene rgy   r educ t ion   a t   bo th  
vibration  amplitudes. 

Results  at   different  test   temperatures  are 
a l s o  shown i n  Fig. 3 for   sand and silt.  These 
p l o t s   a r e   a l m o s t   i d e n t i c a l  and i n d i c a t e   t h a t  
the  temperature,  within  the  range  tested,  does 
no t   have   a   s ign i f i can t   e f f ec t  on t h e   r e s u l t s .  

THEORETICAL ANALYSIS 

In this   analysis ,   the   vibrat ion is assumed 
t o  be  a  pure  sinusoidal wave. Every t i m e   t h e  
cut t ing  taol   contacts   the  soi l ,   the   fa i lure  of 
t he   so i l  occurs. 

T h e   a c c e l e r a t i o n ,   v e l o c i t y   a n d  
displacement o f  the  cutt ing  taol  are  expressed 
as : 

Acceleration, X A'W2-cos(W't 1 (6)  

Velocity, X = A-W'sin(W't) = V (7) 

Displacement, X A ' ( 1  - cos(W*t)) = V ' t  (8) 

where 

V = cutting  velocity,  cm/s 

W angular  frequency,  rad/s 

A = vibration  amplitude, cm 

The r e l a t i o n s h i p  among d isp lacement ,  
velocity and acceleration  are shown i n  Fig. 6. 

C o n s i d e r   t h e   f i r s t   c y c l e   a f t e r  t = 0; t h e  
tool  velocity is zero a t  both to and tr: 

X ( t O )  A'W'sin(W'tO) V = 0 (9) 

X ( t r )  = A'W'sin(W'tr) = V = 0 ' (10) 

The t imes   a t  which these  occur  are  given by: 

1 V 

W A'W 
t = - sin(-) 

or 

1 V 

W A'W 
to n/W + - sin (-) (11) 

t Z = t + T  

where 

T = 2' S / W  

The t ime  t when t h e   c u t t i n g   t o o l   b e g i n s  
t o   c o n t a c t  i s  ca l cu la t ed   f rom  the   fo l lowing  
equation by t r i a l  and error. 

V q t O  A'(l-cos(W'tO)) 2 V ' t l  + A'(l-cos(W.tl)) 
(14) 

It i s  assumed t h a t   t h e   r e s i s t a n c e   a c t i n g  
on t h e   c u t t i n g   t o o l  is t h e  same a s  i n  t h e  
s ta t ic   condi t ion .  

Then 

t 2  - t l  
Draft Energy Ratio = (15) 

T 

The v i b r a t i o n   e n e r g y  i n  a c y c l e  may be 
calculated  as: 

E, = f t 2  F'A'W'sin(W*t) d t  (16) 
t l  

'he  vibration  energy  per  inch  cutting is: 

E = q'f/V 

where f = frequency  of  the  vibration 

Then the energy r a t i o  is: 

Ev'f t 2  - t l  
E , = -  = -  

V ' F  T 

The equation  (18) i s  p l o t t e d  i n  Fig.  6 aga ins t  
the number o f  contacts per inch  cutting, which 
may be expressed  as: 

N c  = f / V  

Fig, 6 shows that  except  for  small  values 
of E,, t he   ene rgy   r a t io   can   no t  be l e s s   t h a n  
u n i t y .  The c a l c u l a t e d   d r a f t   r a t i o  shows  a 
s imilar  tendency  of t h e  t e s t   r e s u l t s .  
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CONCLUSIONS 

1. I n  e v e r y   t e s t   c o n d i t i o n ,   t h e   c u t t i n g  
resistance was reduced with vibration by more 
than 60% i n  both soils. The r educ t ion   o f  
cutting  increased  as  the number of  contacts  per 
inch  cutting  increased. 

2. The  1.27mm amplitude  vibration and  3.81 mm 
amplitude  vibration showed the same percentage 
reduction  of  cutting  resistance, but  the 3.81mm 
amplitude  vibration  required  more  energy  than 
the 1.27mm amplitude  vibration. 

3. It was  found t h a t   t h e   t e m p e r a t u r e   o f   t h e  
samples d i d  not   affect   the   tes t   resul ts   a t   the  
range t e s t e d .  

4. A t  optimum  conditions,   which  are 1.27mm 
amplitude and about l2.7mm/s cutt ing  velocity,  
50% r e d u c t i o n  i n  t he   ene rgy   r equ i r ed   fo r  
cut t ing were  measured i n  both soi ls .  

5.  Once the  vibration  system  fails t o  operate 
properly due t o  overloading,  the  static  cutt ing 
res i s tance ,   which  is about   th ree   t imes  more 
than  dynamic resis tance,   acts  on the  vibration 
system,  This may produce inefficient  cutt ing.  

6. Most t r a c t o r s   h a v e  more than enough 
H o r s e p o w e r  t o  c o u n t e r a c t   t h e   c u t t i n g  
r e s i s t a n c e .  In most c a s e s ,   t h e   l i m i t a t i o n   o f  
the  drawbar   force  of  a t rac tor   depends  on t h e  
t rac t ion   tha t  its t reads can  develop, which is 
c o n t r o l l e d  by t h e   t r a c t o r   w e i g h t  and s o i l  
c o n d i t i o n .  By i n d u c i n g   v i b r a t i o n  of  t h e  
c u t t i n g   t o o l ,  a reduct ion  i n  t h e   d r a f t  can 
r e s u l t ,  thus allowing  smaller-sized  tractors  to 
be employed t o  do the same job. 

7. It i s  recommended tha t   fur ther   s ta t ic  and 
dynamic cu t t i ng   t e s t s  should be carried  out on 
f rozen   so i l s   a t   addi t iona l   t empera tures .  The 
geomet ry  of  t h e   c u t t i n g   t o o l   s h o u l d  be3 
i n v e s t i g a t e d   t o   a r r i v e   a t  a r ake   ang le   fo r  
minimum cutting  resistance.  The effect  o f  ice  
bonding on the   behavior  of f rozen  sails under 
d i f f e r e n t   f r e q u e n c i e s  and a m p l i t u d e s  o f  
v i b r a t i o n   n e e d s   t o  be inves t iga t ed .  Such 
r e sea rch  can  lead  to  a major  improvement i n  
excavation  techniques  for  frozen  soils. 
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FIG. 2 TYPICAL VIBRATION SHAPE 
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WINTER  CONSTRUCTED  GRAVEL ISLANDS 

Rupert G .  Tart, Jr. 

Woodward-Clyde  Consultants,  Anchorage,  Alaska 99503 USA 

This  paper  addresses  a  theoretical  assessment  of  the  performance of winter  con- 
structed  gravel  islands  with  respect  to  settlement. The  basis o f  the  material 
presented  is  our  work  during  the  recent  winters  in  which we have  inspected  several 
gravel  islands as they were constructed in the  Alaskan  Beaufort Sea as  well  as 
other  winter  constructed  gravel  pads.  Construction  procedures  used  to  build  the 
islands  are  summarized,  and  the  effect  of  technique  and  construction  materials  on 
the  subsequent  performance of the fill  is  addressed.  Our  observations  indicate 
that  total  island  Settlement  potential  is  primarily  dependent  on  the  in-place  dry 
density  of  fill. The actual  settlement  and  the  rate  of  settlement were found  to 
depend on the  thermal  environment.  We also  found  that  in  at  least  one  case  the 
island fill  was  stratified  into  three  distinct  layers  shortly  after  construction. 
This  paper  presents  opinions  developed  regarding  the  formation of these  strata  and 
how the  performance of the  island  relates  to  the  layers  formed. The methods  used 
to  make  these  observations  and  the  methods  used to estimate  thaw  strain  are  also 
covered. 

INTRODUCTION 

Designing  for  settlements  within  foundation 
fills  has  always  been  an  important  concern. 
This  is  especially  true  in  the  arctic  regions 
when  frozen  borrow  sources  are used in fills 
without  providing  time  for  the  materials to thaw 
between  excavation  and  placement. In  frozen 
~0116, the  pore  water  (ice)  is  a  solid  and  the 
dry  density  of  a fill constructed  from  reworked 
frozen  deposits  will  decrease  as  the  natural 
water  content  of  the  material  increases.  When 
these  fills  thaw,  substantial  settlements  can 
occur.  This  paper  addresses  this  phenomenon  as 
it  pertains  to  winter  constructed  gravel  islands 
in  the  Beaufort  Sea. 

Exploration  drilling  offshore  in  the 
Alaskan  Beaufort Sea 1s typically  performed  from 
man-made  gravel  islands  built  with  frozen 
materials.  Because  thaw  strains  of  close  to 25% 
have  been  recorded  within  portions of existing 
man-made  islands  (Scher 1982). it  is  critical  to 
be  able  to  estimate  settlement  during  design. 
Fairly  accurate  estimates  of  settlement  within  a 
frozen  5111  can  be  made  if  the  as-placed  densi- 
ties  of  the  material  are known, All  settlements 
in  granular,  fills  including  thaw,  creep,  and 
consolidation,  are  dependent on the  dry  density 
of  the  in-place  material.  However,  there  are 
many  variables  that  control  in-place  density 
such  as  soil  gradation,  moisture  content  of  the 
undisturbed  soil,  environmental  conditions  at 
the  time  of  construction  (temperatures,  precipi- 
tation, etc.). and  the  medium  in  which  the  fill 
material  is  placed,  air  or  water. 

Winter  constructed  gravel  islands  are 
typically  built  between  January  and  April. 
Construction  generally  begins  as soon as the  sea 
ice is sufficiently  thick  to  build  ice  roads 
capable  of  supporting  gravel  hauling  equipment. 
The procedure  to  build  the  islands  is  basically 
to: (1) construct  an  ice  road  to  the  site, 
( 2 )  cut  and  remove  the  sea  ice  at  the  site, 
(3) haul  gravel  and  dump  it  through  the  ice,  and 
( 4 )  once  the  gravel  has  surfaced  above  the  water 
line,  spread  and  compact  the  material  in  thin 
lifts  until  the  design  freeboard  is  reached. 

the  performance, i n  terms of settlements, of 
man-made  islands  built  during  the  winter  with 
frozen  fill i n  the  Alaskan  Beaufort  Sea. In 
addition,  techniques  are  discussed  for  pre- 
dicting  settlement  within  man-made  islands  built 
with  frozen gravels. 

The  remainder  of  this  paper  will  focus on 

ABOVE  WATER FILL 

The  above  water  fill  is  typically  placed  in 
lifts  and  compacted;  the  final  dry  density  being 
a  function  of  the  materials,  ice  content.  and 
the  amount  of  compactive  effort  during  place- 
ment, 

rationale  has  been  used.  The  in-place  fill 
consists o f  solid  borrow  and  newly  created  voids 
which form during  placement.  This  solid  borrow 
would  contain  both  mineral  and  ice. The  fill 
voids  would  contain  air  in  the  above  water  zone 
of  the  fill  and  seawater  in  the  below  water  zone 
of  the  fill.  Since  the  gravel  sources  used  were 

To estimate  the  dry  density,  the  following 
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almost  always  found  to  be  saturated,  we  have 
assumed  there  were  no  air  voids  in  the  frozen 
chunks  that  were  excavated. Thus,  knowing the 
moisture  content  and  specific  gravity  of  mineral 
solid, we can  determine  the  density  and  void 
ratio of the  borrow  material.  Details  of  these 
calculations  are  given  by  Tart (1982). 

Estimates  of ef, the  fill  void  ratio 
considering  both  ice  and  mineral  as  solids, can 
be  made  by  assuming  the  dumped  frozen  chunks  of 
borrow  material  act  as  individual  grains  and 
form a  mass  with  a  void  ratio  similar  to  void 
ratios  of  dumped  sands  and  gravels. I n  loose 
conditions, a realistic  value  of  ef  probably 
falls  between 0.3 and 0.6. 

Using  an  assumed  specific  gravity of 
solids, G , = 2 . 7 .  and  the  rationale  described 
above,  FiEure 1 was  developed.  From  Figure 1 
estimates o f  dry  density of a  fill  constructed 
o f  saturated  frozen  chunks  can  be made, if  e 
can  be  estimated  and  the  borrow  moisture  congent 
are  known. 

0 0.4 0.6 0.8 

FILL VU10 RAT10 IlNCLUDlNO BORRUW ICE AS SOLID). 01 

FIGURE 1 Chart  for  estimating  as-placed  density 

Laboratory  and  field  data  by  Clark (1970) 
and  others  have  reported  that  the  dry  density  of 
a  frozen  fill  is  inversely  proportional  to  the 
moisture (ice)  content  as  indicated i n  Figure 1. 

response of frozen  materials  at  a  given  moisture 
content  to  compactive  effort  in  the  field  can  be 
simulated  in  the  laboratory  using  procedures 
similar t o  those  used  for  unfrozen  materials. 
The  frozen  compaction  tests  differ  from  standard 
laboratory  compaction  tests i n  that  the  samples 
remain  frozen and  the  moisture  content  is not  
changed. Thus, the  maximum  and  minimum  densi- 
ties  determined  by  laboratory  tests  can be used 
to  predict  in  situ  field  densities  by  using an 
approach  very  similar  to  the  approach  used  in 
thawed  fills. 

As the  above  water  fill is placed  conven- 
tional  field  density  tests  can  be  made.  Sand 
cone  density  tests  can  be  relatively  accurate. 
However,  since  the  chunks  can  be  large,  a  foot 

Further.  our  experience has  shown that  the 

or  more  in  some  cases  where  the  borrow  moisture 
content  is  high,  caution  must  be  exercised  in 
using  the  sand  cone  to  assure  the  volume  filled 
with  sand  is  representative o f  the  volume of 
material  removed  and  weighted.  Nuclear  density 
tests  can  be  made  as  long  as  the  instrument  is 
not  left  in  the  cold  for  extended  periods  and 
care is used t o  prevent  densification  as  the 
probe  is  driven  into  the  ground. 

A third  method  fot  obtaining  in-place 
densities is the  chunk  density  test  which  was 
described  previously by Tart  and  Luscher (1981). 
In this  method  the  zone  to  be  tested  is 
sprinkled  with  water.  After  the  water  freezes, 
a  chunk  of  material i s  removed  and  a  bulk 
density  determination  can  be  made of the  frozen 
chunk.  Moisture  contents  are  determined  from 
samples  adjacent  to  but  outside  the  flooded 
area. 

moisture  contents were around lo%, average 
as-dumped  densities  have  been  observed  to  be 
around 90 pcf.  (Dry  densities  as low as  around 
70 pcf  have  been  observed  when  borrow  moisture 
contents were near 30X.) The 90 pcf  density 
fill reached  could  be  compacted t o  densities of 

For  above  water  fills  where  borrow  source 

105-110 pcf. 
Our  field  observations  indicate  that  the 

effect of compactive  forces  applied  decreased 
significantly  with  depth in a  given  lift. The 
density  in  the  upper 2-5 in.  was  usually  close 
to  the  maximum  dry  density  as  determined  in  the 
laboratory,  The  next 2-4 in.  was  usually  a 
transition zone, and  the  density  of  the  re- 
maining  bottom  portion o f  the  lift  appeared  to 
have  not  been  affected by compaction  equipment, 

significant  increase  in  density  that  could  be 
related t o  a  specific  type of compaction 
equipment.  Equipment  used  included  a  grid 
roller,  a  vibratory  roller,  and  a  sheepsfoot 
roller.  Most of the  increase  in  density  took 
place  when  the  dumped  gravel  was  spread  and 
leveled.  Compaction  tests  taken  immediately 
after  spreading  gave  densities  that were 
generally  as  high  as  those  where  compaction 
equipment  had  been  used,  indicating  that  the  use 
of  compaction  equipment  was  not  effective.  From 
this, we believe  that  careful  spreading  of  the 
material  in  thin  lifts  followed  by  rolling  with 
the  gravel  hauling  equipment  will  result  in  as 
much  productive  compactive  effort as the  use of 
any  of  the  above-mentioned  standard  compaction 
equipment. 

Further, we could  not  observe  any 

BELOW WATER FILL 

Winter  construction of the  below  Water 
portion  of  the  island  is  accomplished  by  simply 
dumping  the  frozen  gravel  through  a  hole  in  the 
ice. In the  past  there  has  been no effort  to 
mechanically  compact  the  below  water  fill.  By 
the  time  the  gravel is mined  and  hauled  to  the 
construction  site,  it  has  cooled  to  roughly  the 
ambient  temperature (-15'F in  late  January  at 
Prudhoe Bay). When  this  gravel is dumped  in  the 
sea,  which  has  a  temperature  near 29'F, it 
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begins  to  remove  heat  from  the  water  with  which 
it has  contact, and  some  additional  ice is 
formed . 
or  may fill  a  significant  portion  of  the 
available  void  space.  Standard  thermal 
calculations  can  be  used  to  estimate  the  amount 
of  ice  that  would  be  formed  by  estimating  the 
temperature  of  borrow  (gravel/ice)  mass when it 
stops  dropping  and  estimating  the  temperature  of 
the  seawater  trapped i n  the  voids.  Since 
convection  would  cause  warming  of  the  borrow 
material  as  it  drops  further  through  the  water, 
one  would  expect  more  ice  in  the  upper  portions 
of  the  fill. 

Similar to  above  water  fill.  the  material 
underwater  can  be  assumed t o  fall into  a  loose 
state  with  a  void  ratio  somewhere  between 0.4 
and 0 . 6 .  By  assuming  a  degree of saturation, 
usually 1002, an  unfrozen  moisture  content  can 
be  estimated. 

The  formation  of  additional  ice  in  the  fill 
as  it is dumped  in  the  water is suggested  by  the 
steep  island  slopes  formed  below  water  reported 
by  Galloway  et  al. (1982) .  Observed  above 
water,  the  angle  of  repose  of  the  frozen 
material  was  about 35-45' (32' thawed). 
However,  underwater  the  island  slopes  were  found 
to  be  between 60" and 80" from  horizontal, 

The  existence of the  steep  underwater 
slopes  seems  to  indicate  the  presence  of  addi- 
tional  ice  and  to  imply  that  slumping  will  occur 
when  the  material  thaws  during  the  summer 
months. In  addition,  thaw  or  degrading  of  sea 
ice  formed  in  the  frozen  fill  could  occur  in  the 
winter  months  at  the  base  of  the fill  in  deep 
water. The  average  underwater  slope  angle  also 
appears  to  be  not  only  a  function  of  temperature 
and  initial  ice  (freshwater)  content,  but  also 
water  depth.  While we have  not  investigated 
this i n  detail,  it  appears  as  the  water  depth 
increases,  the  average  slope  angles  will  de- 
crease,  possibly due to  warming  of  the  gravel. 

The design  material  volume  of  the  island 
should  be  sufficient  to  allow  the  slumping  of 
slopes  from  the  initial  average  slope  of  around 
0.6 horizontal  to 1 vertical (0.6H:lV) t o  the 
summer  average  slope  of  around  3H:lV. This  can 
be  accomplished  by  making  sacrificial  beaches 
around  the  island  perimeter  which  contain  enough 
material  to  allow  the  -slumping  to  3H  to 1V 
without  losing  required  working  space  on  the 
island  slough.  Another  method o f  accomplishing 
this  same  goal  is  to  groom  the  slopes  to  3H:lV 
during  construction. 

Actual  measurements of the  underwater  fill 
densities  could  not  be  obtained.  For  saturated 
fills  the  most  definitive  method of establishing 
the in situ  density  would  be  to  obtain  undis- 
turbed  samples  of  the  fill. Until  recently,  the 
techniques  used  for  this  have  been  unsuccessful. 
Drive sampling  densifies  and/or  remolds  the 
material.  Rotary  drilling  with  mud  melts  the 
ice  and  disturbs  the  particle  structure  in  the 
samples.  Even  with  refrigeration,  these i s  some 
melting  and  physical  alteration  to  the  sample 
perimeter. In  addition,  the  core  water is 
frequently  contaminated  by  drilling  fluid. 

This  new  ice  may be  only  a  surface  coating 

Recognizing  the  problems  with  existing 
sampling  techniques,  a  series  of  borings  were 
made  through  the  island  fills  to  mudline  and 
split spoon samples were obtained. The 
densities  measured  on  the  limited  samples 
retrieved  from  the  below  water  averaged  about 
80-85 pcf,  with  moisture  contents  about 25-30%. 
This suggests  saturations  of  only  about 75%. 
This  saturation  seems  low,  since  water  was 
observed  to  flow  into  the  boreholes,  which  would 
indicate  Saturations  closer  to 100%. Assuming 
100% saturation,  the  dry  density  should  be 
expected  to  average  about 90-95 pcf. 

done  as  well  as  laboratory  modeling to better 
determine  the  actual  condition  of  frozen 
materials  dumped  in  cold  seawater.  During  the 
winter  of 1982 an  experimental  technique  was 
used  to  core  the  frozen  and  partially  frozen 
gravel  fills.  Very  cold  air  and  a  thin  kerfed 
bit  were  used  which  allowed  the  bit  to  cut  with 
minimal  friction  and  grinding. .This technique 
produced  a  frozen  core  which looks very  much 
like  a  concrete  core,  with  ice  replacing  the 
cement. The experiment  proved  the  mechanics  of 
the  technique  to  be  sound.  However,  because 
there  was  not  enough  moisture in the  gravel 
samples to  securely  bond  the  particles  when 
cooled, no undisturbed  samples  were  recovered. 

Additional  below  water  sampling  should  be 

ISLAND ZONES 

Various  borings  made  shortly  after 
completion of construction  indicated  that  the 
fill  material  existed i n  up  to  three  zones o f  
individual  conditions o f  moisture  content, 
phase,  and  structure  depending on the  water  at 
the  island. The  material  above  the  waterline 
had  approximately  the  same  moisture  content  it 
had  before  it  was  excavated.  Below  the 
waterline,  the  moisture  contents  increase  to 
near  saturation.  However,  the  percent  frozen 
moisture  appeared  to  decrease  with  depth. The 
two  underwater  zones  are  distinguished  by  the 
change  in  unfrozen  moisture  content.  Figure 2 
illustrates  these  three  zones. The  figure  also 
presents a theoretical  gravel-ice-  water  matrix 
of  the  material  in  each zone at  that  time. 

FIGURE 2 Three  zones of gravel  island 
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One  explanation  of  the  formation of the  two 
underwater  zones  is  that  when  the  gravel  parti- 
cle is dumped  in  the  water,  it  quickly  cools  the 
surrounding  water,  forming  additional  ice. 
However,  the  longer  it I s  moving  (dropping) in 
water,  the  more  it  warms,  approaching  the 
seawater  temperature.  As  this  happens,  the 
additional  ice  formed,  plus  some  of  the  initial 
ice  content,  may  melt. Thus,  below  a  certain 
depth,  the fill  has  more thawed  moisture  content 
than  frozen.  Near  the  water  surface  the  amount 
of unfrozen  pore  water can be  very  low. The 
physical  separation  of  these  two  zones  is 
apparent  when  a  large-diameter  hole  is  drilled. 
Several  feet  below  the  water,  surface  water 
flows  into  the  hole. We estimate  that  near  this 
elevation  the  unfrozen  moisture  content  ap- 
proaches 50%. Below  this  elevation  the  unfrozen 
moisture  content  increases. 

An  advancing  "freeze  front" o r  "freeze 
plane" can also  contribute  significantly  to  this 
development of two  distinct  underwater  zones. 
The  construction  technique  used  on  several 
islands  has  been  to  develop  a  full  diameter 
surface  of  the  island  to  an  elevation  near  sea 
level,  then  build  to  a  design  freeboard 
elevation.  During  this  period  that  the  island 
surface  is  near  sea  level,  the  "freeze  front" 
has  the  opportunity  to  advance  into  the  upper 
portion of the  below  water  fill. In one case  we 
have  observed  water  flowing into a  shallow 
(3-5 ft)  pit  made  during  construction when the 
island  elevation  was  at  elevation +2 to +3 ft. 
After  about 3 weeks  and  the  addition of 10-13 Et 
more  fill,  this  "apparent"  freeze  level  was 
observed  at  an  elevation  near -8 Et. 

This seems to  be  a  somewhat  rapid  advance 
rate,  and  it  seems  possible  that  water  flowing 
into  the  earlier  shallow  pit  could  have come 
from  water  entrapped  as  the  gravel  was  pushed 
over  the  edge  of  the  island  surface  during 
construction.  More  observations  are  necessary 
to be more  conclusive  about  the  zone  formation 
process. 

The  existence  of  the  three  zones has only 
been  observed in the  period  immediately  after 
the  fill  material  is  placed (1-2 months). 
Borings  made  through  one  island  a year after 
construction  indicated  that  changes  had  occurred 
in  the  state of the  pore  waters.  Analyses  of 
the  data are not yet  available  to  explain  the 
changes. 

SETTLEMENT MECHANICS 

Each of the  three  zones  should  be con- 
sidered  separately  in  characterizing  the  total 
settlement  in  the  island.  Scher (1982) has 
presented  data  Indicating  that  the  unit  thaw 
strain  in  remolded  frozen  gravel  fills i s  a 
function of the  in-place  dry  density.  However, 
this  relationship  has  only  been  tested  in 
gravels wirh no unfrozen  moisture  content.  From 
Scher (1982), thaw  strains  in  Zone 1 have  ranged 
from  roughly 10-25% depending upon the  fill  dry 
density  and  the  maximum  density  the  thawed  fill 
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To obtain  the  temperature  profile  for 
correlation  with  these  movement data, thermistor 
strings can  be  installed  in  I-in. PVC tubing 
filled  with  glycol. 

To  measure  lateral  movement  of  the  islands, 
slope  Indicator  casings  can  be  installed.  These 
casings  are  most  easily  installed  in  conjunction 
with  the  Sondex  casings, The  slope  indicator 
casings will provide  the  stiffness  for  the 
flexible  Sondex  casing  and  prevent  it  from 
collapsing. It would  also  provide  a  one- 
location  source  of  both  lateral  and  vertical 
movement  data. 

In Figure 3, typical  temperature  curves 
that  could  be  observed  from  a  winter  constructed 
gravel  island  during  the  first  summer  after 
construction  are  plotted. In Figure 4 the 
expected  shape  of  the  accumulated  settlement 
versus  depth  curve  is  presented.  This  curve 
represents  settlement  that  could  be  expected  to 
occur  during  the  summer  thaw  season.  The  rate 
of  settlement  in  a  stratum  can  be  implied  from 
the  slope o f  the  settlement  curve.  Our 
observations  indicate  that  the  seafloor  sedi- 
ments  settle  at  a  slower  rate  than  any  portion 
of the  fill. In  Zone 3 the  rate of settlement 
i s  more  than  that  of  the  natural  sediments  but 
less than  that  in  Zone 2 .  In  the  lower  portion 
of Zone 1, where  active  thaw  settlement  is 
occurring,  the  slope  is  the  steepest. 
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FIGURE 3 Typical  temperature  profiles 

SETTLEMENT 

FIGURE 4 Typical  settlement  profile 

From  this, we believe  that  settlement in 
Zone 3 is  occurring  as  a  result  of  the slow 
degradation  of  the  frozen  material  in  this 
portion  of  the  fill  as  a  result o f  the  high 
percentage of unfrozen  moisture.  Much  of  the 
Zone 3 settlement  probably  occurred  during 
construction,  before  measurements  could  be  made. 
In Zone 2 .  the  additional  unfrozen  moisture 
probably  resulted  in  a  looser  structure 
initially  which  also  is  degrading  as  a  result of 
gradual  infiltration  of  the  seawater.  This 
results  in  a  slightly  higher  rate  of  settlement 
in  this  zone.  Above  sea  level  in Zone 1, the 
high  rate  of  settlement I s  a  result of thaw 
settlement  resulting  from  the  advance  of  the 
thaw  front  from  the  surface of the  island. In 
this  zone,  even  though  there  was  some  compactive 
effort  placed on the  fill  which  increased  its 
initial  density 5-20 pcf  above  that  of  the  below 
water fill, the  influence  of  the  warming  air 
through  this  nonsaturated  portion  of  the  fill 
results  in  an  accelerated  rate  of  settlement. 
Near  the  ground  surface in Zone 1 the  settlement 
rate  decreases to near  zero  because  thaw  settle- 
ment  occurred  in  this zone prior to instrument 
installation. 

CONCLUSIONS 

The  experience  reported  herein  demonstrates 
that  short-term,  above  water  settlement  in 
winter  constructed  islands  can  be  reasonably 
predicted  once  the  in-place  density  is 
determined,  the  maximum  dry  density  is  defined, 
and  the  depth of thaw  is  established.  Further 
methods for estimating  these  densities  have  been 
presented  based  on  in  situ  moisture  content 
measurements  and  in-place  void  ratio  approxima- 
tions.  Long-term  thaw  strains  in  the  below 
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water  portions of the  fill  could  be  large  if 
in-place  densities  are  found  to  be  low. 
However, it  is  likely  that  some of the  settle- 
ment  in  these  lower  zones  occurs  during  con- 
struction  and  that  the  rate  of  subsequent 
settlement  in  these  zones  is  relatively low. 

studied  further  to  confirm  settlement  estimates 
and  long-term  stability  predictions.  These 
studies  may  include  long-term  monitoring  and 
detailed  sampling  of  the  fills  at  various  time 
intervals  to  relate  the  amount  of  settlement  to 
the  changes  in  the  in-place  density. In 
addition,  because o f  the  relatively  undefined 
structure  and  condition of the  below  water  fill, 
laboratory  tests  could  be  used to model  the 
response  of  frozen  soil fills placed  in  cold 
seawater. 

Winter  constructed  gravel  islands  should  be 
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SHORELINE REGRESSION: ITS EFFECT ON PERMAFROST AND THE 
GEOTHEfX4A.L REGIME,  CANADIAN  ARCTIC ARCHIPELAGO 
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In the  Queen  Elizabeth  Islands of the  Canadian  Arctic  Archipelago,  the  late 
Quaternary  event  with  the  most  profound  influence on ground  temperatures is 
shoreline  regression  accompanying  post-glacial  isostatic  uplift, The  coastal 
margins o f  many  islands  have  experienced  hundreds to several  thousand  years o f -  
submergence  since 8,000 years ago. The  effect  on  the  geothermal  regime is far 
from  subtle  because of the  large contrast  between arctic  air temperatures and 
sea  temperatures. 

Permafrost  thicknesses  measured  today  reflect  this  surface  temperature 
history. Two deep  wells 1 h apart on Cameron  Island  have  measured  permafrost 
thicknesses  of  726 and 660 m; the  geothermal  analysis  attributes  the  difference 
entirely to  the first, and higher,  site  having  emerged  from  the  sea  around 7,000 
years B.P.. about 2,000 years  before  the second. Inland  sites on the  Sabine 
Peninsula of Melville  Island  may  have, in a  similar  lithology,  permafrost  twice 
as thick as  at coastal sites. The geothermal  analysis  explains  this  variation 
in terms of a  simple  sea  regression  model  derived  from  emergence  curves 
published  for  the region. 

INTRODUCTION 

In a  pioneer  permafrost  study,  Misener  (1955) 
examined  a  deep  temperature  profile at Resolute 
in the  central  part  of  the  Canadian  Arctic 
Archipelago and calculated a high  outward  flow 
of heat. Terrestrial heat flow  originates 
largely from  radioactive decay  deeper  within the 
crust and upper  mantle, and this  value  for 
Resolute  was  considered  anomalous f o r  the 
geologic setting. This  prompted  Lachenbruch 
(1957) to undertake an extensive  study of the 
thermal  effects  of  the  ocean on permafrost and 
on the  geothermal  regime in arctic  regions, The 
Resolute  temperature  cable  (site "0" in area E. 
Figure 1) is about 350 m  inland from  the  modern 
shoreline to  which  the sea  has  regressed  since 
the  last  glacial epoch. Lachenbruch  showed  that 
the  enhanced heat flow could  be  attributed 
partly to  the proximity of the  ocean and partly 
to a  geothermal  regime  still  reflecting the  much 
higher  surface  temperature  conditions  when the 
site  was  submerged  following  deglaciation. 

For  over a decade  following the  Resolute 
measurements, few other  deep  ground  temperature 
data  were  available  for  studying  the  influence 
of a  paat  surface  temperature  history  on  present 
subsurface  temperatures.  Concurrent  with the 
accelerated  petroleum  exploration in the 
Canadian  Arctic  since  the  late 1960gs, an 
extensive  data  set of subeurface  temperatures 
has become  available  (Judge 1973a. Taylor  et al, 
1982, and preceding  volumes  referenced in the 
latter). In this  paper, the  data set will  be 
surveyed  for  wells  that  reflect the shoreline 
regression  history, and the  effect  on  permafrost 
and present  ground  temperatures  will be 

calculated at a number of sites. A full 
palaeoclimatic  reconstruction at all the  sites 
will  be  left  to  a  later paper. 

THE U T E  QUATERNAFlY HISTORY 

Much  interest  has  developed  over the past 
decade  on  the  extent of glacial ice cover in the 
Queen  Elizabeth  Xslands  during  the  late 
Wisconsin (e.g.. Blake  1970,  Prest 1970, 
Paterson  1977,  Sugden 1977). Geological 
evidence  favours a lack of continuous ice cover 
over the central  portion of the  region  for  the 
past few  tens o f  thousands of years  (England 
1974,  Hodgson  1982), The break-up of this  ice 
may  have  begun by 11,000 BP  but most of the 
Inter-island channels  were  freed  of  glacial  ice 
by 9,000 BP, probably  all by 8,000 BP  (Blake 
1972). Many  islands  exhibit  marine  terraces to 
100 m  above  present  sea  level and the  dating of 
materials  found in these  beaches  suggests 
emergence o f  such  magnitudes  from  the  sea  has 
occurred  since  that time. Curves  drawn for 
various  areas  using  these  dates  demonstrate  the 
shoreline  regression  history  for  the  Archipelago 
(Henoch  1964,  Walcott  1972,  McLaren  et al. 1978; 
Figure 3 ) .  

The  gentle  topographic  relief  of some of  the 
islands  has  resulted in land  several  kilometres 
from  the  present  ocean  having  experienced  this 
recent  bimodal  history (e.g. Sabine  Peninsula, 
Figure 2), Because of the  large  contrast in sea 
temperatures.  this  history o f  inundation 
followed by the  present  subaerial  conditions 
represents  a  major  thermal  event  for  the  coastal 
margins of many of the  islands, 

1239 
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FIGURE 1 The  Canadian Arctic Archipelago  showing  the  distribution of sites 
discussed in this paper. The  major geologic provinces are labeled by open 
lettering. A and B represent  the  Sverdrup Basin. The stipled area is the 
Sabine  Peninsula  (Figure 2 ) .  C is the  Franklinian  Geosyncline, D the  Arctic 
Platform, E the  Cornwallis  foldbelt, and F the  Coastal  Plain,  The  measured 
permafrost thicknesses are in metres and the Earth Physics Branch file numbers 
are in brackets (Taylor et al. 1982), 

A further  treatment of Holocene history and 
its geothermal implications is given in 
Desrochers ('1983). 

THE GEOTHEFNAL ANALYSIS 

Temperature  changes impressed upon  the 
earth's surface are preserved for  considerable 
periods o f  time  because  of  the  low  thermal 
diffusivity o f  rock and are propagated downwards 
with an amplitude  that  diminishes  exponentially 
with  depth and with a phase  that  lags  the 
causative  change at the surface, The  geothermal 
temperatures  measured  today  may be considered to 

have imbedded in them  the  steady state thermal 
regime  typical  of  the geologic environment and a 
superposition o f  transient effects arising from 
a  time aeries of surface  temperature 
variations. In  traditional heat flow studies, 
these  transient  effects are stripped away to 
leave  a  residual  thermal  regime  that  reflects 
the  underlying  geology (e.g. Birch 1948): here 
we find particular value in the  magnitude o f  
these  transient  contributions  themselves, as 
they  relate to our understanding of Holocene 
history. 

used to  calculate  the  effects of these  surface 
temperature  variations  on  subsurface 

The  classical  theory o f  heat  conduction is 
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FIGURE  2  The  Sabine  Peninsula area, Melville 
Island. The stipled area is presently below 
60 m ASL, and was  subject to late  Wisconsin 
marine  submergence  (McLaren and Barnett 1978). 
Five  sites  with  deep  temperatures are shorn. 

temperatures. The  method is basically 
one-dimensional and the linear equations  mag be 
solved analytically for  many problems. Gold and 
Lachenbruch  (1973)  suggest  that  other heat 
transfer  mechanisms  can be disregarded in thick 
permafrost because  groundwater i s  largely 
immobilized either as ice or by surface forces. 
The  latent heat of a phase  change  may be 
neglected in considering  the  overall  thermal 
regime if there is not appreciable  movement  of 
an ice-rich permafrost boundary. 

sumaries appear in Yaeger (1965) as it applies 
to  traditional heat flow corrections, and in 
Gold and Lachenbruch (1973) for permafrost 
environments in particular. 

The  theory  will  not be outlined here; concise 

THE DATA 

Precise  temperature profiles to depths of 
hundreds of metres are available  for  more  than 
40 sites in the  Canadian Arctic Archipelago 
(Table 1 and Figures 1 and 21, Present  mean 
surface  temperatures are largely independent of 
elevation or geographic position throughout  the 
region. Consequently, the  wide  variation in 
permafrost thicknesses  may be attributed to  the 
lithology (through  the  thermal  conductivity) and 
the past surface  temperature history at each 
site (Judge 1973b). For  our  calculations, 

estimates  of  thermal  conductivity have been made 
from  measurements in our laboratory on rock 
chips recovered during  drillinB and from 
porosities calculated from  well  logs;  the 
general  method has been described by Sass et al. 
(1971) 

RESULTS 

The  two  Bent  Horn  wells  on  Cameron  Island 
(sites  196 and 286,  area C of Figure 1) have 
measured  permafrost  thicknesses of 126 m and 660 
m respectively, although they are only 1 km 
apart. We hypothesize  that  the  difference in 
permafrost thickness  may be attributed to the 
shoreline  regression in the  area*  Both  sites 
would have been sub-sea from  the  time  when  the 
inter-island channels  were freed of glacial ice 
until  the  time  of emergence. We assume 8,000 
years BP for  the  first  date as a  conservative 
estimate  (Blake 1972). Emergence  curves 
(Walcott  1972)  suggest  that  the  site at higher 
elevation,  number  196, emerged about 1,000 years 
ago, and the  lower  site about 2,000 years  later 
(Table 2 ) .  To  test  the hypothesis, we assumed 
surface  temperatures  while inundated by t h e  cold 
sea  were 15 11 higher than  when subaerial, and 
applied the  climatic  correction  (Jaeger, 1965) 
to data from  the Bent Horn wells. The  analysis 
predicts temperature  profiles  that would be 
expected today, had the  marine  episode  not 
occurred. The permafrost thicknesses extracted 
from  these calculated temperatures are 

I 
.6 f 

A Eost Coast Curve 
)South Coast Curve 

.40 C 

FIGURE  3  The  three  principal  emergence  curves 
for Melville  Island  (Henoch 1964, HcLaren and 
Barnett 1978). The inset depicts  the  localities 
where samples were  collected  to  establish  the 
curves and the  locations o f  the six geothermal 
sites  on  Melville  Island, 
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TABLE 1 Geothermal Sites in the Canadian Arctic Archipelago 

BPE Site Name 
No. 

Latitude Longitude Temperature Logs Permafrost Elev Inferred Time since 
N W I t2/tl 

max O'C tm ASL) (yrs B P )  
(m)  (m) 

z Depth to (m) marine limit emergence 

Area A: Eureka Upland 

197 Neil 0-15 
175 Gemini E-10 

166 nokka A-02 

Area 8: Central Sverdrup Basin 

169 Louise Bay  0-25 
171 Dome Bay P-36 
155 Kristoffer Bay 8-06 
170 Thor P-36 

97 Fosheim N-27 

86 Hoodoo Dome H-37 
87 Uilkins E-60 

256 Sutherland 0-23 
195 tinckens Island P-46 

291 Cornwall 0-30 
256 Pat  Bay 4-72 
91 Jameson Bay C-31 

Sabine Peninsula 

199 Drake E-78 
198 Drake D-68 
172 Drake 8-44 
259 Drake 0-73 
200 Hecla 1-69 

Area C: Pranklinian Geosyncline 

196 Bent Horn N-72 
286 Bent Horn F-72A 
257 Pedder Point 0-49 

80' 44+6' 
79' 59.4' 
79-  36.9' 
79' 31.2' 

78" 44.9' 

78* 15.3' 
78' 25.9' 

780  7.8' 
76' 6.5' 
77" 59.3' 
77"  45.6' 
71" 42.9' 
77" 29.8' 
77' 21.0' 
76' 40.2' 

76' 27.3' 
76' 27.1' 
76' 23.1' 
76O 22.1' 
76O 18.7' 

76O 21.8' 
76O 21.5' 
75' 38.2' 

Area 0: Arctic Platf~m/Coastal Plain 

63' 4.8' 6 57 
64' 4.2' 8 23 
84* 43.3' 1 .02 
87" 1.2' 7 20 

102' 42.0' 3 19 
103' 15.8' 1 12 
102" 32.0' 7 25 
103" 15.2' 6 105 
99' 45.6' 5 18 
111' 21.7' 1  1 

102' 8.5' 5 7 
97' 45.4' 3 27 

105' 27.0' S 41 
94' 39.0' 2 7 

116" 43.7' 3 13 

108' 29.4' 6 166 
108" 55.7' 2 . 5  
108' 16.1' 6 111 
106' 29.5' 5 135 
110' 23.3' 5 39 

103' 56.2' 6 14 
103' 58.2' 4 37 
118" 48.3' 4  91 

158 Brock 1-20 
99 Devon E-45 

168 Dundas C-80 
73 Winter Harbour 

92 Garnier 0-21 

7 7 "  59.7' 
75" 4.3' 

74' 39.0' 
73' 40.9' 

74- 48.1' 

Area E: Cornwallis Foldbelt 

157 Polaris ( 5  sites) 75' 24.0' 

55 Lobitos Uesolute L-41 75"  40.7' 
74' 41.0' 0 Resolute 1 

114' 33.9' 5 49 
91' 48.3' 5 40 
110" 30.6' 6 19 
113' 23.0' 6 28 
90" 36.8' 1 .02 

96O 56.0' 3 37+ 
94' 53.8' 1 ? 
94" 44.6' 3 34 

777 
a76 
367 
442 

672 

866 
5 70 

655 
568 

580 
518 
477 
496 
466 
732 

277 
781 
352 
410 
738 

869 

551 
a37 

840 
113 
605 
667 
610 

1974 

177 
198 

E549 
E501 
300+ 
EX500 

256 
X660 
E445 
E336 
E303 

E253 
271t 

E315 
E362 
300t 
E483 

E171 
E264 
E188 
E286 
E143 

E726 
E660 
E341 

X600+ 
E422 

E577 
E535 

500+ 

x335r 

EX600 
x380 

497 
126 

253 
562 

154 
69 

15 
5 

1.56 
64 
1 

21 
20 
17 
58 

37 
2 

4 
33 
2 

63 

101 
43 

244 
16 

240 
22 

369 

to 3a 

61 
10 

lOO(1) 7250 (1,5) 

90(2) 
70-100(3) 7100 

8000 

60(4) 
60(4) 8650 

7 00 

60(4) 
60(4) 

1350 
8325 

7000 (6) 
5000 (6) 

Notes: (a) EPB No. is the Earth Physics Branch file number used throughout this paper. 
( b )  Under "Temperature Logs" is listed the number of logs available on the well, the figure t2/tl,  (the ratio of 

( c )  Permafrost thickness determined from a series of  logs  ("E") or from extrapolated temperatures ("X"). 
the time between the latest log  and well completion to the drilling time) and  the maximum depth logged. 

(d) Marine limit and emergence data from (1) Blake (1970), ( 2 )  Hodgson (1981). (3) Hodgson (1982). (4) McLaren and 
Barnettt (1976). ( 5 )  St-OnEe (1965). and (6) Walcott (1972). 

essentially identical for the  two  sites 
(Table 2 ) .  thereby  confirming  the hypothesis. 

The  thermal effects o f  recent shoreline 
regression are most pronounced at several 
geothermal  wells in the  Sabine  Peninsula of 
Melville Island (Figure 2 ) .  The  position of the 
present surface  elevations of the  geothermal 
sites on  the East Coast  curve in Figure 3 
suggests a wide  range of emergence  dates 
(Table 2 ) .  The  temperature  profiles  measured 
today  (Figure 4) reflect  this  recent  thermal 

event through  enhanced  temperature  gradients in 
the  upper few hundred metres, a pronounced 
curvature and thinner permafrost. The effects 
are most pronounced in comparison  with  the Bent 
Horn  wells  (numbers 196 and 286) and with  the 
Winter  Harbour site (number 73); the  latter may 
have had no marine  episode in the Holocene. 

The  large  changes in temperature. gradient 
and heat flow attributed to  the simple shoreline 
regression history (Table 2) is calculated for 
site 172 (Figure 5 ) .  The high gradients are 
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FIGURE 4  Temperature profiles for  sites in the 
Sabins  Peninsula and f o r  Cameron  Island, 100 ha 
to  the  east  (Figures 1, 2). 

reflected in an unusually high apparent heat 
flow, an effect similarly noted in the  Resolute 
data (Misener. 1955). The  calculated 
temperature profile suggests  that permafrost 
would be considerably  thicker if the  site had 
not experienced the  lengthy  marine inundation; 
without this event, permafrost would be expected 
to be up  to  double  the present thickness at the 
three  coastal  wells  (numbers  172, 199. and 200; 
Table 2). At the  site  further inland close to 
the marine  limit  (number ZSS), the  thermal 
regime may be considered to be In 
quasi-equilibrium with present surface 
temperatures. 

The pronounced peak in temperature gradient 

4OOL 

25 
VT(rnK/m) - 1 0 0  

b 

A 

DRAKE B-44 

FIGURE 5 Temperature (a), temperature 
gradient (b), thermal  conductivity  (c) and heat 
flow  (d)  for  the  Drake E-44 well (site 172, 
Figure 2 ) .  Solid curves  show  measured  values; 
the dashed curves  show values corrected for  
approximately 6,650  years of submergence. 

TABLE 2 Coastal  Sites  with an Appreciable 
Period of Marine  Submergence 

EPB Site Duration of Permafrost 
N o .   N a m e  recent history(l1 thic ess 

sub-sea subaerial meas!' ~orr!~) 
(years ) (years) (m) (m) 

73 

155 

170 

196 

286 

172 

199 

200 

259 

Winter short 
Harbour 
Kris- 1650 
toffer 

Thor  4 700 

Bent Horn 1000 

Bent 3000 
Horn F- 
7 21 
Drake 6650 

Drake 7300 

Hecla  7300 
1-69 
Drake short 
D-7 3 

B-06 

P-38 

N-72 

8-44 

E-78 

8000 

6350 

3300 

7000 

5000 

1350 

7 00 

700 

8000 

535 540 

445 465 

336 N/A 

726 750 

660 742 

1aa 2110 

171 300 

143 340 

2aa 2aa 

Notes: (1) see text; references,  Table 1. 
( 2 )  measured permafrost thickness 
( 3 )  permafrost thickness  corrected  for 

effects  of  shoreline regression. 

and heat flow is common at similar depth 
intervals in all the Sabine wells. It is 
consistent  with an unusually cold climatic 
episode in the past century at the  termination 
of  the  Little  Ice Age, but has not been 
adequately  resolved at present. 

CONCLUSION 

A simple geothermal analysis has 
demonstrated  that  substantial  thermal  effects of 
Arctic  shoreline  regression are reflected in 
today's deep ground temperatures and permafrost 
thicknesses. Arctic geothermal sites must be 
analyzed carefully  for  these and similar 
historical  surface  temperature  variations if 
calculated  values  of  terrestrial heat Flow are 
representative o f  the  geological environment. 
Alternatively,  the geothemal analysis provides 
a method  to  confirm  glacial and palaeoclimatic 
models. 

areas of  much  of  the  central Arctic Islands  will 
show similar thermal  effects of shoreline 
regression accompanying glacial rebound. A 
two-dimensional numerical  model,  constrained by 
measured  temperature profiles, would  provide 
insight into the  thermal  signature  of  shoreline 
regression. 

Our limited  data  suggest that coastal 
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THERMOKARST  FEATURES  ASSOCIATED  WITH BURIED SECTIONS OF THE TRANS-&ASKA  PIPELINE 
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2Alyeska  Pipeline  Service  Company,  Anchorage,  Alaska 99512 USA 

Following  startup  in  1977,  thermokarst  ground  surface  features  started  to  appear 
along  buried  segments  of  the  Trans-Alaska  Pipeline.  Features  observed  included 
longitudinal  cracks  and  various  depressions.  Proper  interpretation of these 
features  became  an  important  element o f  pipe  settlement  investigations  which  were 
initiated in 1979. Most of the  features were relatively  shallow  and were not 
related  to  pipe  thaw  settlement.  However,  a few features  provided  an  advance 
indication  of  developing  critical  pipe  settlement  conditions.  These  advance 
indications  enabled  the  planning  and  undertaking  of  timely  remedial  actions. 

INTRODUCTION 

Natural  and  manmade  thermokarst  features  are 
relatively  common in Arctic  and  sub-Arctic 
regions  (see  Mackay  1970,  French  1979,  Sweet  and 
Connor 1980). Examples  of  natural  causes  are 
fires,  river  bank  undercutting  and  coastal 
retreat. Well-known manmade  causes  involve 
stripping or compression  of  the  tundra  moss  mat 
as  a  result of plowing.  bulldozing  or  vehicular 
movements. The potential  effects of burying  the 
Trans-Alaska  Pipeline  in  permafrost  terrain  were 
recognized  well  before  its  actual  construction 
(Lachenbruch  1970). 

The pipeline,  which  carries  warm  crude  oil, 
was  allowed to be  buried  in  permafrost  soils 
only  where  the  pipe  itself  could  be  supported on 
thaw-stable soi ls  or  bedrock,  Following  startup 
in 1977,  thermokarst  ground  surface  features 
started  to  appear in several  segments  of  the 
buried  pipeline.  These  features  were  formed  by 
thawing  of  massive  ice  or  ice-rich  soils 
overlying  the  thaw-stable  soils.  Contributory 
factors  included  the  additional  disturbance  to 
the  thermal  regime  caused  by  the  presence  of  the 
gravel  workpad  and,  in  some  cases,  thermal 
erosion  caused by surface  water. 

This  paper  describes  thermokarst  features 
observed  during  pipeline  surveillances in 1979 
and  1980,  and  comments  on  their  engineering 
significance.  Selected  photographs  are 
presented  to  illustrate  typical  features. 

FEDERAL STIPULATIONS 

The operating  temperature of the  Trans-Alaska 
Oil  Pipeline  varies  between 38 and 6 3 O C .  This 
elevated  temperature is maintained  throughout 
the  length  of  the  line  by  the  effects  of 
friction  heating. To ensure  adequate  support 
for  the  48-in.-diameter  pipeline,  the  federal 
stipulations  for  its  construction (U.S. 
Government  1974)  allowed  it  to  be  buried  only  in 
initially-thawed  or  thaw-stable  materials: 
"Below  the  level  of  the  pipe  axis,  the  ground 
shall  consist  of  competent  bedrock,  soil 
naturally  devoid  of  permafrost, o r ,  if  frozen, 
of  thaw-stable  sand  and  gravel." In  a  footnote, 

thaw-stable  sand  and  gravel  was  defined  as 
"Material  wirhin  classes GW, GP, SW and SP but 
with  less  than 6 percent  by  weight  passing  the 
No. 200 U.S. Standard  sieve."  The  stipulations 
did  not  prohibit  ice-rich  permafrost  above  the 
level of  the  pipe  axis. 

The  federal  technical  stipulations  provided 
the  basis  for  justification of the  buried 
pipeline  construction  mode.  Mode  designations 
were  assigned  during  mile-by-mile  design on the 
basis  of  borings  and  landform  analysis.  These 
designations  were  continually  updated  as  align- 
ment  adjustments  and new borings were made. The 
buried  mode  was  further  verified  during  con- 
struction  by  continuously  logging  the  pipe  ditch 
by  qualified  geologists  as  soon  as  it  was 
excavated  (see  Luscher  and  Thomas 1979). 
Application  of  this  process  included  drilling 
over 4,000 borings  resulting  in  about 600 km of 
the  pipeline  (half  of  the  total  alignment)  being 
buried. 

BARROW 
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FIGURE 1 Route of the  trans-Alaska  pipeline 
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Buried  sections  varied  in  length  from 150 m 
up  to a maximum of 100 km. As shown  in 
Figure 1 ,  north  of  the  Brooks  Range,  the  line 
traverses  continuous  permafrost;  from  the  Brooks 
Range  south to about  Pump  Station 12, the  line 
traverses  discontinuous  permafrost;  and,  south 
of Pump  Station 12, the  line  traverses  about 100 
km of  non-permafrost  terrain. 

THAW BULB GROWTH AND P I P E  SETTLEMENT 

Tn  those  segments  where  the  pipe  was  buried 
in  frozen  ground,  a  thaw  bulb  started to  grow 
around  the  pipe  at  the  time of startup  in  June 
1977. Early  thermaL  simulations  based on 
conductive  heat  flow  estimated  thaw  bulb  growth 
rates  shown  on  Figure 2. 

FIGURE 2 Growth  of  thaw  bulb  with  time 

Actual  thaw  bulb  growth  depended  strongly on 
local  conditions  including  initial  ground 
temperature.  soil  stratification,  groundwater 
flow, and  presence o f  a gravel  workpad. A North 
Slope  example o f  the  shape of the  thaw  bulb  six 
years  after  pipeline  startup  is  shown on 
Figure 3 .  At  this  location,  the  presence  of a 
high  water  table  and  about 6 m of highly- 
pervious  gravel  immediately  beneath  the  pipe  has 
accelerated  lateral  growth o f  the  thaw  bulb  as a 
result of convective  heat  flow.  Presence of the 
gravel  workpad on the  right  side  of  the  pipe  has 
resulted in slightly more thawing  (also  more 
winter  freezeback) on that  side. 

By 1979, the  thaw  bulb  had  typically 
progressed to a depth  of 3 to 6 m below  the 
pipe,  and  to a similar  distance  laterally, In 
buried  pipeline  sections,  pipeline  settlements 
accompanied  the  thawing,  but  these  were  Less 
than  about 30 cm (5 to 10 percent  thaw  strain) 
over  at  least 95 percent of the  buried  pipeline. 

At  two  widely-separated  locations  (Mileposts 166 
and 7 3 4 1 ,  large  settlements  (approaching 1.5 m) 
occurred  which  caused  the  pipe  to  buckle  and 
leak  in  June  of 1979 (see  Johnson 1981). The 
pipe  was  quickly  repaired  and  stabilized  at 
these  locations.  Subsequent  investigations 
revealed  that  the  cause of the  leaks  was  thaw 
settlement  of  unstable  permafrost  which  had  not 
been  identified  during  construction.  At 
Milepost 7 3 4  just  north of Pump  Station 12, the 
pipe  was  laid  across  an  "island" of ice-rich 
silt,  a near-circular  remnant  feature  about 90 m 
in  diameter.  The  gradual  thaw  around  the  warm 
pipeline  caused  the  frozen  silt  to  thaw  and 
consolidate,  resulting  in loss of  support  for 
the pipe .  The Milepost 166 leak  at  Atigun Pass 
was  caused  by  melting  of  thick  ice  lenses  in 
frozen  weathered  bedrock  beneath  the  pipe  and 
consequent loss of pipe  support. 

OFF5CT M5TANCE, II 

FIGURE 3 Milepost 34 thaw  bulb 
cross-section - 1983 

SPECIAL SURVEILLANCES 

Concurrent  with  the 1979 leak  investigations, 
intensive  mile-by-mile  studies  were  undertaken 
of  all  buried  pipeline  sections  north  of 
Milepost 7 4 0 .  These  studies  comprised  both 
office  reviews of design  and  construction 
documents  and  special  field  inspections of the 
buried  pipeline  sections. 

Two special  geotechnical  surveillances  of  the 
pipeline  were  conducted  in 1979. The  first  took 
place  from June 27 to  July 4 and  concentrated on 
disturbance  areas  identified  by  Alyeska  field 
personnel. Some o f  the  areas  were  visited  by 
helicopter,  while  others were reached  using a 
four-wheel  drive  vehicle.  Numerous  photographs 
were  taken,  ground  features were  measured, 
detailed  field  notes  were  recorded,  and  tenta- 
tive  causes fo r  the  disturbances were advanced. 

The  Phase I studies  demonstrated  the  useful- 
ness of field  observations  and  office  records 
€or evaluating  buried  pipeline  foundation 
conditions. The objective  of  Phase I1 was  to 
extend  the  general  process  developed  in  Phase I. 
Following  the  first  field  surveillance, a 
detailed  office  review  was  made of information 
available on the  belowground  pipeline  sections. 
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Particular  attention  was  paid  to  the  continuous 
soil  logs  which  had  been  prepared  during 
construction of the  ditch  bottom  and  sidewalls. 

Utilizing a detailed  itinerary,  the  second 
special  surveillance  was  conducted by helicopter 
from  September 19 to 21. Each  suspect  area  was 
circled  in  the  air  and  on-the-ground  inspections 
were  made at  most of the  sites.  Several  un- 
scheduled  stops  were  also  made  to  inspect 
suspicious  ground  disturbances.  Once  again, 
detailed  field  notes  were  recorded  and  numerous 
photographs were taken. 

OBSERVATIONS 

Typical  ground  features  observed  in  the  field 
inspections  were  cracks  and  depressions.  The 
cracks were usually  longitudinal  (parallel  to 
the  pipe), were  often 10 cm o r  more  wide  and 1 m 
or  more  deep,  and  sometimes  ran  for 100 m or 
more  along  the  buried  pipe  (see  Plates 1 and 2). 
The cracks  occasionally  ran  right  along  pipe 
centerline, but were  more  often offset 3 to 6 m 
from  pipe  centerline.  Sometimes  there  were 
parallel  cracks  on  either  side of the  pipe, 
other  times on one  side  only (as in Plates 1 and 
2). Depressions  were of the  thermokarst  type, 
sometimes  abrupt  (see  sinkholes on Plates 3 and 
4 )  sometimes  gentle  (see  undulation on Plate 5), 
sometimes  water  filled  (see  ponding  on  Plates 6 
through 8 ) .  Concentric  cracking  was  sometimes 
evident  around  depressions. 

PLATE 1 ~ r o u n ~  crack at MP 7 3 4  leak site 

PLATE 2 Gxound crack a t  

PLATE 3 Sinkhole a t  HP 109 
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MECHANISMS 

Several  possible  mechanisms were advanced  for 

(1) Settlement of ditch  backfill; 
(2) Settlement  of  in-situ  soil  outside 

(3 )  Compression  of  natural  soils  below 

O f  these,  only ( 3 )  could  cause  pipe  settle- 

development of the  observed  ground  features: 

ditch  walls; 

ditch  bottom. 

ment.  (Compression of the  relatively-thin  pipe 
bedding  layer  was  generally  minor.) 

Longitudinal  cracking  along  the  buried  pipe 
is schematically  depicted  in  Figure 4 A .  
Cracking 1.5 to 3 m from  pipe  centerline  usually 
reflected  the  edge  of  the  pipeline  ditch; 
likewise,  cracking 4.5 to 6 m  from  pipe 
centerline  usually  reflected  the  edge  of  the 
thaw  bulb. The asymmetric  geometry  associated 
with  the  presence  of  the  workpad  explains  why 
cracking  sometimes  appeared  on  one  side  of  the 
pipe  but  not  on  the  other. 

several  locations. A s  was  the  case  at 
Milepost 3 4 ,  these  anomalies  were  generally 
associated  with  groundwater  flow/convective  heat 
flow, 

Wide  and/or  deep  thaw  bulbs were observed  at 

FIGURE 4 Causes  of  ground  surface 
' disturbance  features 

Causes (1) and ( 2 )  are  depicted  schematically 
in  Figures 4B and  4C,  respectively. A s  
suggested  by  Metz  et a1 (1982), ditch  backfill 
settlement  typically  resulted  from  poor 
compaction  of  the  backfill  or  thawing of 
backfill  which  was  placed  in a frozen  state. 
The most  frequent  cause  of  ground  disturbance 
was  thawing  of  ice-rich  overburden  overlying 
either  thaw-stable  gravels  or  competent  bedrock. 
Abrupt  features  such  as  cavities  and  sinkholes 
were  generally  explained  by  melting of ice 
wedges  and  other  massive  ice  inclusions  in  or 
beyond  the  ditch  walls.  Other  causes  of 
disturbance  features  included  poor  backfilling 
of  bellholes  made  for  remedial  welds  and 
hydrotesting. 

The following  points  emerge  from  the  fore- 
going  discussion: 

Pipe settlement  could  only  be  caused  by 
thawing o f  ice-rich  permafrost  beneath  the  pipe. 

0 Severe  ground  disturbance,  even  close  to 
pipe  centerline.  did  not  necessarily  imply  pipe 
distress. 

0 It was difficult  to  tell  from  surface 
features  alone  if  pipe  setrlement  had  occurred. 

0 The deeper  the  pipe was buried,  the  more 
difficult it was to  interpret  ground  surface 
features in terms  of  pipe  distress. 

Regrading  sometimes  obliterated  past 
ground  disturbance  features.  but  complete 
absence of disturbance  features  in a buried 
pipeline  segment  was  generally  taken  as a 
favorable  indication. 

0 Presence  of  thermokarst  features  in a 
segment  designed  €or  thawed  soil  conditions  was 
taken  as  an a priori  cause  for  concern. 

Presence of transverse  cracking  and/or 
severe  undulations  along  pipe  centerline  (see 
Figure 5) were  cause  for  special  concern  as 
these  had a  high  likelihood  of  being  related  to 
pipe  settlement. 

PLAY 

8 U R F . E  DEPRESSION 

Y 

FIGURE 5 Surface  feature  associated 
with  buried  pipe  settlement 



settlement  rate  is  generally  quite  small  (less 
than 15 mmiyr) e 

Inspection  and  knowledgeable  interpretation 
of  thermokarst  features  proved to be a valuable 
tool  in  identifying  potential  pipe  settlement 
areas  along  buried  sections of the  Trans-Alaska 
Pipeline.  These  observations  provided  important 
input  into  ongoing  engineering  evaluations  which 
enabled  early  identification o f  pipeline  sec- 
tions  requiring  remedial  actions (e.g., stabili- 
zation). 
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Ground  surface  features  at  the  leak  sites 
were  quickly  obliterated  by  priority  construc- 
tion  activities  associated  with  containment of 
spilled  oil,  excavation of the  buried  pipe,  and 
completion  of  temporary  repairs.  However,  at 
the M p  7 3 4  site, a prominent  longitudinal  crack 
about 4.5 m west of pipe  centerline  was  observed 
and  photographed  (see  Plate 1). Probably 
because  of  snow  cover,  but  perhaps  also  because 
the  pipe  wa6  buried  under 4 m of  soil  cover,  no 
ground  disturbance  features  were  reported  at  the 
MP 166 site.  It  was  concluded  that  it  would 
have  been  quite  difficult to anticipate  pipe 
failure  at  the  two  leak  locations  based  solely 
on  visual  surface  disturbance  observations. 

Subsequent  special  surveillances  were  per- 
formed  along  the  pipeline  alignment  in 1980 and 
1981. An  important  feature of these 
surveillances  was  the  obtaining  of  photographs 
which  could  be  compared  from  year  to  year  to  see 
whether  site-specific  conditions  were  worsening 
or  stabilizing.  Staking  of  pipe  centerline  in 
critical  areas  prior  to  these  surveillances 
aided i n  interpretation  of  ground  disturbance 
features. 

SUMMARY AND CONCLUSIONS 

Numerous  thermokarst  features  appeared  along 
buried  sections  of  the  Trans-Alaska  Warm O i l  
Pipeline  following  startup  in 1977. Typical 
features  observed were longitudinal  cracks  and 
various  depressions.  The  most  dramatic  features 
appeared  in  the  first  two  or  three  years  after 
startup,  when  the  thaw  bulb  was  growing  rapidly 
and  was  intersecting  massive  ground  ice  inclu- 
sions.  These  features  have  since  been  filled 
with  gravel  as  part  of  Alyeska's  ongoing  right- 
of-way  maintenance  program. 

Primary  causes  for  the  ground  surface  dis- 
turbance  features  were  identified  as: 

0 Thaw settlement o f  ice-rich  permafrost 
overlying  thaw-stable  materials on which  the 
pipe  was  founded; 

Settlement o f  ditch  backfill  above  the 
pipe  (frozen. wet, o r  uncompacted  backfill); 

0 Inadequate  backfilling o f  post- 
construction  excavations  such  as  bellholes f o r  
welds  and  excavations  made  during  hydro-testing. 

Some  instances  of  ground  disturbance  appeared 
to  be,  and  were  later  confirmed to be,  due  to 
local  occurrences o f  unstable  permafrost  beneath 
the  pipe. In  a parallel  investigation,  both  the 
MP 166 and  the M p  734 leaks  were  attributed  to 
settlement  of  the  pipeline  due  to  thawing  of 
unstable  permafrost. An ongoing  mile-by-mile 
review  focused on identifying  such  occurrences 
by  evaluating a  combination of design  and 
construction  records  and  field  disturbance 
observations.  Questionable  pipeline  segments so 
identified were excavated so that  monitoring 
rods  could  be  attached to the  top  of  the  pipe. 
This  program  succeeded  in  locating  and  stabiliz- 
ing  eight  areas  where  the  pipe  was  approaching 
buckling  curvature. 

By 1983, the  thaw  bulb  had  generally  pro- 
gressed  to a depth  below  the  pipe  where  soil  ice 
contents  are  reduced,  and  the  rate o f  thaw 
penetration  has  slowed to a point  where  the  pipe 
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In  the  central   h ighland  of   Iceland,   extensive  hydroelectr ic   developments  are now 
planned.  Small  areas w e r e  f looded  in  1981, b u t   t h e r e  are concerns  over  the  eco- 
l o g i c a l   e f f e c t s   o f  a much l a rge r   r e se rvo i r ,   p l anned  a t  a l a te r  s tage .   This  would 
involve  inundation of parts   of   the   Thjorsarver   Reserve,   compris ing  the most extens- 
i v e  and r i ches t   t undra   vege ta t ion   i n   I ce l and .   In  1981, a long  term  s tudy  of   the 
ecology  of   the  Thjorsarver   tundra was in i t ia ted ,   wi th   emphas is  on t h e   v e g e t a t i o n  
and s o i l s  and t h e   p o t e n t i a l   e f f e c t s  of impoundment. Permanent t ransec ts   were  set 
up i n   d i s t u r b e d  and  undisturbed areas fo r   de t a i l ed   r eco rd ing   o f   vege ta t ion   and   so i l  
parameters,   This  paper reports the   p re l imina ry   r e su l t s  on t h e   d i s t r i b u t i o n  and 
th ickness  o f  permafrost ,   active  layer  development,   ground water and s o i l  character-  
i s t i c s ,   b u t  only b r i e f   d e s c r i p t i o n s  of the   vege ta t ion .  

INTRODUCTION 

Central   Iceland i s  a highland   p la teau   wi th  
g l ac i e r s   and   i so l a t ed   moun ta ins   r i s ing  above a 
g e n e r a l l y   f l a t  or g e n t l y   r o l l i n g   t e r r a i n .  It is 
charac te r ized  by b lack   basa l t ic   sand   and   lava   wi th  
extremely  sparse  vegetation.  Continuous  vegetation 
cover i s  l i m i t e d   t o   a r e a s   w i t h  a dependable  water 
supply.  Permafrost i n  Iceland is more o r  Less con- 
f ined  t o  th is   cen t ra l   reg ion ,   where ,   accord ing  t o  
P r i e s n i t z  and  Schunke  (1978), it is found a t  a l t i -  
tudes  between 460 and 720 m. The highland  vege- 
t a t ion   o f   I ce l and   has  been  described by Steindors-  
son  (1945,  1964,  1966,  1967). A survey  and  classi-  
f i c a t i o n   o f   I c e l a n d i c   p a l s a s  is given by Schunke 
(1973).  P r i e s n i t z  and  Schunke  (1978) d i s c u s s  
aggradation  and  degradation of pa l sa s   w i th   r e f e r -  
ence to   c l ima t i c   f l uc tua t ions .   O the r   r epor t s  of 
p a l s a s  and p e r i g l a c i a l  phenomena i n  Iceland  include 
Thorarinsson (1951) , Friedman e t  al.. (1971)  and 
Bergmann (1972).   These  investigations,   however,  
are l a r g e l y   l i m i t e d   t o   g e n e r a l   d e s c r i p t i o n s   o r  
qua l i ta t ive   observa t ions .   There  is no d e t a i l e d  
information on t he   ex t en t   and   t h i ckness   o f  perma- 
f ros t ,   ac t ive   l ayer   deve lopment ,   g roundwater   s ta tus  
and so i l  c h a r a c t e r i s t i c s .  With p l ans   fo r   ex t ens ive  ' hydroe lec t r i c   deve lopmen t s   i n   cen t r a l   I ce l and ,   t he  
need   for  a functional  understanding  of  the  ecology 
o f   t hese   a r eas  becomes a l l  t h e  more press ing .  

t h e   T h j o r s a   R i v e r !   t h e   l a r g e s t   g l a c i a l   r i v e r   i n  
I ce l and .   In   t he   f i r s t   i n s t ance ,  a l l  its e a s t e r l y  
t r i b u t a r i e s  w i l l  be   diver ted  south,   through a 
s e r i e s   o f  man-made l a k e s   a n d   f i n a l l y   i n t o   t h e  Thor- 
i sva tn   Reservoi r   (F igure   1 ) .  The f i r s t   o f   t h e s e  
lakes ,   Drat thalavatn,  w a s  flooded  in  1981,  and 
p a r t l y  submerged some vegetated  land. A t  a Later  
s t a g e ,   t h e r e   a r e   p l a n s   t o  dam t h e  uppermost p a r t  of 
the  Thjorsa   proper .  The r e s u l t i n g   r e s e r v o i r  would 
inunda te   pa r t s  of the  Thjorsarver   tundra,   Thjors-  
a r v e r  is a c o l l e c t i v e  name f o r   t h e   l a r g e l y   c o n t i n -  
uous vegetation  immediately  south of Hofsjokul l  
Glacier   and  the more d i sc re t e   and   i so l a t ed   vege ta t -  
i o n   f u r t h e r   s o u t h  and east (F igure   1 ) .  They are 1 now a na tu re   r e se rve ,   compr i s ing   t he   r i ches t   t undra  

Several   major   hydroelectr ic   projects   involve 

vegeta t ion  i n  Ice land ,   as  well as   be ing   the   wor ld ' s  
largest   breeding  ground o f  the  pink-footed  goose 
(e.9.  Kerbes e t  al .  1971),  Recent  experience  from 
Alaska  and  Canada  has shown how susceptab le   tundra  
ecosystems may b e   t o   p h y s i c a l   d i s t u r b a n c e s  and 
impoundment (e.9. Kerfoot  1974,  Rickard  and Brown 
1974, Newbury e t  a l .  1978,  Baxter  and  Glaude 1980, 
Newbury and McCullough 1982).  There is concern 

F I G U R E  1 (Top)  Location o f  Thjorsarver   and   the  
Th jo r sa   R ive r   i n   cen t r a l   I ce l and .  (Bottom) The 
area i n   de t a i l .   Vege ta t ed   l and  is dashed. 
T E Tjarnaver;  D E Drat tha lava tn ;  S = Storaver  

~ 
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o v e r   t h e   p o t e n t i a l   e c o l o g i c a l   e f f e c t s  of  a l a rge  
reservoi r   in   the   Thjorsarver   Reserve .  

twofold. It i s  a long  term  invest igat ion of t h e  
general   ecology  of  the  Thjorsarver  tundra w i t h  
parLicular  emphasis on t h e  dynamics  of t h e   p a l s a  
areas .   Second,   the  project  is intended  as  a p i l o t  
s tudy   to   assess   the   eco logica l   impact  of a l a rge  
r e s e r v o i r  i n  the  Thjorsa   River ,   par t ly   through 
moni tor ing   the   e f fec ts   o f   the  much smaller   Drat t -  
ha lava tn .   Pre l iminary   resu l t s   a re   repor ted   here  
with  emphasis on t h e   s o i l   f e a t u r e s .  

The purpose  of  the  research  described  here i s  

CLIMATE AND GENERAL DESCRIPTION OF THE AREA 

T h j o r s a r v e r   l i e   a t  an a l t i t u d e  of about 600 m 
a.s.1. The g e n e r a l l y   f l a t  and undulat ing  plateau 
is broken by g e n t l y   r o l l i n g   h i l l s .  These a r e   p a r t -  
l y  moraines  and  drumlins,   and  partly  eroded  bedrock, 
mainly  basal t  and  sediment.  Small  mountains,  bord- 
e r i n g   t h e   a r e a   t o   t h e   e a s t  and nor theas t   usua l ly  
have  a  palagonite  core.  Extensive  esker  complexes 
a r e  found.  Moraine covers most  of the   a rea ,   over -  
l a i n  by f ine  sand and i n  p laces  by g l a c i o / f l u v i a l  
and lacustrine  sediments  (Tryggvason  and  Einarsson 
1965, Tomasson and  Thorgrimsson 1972, Kaldal 1981). 

Mean monthly  and  annual  temperatures,  annual 
prec ip i ta t ion   and   genera l   c l imat ic   in format ion  is 
given by Jonsson (1978) (Table 1). 

TABLE 1 General  Climate o f  the   Thjorsarver  Area 
for   the  Years  1966-1975, modified  from  the  table of 
Jonsson (1978). Values   a re   par t ly   der ived  from t h e  
neares t   permanent   weather   s ta t ion   a t   Hverave l l i r  
(approximately 50 km north  west  of  Thjorsarver,  
a l t i t u d e  642 m ) .  For   fur ther   information,   see  
Jonsson (1978) 

Mean monthly a i r   t empera tu res   P rec ip i t a t ion  
(“C) 800 mm/yr 

January -5 - 9 
February -6 .3 
March -5.6 
Apri l  -2.6 
May 1.1 
June 5.0 
J u l y  7.3  
August 6.7 
September 3.2 
October - 1.0 
November -0.5 
December - 6 . 2  

Mean annual a i r  temp 

F i r s t   t o t a l  snow cover 
September/October 

L a s t   t o t a l  snow cover 
l a t e  May 

E a r l i e s t   t o t a l   a b l a t i o n  
ear ly   June  

Number of days  of  freezing 
about 220 

: tu re  -0.8 
” 

The l a rges t   pa r t   o f   t he   Th jo r sa rve r   t undra  
forms a rough t r iangle   south   o f   the   Hofs jokul l  
g l ac i e r   (F igu re  1). It is flanked by t h e  main 
Thjorsa   River   to   the   south  and  two of its contr ibu-  
t a r i e s   t o   t h e   e a s t  and  west. Numerous other   glac-  
i a l   t r i b u t a r i e s   t r a v e r s e   t h e   v e g e t a t i o n ,   g i v i n g  
r i s e   t o   t a l l  sedge  (Carex  rostrata  and C. lyngbyei) 
fens  i n  the  wet tes t   par ts .   Palsas   are   mainly  found 
i n   s l i g h t l y   d r i e r   a r e a s ,  and  axe more numerous  and 

d iverse  i n  form than  elsewhere  in  Iceland. Mosses, 
( e spec ia l ly  Racomitrium  canescens  and  Drepanocladus 
uncinatus)  and lichens  are  conspicuous on the   pa l s -  
a s ,  which a l so   ca r ry  a d iverse   f lo ra   o f   h igher  
plants ,   notably  wil lows  (Sal ix   glauca and S .  herb- 
- acea) , forbs  such as Armeria  maritima, Polygonum 
viviparum,  Saxifraga  caespitosa,  S. h i r c u l u s  and 
Si lene  acaul is ,   and  grasses   such  as   Festuca  spp  and 
I Poa spp.  Carex r a r i f l o r a ,  Eriophorum angust i fol ium 
and E. scheuchzeri ,   as   wel l   as   Calamagrost is  neg- 
l e c t a ,   o f t e n   f i l l   t h e   d e p r e s s i o n s  between pa lsas .  
Sa l ix   g lauca ,  S. l a n a t a  and  Racomitrium  canescens 
dominate   the  dr ies t   par ts .   For  a  complete f l o r a l  
l ist and s p e c i e s   d i s t r i b u t i o n  maps, see  Johannsson 
e t   a l .  (1974).  

East  of the   Thjorsa   River ,   a reas   o f  similar 
vegetation  are  found,  but less extensive and  occ- 
u r r i n g  more a s   i so l a t ed   pa t ches   i n   dep res s ions  in 
the  Sprengisandur  Desert. They a re   gene ra l ly   d r i e r  
and l e s s   d ive r se   vege ta t iona l ly .  

The i n i t i a l   s t a g e s  of hydroelectric  development 
o n l y   a f f e c t   t h e  land east   of   the   Thjorsa ,   whereas  
the  proposed  Thjorsa   reservoir   inundates   vegetat ion 
both   eas t  and  west  of  the  r iver.  

MATERIALS AND ME!THODS 

The p r o j e c t   s t a r t e d  i n  1981, Seven  permanent 
t r a n s e c t s  were constructed  by  Dratthalavatn Lake 
and another  seven in var ious   vege ta t ion   types   eas t  
of Thjorsa.  In 1982, a s i n g l e   t r a n s e c t  was s e t  up 
i n  Thjorsarver  proper,   west of t h e   r i v e r .  The 
t r a n s e c t s  were usua l ly  105 m long,  and  marked a t  
e i t h e r  end  by 1.5 m long  aluminium  poles. 

On l e v e l   t e r r a i n ,   e a c h   t r a n s e c t  w a s  f u r t h e r  
d i v i d e d   a t  15 m i n t e r v a l s  by 70 cm long wooden 
pegs. A t  each of t h e s e ,   t h e  soil p r o f i l e  was exa- 
mined,  and the   fo l lowing  soi l  var iables   recorded:  
1) th ickness   o f   the   o rganic   l ayer ;  2 )  mean and max- 
i m u m  rooting  depth; 3 )  qual i ta t ive  assessment   of  
roo t ing   dens i ty ;  4)  ac t ive   l aye r   t h i ckness   i n   ea r ly  
J u l y  ( 8  t o  1 2 ) ,  and l a t e  August ( I D  to 19) by f i v e  
recordings  with a metal  auger; 5 )  t he   t h i ckness  of  
permafrost .  T h i s  could  only  be done with  the  auger 
where t h e   i c e  was 40 cm o r   t h i n n e r .  Measurements 
were made on permafros t   th ickness   o f   s ix   pa lsas  
only,  using  a COBRASuper d r i l l  (BORROS AB Sweden), 

ings  every 15 m. Vegetation was sampled as  per- 
centage  shoot  frequency i n  0.5 x 0.5 m quadrats  
d iv ided   i n to  25 grid  quadrats   with 10 cm s ides .  
Recordings  were made along  a 5 m b e l t   t r a n s e c t   a t  
every 15 m i n t e r v a l ,  Mosses were c o l l e c t i v e l y  
g r o u p e d   b e c a u s e   o f   d i f f i c u l t i e s   i n   f i e l d   i d e n t i f i -  
ca t ion .  Mosses on t h e   d r i e r   h e a t h  were probably 

Local  topography was  mapped  by theodol i te   read-  

mostly  Racomitrium  canescens. 

different  sampling  procedure.  Soil measurements 
were t a k e n   a t   t h e   t o p  and  edges of a l l   t h e   p a l s a s  
and in   t he   dep res s ions  between  them,  where  possi- 
b le .  The d is t r ibu t ion   of   permafros t  was mapped, 
and  depth  of  active  layer  measured,  as  described 
above, on t h e   t o p  and s i d e s   o f   a l l   p a l s a s  and i n  
the   depress ions  between them. Local  topography was 
mapped, as  above, t o  show t h e   o u t l i n e s  and maximum 
height   of   the   palsas .   Vegetat ion was recorded,   as  
above,  except  that  a be l t   t r ansec t   runn ing   t he  
e n t i r e   l e n g t h  of t h e   p a l s a  was used.  Recordings 

I n  palsa   bogs,   the   topography  cal led  for  a 
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were made i n  the   depress ions ,  where possible;  
Groundwater was measured i n   f i v e   t r a n s e c t s :  

t h r e e  by Dratthalavatn  Lake, numbered 3 (grave l  
s l o p e ) ,  4 and 5 (moss/willow  earth hummocks);  one 
in   a   co t tongras s / sedge   p l a in   ( t r ansec t  7 ) ;  and  one 
i n  a willow/moss heath  west   of   Thjorsa   River   ( t ran-  
s e c t  9). Water l eve l  was measured i n  60 o r  100 cm 
long   pe r fo ra t ed   p l a s t i c   t ubes  by lowering  a  sealed 
(varnished)  oak  cube,  attached t o  a   s t r i n g ,   i n t o  
the  tube.  Water l e v e l  was measured  every 4 days 
from J u l y  12 t o  August 18 by t h e   l a k e ,  on J u l y  12 
and August 19  on t r a n s e c t  7 ,  and on August 13 on 
t r a n s e c t  9. 

RESULTS AND DISCUSSION 

Vegetation 

a r e  shown i n  Tab le  2. The gravel   s lope  with its 
sparse   cover ,   had   the   g rea tes t   d ivers i ty   o f   spec ies .  
Mosses had very  high  frequency  values  (0.75-1.0) i n  
a l l   t h e  communities.  Calamagrostis  neglecta was 
fa i r ly   ub iqui tous .   Sa l ix   g lauca  and Festuca Spp, 
probably  mostly F. rubra,   but   including some 
F. v i v i p a r a ,  were  conspicuous i n   d r i e r   v e g e t a t i o n .  
Cottongrass and  sedges  dominated  the  wetter  parts.  

The most common s p e c i e s   i n   s i x   o f   t h e   t r a n s e c t s  

I n  a   qua l i ta t ive   survey   of   pa lsas  i n  Tjarnaver ,  
t h a t  on photographic  evidence were at  Least seven 
years   o ld ,   no   l ive   p lan ts ,   except   Carex   ra r i f lora  
and  Eriophorum spp., were  iound.  They  must  be 
remnants  from  a  wetter  stage,   indicating  the  slow 
successional   processes .   Since  the  major i ty  of 
p a l s a s   i n   t h e   a r e a   c a r r y  a d ive r se   f l o ra ,   ve ry   d i s -  
t i n c t  from t h a t  of the  bogs,  it is l i k e l y   t h a t   t h e y  
a r e   a t   l e a s t   s e v e r a l   d e c a d e s   o l d ,   b u t   n o t  less than 
about 10 years  old,   as  claimed by P r i e s n i t z  and 
Schunke  (1978) .   Further ,   typical   palsa   vegetat ion 
in   Thjorsarver  is no t   xe roph i l i c   ( e .g .   P r i e sn i t z  
and  Schunke  1978) but  includes  species  normally 
associated  with  moist   condi t ions,   such  as  SaLix 
herbacea,   Calamagrost is   neqlecta  (Table 2 )  and 
Saxi f raga   h i rcu lus   ( see   a l so   Johannsson   e t   a l .  
1974). 

S o i l   C h a r a c t e r i s t i c s  

The organic  layer.   There was no organic   l ayer  
on the   g rave l   s lope .  Under a l l  continuous  vege- :' 

tation, decomposing organic   mat ter  was found,  and 
t h i s  was usua l ly   sharp ly   de l imi ted  from underlying 
sand. Mosses  were inva r i ab ly   t he   ch ie f   cons t i t u -  
en ts .  The mean th ickness  of the   o rgan ic   l aye r  on 
t h e  moist heath was almost   twice  that  of t h e  palsas, 

TABLE 2 The Vegetation on Six of t h e  Permanent T r a n s e c t s   i n   J u l y   J t r a n s e c t s  1-8) and August ( t r a n s e c t   9 )  
1982. Frequency  values for species   with 50% f requency  in  0.25 m quadra t s   a r e   l i s t ed .  N E sample s i z e  

Species   Drat thalavatn  Storaver  T j arnaver 

Transect  1  Transect  3  Transect 5 Transect  7 TrzmReCt 8  Transect 9 

D r y  willow/ Gravel  slope  Moss/willow  Relatively  Palsas  with Willow/moss 
moss heath.   with  very  earth humm- dry  sedge/  ponds  heath  with 
Few herbac-  sparse vege-  ocks  with  cottongrass N 103 e a r t h  hummocks 
eous   d ico ts ,   t a t ion   cover   Sa l ix   herba-   p la in  and  numerous 

N 63 N 70 -. cea/,Anthelia N 50 d i c o t s  
depressions N 70 

N 70 

Sa l ix   g lauca  0.94 
S. herbacea - 
Festuca spp. 1.0 
Poa p r a t e n s i s  0.55 
Calamagrostis  neglecta - 
Carex r a r i f l o r a  - 
C. l a c h e n a l i i  - 
Carex  bigelowii +" 

Eriophorum angust i fol ium - 
E. scheuchzeri  - 
Luzula   spicata  - 
Koenigia   is landica - 
Polygonum viviparum  0.98 
Thalictrum  alpinum - 
Si l ene   acau l i s  - 
Cerastium  alpinum - 
Armeria  maritima - 
Saxi f raga   caesp i tosa  I 

Equisetum  arvense 
~ mosses 

- 
1*0 

0.91 

0.83 
- 

- 
I 

- 
- - 
- - 

0.50 
0.53 
- 
- 

0.51 
- 

0.50 - 
0.77 
0.97 

Nomenclature  follows  the  Flora  Europea. 
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wi th   the   mois t   hea th   in te rmedia te   (Table   3 ) .  Very 
w e t  vegetation  posed  methodological  problems,  but 
i n   f i v e   s i t e s  examined in   t he   co t tongras s / sedge  
community i n   t r a n s e c t  7 ,  t he   o rgan ic   l aye r  was al- 
ways about 17 cm thick.   These  values are somewhat 

TABLE 3 Mean Organic  Layer  Thickness  in  three 
Types  of  Plant  Communities  in  Thjorsarver  in  July 
1981. N = sample  s ize;  S.D. P s tandard   devia t ion  

Community N Mean Thickness (cm) S . D .  

Moist moss/ 12 12.2 
willow  heath 

4.8 

th ickness  from  about  1.1 m i n   t h e   s m a l l e s t   p a l s a   t o  
about 3.1 m i n   t h e   l a r g e s t .  It i s  n o t   p o s s i b l e   t o  
genera l ize  from t h e   s m a l l  number of p a l s a s   d r i l l e d  
( 6 )  , but   the  permafrost  may never  be more than a 
few metres th ick .  The r e l a t ive ly   sma l l   s i ze   o f   t he  
p a l s a s  may a l s o   r e f l e c t   t h i s .  Most rise 0.6-2.0 m 
above their   surroundings,   a l though  occasional ly  
they  reach  heights  of  about  2.5 m. 

water s t a t u s  is t h e  most c r i t i c a l   s i n g l e   f a c t o r  
affect ing  both  the  occurcence  and  type of vege- 
ta t ion  in   Thjorsarver .   True  groundwater  is d i f f i -  
c u l t   t o  measure in   the  presence  of   permafrost .   For  
l a r g e   s c a l e  measurements of groundwater   table   in  
the  region,   see   Hjar tarson  (1981) .  Of i n t e r e s t  
here  i s  simply  depth t o  a water t a b l e   a c c e s s i b l e   t o  
p l an t s ,   and   t he  term i s  used   i n   t ha t   l imi t ed  con- 

Groundwater. It i s  h i g h l y   l i k e l y   t h a t  ground- 

text on ly .   In   t he   t r ansec t s  by Dratthalavatn  Lake, 
Dry heath 15 9.8 1.6 monitored  every  three  days,   the  water levels   gradu-  

a l ly   subs ided  from J u l y  12 t o  August 5, but  changed 
Pa lsas   ( tops)  31 6.3  2.5 l i t t l e  a f t e r   t h a t   ( i l l u s t r a t e d  i n  Figure 2 f o r  two 

of t h e   t r a n s e c t s ) .  The p a t t e r n  was similar i n   a l l  

low compared wi th   the   f igures   o f  10 t o  30 cm,  
given  by Bliss (1981) as t y p i c a l   f o r   t h e  Low 
Arct ic .   For   palsas   in   the  Northern  and  Southern 
p a r t   o f   t h e  Canadian  discontinuous  permafrost  zone, 
Zol ta i   and  Tarnocai  (1975) recorded  average  peat 
th icknesses  of 267 and 355 c m  resepctively.   These 
values  are not   direct ly   comparable  t o  Thjorsarver ,  
s i n c e   t h e   I c e l a n d i c   p a l s a s  are n o t   f o r e s t e d ,   b u t  
they  are never the less  low. This  may r e f l e c t  a 
genera l ly  young vegeta t ion ,   o r   poss ib ly   repea ted  
cyc les  of e ros ion   and   revegeta t ion ,   wi th   the  
palsas   being  gradual ly   eroded by  sand  and  f iner 
aeo l i an   depos i t s ,   r a the r   t han   co l l aps ing  and 
leaving a thermokarst pool. 

S o i l  and roo t ing   pa t t e rns .  The mater ia l s  und- 
e r ly ing   t he   o rgan ic   l aye r   cons i s t ed   o f   a l t e rna t ing  
layers   of   f ine  sand  and pumice with an occasional  
pea t   l ayer .  On two si tes on the   g rave l   s lope ,  
however,  coarse  gravel  and  pebbles  were  found a t  
depths   of  17 and 25  cm. This   layer   extended down 
t o  permafrost   a t   about  68 cm. N o  gleying or hor i -  
zon d i f f e r e n t i a t i o n  was e v i d e n t   i n  any  of the  pro-  
f i l e s .  Poor horizon  development i s  c h a r a c t e r i s t i c  
of   Ice landic  soils in  general   (Johannesson  1960).  
Depth t o  moraine  or more consol idated matekial 
underneath has not been f u l l y   a s s e s s e d ,   b u t   i n   o n e  
s i te  examined a t  Drat thalavatn Lake and  another   in  
Tjarnaver  west o f   Th jo r sa   R ive r ,   t h i s  was a t  least 
2 and 3 m respecti.vely.  Rooting was sparse .  Most 
r o o t s   l a y   i n ,  or j u s t  below, the   o rgan ic   l aye r .  
Sca t t e red   roo t s   ex t ended   t o   j u s t  above t h e  perma- 
frost. 

The d is t r ibu t ion   of   permafros t .  The  perma- 
f r o s t  is thin  and  discontinuous.  It  was more o r  
less confined t o  densely  vegetated areas, although 
a 10 t o  20 c m  t h i c k  ice l a y e r  was st i l l  present  on 
the   g rave l   s lope   ( t r ansec t  3 )  on August  18,  1982. 
In e a r l y   J u l y ,   t h e r e  was ice under a l l  vegetat ion.  
Very  wet  bogs,  where  surface  water  remained 
through all of  the  growing  season,  and  very  sandy 
areas, e s p e c i a l l y  where S a l i x   l a n a t a  was conspic- 
uous, w e r e  ice free  towards  the  end  of  summer. 
Elsewhere,   the  ice  measured from  ahout 10 t o  30 c m  
i n  la te   Augus t ,   except   in   pa lsas   where   the  ice was 
much th icker .  The ice l enses   r eco rded   va r i ed   i n  

\- 
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FIGURE 2 Changes i n  groundwater  level from J u l y  12 
t o  August 18 i n   t r a n s e c t  3 on t h e   g r a v e l  slope ( A ) ,  
and  between t h e   e a r t h  hummocks on t r a n s e c t  5 ( B )  . 

th ree   t ransec ts ,   a l though  the   under ly ing  materials 
were appreciably  coarser  on the  grave1  's lope.  The 
decrease  var ied from 23-39 c m  between t h e   e a r t h  
hummocks on t r a n s e c t  5 (which  had  surface water a t  
most sites i n   e a r l y   J u l y ) ,  from 43-61 cm on t h e  
gravel   s lope,   and from 17-31 c m  i n   t h e   c o t t o n g r a s s /  
sedge  plain on t r a n s e c t  7. Groundwater l e v e l s   a t  
the   end  of the  growing  season are shown in Table 4. 
The si tes on transect 5 may have  been  influenced  by 
t h e i r  low elevation  above  Dratthalavatn  Lake,  and 
the   va lues  may be   h igher   than   typ ica l  for  S a l i x  
herbacea/Anthelia  depressions.  Mean groundwater 
depth w a s  g r e a t e s t  on the  gravel   s lope,   fol lowed by 
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TABLE 4 Depth t o  Groundwater on August  13  (tran- 
s e c t  9 ) ,  August  18 ( t r a n s e c t s  3 and 5 )  and  August 
19 (transect 7 ) ,  1982. All t h e  sites inc luded   for  
t r a n s e c t  3 were e leva ted  more than 1 m above Dratt- 
halavatn Lake. The s i t e s  on t r a n s e c t  5 were G.6-  
0.8 m above t h e   l a k e   l e v e l .  N sample s i z e ;  
S.D. a standard  deviat ion.  

Transect  Community N Mean depth (cm) S.D. 

3 Gravel  slope 6 5 7 . 3  9.7 

5 Moss/willow 5 33.2 8.7 
e a r t h  hummocks 

7 Cottongrass/ 6 34.5 2.0 
sedge  plain 

9 Willow/moss 6 45.1 8.1 
heath 

t h e  willow/moss  heath,  and  finally by the   co t ton-  
grass/sedge  plain.  

Active  layer  development. The depth of t h e  
a c t i v e   l a y e r  on August  18  and 19 is shown in   Table  
5. There w a s  no s i g n i f i c a n t   d i f f e r e n c e  between 
ac t ive   l ayer   depth  on the   pa l sa s   and   o the r  si tes 
with  continuous  vegetation  cover.  On the   g rave l  

TABLE 5 Active  Layer  Depth a t  t h e  End of t h e  Grow- 
i n g  Season  (August  18-19) 1982. Data are presented  
s e p a r a t e l y   f o r   p a l s a s  and f o r   t h e   g r a v e l   s l o p e ,  
which  had  very  sparse  vegetation  cover. N = sample 
s i z e ;  S.D. = s tandard   devia t ion ,  

N Mean depth (cm) S.D.  

Si tes   wi th   cont inuous  48 60.3 9.4 
veget,ation  cover 

Pa lsas  13 58.8 8.0 

Gravel s lope  I 69.5 
I 

9.4 

s lope ,   t he   ac t ive   l aye r  was on average about 10 cm 
th icker .  If,  on the   o the r   hand ,   i nc reases   i n   ac t ive  
layer  depth  between  early  July  (9-12)  and la te  Aug- 
u s t  (18-19) are compared,  then t h i s  is s l i g h t l y  
lower f u r   t h e   p a l s a s   t h a n   f o r   t h e   o t h e r   c l o s e d  vege- 
t a t i o n  (Tab le  6 ) .  Both a re   s ign i f i can t ly   l ower  
than   t he   g rave l  slope. The f i g u r e s   i n  Table 4 agree 
well wi th   those   g iven   for   ac t ive   l ayer   depth  a t  
Stordalen,  Abisko, Sweden (40-80 cm) , and for Tcue- 
love Lowland, Devon I s l a n d  (30-100 cm) (see  Ryden 
1981). 

The depth  of  seasonal  thaw was always  greater  
than   the   o rganic   l ayer   th ickness ,   hence   the  perma- 
f r o s t  w a s  confined t o   t h e   u n d e r l y i n g   l a y e r s   o f   f i n e  
sand. The presence of Drat thalavatn Lake  (flooded 
i n  1981) d id   no t   i n f luence   ad ive   l aye r   dep th ,   bu t  

on t he   g rave l   s lope ,   t he re  were i n d i c a t i o n s   t h a t  
backwater  might  affect   melting of permafrost  from 
below. 

TABLE 6 Changes in   Act ive  Layer  Depth  from Early 
J u l y  (9-12) to Late August  (18-19) 1902. Date are 
presented   separa te ly   for   pa lsas   and  for t h e   g r a v e l  
s l o p e ,  which  had  very  sparse  vegetation  cover. 
N a sample s i z e ;  S . D ,  s tandard   devia t ion ,  

N Mean change (cm) S.D. 

S i tes   wi th   cont inuous  48 18.5 7.4 
vegetation  cover 

Pa lsas  13 15.4 3.9 

Grave 1 s lope  I 28.6  13.5 

The P o t e n t i a l   E f f e c t s   o f  Impoundment 

The presence  af   permafrost  may ind i r ec t ly   cause  
catastrophic   shorel ine  erosion  in   inundated areas , 
s i n c e  a s t a b l e   s l o p e  i s  not   es tab l i shed   wi th   g round 
ice being  cont inual ly   exposed by wave ac t ion  (New- 
bury e t  al. 1978, Newbury and McCullough  19821. 
Here, the   ou t l ines   o f   g round  ice   genera l ly   fo l lowed 
t h e   s h o r e l i n e  o f  Drat thalavatn Lake.  Slumping  and 
overhanging, as descr ibed by Newbury e t  a l .  (1970) 
and Newbury and McCullough (1982)  has  only  been 
observed on a small s c a l e  where a c l u s t e r  of p a l s a s  
formed the   sho re l ine   o f   Dra t tha l ava tn  Lake.  Since 
t h e   l a k e  was only  f looded  in  1981, it i s  premature 
t o  draw conclus ions   about   po ten t ia l   e ros ion .  ft 
seems unl ike ly ,   though,   tha t   the   th in   and   d i scont in-  
uous  permafrost w i l l  s i g n i f i c a n t l y   c o n t r i b u t e   t o  
e r o s i o n   i n   t h e  manner described  above. The s o i l  
p rope r t i e s   g ive  more cause  for  concern.  The spongy 
o rgan ic   l aye r  and t h e   s p a r s e   r o o t s  w i l l  hardly  pro- 
vide much r e s i s t a n c e   t o   e r o s i o n .  The underlying 
f ine   s and   l aye r s  are s i m i l a r l y   s u s c e p t i b l e  t o  wind 
and wave e ros ion   a l ike .  
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STRATIGRAPHIC EVIDENCE FOR VARIABLE PAST PERMAFROST  CONDITIONS 
AT CANYON VILLAGE BLUFF,  NORTHEAST ALASKA 

Robert M. Thorson 

Universi ty  o f  Alaska Museum and  Geology/Geophysics  Program 
907 Yukon Drive,  Fairbanks, AK 99701 USA 

The Canyon Vil lage  Bluff ,  a 30 m high  gravel ly   exposure  located  a long  the 
Porcupine  River   (northeast   Alaska) ,   contains   s t ra t igraphic   evidence of four  
f o s s i l  ice-wedge-cast horizons  within  a l luvial   sediments ,   Radiocarbon  dat ing and 
geomorphic f e a t u r e s   i n   t h e  area i n d i c a t e   t h a t  a l l  ice-wedge-cast horizons are 
more than 35,000 years   old and may be la te  Quaternary i n  age. Each ice-wedge 
horizon is in te rpre ted   to   represent   one  cold-warm o s c i l l a t i o n  of so i l   t empera ture  
which  could  have  been  caused by any number of f ac to r s .   These   f ea tu re s   i nd ica t e  
t h a t   t h e   b l u f f   l o c a l i t y   h a s  been very  sensi t ive  to   condi t ions  causing  soi l -  
temperature  changes  for a prolonged  period of time. 

INTRODUCTION 

Only a few l o c a l i t i e s  i n  Alaska are known 
where de f in i t i ve   ev idence   fo r   fo s s i l   pe rmaf ros t  
has  been  found i n   c o n t r o l l e d   s t r a t i g r a p h i c  con- 
texts   older   than  the  Wisconsinan  Stage (Pgwe' 
1975,  1966). In many cases, anc ien t   pe r ig l ac i a l  
f e a t u r e s  are well documented, but unambiguous 
evidence  for  ancient  permafrost  i s  lacking.  This 
paper   presents   evidence  for   the development of 
mult iple  relict permafrost  horizons of late 
Quaternary  age a t  one loca l i t y   a long   t he  Porcu- 
p ine   River   va l ley   in   nor theas te rn  Alaska. 

Between  1979  and  1981 a n   i n t e r d i s c i p l i n a r y  
research team from the   Universi ty  of Alaska 
Museum conducted a reconnaissance  archeological 
survey  along  the  Porcupine  River  valley between 
the  Canadian  border and Fort  Yukon (Figure  1) .  
Numerous excel lent   exposures  of  Quaternary  sedi- 
ments i n   r i v e r   b l u f f s  were mapped and described 
during  the  survey. On t he   h ighe r   o lde r   b lu f f s ,  
which cons is ted   l a rge ly  of gravel ly   a l luvium, 
severa l   s i l ty   c ryoturba ted   zones  and horizons 
exh ib i t i ng  ice wedge casts (IWC) were observed. 

, FChhook Bond Baob 

FIGURF: 1 Map of the  Porcupine  River area showing 
l o c a l i t i e s  mentioned i n   t h e   t e x t .  

The must complete  sequence of t h e s e   p e r i g l a c i a l  
horizons is at  Canyon Vil lage  Bluff   (hereaf ter  
r e f e r r e d   t o  as the  bluff)   located  approximately 
midway between the  Canadian  border  and  the Yukon 
F la t s   (F igu re   1 ) .   I n   t h i s   b lu f f ,   ev idence   fo r  
six s t r a t i g r a p h i c a l l y   d i s t i n c t   i n t e r v a l s   c h a r a c -  
t e r i z e d  by pe r ig l ac i a l   cond i t ions  are p resen t ,  
four of  which contain unambiguous evidence for 
ancient  permafrost .  

The Porcupine  River,  one of t he   l a rges t   t r i bu -  
taries of t h e  Yukon R ive r ,   o r ig ina t e s   i n   cen t r a l  
Yukon Ter r i to ry  and flows  westward i n t o  Aleaka 
220 km t o  its mouth a t  For t  Yukon. Its westward 
course  through Alaska crosses f o u r   d i s t i n c t  
physiographic  zones: (1) a narrow s t r a i g h t  deep 
canyon  (Upper Ramparts), (2) a b road ly   c i r cu la r  
alluvial   basin  (Fishhook  Bend),  (3) a s t r a i g h t ,  
narrow,  shallow  canyon (Lower Ramparts), and a 
broad a l l u v i a l   p l a i n  (Yukon F l a t s ) .  The b lu f f  
occurs a5 a high  cutbank  on  the  outside of a 
prominent  meander  near  the  center of Fishhook 
Bend basin.  

The present   course of the  Porcupine  River was 
e s t a b l i s h e d   i n  l a te  Quaternary time as t h e   r e s u l t  
of overflow  from  large  proglacial   lakes in Yukon 
Ter r i to ry  (Hughes 1969, Thorson  and  Dixon, i n  
p r e s s ) .   P r i o r   t o  its capture  of drainage from 
the  Yukon Terr i to ry ,   the   Porcupine   River   in   the  
area of t he   b lu f f  was only a modest-sized stream 
t h a t  was carving a broad  erosional   val ley  a long 
i t s  upper  course and carrying  gravels   to   Fishhook 
Bend (Thorson  and  Dixon, in   p ress ) .   Dur ing   the  
i n i t i a l   o v e r f l o w   e v e n t ,  which occurred  sometime 
p r i o r   t o  31,000 years B.P.,  t h e s e   o l d e r   a l l u v i a l  
sediments were f i r s t   b u r i e d  by a th in   shee t  of 
gravel  deposited by braided streams and later 
deeply  incised,   preserving  the  older   gravels  well 
above the   l eve l  of subsequen t   f l uv ia l   ac t iv i ty .  

The bluff  area has a r igorous   cont inenta l  
climate. Mean annual  temperature  averages  about 
7'C  (Priwd 1975) with a mean January  temperature 
of -30°F or less and a mean maximum July  tempera- 
t u r e  of  more than 70°F (Selkregg,  n.d.).  Vegeta- 
t i o n  on the   b luf f   top  is a dense  spruce  forest  
tha t   occurs  as p a r t  of the  lowland  spruce- 
hardwood forest   ecosystem  (Joint   Federal-State  
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Land Use Planning Commission 1973) .  Permafrost 
is presently  widespread  throughout  the area, 
which l ies near   the  northern  edge of t h e  zone  of 
discontinuous  permafrost  (Hopkins e t  al .  1955). 
A t  Fort  Yukon, permafrost is a t  least 98 m t h i c k  
(Pdwd 1975) .  Modern ice wedges are not  exposed 
a t  the   b luf f   bu t  are widespread  in  lowland 
al luvial  p l a ins   bo rde r ing   t he   r i ve r .  

CANYON VILLAGE BLUFF 

The b lu f f  is a 1.9 km long, 30-35 m high 
eas t - f ac ing   b lu f f   t ha t   o f f e r s   nea r ly   con t inuous  
exposure. The lower two t h i r d s  of the   b luf f  
c o n s i s t  o f  weakly  indurated  f luvial  and lacus- 
t r i ne   s ed imen t s  of Te r t i a ry   age  (Brosgd  and 
Reiser 1969) which a r e  well exposed  and  slope 
s t e e p l y   t o   t h e   r i v e r .  The upper 13-15 m of t h e  
b luf f   exposes   unconsol ida ted   a l luv ia l  and e o l i a n  
sediments  of  Quaternary  age. The lower par t   of  
the  Quaternary  sect ion is very  sandy  f ine  gravel  
t h a t   r a v e l s   r a p i d l y  and produces  poor  exposures. 
Prominent s i l t y   z o n e s ,  which are e s p e c i a l l y  
common near the   top ,   s tand  as n e a r l y   v e r t i c a l  
f aces .  Nowhere a l o n g   t h e   b l u f f   i n  1980 was t h e r e  
a cont inuous  ver t ical   exposure.  The bes t  expo- 
s u r e  is about 900 m from t h e   e a s t e r n  end of t h e  
b l u f f ,  where a l l  u n i t s  were exposed  within a 
ho r i zon ta l   d i s t ance  of 50 m. S h i f t i n g  east and 
west of t h e  median l i n e  of s ec t ion   d id   no t   i n t ro -  
duce much er ror ,   because  a l l  prominent  unit  
c o n t a c t s   w i t h i n   t h i s   a r e a   a r e   h o r i z o n t a l .  A 
measured s t r a t i g r a p h i c   s e c t i o n  a t  t h e   b l u f f ,  and 
a d e s c r i p t i o n  of t he  u n i t s  a t  t h i s   p o i n t ,  are 
presented   in   F igure  2 and  Table I, r e spec t ive ly .  
P a r t i c u l a r l y  resistant congeliturbated  zones  and 
ice-wedge-cast (IWC) horizons  occur a t  the  same 
height  over a ho r i zon ta l   d i s t ance  of s e v e r a l  
hundred meters. S igni f icant   e ros iona l   d i scon-  
fo rmi t i e s  would a l s o  be ho r i zon ta l  as well, but  
none were detected.  

I n t e r p r e t a t i o n  of  Units 

Unit  1 i s  i n t e rp re t ed   t o   r ep resen t   l acus t r ine  
and f luv iode l ta ic   sed iments  which were b u i l t   i n t o  
a bas in  now occupied  by  Fishhook  Bend,  Following 
depos i t i on   t he  beds were weakly  indurated  and 
t i l t e d  as m c h  as 9'. The contact  between  Unit 1 
and the   over ly ing   grave ls  i s  ho r i zon ta l  and only 
loca l ly   scoured ,   sugges t ing   tha t  i t  r ep resen t s  a 
broad   e ros iona l   sur face  formed  beneath  an  ancient 
stream. 

Units 2,  3 ,  and 5 are in t e rp re t ed  as lateral 
a c c r e t i o n   d e p o s i t s   l a i d  down by a r e l a t i v e l y  
low-energy  meandering stream during  basin  aggra- 
dat ion.  Modest discharge is suggested  because 
(1) t h e  stream was competent t o   t r a n s p o r t   s e d i -  
ment no coarser   than   f ine   g rave l  and sand, (2)  
large-scale  trough  cross-bedding  and  deep  chan- 
ne l ing  are absent ,  and (3)  the   f ine-grained 
in t e rbeds  are highly  discontinuous and lent i -  
cu la r .   These   s i l t y   o rgan ic - s t a ined   i n t e rbeds  
probably  represent  channel  margin and overbank 
depos i t s   tha t   accumula ted   loca l ly   dur ing   genera l  
aggradat ion.  Some apparent ly   represent   inc ip ien t  
paleosol  development. 

1 

FIGURE 2 Measured s t r a t i g r a p h i c   s e c t i o n  a t  
Canyon Village  Bluff.   Refer  to  Table 1 f o r  de- 
s c r i p t i o n  of t h e   u n i t s  and to   F igu re  l fo r   l oca -  
t i o n  of s ec t ion .  

Well-rounded c h e r t  and quar tz i te   pebbles  
i d e n t i c a l   t o   t h o s e  from l o c a l   T e r t i a r y   d e p o s i t s  
comprise  an  estimated 60% of   the   g rave l  clasts i n  
the  lowest  gravel  (Unit  2 ) .  The d e c r e a s e   i n  
abundance  of these  pebbles  upward to   an   es t imated  
40 and 25% i n   U n i t s  3 and 5, r e spec t ive ly ,  sug- 
g e s t s   t h a t   T e r t i a r y   d e p o s i t s  became less impor- 
tant as a source  of  sediment with time. This  
observat ion is cons is ten t   wi th  a gradual  aggrada- 
t ion  of   the  Fishhook Bend Basin  during  Quaternary 
time. 

Large,  stained  but  unweathered,  weakly  abraded 
spruce logs i n   U n i t  2 decrease   in   apparent  abun- 
dance  upward,  with  none  being  observed i n  younger 
u n i t s .  Given t h e  similar deposi t ional   environ-  
ments inferred  €or   Units  2-5, the  absence of 
spruce in  h ighe r   un i t s  may i n d i c a t e  a l o c a l  
e x t i n c t i o n  of spruce  f rom  this   vicini ty .  The 
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TABLE 1 Descript ion of Units  a t  Measured S t r a t i -  
graphic   Sect ion a t  Canyon Vil lage  Bluff .  

Thick- 
Uni t   ness  (m) Descr ipt ion 

1 19 Claystone  and  s i l ts tone:  Lami- 
na ted   to   mass ive   g ray   s i l t s tone  

and claystone  interbedded  with  sand and well- 
rounded f ine   g rave l .  Weakly indurated.  Unit 
d i p s  9' to   nor thwes t .  

2 3.5 Oxidized  gravel : Rounded t o  
subrounded  pebble- t o  small 

cobble-s ized   po lymic t ic   c las t s   in  a subangular- 
rounded mixed sand matrix. Mean maximum clast 
diameter 2-4 cm. Commonly weakly  bedded as 
subhorizontal   s l ight ly   imbricate   zones,   wi th  
occasional  cross-bedded lenses where  sandy. 
Smaller  pebbles are clasts o f  except ional ly  w e l l  
rounded c h e r t  and quar tz i te .   Severa l   l a rge  
basa l t   bou lde r s   t o   35  cm diameter   occur   within 
f ine   g rave l   mat r ix  and exhib i t   percuss ion  scars 
and occasional   scratches.   Uni t   contains  common 
la rge   spruce   (P icea)   logs   to  15 c m  diameter which 
have  roots  intact ,  sl ightly  abraded  appearance,  
and are s t r ipped  of bark, Logs d imin i sh   i n  
abundance upward. Black  organic s i l t y  lenses 
w i t h   f l a t   t o p s  and  rounded l enses  are p resen t  i n  
channeled  zones.   Ent i re   uni t   s ta ined  s t rong 
brown, with  matrix less oxidized  than clasts. 
Sharply  def ined  horizontal   s l ight ly   channeled 
lower  contact .  

3 4.5 Lower brown gravel:  Rounded t o  
subrounded  pebble- t o  small 

cobble-sized  polymictic clasts i n  a loose sub- 
angu la r   t o  rounded  sand matrix. Mean  maximum 
diameter is 4-5 cm. Conta ins   s l igh t ly  less 
rounded  and coa r se r   c l a s t s   t han   Un i t  1. Sub- 
h o r i z o n t a l l y  bedded  and  weakly imbricate ,   wi th  
rare  trough  cross  bedding  in  sandy  zones.  Common 
f lat-topped lenses of organic-s ta ined   s i l ty   sand ,  
one o f  which appea r s   t o   have   i nc ip i en t   so i l  
development.  Unidentified mammal bone f o s s i l s  
are rare and r e t r anspor t ed  wood fragments common. 
Mult iple  wedge-shaped zones  about  30 cm wide 
occur  with a spacing of about 7 m along a def i -  
n i te   hor izon   about  2 m below top of u n i t .  Wedge 
forms  defined by o r i e n t a t i o n  of t abu la r  clasts 
and organic   zones   tha t   pene t ra te  downward i n t o  
subhorizontal  bedding. Minor slumping  within 
wedge forms.  Several less well def ined   i so la ted  
wedge forms occur  above  the  prominent  horizon. 
U n i t   s l i g h t l y   s t a i n e d   t o  a brown co lo r .  

4 1 Lower disordered s i l t :  Unit 
h ighly   var iab le  i n  thickness  and 

appearance.  Dominantly  grayish brown massive 
unbedded silt and sand mixed with  gravel   near  
sharp  disturbed  lower  contact.  The o r i e n t a t i o n  
o f  organic   l enses  and t a b u l a r  clasts is chao t i c  
and contor ted.   Uni t   occasional ly   overlain by 
discont inuous 20 c m  th ick   reddish  brown organic  
zone  which o v e r l i e s  a thin  discont inuous  gray 
horizon.   Project ing  f rom  the  base of u n i t  are 

TABLE 1 (Continued) 

Thick- 
Unit   ness  (m) Descript ion 

m u l t i p l e   v e r t i c a l  wedge-shaped s t r u c t u r e s   t h a t  
are t y p i c a l l y  30-40 cm wide  and  spaced a t  about 
10 m i n t e rva l s   a long   t he   b lu f f   f ace .  Wedge forms 
pene t r a t e  and crosscut   under ly ing   grave l   to  a 
maximum depth of 3 m and are defined by t abu la r  
and elongate  clasts, organic  lenses, wood frag- 
ments ,   and  s lump  zones  or iented  paral le l   to  wedge 
walls within a mixed s i l t y  sand  matrix. A t  top 
of several wedge forms host  sediments are de- 
formed upward near margins. Lower contac t   abrupt  
and  deformed. 

5 1 Upper brown gravel :  Rounded t o  
subrounded  pebble- t o  small 

cobble-s ized  polymict ic   gravel   in  a subangular   to  
rounded  coarse  sand  matrix. Mean maximum c l a s t  
diameter 3-5 cm. Bedding commonly expressed as 
sub-hor izonta l   o r ien ta t ion  o f  stones.   Contains  
small abraded wood fragments and no more than 25% 
well-rounded che r t  and quartzite  fragments.   Unit  
s l i g h t l y   s t a i n e d   t o  a l i g h t  brown co lo r .  Sub- 
horizontal   s l ight ly   channeled  lower  contact .  

6 2 Disordered silt and gravel:   Unit  
v a r i a b l e  i n  thickness  and  appear- 

ance.  Dominantly  grayish brown mixed si l t ,  sand, 
granules ,  and f i n e  gravels .  Lower and upper 
p a r r s  are f ine r   t ex tu red ,   w i th  a c e n t r a l  zone 
containing more gravel.  Granule  zones,  elongate 
cobbles,  and organic   l enses  show complex chao t i c  
or ien ta t ions   near   base ,   wi th  many clasts having 
vertical  o r i e n t a t i o n .   P r o j e c t i n g  from the   base  
of u n i t  are mul t ip l e  wedge-shaped s t r u c t u r e s   t h a t  
a r e   t y p i c a l l y  50-100 c m  wide  and  spaced a t  wide 
in t e rva l s   a long   t he   b lu f f .  Wedge forms pene t r a t e  
and  crosscut  underlying strata t o  a depth of 
several meters. Wedge forms are similar t o   t h o s e  
i n  Unit 4 .  Several 10-30 cm wide  zones  of non- 
v e r t i c a l  clast o r i e n t a t i o n s  and s i l t y   s e g r e g a t e d  
l a y e r s  widen upward from the   tops  o f  l a r g e  wedge 
forms to  the  channeled upward con tac t .  A t  one 
loca l i ty   a long   the   upper   contac t  a 0-5 c m  t h i c k  
bed of organic  silt wi th   sparse  wood fragments 
yielded a 14C d a t e  of g rea t e r   t han  35,000 yea r s  
B.P.  (BETA-1823). Abrupt d i s tu rbed  lower con- 
tact .  

7 1.5 Gray gravel:   Subangular  to sub- 
rounded  pebble- to  cobble-sized 

clasts l a r g e l y  of sedimentary  rocks i n  a very 
sparse ,   loose  coarse   sand-granule  matrix. Mean 
maximum diameter 5-7 c m .  Clasts are dominantly 
t a b u l a r   t o   d i s c o i d a l  in shape  with a s t rong  
southwest  imbrication. Bedding genera l ly   absent ,  
but  a subhor i zon ta l   f ab r i c  is present .  Upper 
30 c m  is weak ly   ox id i zed ,   i nc reas ing   i n   i n t ens i ty  
upward. Carbonate   encrustat ions  occur  at  base of 
n e a r l y  a l l  clasts, Lower contact  very  sharp  and 
moderately  channeled. 
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TABLE 1 (Continued) 

Thick- 
Unit   ness  (m) Descr ipt ion 

8 1 Upper disordered silt: Unit dom- 
i n a n t l y  mixed silt and f ine   sand ,  

but  is s i l t y   n e a r   b a s e  and sandy  near  top. Brown 
organic  silt l e n s e s   t o  3 cm thick  with  subparal-  
lel stained  zones common, especial ly   near   base.  
Organic   lenses   great ly   convoluted,   especial ly  
near  base,  where gravel  clasts, mixed from the 
lower  contact,  show chao t i c   o r i en ta t ions .  Upper 
20 cm is a peaty  organic zone  below spruce 
f o r e s t .  

Total  33.5 

presence of anomalously  large,  subangular, 
scratched and ba t t e red   basa l t   bou lde r s   i n   t he  
f ine  sediment   matr ix  of Unit 2 suggests  boulder 
t r anspor t  and modification by river ice under 
pe r ig l ac i a l   cond i t ions .   S imi l a r  phenomena occur 
along  the  Porcupine  River  today,  during times of 
violent   spr ing  breakup.  

The lowest  Quaternary  gravel  (Unit 2) is oxi- 
d i zed   t o  a s t rong brown color .  Although the  
c o l o r   c o n t r a s t  between Units 2 and 3 is sharp,  
t h e r e  i s  no d i rec t   sed imento logic   ev idence   for  a 
u n i t   c o n t a c t ,  no appa ren t   i nc rease   i n   t he  amount 
of  weathering upward toward the  Unit  2-3 con tac t ,  
and no zones of c lay   a l te ra t ion .   Ins tead ,   ox ida-  
t i o n  seems equally  pervasive  throughout  the 
e n t i r e   u n i t .  The h o r i z o n t a l i t y  of the  Unit  2-3 
contact ,   the   absence of a weather ing  gradient ,  
the  presence of  unweathered  spruce  logs, and the  
pervasive  oxidat ion of these  permeable  sandy 
gravels   suggest   that   groundwater   c i rculat ion 
above t h e   f l a t   c o n t a c t   w i t h  impermeable T e r t i a r y  
sediments may be r e spons ib l e   fo r   t he   s t a in ing .  
This  favored  hypothesis  requires  unfrozen  condi- 
t i o n s  a t  some time  following  deposit ion of Unit 
3. Permafrost a t  the bluff  must  have  been 
a b s e n t ,   v e r y   t h i n ,   o r   r e s t r i c t e d   t o  a great   depth 
a t  t h i s  time. 

Units 4, 6,  and 8 are s i g n i f i c a n t l y   f i n e r  
textured  than  the  gravel   uni ts   (Table  1). A l l  
are disordered t o  some extent  by congeliturba- 
t i on ,  which makes t h e i r   o r i g i n   d i f f i c u l t   t o  
determine. Woody fragments and organic  silt 
layers   occur   in   each   un i t .  The su r face   un i t  
(Unit 8) is c l ea r ly   eo l i an   i n   o r ig in   because  no 
oppor tun i ty   ex i s t s  for f luv ia l   depos i t i on  and 
because  deposit ion is occurring now. Unit 4 is 
similar i n   t e x t u r e   t o   U n i t  8 and may a lso   be  
e o l i a n ,  a t  least i n  its upper  parts.  Unit 6 has 
disordered  interbeds of f ine   g rave l ,   sugges t ing  a 
p robab le   f l uv ia l   o r ig in .   S i l t y   zones   w i th in  
Unit 6 may be e i t h e r   e o l i a n  or f l u v i a l .  Units 4 
and 6 may represent  f luvial   overbank  sediments 
completing two cycles  o f  f luv ia l   aggrada t ion  
a s soc ia t ed   w i th   un i t s  3 and 5 ,  r e spec t ive ly .  

The oldest   evidence  for   permafrost   condi t ions 
a t  the   b lu f f  is a horizon of small IWC wi th in   the  
gravel  of Unit 3 about 7 m below the  bluff   top 
(Figure 2). Small wedge-shaped f ea tu res   h ighe r  
i n   U n i t  3 are a l so   i n t e rp re t ed  as small IWC, but 
t h e i r   l a c k  of r e g u l a r i t y  makes  them suspicious.  
Two pronounced horizons of IWC t h a t   p e n e t r a t e   t h e  
underlying  gravels are exposed a t  the   bases  of 
Units 4 and 6 .  These wedge-shaped s t r u c t u r e s  are 
in t e rp re t ed  as IWC because  they  exhibit  down- 
warping of host   sediments a t  their   upper  margins,  
i r r e g u l a r  slump s t ruc tu res   w i th in   t he   ca s t s ,  and 
a prominent   regular i ty   in   spacing  a long  the  bluff  
o f  seve ra l  meters. These  features  are most 
c h a r a c t e r i s t i c  o f  IWC (Black  1976, Pdwd e t  a l .  
1969). 

Above the  base of both IWC horizons,   organic 
lenses  and elongate  clasts are e i t h e r   h i g h l y  
contor ted   o r  randomly or ien ted ,   sugges t ing   tha t  
cons iderable   c ryoturba t ion   has   occur red   in   these  
fine-grained  deposits.  Because  they  overlie  the 
IWC, these  cryoturbated  zones are i n t e r p r e t e d  as 
former   ac t ive   l ayers .  The thickness  of each 
cryoturbated zone r ep resen t s  a minimum thickness  
of the   former   ac t ive   l ayers .   In   the  case of 
Unit 4 t he   i nc ip i en t   pa l eoso l  a t  the  top of t he  
cryoturbated zone sugges t s   t ha t   t he   ac t ive   l aye r  
may have  been  only 50-70 cm t h i ck .  

The youngest  episode of wedge growth is indi-  
cated by narrow  zones o f  v e r t i c a l l y   o r i e n t e d  
clasts that   begin a t  the  top of t he  massive IWC 
in   Un i t  6 and t h a t  widen  upward.  These f e a t u r e s  
are in t e rp re t ed  as e i t h e r  IWC o r   s o i l  wedges 
(Black  1976). If they are IWC, they  represent 
e i ther   inc ip ien t   g rowth  of ice wedges within 
Unit 6 o r  are the roo t s  of larger  former ice 
wedges that  have  been removed  by erosion.  An 
i n c i p i e n t  ice-wedge o r i g i n  is preferred  because 
t h e r e  is no evidence   for   s ign i f icant   e ros ion  and 
because  they l i e  d i r e c t l y  above  the  former 
wedges. 

Unit 7 o r i g i n a t e d   i n  a manner ve ry   d i f f e ren t  
from the   o the r   g rave l   un i t s .  The scoured  nature  
of its lower  contact,  i ts r e l a t i v e l y  low t e x t u r a l  
and  compositional  maturity, its shee t l ike   un i -  
formly  imbricate   character ,  and the  braided 
appearance  of i ts surface elsewhere i n  t h e   v a l l e y  
(Thorson  and  Dixon, i n   p re s s )   sugges t   t ha t  i t  was 
deposited by a high  discharge stream during 
g lac ia l   l ake   over f low from the  Yukon Ter r i to ry .  
Rapid i n c i s i o n  of the  Porcupine  River   af ter  
deposi t ion of Unit 7 r e s u l t e d   i n   i s o l a t i o n  of t he  
present   bluff  area as a terrace at  least 10 m 
above  the  act ive  f loodplain.  

Aae of Units 

Only one  radiocarbon  date of grea te r   than  
35,000 14C yr B.P.  (BETA-1823) is a v a i l a b l e   f o r  
Canyon Vil lage  Bluff .   This   date ,  which w a s  
obtained from "fresh-looking"  small wood frag- 
ments  from a dense  peaty silt a t  the  very  top of 
Unit 6 ,  i n d i c a t e s   t h a t  a l l  four  IWC horizons are 
o lder   than  35,000 years.  There is no evidence  to  
sugges t   tha t   s ign i f icant   e ros iona l   d i sconfonni -  
ties e x i s t  below the  dated  horizon o r  t h a t  pro- 
longed  intervals  of weathering  occurred on  ex- 
posed  surfaces.   Rather,   deposit ion of Units 2-6 
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appears   to   represent   in te rmi t ten t   aggrada t ion .  
Deposit ion of sediments by a migrating  meandering 
stream apparen t ly   a l t e rna ted   w i th   i n t e rva l s  when 
t h e  ground su r face  was exposed t o   c r y o t u r b a t i o n ,  
eo l ian   and/or   werbank  depos i t ion ,  and contrac- 
t ion  cracking  with  a t tendant   growth of ice wedges 
a t  depth.  The unweathered cha rac t e r  of a l l  u n i t s  
i n d i c a t e s   t h a t   s i g n i f i c a n t   s o i l  development d id  
not   occur ,  as f o r  example during a long warm 
i n t e r g l a c i a t i o n .  The presence  of  spruce  logs 
near   the   base  of the   exposure   sugges ts   e i ther  
i n t e r s t a d i a l  or in te rg lac ia l   condi t ions   because  
f o r e s t  was probably  absent   f rom  inter ior  Alaska 
d u r i n g   f u l l   g l a c i a l   c o n d i t i o n s  (Hopkins e t  a l .  
1981,  Westgate e t  a l .  1983) Based on these  
cons ide ra t ions  the Unit 2-6 sequence is here 
in t e rp re t ed   t o   span  a l l  or p a r t  of t h e   i n t e r v a l  
from t h e  last i n t e r g l a c i a t i o n  (Sangamon; marine 
i so tope   s t age  5e) t o   t h e  Middle  Wisconsin  Inter- 
s tad ia l   (mar ine   i so tope   s tage  3 ) .  This   i n t e rva l  
is da ted   g loba l ly  from  about  125,000 t o  32,000 
years  B.P. (Shackelton  and Opdyke 1973). 

It is p o s s i b l e   t h a t  the wood fragments  dated 
at  g rea t e r   t han  35,000 years B.P. were redepos- 
i t e d  from o l d e r  wood-rich u n i t s  i n  the   va l l ey .  
This p o s s i b i l i t y  is l a rge ly   ru l ed   ou t  by many 
o t h e r  14C d a t e s   i n  more con t ro l l ed   con tex t s  which 
ind ica t e   t ha t   Un i t  7 must  be older   than  about  
31,000 yea r s  B.P. (Thorson and  Dixon, i n   p r e s s ) .  

The sur face   eo l ian   cap   (un i t  8) is c l e a r l y   o f  
r e c e n t   o r i g i n .  It r e su l t ed  from eolian  deposi-  
t i o n  on the  terrace by sediments  derived  largely 
from t h e  exposed b lu f f   f ace  and  from more d i s t a n t  
areas. The upward coarsening   wi th in   th i s   un i t  
can  be  explained by the  progressive  approach of 
the   source  area ( b l u f f   f a c e )   t o  i t s  present  
p o s i t i o n .  If Unit 8 i s  Holocene i n   o r i g i n  and 
the  underlying  gravel is o lde r   t han  31,000  years 
B.P., a n   i n t e r v a l  o f  at least 20,000 years  is n o t  
represented by sediments.  Weathering on t h e  
g rave l   su r f ace  and c a l c i f i c a t i o n  o f  t h e  clasts 
must r ep resen t  at  least p a r t  o f  t h i s   i n t e r v a l .  
Nondeposition of eolian  sediments  and/or  defla- 
t i o n  may have   occu r red   du r ing   t h i s   i n t e rva l ,   bu t  
no evidence of wind ab ras ion  was found. Appar- 
e n t l y ,   i c e  wedge growth,   s ignif icant   weather ing,  
or   c ryoturba t ion   d id   no t   occur  at  Canyon Vi l l age  
Bluff  during the maximum of t h e  last g l a c i a t i o n  
( la te   Wisconsin) .  

CLIMATIC IMPLICATIONS 

Units  2-6 a t  t h e   b l u f f   a r e   i n t e r p r e t e d  as 
probably late P l e i s t o c e n e   i n   a g e  and as having 
formed during  episodes of a l luv ia l   depos i t i on  
tha t   a l t e rna ted   w i th   ep i sodes  of cryoturbat ion.  
I n t e r v a l s  of conge l i tu rba t ion  and paleosol  devel-  
opment on exposed surfaces  probably  spanned  the 
g r e a t e r  share of time during basin aggradation. 
Development of ice wedges fol lowing  deposi t ion of 
Units  3, 4 ,  and 6 must  have  been  followed by 
melt ing and col lapse;   o therwise  the wedges  would 
st i l l  be  present  today.  Furthermore  each IWC 
horizon must have  developed.  by  thawing  prior  to 
the   format ion  of the  next  higher  one;  otherwise 
the   depos i t s   ove r ly ing   t he  IWC horizons would 
have  been  deformed as well. For example, ice 

wedges formed dur ing   t he   i n t e rva l   r ep resen ted  by 
Unit 6 cut  through  the  underlying  undefonned 
g rave l s  which o v e r l i e   t h e  IWC of Unit 4 .  Thus, 
each IWC horizon  can  be  interpreted as evidence 
f o r  one cold-warm o s c i l l a t i o n  of temperature 
wi th in   the   near -sur face   so i l ,   the   cause(s )   o f  
which are unknown. 

Changes i n  soil temperature may r e s u l t  from a 
number of i n t e r a c t i n g   f a c t o r s ,  a l l  of  which may 
be o p e r a t i v e   i n   t h i s  case (Washburn 1980,  Black 
1976).   Fluctuations  in  ground ice s t a b i l i t y  may 
accompany sedimentary  cycles  associated  with 
meandering streams. Changes i n  a i r  temperature 
( e i t h e r  mean annual   or   during a c r i t i c a l   p e r i o d ) ,  
changes in   t he   deg ree  of thermal   insulat ion from 
win te r  snowpack or ground vege ta t ion ,   changes   i n  
vegetat ion  caused by l o c a l   w i l d f i r e s ,  and  changes 
in the   thermal   conduct ivi ty  of t h e   s o i l  may a l l  
inf luence  the  s tabi l i ty   of   permafrost .   Al though 
the   causes  of t he   fou r   cyc le s  o f  permafrost  
formation and degradation at  the   b lu f f  are un- 
known, t h e i r   o s c i l l a t o r y   n a t u r e   i n d i c a t e s   t h a t  
the  Fishhook Bend area   has   been   in  a s e n s i t i v e  
regime  with  respect   to   the  formation and preser- 
va t ion  of  ground i c e   s i n c e  the last i n t e r g l a c i a -  
t i o n .   T h i s   i n t e r p r e t a t i o n  is cons is ten t   wi th  
observations  by Matthews  (1980)  and  Morlan  (1980) 
s u g g e s t i n g   o s c i l l a t o r y   c l i m a t e s   i n  the northern 
Yukon Ter r i to ry   du r ing   t he  same time i n t e r v a l .  

The complete  absence  of IWC hor izons   o r   s ig-  
n i f i can t   c ryo tu rba t ion  o f  the  youngest  gravel a t  
the   b lu f f  is  puzzling when compared with t h e  
mul t ip l e  IWC horizons  beneath it and because  of 
the  widespread  presence of l a r g e  modern ice 
wedges in t he  area. The most plausible   explana-  
t i o n   f o r   t h i s  phenomenon is t h a t  ice wedges i n  
gravel  can  only  develop  locally  under a t  least 
occas iona l ly   sa tura ted   condi t ions   on   ac t ive  
f l o o d p l a i n s   o r  low terraces. The r a p i d   i n c i s i o n  
that   fol lowed  deposi t ion of  Unit 7 ,  the   p resence  
of an  oxidized zone  on its surface,  and t h e  
carbonate   encrustat ions  within  Unit  8 i n d i c a t e  
tha t   th i s   g rave l   has   no t   been   poor ly   d ra ined  
enough f o r  ice wedge development to   occu r .  
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LOESS-LIKE  YEDOM-COMPLEX  DEPOSITS IN NORTHEASTERN USSR; STAGES AND 
INTERRUPTIONS  IN  THEIR  ACCUMULATION;  AND  THEIR.  CRYOTEXTURES 

S. V. Tomirdiaro 

North-East  Interdisciplinary  Scientific  Research  Institute, 
Academy o f  Sciences,  Magadan, USSR 

Loess  layers of a  yedom  complex  with  a  special  cryotexture  accumulated  during  the 
glacial  periods in the  cryoarid  landscapes of Northeastern  USSR,  while  during  the 
interglacials  buried  soil  profiles  and  thermokarst  facies  were  formed  in  cryohumid 
landscapes.  This  pattern  corresponds  in  principle to that of the  classic  loess 
deposits  of  the  periglacial  regions of Europe. 

Covers  or  remnants  of  covers  of  unique  loess- 
like  deposits  containing  syngenetic  polygonal  ice 
wedges  of  Late  Pleistocene  age  are  widely  distribu- 
ted  in  the  Northeastern USSR and  Alaska.  Soviet 
authors  define  this  association  of  rocks  as  ''yedoma 
complex" or "loess-ice  formation"  (Tomirdiaro  1980) 
while  the  Alaskan  (Fairbanks)  counterparts  describe 
it  as  eolian  loess  (Goldstream  Formation;  P6w6 
1975) .  

Special  investigations  made  by  the  author  for 
many  years  in  Yakutia  and  Chukotka  indicate  that 
in the more complete  yedoma  sections  two  ubiqui- 
tous  chronostratigraphic  horizons are  recognizable; 
the  latter  comprise  proper  loess-like  unredeposited 
beds  with  syngenetic  ice  wedges  and  is  referred t o  
as  the  Zyryanka  and  Sartanian  cryochrones.  The 
former  comprise  chronostratigraphic  horizons  of 
peat,  soil,  and  thermokarst  facies  and  belong  to 
Kazantsevsky,  Karghinsky  or  Hologenic  thermo- 
chrones  (Figure 1). 

Presently,  this  stratigraphic  scheme  was 
approved  as  a  regional  rank  division  by  the A l l -  
Union  Interdepartmental  Conference on Development 
of Stratigraphic  Schemes  for  the  Quaternary 
Deposits  in  the  Eastern  USSR  held in Magadan in 
March  1982.  The  above-mentioned  chronostrati- 
graphic  horizons  were  given  local names corres- 
ponding  to  the  stratotypes  identified  for  them. 
Thus,  a  layer of loess-like  deposits  containing 
syngenetic  ice  wedges  of  the  Ice  time (Q2111) was 
named  Oyagossky  Horizon  (type  section:  the 
Yagossky  Yar  yedoma on the  bank  of  Dmitry  taptev 
Strait);  a  layer  of  buried  soil,  peat,  and  lake- 
thermokarst  facies  of  the  Karghinsky  warm  inter- 
stadial  (Q3r11)  was  named  Molotkovsky  Horizon  (type 
section:  lake-thermokarst  deposits  near  Molotkov- 
sky  Kamen'  rock  on  the  Anyui  River);  and  a  layer o f  
loess-like  deposits  containing  syngenetic  ice 
wedges  of  Sartanian  glaciation  (Q4111)  was  named 
Mus-Khaya  Horizon  (type  section:  the  upper  part  of 
the  Mus-Khaya  yedoma  section on the Yana River). 
Correspondingly,  the  previously  common  term  "yedoma 
suite"  has been replaced  by  "yedoma  series." 

During  the  Interdepartmental  Conference  of  1982, 
it  was  pointed out, i n  particular,  that  since  the 
Oyagossky  and  Mus-Khaya  horizons  of  proper  loess- 
like  deposits of the  yedoma  series  should  be  con- 
sidered  as  having  accumulated  during  the  maximal 
worldwide  climatic  deterioration  and  aridization 

in  the  Pleistocene (Q'III) and ( Q 4 ~ ~ 1 ) ,  i.e.  during 
the  epochs of the  commonly known global  eolian 
loess  accumulation  in  landscapes of the  permafrost/ 
periglacial  ("mammoth")  tundra-steppes  of  Northern 
Eurasia  and  America,  that  these  deposits  must  be 
of  a  universal  and  uniform  cryogenic-eolian  nature. 
In the  case of the  yedomas  from  Chukotka  and  Yakutia 
this  concept  has  been  developed  by  the  author 
(Tomirdiaro  1972, 1978, 1980)  and  Academician  Shilo 
(Shilo  and  Tomirdiaro  1981)  as  well  as  by  P6w6, 
Journaux,  and  Stuckenrath (1977). Investigations 
by  Giterman  and  Kaplina as well  as  by  the  author 
(Tomirdiaro 1980) showed  that,  as  evident  from 
numerous  representative  spore-pollen  analyses  in 
sections  of  the  yedoma  series,  both  horizons of 
proper  loess-like  deposits  (the  Oyagossky  and  Mus- 
Khaya  horizons  in  Figure 1) accumulated in areas 
of  very  dry  steppe  conditions,  which were even 
devoid o f  shrubs.  Layers of fossil soil, peat, 
and  thermokarst  facies of the  Nolotkovsky  and 
Holocenic horizons-accumulated  in fundamentally 
different  landscapes  that  were  wetter,  boggy,  and 
forested  (Figure 1). This  conclusion  resulKs  from 
palynologic  analyses of fossil  remains of therio- 
fauna  and  fossil  insect  fauna. 

All  these  drastic  and  cardinal  changes  of  paleo- 
landscape  environments  during  the  time  of  accumula- 
tion of different  chronostratigraphic  horizons of 
the  yedoma  complex  (the  yedoma  series)  were  reflect- 
ed, as shown by  the  author's  investigations,  in 
their  cryologic  structure  (Figure 1). 

The  general  scheme i s  as  follows: 
(1) Deposits  occurring  at  the  base  of  the 

yedoma  complex  (the  yedoma  series)  may  belong  to 
any  time  prior  to  the  Late  Pleistocene.  However, 
ancient  soil,  peat,  and  lake-alas  thermokarst 
deposits of the  Kaeantsevsky  interglacial  (Q~III) 
are  often  found.  Ice  veins  are  epigenetic  and 
wedge-like. 

horizon  in  the  deposits  of  the  yedoma  complex is 
established  by  the  combination  of  the  following 
features : 

(a) steppe  or  tundra-steppe  spore-pollen 
spectra  typical o f  cold  periods  of  ice  epochs 
(Tomirdiaro  1980) ; 

wedges  and  eolian  loess-like  sandy  loams  also 
related  to  the  ice  epochs; 

(2)  The  Zyryanka  age (Qzz~~) o f  the  Oyagossky 

(b) universal  distribution  of  syngenetic  ice 
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(c) abundant  bone  remains  of  Late  Paleolithic 
mammoth  fauna  with  ages  that  are  beyond  the  limits 
of radiocarbon  dating. 

This  unit  is  characterized  by  broad  ice  veins 
up  to 6 m  wide;  there  are  common  thick  schlieren 
or  ribbonlike  parallel-concave  continuous  cryo- 
textures  (Figure 1)- 

(3) The  Karghinsky (Q3 111) age of the  next, 
Molotkovsky,  horizon  is  supported  by  many  radio- 
carbon  dates  of  buried  peat  and  soil  containing 
wooden  macroremnants.  These  dates  are  within  the 
period  of 45-40 to  25-24  thousand  years B.P. 
(Tomirdiaro 1980, Shilo  and  Tomirdiaro 1981). A 
bed  of  loess-like  deposits  occurring  between  the 
peat  horizons  (Figure 1) is  characterized  by  steppe 
spore-pollen  spectra  and  is  referred  to  drier  and 
colder  Mid-Karghinian  time,  This  unit  exhibits 
thick  schlieren,  flat-layered  cryotextures.  The 
lower-  and  upper-lying  horizons  of  peat  and  fossil 
soil  are  characterized  by  forest  spectra  and  belong 
to  Early  and  Late  Karghinsky  warm  stages.  Here 
loess-accumulation  and  ice  vein  development  were 
interrupted  although  permafrost  persisted.  Its 
cryotexture  is  massive  and  ice  veins  are  epigenetic 
and  wedgelike  throughout. 

layer  from  the  base,  i.e.  Mus-Khaya  horizon,  is 
evident  from  radiocarbon  dates  of  roots  of  her- 
baceous  steppe  vegetation. For example, 3 dates 
were  obtained  at  the  Mus-Khaya  type  section:  the 
sample  taken  from  2  m  depth  below  the  top of the 
exposure  (MAG-1371,  was  dated  as  11500f210  yr  B.P., 
and  the  sample  taken  from  15.5  m  depth  was  dated  as 
23360f720  yr B.P. (Tomirdiaro 1980). In  the 
Duvanny Yar exposure,  that i s  the  key  section  for 
all  yedomas  of  the  continental  subarctic  type 
identified  by  us,  a  sample  of  rootlets of herbace- 
ous  vegetation (MAG592) taken  from 3 m depth, 
below  the t o p  of a 35  m  high  bluff, was dated at 
15850k150  yr B.P. Even  in  Central  Yakutia,  near 
the  city  of  Yakutsk  at  an  elevation  of 50 m  above 
the  Lena  River,  samples of analogous  rootlets 
(IN-432, 11,:-431, IN-430) were  taken  from  depths  of 
3 ,  8, and  14  m  below  the  surface  and  gave  dates o f  
13600f900 yr, 17800$850 yr, and 18700k990 yr B.P. 

In all  sites of the  Mus-Khaya  horizon,  the 
spore-pollen  complex  is  characteristically  that of 
paleolandscapes of extremely  dry  Artemisian  steppes 
and  Selaginellan  semideserts  (Tomirdiaro 1980). A 
drastic  increase  in  dryness  and  higher  rates  of 
loess-accumulation  are  also  registered  in  the  Mus- 
Khaya  horizon  of  the  subarctic  type  yedomas  from 
both  Mamontova  Gora on the  Aldan  River i n  the  south 
to  Duvanny  Yar on the  Kolyma  River  in  the  north. 
There  is  a  domination  of  exclusively  microschlieren 
syngenetic  flat-layered  (microlenticular)  cryo- 
textures  (filament  lenticules of ice in the  rock) 
and  a  sharp  decrease in the  width  of  ice  veins 
(down  to  1-2 m) a5  compared  to  that  of  the  veins 
from  the  Oyagossky  horizon  (Figure 1). 

horizon  was  determined  by  numerous  absolute  datings 
(Tomirdiaro  1980). A subhorizon  identified  here 
underwent  thawing  during  the  Holocene  and  was  sub- 
sequently  incorporated  by  the  permafrost;  its  thick 
schlieren  cryotextured  rocks  are  peculiar  to 
humidified  and  epigenetically  frozen  terrain. In  
addition,  a  modern  Soil  layer  is  recognizable  here. 
The  whole  horizon  is  characterized  by  forest  and 

( 4 )  The  Sartanian  age (Q411~)  of the  third 

( 5 )  The  Holocene age (QIv) of the  yedoma  upper 

tundra-forest  spore-pollen  spectra. 
The  development of microschlieren  (microlenticu- 

lar)  and  discontinuous  cryotextures  in  the  Mus- 
Khaya  horizon  is  definite  indication  that  this  type 
of rock  was  transformed  into  permafrost  without 
having  been  humidified. A slow-rate  freezing of 
fine-grained  soils  that  have  been  saturated  leads 
to  the  production  of  thick  schlieren  of  segregated 
ice  as  well  as  ice-rock  ribbons  in  them, i.e.  to 
creation  of  sediments  characteristic o f  the 
Oyagossky  horizon  of  Zyryanka  time.  The  Zyryanka 
time  was  less  humid  and,  as  demonstrated  by  the 
European  data,  the  eolian  loess-accumulation  during 
it  was 10 times  slower  than  during  the  Late  WErm 
(Q41r~). This  decrease  in  sedimentation  promoted a 
drastic  widening of ice  veins  within  the  Oyagossky 
horizon  (Figure 1). Simultaneously,  relatively 
higher  humidity  than  that  of  Sartanian  time  (though 
still  very  continental  and  climatic)  led  to  period- 
ic  manifestations  of  embryonic  thermokarst  and t o  
the  corresponding  wetting o f  eolian  deposits, i.e. 
to  the  eventual  formation  (subsequent t o  second 
freezing) of  deposits  with  thick  schlieren  cryo- 
textures  (Tomirdiaro 1980). However,  the  wetting 
process  sometimes  did  not  involve  the  whole  sequence 
of  accumulated  eolian  matter.  Hence  there are 
frequent  cases of interbedding  of  thick  schlieren 
and  microschlieren  within  the  Oyagossky  horizon 
(Qz 111) in the  polygonal  rock  blocks  (Figure 1). 
As far  as  the  genesis of the  ice  veins i s  concerned, 
high  porosity  values  as  well  as  other  fearures  in- 
dicate  sublimation  origin  (Tomirdiaro 1980). The 
fact  that  large ice veins  are  created  under  very 
cryoarid  modern  climates  in  eolian  deposits  has 
been  established  by  recent  investigations  of  perma- 
frost  sand  dunes  occurring  in  the  islands  of  the 
Canadian  Arctic  Archipelago  (Pissart  et  al. 1977). 

In  rhe  Arctic,  eolian  matter  is  deposited  at a 
slower  rate  than  within  the  Oyagossky  horizon  of 
the  subarctic  type  yedomas.  Besides,  the  slow-rate 
deposition  took  place  both  during  the  Zyryanka  and 
Sartanian  time. In our  opinion,  that  was  precisely 
the  reason  for  the  ice  veins of the  Arctic  type 
yedomas  to  be  unusually  broad  (as  wide  as  8-9.5 m). 
As  compared  to  the  yedomas  from  subarctic  areas, 
they  exhibit  a  reversed  ratio  between  ground  ice 
and  enclosing  rock. It is  during  descriptions  of 
such  yedomas  that  a  previous  hypothesis  was  put 
forward  implying  the  distribution  of  buried  glaciers 
in  northern  Yakutia.  Since  these  entities  are  con- 
fined  exclusively  to  the  Arctic zone,  we  recognized 
them as  yedomas of specific  Arctic or  shelf  type 
(Tomirdiaro 1980). 

The  region  where  these 90% ice  yedomas  are 
distributed i s  restricted to the  northernmost  part 
of the  Yana-Indigirka  lowland  as  well  as  to  the 
islands o f  New  Siberian  Archipelago;  they  are  also 
preserved  on  the  islands  lying  in  the  Lena  delta 
area  and  in  the  Anabar-Olenyok  Maritime  Lowland. 
The  southern  limit of this  region  lies,  a5  demon- 
strated  by  our  reconnaissance  surveys,  at  about 
72' of  northern  latitude  (Tomirdiaro  1982). 

We undertook  careful  examinations of the  follow- 
ing  key  sections  for  ice  yedomas:  Oyagossky  Yar on 
the  shore of Dmitry  Laptev  Strait,  Khaptashinsky 
Yar  on  the  shore of the  East  Siberian  Sea,  and 
Bykovskaya  yedoma in the  Lena  River  delta  (Tomir- 
diaro  et  al.  1982). 

Huge  ice  veins  measuring  8-9.5  m  in  width  and  up 
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to 40 m  in  height  are  usually  overlain  here  by  a 
very  thin  soil  veneer  measuring  0.5-0.6 m, This 
layer often thaws  during  summer  and  the  thawing 
front  penetrates  down  into  the  vein  ice.  This 
results in its  gradual  latent  thawing.  Subse- 
quently,  intervein  polygonal  rock  blocks  get 
involved  and  hence  elevated  above  the  yedoma  sur- 
face;  this,  in  turn,  leads  to  the  development of 
the  block-baidzherakhi  microrelief on the  surface 
that is typical  of  this  yedoma  type  (Tomirdiaro  et 
al.  1982). This  microrelief  enables  a  rough  map- 
ping of the  area  where  they  are  distributed 
(Tomirdiaro  et  al.  1982).  Where  the  veneer  is 
especially  thin (e.g. the  Oyagossky  and  Khaptash- 
insky  units),  the  Sartanian  part of the  yedoma  (the 
Mus-Khaya  horizon)  has  already  thawed  away. HOW- 
ever,  in the  Bykovsky  ice  yedoma  (Bykovsky  Penin- 
sula,  the  Lena  Piver  delta) we managed  to  discover 
a  Sartanian  horizon  of  the  Arctic  type  yedomas 
preserved  below  a  thicker  soil-rock  layer. 
Absolute  datings  of  22070k410  yr B.P. (LU-1263) 
were  obtained  here by,the analyses  of  rootlets  of 
fossil  herbaceous  vegetation  recovered  at 8 m 
depth  from  the  top of a  32 m bluff  (Tomirdiaro 
1982).  It was  found  that,  as  distinct  from  the 
yedomas of subarctic  type  mentioned  earlier,  the 
Mus-Khaya  horizon (Q'III) here  also  contains  huge 
ice  veins  as  wide  (up  to  9.5 m) as  those  from  the 
Oyagossky  unit (Q*III). However,  despite  the 
mammoth  size of the  ice  veins,  the  cryogenic 
texture  here  also  generally  changed  from  the  thick 
schlieren  and  ribbonlike  parallel-concave  member  in 
the  Oyagossky  horizon  to the microlenticular 
horizontal-layered  texture  in  the  Mus-Khaya 
horizon  (Tomirdiaro  et  al. 1982). This  is  definite 
indication  that  the  cessation  of  embryonic  thermo- 
karst  during  the  Sartanian  time  was  related  prim- 
arily to the  general  climatic  dryness  of  that 
cryochrone  and  not  to  the  ground  ice  formed in any 
one  region. 

All in all,  the  extensive  belt of shelf  type  ice 
yedomas  found by  us  in  the  Eastern  Arctic  testifies 
t o  a  pronounced  "gulf" in the  process  of  loess 
accumulation  which  is so intensive  in  the  cryo- 
chrones  of  Late  Pleistocenic  Eurasia.  Actually, 
whenever  the  Arctic  yedomas  of  loess-ice  type 
measuring  20-25  m in height  undergo  complete  thaw- 
ing,  a  layer of mineral  matter  is  left  that  is  only 
2-2.5 m  thick. 

In terms  of  eolian  genesis,  this  can  be  explain- 
ed  by  the  domination of northeastern  and  eastern 
winds  produced  by  the  Arctic  anticyclone  during  the 
ice  epochs.  With  such  a  circulation  pattern,  the 
Arctic  winds  could  not  carry  much  dust  since  they 
did  not  meet, on their  way,  any  mountainous  edifices 
within  the  Arctic  ocean  which  were  covered  by  ice 
and  fine  dust  at  that  time. I n  the  meantime,  the 
winds  that  blew  over  the  coastal  areas of the  main- 
land  picked  up  large  volumes o f  dried  dust  from  the 
vegetation-free  slopes of mountainous  slopes  in 
Chukotka  and  Yakutia.  This  concept  is  substanti- 
ated  by  comparative  grain-size  analyses of rocks 
from  yedomas  belonging to the  subarctic  and  Arctic 
types  (Tomirdiaro  1980,  Tomirdiaro  et  al. 1982). 
It is no accident  that  the  former  are  made  up  of 
rather  coarse  sandy  loams  and  the  latter of fine- 
grained  loams  or  even  silty  clays,  i.e.  perhaps, 
eolian  silts/sediments  of  the  ancient  atmosphere 
of the  cold  "loess"  epochs  of  the  Late  Pleistocene. 

Even  the  yedoma  from  Bykovsky  Peninsula  occurring 
at  the  foot  of  the  Kharaulakh  mountain  range  con- 
sists o f  85% ice  and  the  rocks  from  polygonal 
blocks  or  "pillars,"  also  made  up  by loam (Tomir- 
diaro  et  al.  1982).  Therefore,  in  this  area, 
the  mineral  matter  was  also  introduced  from  the 
north  and  nor  from  the  south;  the  sediment  was  not 
transported  from  the  adjacent  southern  mountains; 
on the  contrary,  it  was  blown  to  the  piedmont  from 
the  north.  Besides,  the  Arctic  winds  carried  the 
pollen  rain,  That  is  why  the  spore-pollen  diagrams 
(Kaplina  1979,  Tomirdiaro 1980) showed  that  steppe 
grass  pollen  prevails  (Figure 1) and  tree  pollen  is 
almost  totally  absent  from  the  yedomas o f  both 
types  in  the  Yagossky  and  Mus-Khaya  horizons.  This 
is  a  very  peculiar  feature  since  these  vegetation 
species,  especially  such  Northeast  Asian  endemic 
species  as  Populus  suaveolens,  Chosenia  macrolepis 
and  others.  managed t o  aersist  during  the  same  ice - - 
epochs  in  areas  immediately  to  the  south, i.e. in 
the  mountainous  valleys of Northeastern  Asia. 
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FIGURE 1 A scheme  for  the  stratigraphic  and  cryo- 
lithic  division of deposits  belonging  to  yedoma 
(ice)  complex. 
1 - loess-like  sandy loam with  horizontal-layered 
thick  schlieren; 2 - loess-like  high-ice  sandy  loam 
with thick  schlieren (ribbon) parallel-concave 
continuous  cryotexture; 3 - loess-like lowice 
sandy loam with microschlieren  discontinuous 
lenticular  cryotexture  (ice  lenticular  filaments); 
4 - syngenetic  bodies of Pleistocenic  ice  veins; 
5 - autochthonous  peat  and  soils; 6 - relative 
percentage  curve f o r  tree and shrub  pollen; 
7 - same  as (6)  for non-tree  vegetation; 8 - same 
as ( 6 )  for  spores. 



FROZEN GROUND I N  THE ALTAI MOUNTAINS OF CHINA 
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Frozen  ground i n   t h e   A l t a i  Mountains of China  can  be  divided  into  three zones: 
seasonally  frozen  ground,  sporadic  permafrost, and widespread  permafrost.  In 
seasonally  frozen  ground,  the  depth of the thawed l aye r  is 0.8-1.0 m in the  peat 
l aye r ,  0.9-1.6 m i n   t h e  loam l aye r ,  and  over 1.9 m in  sandy  gravel  sediments;   the 
mean annual  ground  temperature is no lower  than -1.O'C. The sporadic  permafrost 
zone is  s i t u a t e d  between 2200 and 2800 m a.s.1. I n  general ,   permafrost   islands 
are d i s t r i b u t e d   i n   p e a t   l a y e r s   i n  marshy depressions and i n  caves on northfacing 
slopes.  Some pa lsas   wi th  1- t o  2-m i c e   l a y e r s  were found. The widespread perma- 
f r o s t  zone is  s i t u a t e d   i n   t h e   h i g h  mountain zone above 2800 m a.s.1. The perma- 
f ros t   t h i ckness  is est imated  to   be less than 400 m, and the  mean annual ground 
temperature is  higher  than -5'C. The lower limits of permafrost i n  the last 
g l ac i a l   pe r iod  and Neoglaciation were 750-900 m and 400-600 m, r e spec t ive ly ,  
lower  than at   present .   Permafrost  in the   sporadic  zone was formed during the 
Neoglaciation,  while  the  lower  part  of the permafrost   layer i n  the widespread 
permafrost zone was probably  formed  during  the last glacial   per iod.  

The g l a c i a l   a n d   p e r m a f r o s t   e x p e d i t i o n  
o r g a n i z e d   b y   L a n z h o u   I n s t i t u t e   o f   C l a c i -  
O l o g y   a n d   C r y o p e d o l o g y ,   t h e   C h i n e s e  Aca- 
demy O P  S c i e n c e s ,   m a d e   t h e   f i r s t   i n v e s t i g +  
t i o n  o f  p e r m a f r o s t   i n   t h e   A l t a y   M o u n t a i n s  
w i t h i n   t h e  b o r d e r s  o f  China   in  1 9 8 0 ,  T h e  
r e g i o n   i n v e s t i g a t e d  is s i t u a t e d   i n   t h e  
s o u t h e r n   s i d e   o f   t h e   m i d d l e   p a r t  o f  t h e  
A l t a y   M o u n t a i n s ,   f r o m  4'3':' N i n   t h e   n o r t h ,  
s o u t h e a s t w a r d   t o   a b o u t  46  N a t  a d i s t a n c e  
a b o u t   4 5 0  km f r o m  NW t o  SE w i t h i n   t h e   b o r -  
d e r  o f  C h i n a .  I t  i s  150  km w i d e   i n   t h e  
n o r t h w e s t e r n   p a r t ,   a n d   a p p r o x i m a t e l y  80 krn 
i n   t h e   s o u t h e a s t e r n   p a r t .  I t  g r a d u a l l y  
d e c r e a s e s   i . n   h e i g h t   f r o m   n o r t h   t o   s o u t h  
a n d  f r o m  n o r t h w e s t  t o  s o u t h e a s t .   I n   t h e  
v i c i n i t y  o f  w a t e r s h e d   i n   t h e   w e s t e r n   p a r t  
o f   t h e   i n v e s t i g a t e d   r e g i o n  l i e  t h e   b o u n d -  
a r i e s  o f  t h r e e   c o u n t r i e s :   t h e   P e o p l e ' s  
R e p u b l i c   o f   M o n g o l i a ,   t h e   S o v i e t   U n i o n ,  
a n d   t h e   P e o p l e ' s   R e p u b l i c  o f  C h i n a .  It i s  
a l s o   t h e   h i g h e s t   a r e a   i n  t h e  w h o l e   A l t a y  
M o u n t a i n s ,   w i t h   s e v e r a l   m o u n t a i n   p e a k s  
o v e r  4 , 0 0 0  m h i g h ,   i n c l u d i n g   Y o u y i   F e n g ,  
t h e   h i g h e s t   ( 4 , 3 7 4  m ) .  A round   YrJuy i   Feng .  
i s  t h e   m o s t   w i d e s p r e a d   a r e a  o f  g l a c i a t i o n  
i n   t h e  A l t a y  M o u n t a i n s ,   i n c l u d i n g   t h e  
l a r g e s t  g l a c i e r  i .n t h e  A l t a y  M o u n t a i n s  i n  
C h i n a ,   t h e   K a l a s i   G l a c i e r .   I n   t h e  s o u t h -  
e a s t e r n   p a r t  o f  t h e   m o u n t a i n   r a n g e   ( a b o u t  
3 , 2 0 0 - 3 , 5 0 0  m ) ,  no m o d e r n   g l a c i e r s   o c c u r .  

CHARACTERISTICS OF FROZEN G R O U N D  

F i e l d   d a t a   i n d i c a t e   t h a t   p e r m a f r o s t  
o c c u r s   a b o v e  2 , 2 0 0  m i n   t h e   A l t a y   M o u n t a i n s  
w i t h i n   t h e   b o r d e r   o f   C h i n a ,   w h i l e   s e a s o n -  
a l l y  f r o z e n   g r o u n d   z o n e  l i e s  b e l o w  2 , 2 0 0  m 
( F i g .   1 ) .   S e a s o n a l l y   f r o z e n   g r o u n d  i s  

f o u n d   i n   t h e   l o w e r   p a r t   o f   m i d d l e   m o u n t a i n  
z o n e   ( 2 , 0 0 0 - 2 , 2 0 0  rn), t h e  low m o u n t a i n  
z o n e   ( 1 , 2 0 0 - 2 , 0 0 0  m ) ,  h i l l   z o n e   ( 8 0 0 - 1 , 2 0 0  
m) a n d   f r o n t - r a n g e   p l a i n   ( b e l o w  800 m )  
( X i n J i a n g   S c i e n t i f i , ~   E x p e d i t i o n   1 9 7 8 ) .  
O n l y   u n d e r   s u r f a c e  water b o d i e s  o r  a d j a -  
cent t o   h e a t e d   b u i l d i n g s ,   s e a s o n a l l y  f r o -  
z e n   g r o u n d  i s  a b s e n t .   T h e   m e a n   g n n u a l  
g r o u n d   t e m p e r a t u r e   v a r i e s   f r o m  4 C t o  7OC 
i n   t h i s   z o n e .   T h e   m e a n   a n n u a l  a i r  t e m p e r a -  
t u r e   v a r i e s   f r o m  3-4OC i n   t h e   f r o n t - r a n g e  
p l a i n ,  2 - 3 O C  i n   t h e   h i l l   z o n e ,   a n d  0 t o  
- 4  C i n   t h e   l o w   m o u n t a i n   z o n e   ( F i g .   2 ) .  
The  maximum f r o s t   p e n e t r a t i o n   i n   s a n d y  
c l a y  i s  a b o u t  1 - 1 . 5  m i n   t h e   f r o n t - r a n g e  
p l a i n ,  1-2 m i n   t h e   h i l l   z o n e ,   a n d   1 . 5 - 2 . 5  
m in t h e   l o w   m o u n t a i n   z o n e .   S e a s o n a l l y  
f r o z e n   g r o u n d   o c c u r s   f o r  5 m o n t h s ,   f r o m  
t h e   b e g i - n n i n g  o f  November  t o   t h e   e n d   o f  
M a r c h .   T h e  t ime o f  i n i t i a l   f r e e z i n g   i n  
t h e   p l a i n   a r e a s  i s  a b o u t   t w o   w e e k s  l a t e r  
t h a n   i n   t h e   m o u n t a i n  a r e a s .  The  maximum 
d e p t h   o f   f r e e z i n g   o c c u r s  a t  t h e   e n d   o f  
M a r c h   a n d  i t  t h a w s   d u r i n g   t h e  L a s t  t e n  
d a y s  o f  May. T h e r e  i s  l i t t l e  d i f f e r e n c e  
i n   f r e e z i n g  r a t e  i n  d i f f e r e n t   g e o r n o r p h o -  
l o g i c a l   u n i t s   w i t h i n   t h e   s e a s o n a l l y   f r o -  
z e n   z o n e   ( o n l y   2 5 - 3 5 %   v a r i a t i o n ,  see  
F i g .  3 ) .  I t  i s  r e m a r k a b l e   t h a t   t h e   f r o z e n  
d e p t h  a t  Q i n g h e   ( 1 , 2 1 8  m) i n   t h e   l o w  
m o u n t a i n - h i l l   z o n e  ( F l g .  4) i s  much 
g r e a t e r   t h a n   t h a t   a t   S e n t a s i  ( 1 , 9 0 0  m) i n  
t h e   m i d d l e   m o u n t a i n   z o n e   ( F i g .   5 ) .   T h i s  
d e m o n s t r a t e s   t h e   e f f e c t   o f   a n  a i r  t e m p e r a -  
t u r c   i n v e r s i o n   l a y e r   i n  w i n t e r ,  p r o d u c i n g  
l o w e r  a i r  t e m p e r a t u r e s   i n   t h e   z o n e   b e l o w  
1 , 2 0 0  m .  T h e   p r e c i p i t a t i o n   i n c r e a s e   w i t h  
e l e v a t i o n  i s  a l s o   i m p o r t a n t .   T h e   a n n u a l  
p r e c i p i t a t i o n   i n c r e a s e s   f r o m   1 0 0 - 2 0 0  m m  i n  
t h e   p l a i n   a r e a   a n d   2 0 0 - 3 0 0  m m  i n   t h e  low 
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FIGURE 1 Permafrost map of the Chinese Altay. 

FIGURE 2 Relation between the mean a ir  temperature 
and altitude  in  the  Altay Mountains. 
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FIGURE 4 Process  of  frost  penetration during 
1979-1980 at Qinghe i n  the  Altay Mountains. 

FIGURE 3 Rate of frost  penetration  in  the  Altay FIGURE 5 Process of frost  penetration during 
Mountains. 1960-1961 at  Sentasi  in  the Altay Mountains. 
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m o u n t a i n   z o n e ,   t o   4 0 0 - 5 0 0  m m  i n   t h e   m i d d l e  
m o u n t a i n   z o n e .   M o r e   i m p o r t a n t l y ,   t h e   d e p t h  
o f  s n o w   a c c u m u l a t i o n   v a r i e s   w i t h   t h e  
i n c r e a s e  o f  e l e v a t i o n .  Snow c o v e r   h a s  a 
t h i c k n e s s   o f   o n l y   1 0 - 3 0  cm i n   t h e   p l a i n  
a r e a ,  1 0 0 - 2 0 0  cm i n   t h e   l o w   m o u n t a i n   z o n e  
( i . e .   S e n t a s i ) ,   a n d  up t o   1 5 0 - 2 5 0  cm i n   t h e  
m i d d l e   m o u n t a i n   z o n e .  On t h e   s l o p e s ,   s n o w  
c o v e r   u s u a l l y   h a s  a t h i c k n e s s   o f   6 0 - 1 7 0  cm, 
b u t   i n   t h e   s n o w   a c c u m u l a t i o n   a r e a   a d j a c e n t  
t o  a w i n d   g a p ,  i t  i n c r e a s e s   t o   4 0 0 - 5 0 0  cm, 
c o v e r i n g   t h e   t o p s  o f  e l e c t r i c  p o l e s ,  i . e .  
a t  Q i o n g  K u r  ( 2 , 6 0 0 - 2 , 7 0 0  m i n   F u h a i  
c o u n t y ) .  A t  a smal l  t o w n   i n   m o u n t a i n  a r e a  
o f  F u y u n   c o u n t y   w i t h   1 7 0  cm m e a n   a n n u a l .  
s n o w   c o v e r ,   t h e   s e a s o n a l l y   f r o z e n  l a y e r  i s  
o n l y  50 cm i n   d e p t h ,   w h i l e   w i t h o u t   s n o w  
c o v e r ,   t h e   d e p t h   o f  s e a s o n a l   f r e e z i n g   i n -  
c r e a s e s  up  t o  150 cm. The  mean t ge  mean 
a n n u a l  a i r  t e m p e r a t u r e  i s  2 . 0 - 4 . 5  C i n  
b o t h   t h e   f r o n t - r a n g e   p l a i n   a n d   t h e   h i l l  
z o n e ,   b u t   t h e   d i f f e r e n c e   b e t w e e n o f r e e z i n g  
a n d   t h a w i n g   i n d e x  i s  1 , 2 0 0 - 1   6 0 0   C - d a y   a t  
t h e   f o r m e r   a n d   - 1 9 0   t o   - 1 2 5 3   C - d a y  a t  t h e  
l a t t e r ,   t h e   f o r m e r   b e i n g  twice  a s  h i g h   a s  
t h e   l a t t e r .   T h e s e  a r e  t h e  r e s u l t s  o f   t h e  
f a c t s   t h a t   w h e r e   t h e   s n o w   c o v e r  i.s t h i c k ,  
t h e   p e r i o d   o f   s n o w   a c c u m u l a t i o n  i s   l o n g  
H e n c e ,   t h e   h e a t - p r e s e r v i n g   a n d   h c a t - i n s u l a -  
t i n g   e f f e c t  o f  s n o w   d u r i n g   t h e   p e r i o d  o f  
a b r u p t   d r o p   o f   t e m p e r a t u r e   i n   w i n t e r   i n   t h e  
i n v e s t i g a t e d   r e g i o n  i s  o b v i o u s   ( F i g .   6 ) .  
S n o w   c o v e r   i n c r e a s e s   t h e   m e a n   a n n u a l  
g r o u n d   t e m p e r a t u r e   a n d   d e c r e a s e s   t h e   a n -  
n u a l   a m p l i t u d e   o f   g r o u n d   t e m p e r a t u r e  
v a r i a t i o n ,  a s  a r e s u l t ,   d e c r e a s i n g   t h e  
d e p t h  o f  t h e   s e a s o n a l l y   f r o z e n  l a y e r  ( L a n -  
z h o u   T n s t i t u t e  o f  G l a c i o l o g y   a n d   C r y o p e d o -  
l o g y   a n d  Desert R e s e a r c h   1 7 7 5 ) .  I n  t h e  
A l t a y   M o u n t a i n s   w i t h i n   t h e   b o r d e r   o f   t h e  
S o v i e t   U n i o n ,   s n o w   c o v e r   3 0 - 3 5  cm t h i c k  
m a k e s   t h e   g r o u n d   t e m p e r a t u r e  a t  a d e p t h   o f  
30 cm 25OC h I g h e r   t h a n   t h a t   w i t h o u t   s n o w  
c o v e r ,   a n d  a t h i c k n e s s   o f  50-60 cm 37OC 
h i g h e r   t h a n   t h e  a i r  t e m p e r a t u r e   ( S h u l e k i n  
1 9 5 4  1. 

a l l y   f r o z e n   z o n e   a r e :   e o l i a n   d u n e ,   s p r i n g  
i c i n g ,   a n d   r i v e r   i c i n g   i n   l o w   m o u n t a i n   z o n e .  
s e a s o n a l   c a v e   i c e   i n   t h e   l o w e r   p a r t  o f  m i d -  
d l e   m o u n t a i n   z o n e ,   w h i c h   h a s  a t h i c k n e s s   o f  
6 0 - 7 0  cm, a p p e a r i n g   i n   t h e   m i d d l e   o f   O c t o b e r  
a n d   d i s a p p e a r i n g   a t   t h e   b e g i n n i n g   o f  May 

d 

P e r i g l   a c i a l  phenomena w i t h i n   t h e   s e a s o n -  

hm 
I 

' t  I: 

I FIGURE 6 Influence of snow cover on freezing 
depth (h) , mean annual ground temperature (t) , 
and annual amplitude (A). 

n e x t   y e a r .   O c c a s i o n a l l y   b l o c k   s l o p e s   c a n  
b e   f o u n d   o n   t h e   n o r t h - f a c i n g   s l o p e   i n   t h e  
w e s t e r n   b a n k   o f   K a l a s i   l a k e .  

T h e   s p o r a d i c   p e r m a f r o s t   z o n e   i s   s i t u a -  
t e d   f r o m  2,200 m t o  2,800 m i n   t h e   m i d d l e  
a n d   u p p e r   p a r t   o f   m i d d l e   m o u n t a S n   z o n e .  It 
h a s   a n   a r e a   o f   a p p r o x i m a t e l y  6 , 3 0 0  km2, 
c o v e r i n g  2 5 %  o f   t h e   a r e a   i n   t h e   e n t i   r e  1 n -  
v e s t i g a t e d   r e g i o n .   P e r m a f r o s t   i s l a n d s   a r e  
p r e s e n t   i n   p e a t   l a y e r s   i n   m a r s h y   d e p r e s s i o n  
a n d  i n   c a v e s   o n   t h e   n o r t h - f a c i n g   s l o p e s .  
T h e   a r e a   o f   p e a t   d i s t r i b u t i o n  i s  g e n e r a l l y  
n o   g r e a t e r   t h a n  1 5  km2. F o r  e x a m p l e ,   K a l a -  
k u r  ( 4 8 O 4 4 ' N ,  88O11'E, 2,200 m) ,  1 2  km t o  
t h e   e a s t   o f   K a l a s i   t o w n ,   h a s  a p e a t   l a y e r  2 
m t h i c k   i n  a m a r s h y   l a k e  4 km2 i n   a r e a .  
M o r e   t h a n  2 0 0  p a l s a s   a r e   f o u n d   a r o u n d   i t s  
s o u t h e r n   e n d ,   s o m e   b e i n g   c i r c u l a r   o r   e l l   i p -  
t i c a l   a n d  some  U-shaped .   They   a re  2 - 6  m 
h i g h ,   w i t h   a n   a r e a   o f  1,200 m2.  L u x u r i a n t  
h e r b a c e o u s   p l a n t s   g r o w   o n   t h e i r   t o p .   U n d e r  
t h e   g r o u n d   s u r f a c e ,   t h e r e  i s  3 0 - 7 0  cm of  
p e a t   o v e r l y i n g   a l t e r n a t i v e   u n d e r l y i n g  
g r a v e l   l o a m   a n d   c o a r s e   s a n d .  On A u g u s t  
2 7 ,   1 9 8 0 ,   t h e   t h a w e d   d e p t h  was 85-110 cm. 
On a 1 7 6 0  m2 p a l s a ,  D . C .  r e s i s t i v i t y  
s o u n d i n g  i n d i c a t e d  t h a t   t h e   p e r m a f r o s t   h a s  
a t h i c k n e s s  o f  4 . 7  m (He Y i x i a n   1 9 8 3 ) .  
T h e   a d j o i n i n g   p a l s a   c o n t a i n s   g r o u n d  i c e  
1 - 2  m t h i c k   a n d   p c r m a f r o s t   5 - 6  m t h i c k  
( L i   P c i j i   1 9 7 9 ) .   A c c o r d i n g   t o   w e a t h e r  
d a t a   f r o m   t h e   a d j a c e n t   S e n t a s i  ( 1 , 9 0 0  m) 
a n d   A l e t a y   ( 7 3 5  m )  w e a t h e r   s t a t i o n s ,   t h e  
c a l c u l a t e d   m e a n   a n n u a l   a i r   t e m p e r a t u r e  a t  
K a l a k u r  i s  - 5 . 4 ' C ,   c o m p a r e d   w i t h   a b o u t  
- 6 . 8 O C  i n   t h e   e a s t e r n   p a r t   o f   t h e   A l t a y  
M o u n t a i n s .  So f a r  a s  we know, t h i s  i s  t h e  
l o w e s t   t e m p e r a t u r e  a t  t h e   l o w e r o l . i m i t   o f  
a l p i n e   p e r m a f r o s t   i n   C h i n a ,   2 - 3  C l o w e r  
t h a n   t h a t   o n   t h e   Q i n g h a i - X i z a n g   P l a t e a u  
a n d   i n   Q i l i a n   S h a n . A l t i t u d e   o f   t h e   l o w e r  
limit i ,n  t h e   s p o r a d i c   z o n e  i s  a t  l e a s t  
4 0 0 - 6 5 2  m h i g h e r   t h a n   t h a t   e v e r   c a l c u l a t e d  
( L a n z h o u   I n s t i t u t e  o f  G l a c i o l o g y   a n d  
C r y o p e d o l o g y   1 9 7 5 ,  Xu X i a o z u   1 9 8 2 ) .   T h i s  
i s  b e c a u s e   t h e   a n n u a l   p r e c l p i t a t i o n  i s  
o v e r  500 m m  a n d   t h e   d e p t h   o f   s n o w   c o v e r  i s  
1 5 0 - 2 5 0  cm i n   t h e   m i d d l e   m o u n t a i n   z o n e ,  
g r e a t l y   d e c r e a s i n g   t h e   h e a t   e x c h a n g e   b e t -  
ween  a i r  g r o u n d   s u r f a c e   d u r i n g   t h e   s e v e n  
m o n t h s   o f   c o l d   s e a s o n .   A c c o r d i n g   t o  
M a k s i m o v a   ( 1 9 7 7 ) ,   s n o w   c o v e r   1 0 0  cm t h i c k  
c a n   r a i s e   t h g   m e a n   a n n u a l   g r o u n d   C c m p e r a -  
t u r e  b y   1 2 . 8  C ( m e a n   a n n u a l  a i r  t e m p e r a -  
t u r e  -8.9'C, a n n u a l   a m p l i t u d e   o f  a i r  tem- 
p e r a t u r e   v a r i a t i o n  5 2 O C ,  c o l d   s e a s o n   2 1 5  
d a y s ) .  I t  p r o m o t e s   p e r m a f r o s t  r e t r e a t  a n d  
m a l i e s   t h e   l o w e r  limit o f   p e r m a f r o s t  r i s e  
u p  t o   t h e   p r e s e n t   e l e v a t i o n   o f   2 , 2 0 0  m .  

f o r m e d   b y   g l a c i a l   s e d i m e n t s   o n   t h e   n o r t h -  
f a c i n g   s l o p e   a n d   i n   a d i t  o r  v e r t i c a l  
s h a f t  o f  t h e   m i n i n g   a r e a   ( Q i o n g k u r  47'45'N, 
88'50'E, 2 5 6 0   m )   i n   t h e   m i d d l e   m o u n t a i n  
z o n e ,   c a v e   p e r m a f r o s t   h a s  a t h i c k n e s s   o f  
1 9  m a n d   t h e   g r o u n d   t e m p e r a t u r e   v a r i e s  
b e t w e e n   - 0 . 2   t o  -0 .5OC.  Cave i c e  may b e  
1 . 4 - 2 . 0  m t h i c k ,   a n d   o c c u r s   i n   v a r i o u s  
f o n m s   s u c h  a s  i c e  s t a l a g m i t e s   a n d   s t a l a c -  
t i  t e s  a s  we1 1 a s   f o r m i n g   u n d e r g r o u n d   i c i n g .  

I n   t h e   n a t u r a l   c a v e   ( Q i a q i a y i t e   2 , 6 6 0 m )  
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C a v e   p e r m a f r o s t  i s  g r c a t l y   i n f l u e n c e d   b y  
f a u l t s   a n d   g r o u n d w a t e r .  I n  t h e   a d i t   o f  
Q i o n g k u r ,   t h e r e  i s  a n   i n v e r t e d   f a u l t  2 m 
w i d e .  No p e r m a f r o s t  ex i s t s  i n   t h e   u p f a u l -  
t e d   b l o c k ,   b u t   p e r m a f r o s t   d e v e l o p s   i n   t h e  
d o w n f a u l t e d   b l o c k .  

T h e   d e p t h  o f  t h e   s e a s o n a l l y   t h a w e d  
l a y e r   i n   t h i s   z o n e  i s  8 0 - 1 0 0  cm i n   p e a t ,  
9 0 - 1 6 0  cm i n   l o a m s   a n d   o v e r  1 9 0  cm i n  
s a n d s   a n d   g r a v e l s .   T h e  medn a n n u a l  
g r o u n d   t e m p e r a t u r e  i s  n o   l o w e r   t h a n  - l . O ° C .  

M o r e   p e r i g l a c i a l  p h e n o m e n a   a r e   f o u n d  
i n   t h i s   z o n e   t h a n  j , n   s e a s o n a l l y   f r o z e n  
g r o u n d   z o n e .   T h e y   i n c l u d e   p a l s a s ,   e a r t . h  
h u m m o c k s ,   i c i n g s ,   c a v e  i c e ,  s t o n e   d i s h ,  
b l o c k  s t ream,  b l o c k   s l o p e s   a n d   g e l i f l u c -  
t i n n .   T h i s  I s  n o t   o n l y   d u e  t o  c o l d  c l i -  
m a t i c   c o n d i t i o n s ,   b u t  also d u e   t o   r i c h e r  
p r e c i p i t a t i o n  in t h i s   z o n e   t h a n  a t  l o w e r  
e l e v a t i o n s .   L a r g e   p a l s a s   d e v e l o p   i n   p e a t -  
l a n d   l o c a t e d   i n   t h e   m a r s h y   d e p r e s s i o n s .  
T h e   s t e e p   s l o p e s   p r o v i d e  c o n d i t i o n s   s u i t -  
a b l e   F o r  t h e  d e v e l o p m e n t   o f   s t o n e   d i s h ,  
b l o c k   s t r e a m ,   b l o c k   s l o p e s   a n d   g e l i f l u c -  
t i o n .  Smal l - s c a l  e p o l y g o n s   o n l y   a p p e a r   i n  
g l a c i o f l u v i a l   l o a m  d e p o s i t s   o n   t h e   s i d e s  o f  a 
g l a c i e r   P l o w .  F o r  e x a m p l e ,   t h e r e  a r e  some  
s m a l l  p o l y g o n s  a t  a h e i g h t   o f  2460 m i n  
f r o n t   o f  K a l a s i  G l a c i e r   w i t h  a d i a m e t e r  o f  
a b o u t  70 cm, s i d e   l e n g t h   o f  35-45  cm a n d  
c r a c k s   o f   a b o u t  1 cm. 

T h e   w i d e s p r e a d   p e r m a f r o s t   z o n e  i s  s i t u a -  
t e d   a b o v e  2 , 8 0 0  m i n   t h e   h i g h   m o u n t a i n   z o n e  
w i t h   a n  a r e a  o f   a p p r o x i m a t e l y  4800 km2, 
c o v e r i n g  1 9 %  o f  t h e  a r e a  o f   t h e   e n t i r e  
i n v e s t i g a t e d   r e g i o n .   T h e   i n d i c a t o r s   o f  
p e r m a f r o s t   e x i s t   o n   t h e   s o u t h - f a c i n g  
s l o p e s .   P e r m a f r o s t  i s  f o u n d   i n   e v e r y  
g e o m o r p h o l o g i c a l   u n i t   e x c e p t  a P e w  w i t h  
s t r u c t u r a l   a n d   g e o t h e r m a l   t a l i k s .   A c c o r d -  
i n g   t o  D.C. r e s i s t i v i t y   s o u n d i n g   d a t a ,   p e r -  
m a f r o s t   d o e s   n o t   e x i s t   b c l o w   2 , 8 0 0  m o n  
t h e   s o u t h - f a c i n g   s l o p e   i n  K a l a s i  V a l l e y  
( 4 9 ' l O r N ,  8 7 ° 4 9 ' C ) .  On A u g u s t  1 0 ,  1 9 8 0 ,  
a t  2,780111, i c e  g e m p e r a t u r e  a t  t h e   d e p t h  
o f  6 m was - 2 . 2  C i n  t h e   a d j a c e n t  K a l a s i  
G l a c i e r ,  b u t  a t  3 , 1 3 0  m e l e v a t i o n ,   t h e  i ge  
t e m p e r a t u r e   a t   t h e   d e o t h   o f  6 m was -3 .7  C 
( F i g .  7 ,  Wang L i l u n   e t  d l .  1983). D u r i n g  
t h e   m i d d l e   t e n   d a y s  o f  J u l y ,   f i r n  1 m 
t h i c k  was s t i l l  s e e n   o n   t h e   n o r t h - f a c i n g  
s l o p e  a t  2 , 8 2 0  m i n   Q i a q i a y i t e  (48 '59 'N,  
07 '8 '  E ) .  S n o w   t e m p e r a t u r e  a t  a d e p t h   o f  
2 6  cm was -0.6'C,* a l t h o u g h   t h e  a i r  tem- 

FIGURE 7 Relation between alt i tude and temperature 
a t  the depth of 6 m in Kalasi Glacier (1980) .  

p e r a t u r e  was 12.5"C.  T h e r e f o r e ,  t h e r e  is 
n o  d o u b t   t h a t   p e r m a f r o s t   e x i s t s   u n d e r  
f i r n .  A t  t h e   e n d   o f   S c p t e m b e r ,  1Y80,  c a v e  
I c e  was 180 cm t h i c k   o n   t h e   s o u t h - f a c i n g  
s l . o p e   a t  2 , 9 9 5  m i n   t h c   A r s h a t e   m i n i n g  
a r e a   i n   t h e   n o r t h  o f  Q i n g h e   c o u n t y   i n   t h e  
e a s t e r n   p a r t  o f  t h e   i n v e s t i g a t e d   r e g i o n ,  
T h e  i c e  t e m p e r a t u r e  was - 2 . O " C .  H e n c e ,   i n  
t h e  w h o l e   i n v e s t i g a t e d   r e g i o n ,   p e r m a f r o s t  
o c c u r s   e x t e n s 1 v e l . y   a b o v e   a n   a l t i t u d e  o f  
2 , 8 0 0  m.  T h e  mean a n n u a l   t e m p e r a t u r c   i n  
t h i s   z o n e  i s  l o w e r   t h a n  -9.4OC. A c c o r d i n g  
t o   t h e   d a t a   i n  a h o l e   d r i l l e d   i n   s n o w ,   t h e  
a n n u a l   p r e c i p i t a t i o n  i s  7 0 0 - 8 0 0  m m ,  d e -  
c r e a s i n g   t o  6 0 0 - 7 0 0  m m  i n   t h e  e a s t .  A l -  
t h o u g h   t h e r e  i s  m u c h   w i n d ,   t h e   t h i c k n e s s  
o f  s n o w   c o v e r  i s  g e n e r a l l y   g r e a t e r   t h a n  1 
m. T h e   d e p t h  o f  s e a s o n a l l y   t h a w e d   l a y e r  i s  
s t i l l   g r e a t e r   t h a n  180 cm i n  s a n d y   g r a v e l  
s o i l .   U s i n g   t h e   d a t a   i n   t h e   n o r t h - s i d e   o f  
t h e  AI t a y   M o u n t a i n s   w i t h i n   t h e   b o r d e r  o f  t h e  
S o v i e t   U n i o n ,  i t  c a n   b e   e s t i m a t e d   t h a t   t h e  
t h i c k n e s s  o f  p e r m a f r o s t  i s  l e s s   t h a n  400 m 
a n d  t h e  m e a n   a n n u a l   g r o u n d   t e m p e r a t u r e  i s  
h i g h e r   t h a n  - 5 O C  ( S h a c h e  1 9 7 8 ) .  

PERMAFROST LOWER LIMIT IN 
A L T A Y  MOUNTAINS 

T h e   p e r m a f r o s t   r e g i o n   i n   t h e   A l t a y  
M o u n t a i n s   w i t h i n   t h e   b o r d e r   o f   C h i n a  i s  
c o n t i g u o u s   w i t h   t h c   p e r m a f r o s t   r e g i o n   I n  
t h e   A l t a y   M o u n t a i n s   w i t h i n   t h e   b o r d e r  o f  
t h e   S o v i e t   U n i o n   a n d   t h e   P e o p l e ' s   R e p u b l i c  
o f   M o n g o l i a .  I t  i s  s i t u a t e d   i n   t h e   s o u t h -  
e r n   f r i n g e  o f  t h e   E u r a s i a n   p e r m a f r o s t  r c -  
g i o n   ( S h a c h e  1 9 7 8 ,  M e l ' n i k o v  1 9 7 4 ) .  

t h e   l o w e r  limit o f  p e r m a f r o s t   o n   t h e  
n o r   t h - f a c i n g   s l o p e s  i s  at: t h e   h e i g h t   o f  
1 , 4 0 0 - 1 , 5 0 0  m a t  4Y-50°N on t h e   n o r t h s i d e  
o f  t h e  A l t a y  M o u n t a i n s ,   o n   t h e   s o u t h -  
f a c i n g   s l o p e s ,  i t  i s  2 , 3 0 0  m ( S h a c h e  1 9 7 8 ) .  
I t  b a s i c a l l y   c o r r e s p o n d s   w i t h   d a t a   w i t h i n  
t h e   b o r d e r  o f  C h i n a .   T h e   a l t i t u d e  o f  
l o w e r  limit o f   w i d e s p r e a d   p e r m a f r o s t   h a s  a 
t e n d e n c y   t o   u n d u l a t e ,  e .g .  a t  49 "10 'N ,  
8 7 ° 4 0 r E  i n  t h e  west, t h e   a l t i t u d e   o f   t h e  
l o w e r  limit i s  a t  2 , 8 0 0  m ,  b u t   a t   4 7 ° 7 r N ,  
9 0 ° 1 8 ' E   i n   t h e  e a s t ,  t h e   l o w e r  limit is 
s t i l l .  a t  a b o u t  2 , 9 0 0  m y  i n   s p i t e   o f   b a P n g  

W i C h i n   t h e   b o r d e r   o f   t h e   S o v i e t   U n i o n ,  

TABLE 1 Comparison of climatic data  between the 
western and eastern Altay Mountains, 1961-1970. 

". .. 

C o n l e n t  
._ . . , 

Western Parr  Eastcrn Purl  

Direction Winter  SN-SSE NE-N 

of Wind I S u m m e r  WS-NW W N W - W  
I I 1 

A i r  M e a n   A n n u a l  T e m v e r a t u r e  I 3 . 5  -0 .2  



127 1 

2' f u r t h e r   s o u t h .   T h i s   r e s u l t s   f r o m   d i f -  
f e r e n c e   o f  c l i m a t i c  c o n d i t i o n s   b e t w e e n   t h e  
e a s t e r n   a n d   w e s t e r n   r e g i o n s   ( T a b l e  1). 
B e c a u s e   t h e   i n v e s t i g a t e d   r e g i o n  is s i t u a -  
t e d   i n   t h e   h i n t e r l a n d   o f   t h e   E u r a s i a n   C o n -  
t i n e n t ,   o n l y   d o e s   t h e  Arc t i c  a i r  move 
a l o n g   E b i   r i v e r ,   e a s t w a r d   t o   t h e   E r t i x  
R i v e r   t h e n   e x t e n d s   t o   t h e  A l t a y  M o u n t a i n s  
w i t h i n   t h e   b o r d e r  o f  C h i n a .   T h e r e f o r e ,  
t h e   a n n u a l   p r e c i p i t a t i o n ,   d e p t h   o f   s n o w  
c o v e r   a n d  i t s  e f f e c t s   i n   t h e  west a r e  
g r e a t e r   t h a n   t h o s e   i n   t h e   e a s t .   T h e   e a s -  
t e r n   r e g i o n  i s  c o n t r o l l e d   b y   t h e   M o n g o l i a n  
a n d   S i b e r i a n   c o l d   h i g h   p r e s s u r e ,   a n d   n o r t h  
e a s t  a n d   n o r t h   w i n d s   p r e v a i l   i n   w i n t e r .  
I n   J a n u a r y ,   t h e   m e a n   a i r   t e m p e r a t u r e  i s  
-23.2OC i n   Q i n g h e   c o u n t y ,   b u t  i t  i s  - l Z . l ° C  
i n   H e i s h a n t o u   w h i c h  i s  s i t u a t e d   t o   t h e  
n o r t h w e s t  o f  Q i n g h e .   T h e   d i f f e r e n c e   o f  
m e a n   a n n u a l  a i r .  e m p e r a t u r c   b e t w e e n   t h e s e  
t w o   a r e a s . . i s '  3.7.C. The  west a n d   n o r t h -  
w e s t  w i n d s   p r e v a i l   i n   s u m m e r   i n   t h e   e n t i r e  
r e g i o n .   T h e   d i f f e r e n c e   o f   t e m p e r a t u r e   b e t -  
ween t h e   e a s t e r n   a n d   w e s t e r n   p a r t s  i s  v e r y  
sma l l .  I n   t h e  e a s t  c l i m a t e  i s  c o l d e r   a n d  
t h e  c l i m a t e  c o n t i n e n t a l i t y  i s  s t r o n g e r  
t h a n   t h a t   i n   t h e  west. T h e r e f o r e ,   t h e  
l o w e r  limit of w i d e s p r e a d   p e r m a f r o s t   i n  
t h e   e a s t e r n   p a r t  i s  a t  a l o w e r   e l e v a t l o n  
t h a n   t h a t   i n   t h e   w e s t e r n   p a r t .  I t  i s  
e s t i m a t e d   t h a t   t h e   l o w e r  limit o f   s p o r a d i c  
p e r m a f r o s t   b e t w e e n   t h e   e a s t e r n   a n d   w e s t e r n  
p a r t s   h a s   a l s o  s i m i l a r  c o n d i t i o n .  

t i o n  a r e  d e t e r m i n e d   b y   t h e   e c o l o g i c a l   e n -  
v i r o n m e n t ;   p a r t i c u l a r l y  c l i m a t e  a n d   t h e  
h y d r o t h e r m a l   c o n d i t i o n   o f   s o i l   a r e   v e r y  
i m p o r t a n t   f a c t o r s .   T h u s  a c e r t a i n  r e l a -  
t i o n s h i p   e x i s t s   b e t w e e n   p e r m a f r o s t   a n d  
v e g e t a t i o n .  I t  i s  h e l p f u l   t o   u s e   t h e   d i s -  
t r i b u t i o n  o f  v e y e t a t i o n   t y p e   t o   e x p l o r e  
t h e   e x t e n t  of: p e r m a f r o s t .   I n   c o m p i l i n g  
t h e  s m a l l  s c a l e  p e r m a f r o s t   m a p ,  i t  i s  
w o r t h   t r y i n g   t o   u s e   t h i s   m e t h o d .   T h e   a l p -  
i n e  m e a d o w   v e g e t a t i o n   w i t h  ' I f  i v e - f l o w e r "  
meadow smal l  b u t   v e r y   b r i g h t - c o l o u r e d   f l o w -  
e r  m a i n l y   g r o w s   i n   t h e   w e s t e r n   p a r t .  I t s  
l o w e r  limit i s  a t   2 , 3 0 0  m a n d  i t  g o e s   u p  
t o  2 , 6 0 0  m t o   t h e   e a s t e r n   p a r t .   I n   c o m -  
p a r i s o n   w i t h   t h e   e l e v a t i o n   o f   t h e   l o w e r  
limit o f   a l p i n e   p e r m a f r o s t ,   t h e   d i f f e r e n c e  
i n   t h e  w e s t e r n  p a r t  i s  o n l y  1 0 0  m .  I t  i s  
e s t i m a t e d   t h a t   t h e   d i f f e r e n c e   i n   t h e  e a s -  
t e r n   p a r t  i s  l e s s  t h a n   t h e   a l l o w a b l e   e r r o r  
f o r   c o m p i l i n g   t h e  map. T h e r e f o r e ,  i t  i s  
p o s s i b l e   t o   u s e   a l p i n e  m e a d o w   v e g e t a t i o n  
t o   i n d i c a t e   t h e   d i s t r i b u t i o n  o f  p e r m a f r o s t  
i n   t h e   A l t a y   M o u n t a i n s .  

& 

T h e   k i n d s   a n d   d i s t r i b u t i o n   o f   v e g e t a -  
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m u s t   b e   N e o g l a c i a l ,   b u t   t h e  lower p a r t   o f  
t h e   w i d e s p r e a d   p e r m a f r o s t   l a y e r   p r o b a b l y  
f o r m e d   b e f o r e   p o s t - g l a c i a l  c l i m a t i c  o p t i -  
mum p e r i o d .   P e r m a f r o s t  a t  t h a t  t i m e  d e v e -  
l o p e d   m o r e  extensively t h a n  a t  pre- 
s e n t ,   V e r y   f e w   n e w b o r n   p a l s a s   c o u l d   b e  
f o u n d   i n   t h e   p r e s e n t   p a l s a   g r o u p .   T h e y  
now m a i n l y   o c c u r   a r o u n d   t h e   s o u t h  of t h e  
l a k e   b a s i n ,  i . e .  o n   t h c   n o r t h - f a c i n g   s l o p e .  
H o w e v e r ,  t h e r e  . a r e  a l o t  o f   U - s h a p e d   a n d  
a n n u l a r   t h a w   l a k e s .   P e r m a f r o s t   i n   t h e  
m a r s h y   b a s i n  i s  o n l y   f o u n d   u n d e r n e a t h   t h e  
p a l s a :   n o   p e r m a f r o s t   e x i s t s  10 m a w a y   f r o m  
t h e   p a l s a   m o u n d s .   A c c o r d i n g   t o   t h e   w e a -  
t h e r   d a t a   o f   r e c e n t   m o r e   t h a n   2 0   y e a r s ,  
c o m p a r i n g   d a t a   f r o m   1 9 7 1  t o  1 9 7 8   w i t h   t h e  
d a t a   f r o m   1 9 5 7   t o   1 9 7 0 ,   t h e  mEan a n n u a l   a i r  
t e m p e r a t u r e   h a s   r i s e n  0.1-1.0 C ,  e s p e c i a l l y  
i n   t h e   e a s t e r n   p a r t .  I t  i s  t h u s   v e r y  
o b v i o u s   t h a t  s i n c e  t h e   b e g i n n i n g   o f   t h e  
n i n e t e e n t h   c e n t u r y ,   t h e  c l i m a t e  h a s   b e e n  
b a s i c a l l y   t u r n i n g   t o  a warm o n e   ( Z h u  
K e z h e n  1 9 7 2 ) .  P e r m a f r o s t   h a s   b e e n   c o r -  
r e s p o n d i n g l y   d e g e n e r a t i n g .   B e c a u s e  o f  
s u c h   n a t u r a l   y c o g r a p h i c a l   c n v i r o n m e n t , p e r -  
m a f r o s t   p o s s e s s e s   u n s t a b l e   p r o p e r t i e s   o f  
h i g h   g r o u n d   t e m p e r a t u r e ,   d e c r e a s e d   t h i c k -  
n e s s ,   o t c .   i n   t h e   i n v e s t i g a t e d   r e g i o n .  

g e n e s i s   b e t w e e n   g l a c i e r   a n d   p e r m a f r o s t   a n d  
t h e  e x p o s u r e  o f  many p a l e o g l a c S a 1  remains 
i n   t h e   A l t a y   M o u n t a i n s ,   t h e   e x t e n t   o f   a n -  
c i e n t   p e r m a f r o s t  i s  e s t i m a t e d   f r o m   t h e   c o r -  
r e l a t i o n   b e t w e e n   t h e   f i r n   l i n e   a n d   t h e   l o w -  
e r  limit o f   p e r m a f r o s t   i n   t h e   s a m e   d i s -  
t r i c t .  A t  p r e s e n t ,   t h e   f i r n   l i n e   o f  KaZasi 
G lac i e r  i s  a t  t h e   h e i g h t  o f  3 , 2 5 0  m ,  a 
d i f f e r e n c e  o f  1 , 0 5 0  m i n   c o m p a r i s o n   w i t h  
t h e   l o w e r  limit o f  s p o r a d I c   p e r m a f r o s t .  
T h e r e  a r c  t h r e e   l a y e r s   o f   p a l e o - c i r q u e s  a t  
t h e   h e i g h t s   o f  2 , 5 0 0  m ,  2 , 6 3 0  m ,  a n d   2 , 7 5 0  
m r e s p e c t i v e l y  a t  Q i a q i a y i t e   i n   t h e   v i c i n -  
i t y  o f  K a l a s i  L a k e ,   a n d   a t   t h e   h e i g h t s   o f  
2 , h 0 0 - 2 , 7 0 0  m ,  2 , 9 0 0 - 3 , 1 0 0  m a n d   3 , 1 0 0 -  
3 , 4 0 0  m w i t h i n   t h e   b o r d e r  o f  Q i n g h e   c o u n t y  
i n   t h e   e a s t e r n   p a r t ,   a n d   t h e   p r e s e n t   f i r n  
l i n e  i s  a t  3 ,500  m .  T h u s ,   b y   c a l c u l a t i o n ,  
t h e   l o w e r  limits o f   p a l e o - p e r m a f r o s t  were 
a t  t h e   h e i g h t s   o f   1 , 4 5 0  m ,  1 , 5 8 0  m ,  a n d  
1 , 7 0 0  m i n   t h e  west, a n d   a t   t h e   h e i g h t s   o f  
1 , 3 0 0 - 1 , 4 5 0  m ,  1 , 6 0 0 - 1 , 8 0 0  m a n d   1 , 8 0 0 -  
2 , 1 0 0  m i n   t h e  e a s t  r e s p e c t i v e l y .   F r o m  
t h e   h e i g h t s   o f   p a l e o - c i r q u e s ,  we know t h e  
l o w e r  limit o f   p a l e o p e r m a f o o s t  was a t  t h e  
h e i g h t   o f  1 , 8 0 0 - 2 , 1 0 0  m d u r i n g   t h e  L i t t l e  
I c e  A g e ,   n o t   f a r   f r o m   t h e   p r e s e n t   l o w e r  
limit o f   p e r m a f r o s t .   T h e  lower limit o f  
p e r m a f r o s t   i n   t h e   N e o g l a c i a l  was a t   1 , 6 0 0 -  
1 , 8 0 0  m ,  i . e .  400-600 m l o w e r   t h a n   t h e  
p r e s e n t .   H o w e v e r ,   d u r i n g   t h e  l a s t  g l a c i a l  
p e r i o d  ( 8 3 1 ,  i t  w o u l d   h a v e   d e s c e n d e d   t o  
1 , 3 0 0 - 1 , 4 5 0  m ,  s o m e   7 5 0 - 9 0 0  m l o w e r   t h a n  
t h e   u r e s e n t   l o w e r  limit, A c c o r d i n u   t o  

B a s i n g   o n   c l o s e   r e l a t i o n s h i p   o f   p a r a -  

T h e   d e v e l o p m e n t   h i s t o r y   o f   p e r m a f r o s t   t h e s e  r e s u l t s ,  i t  c a n   b e   e s t i m a t e d - t h a t  
i n   t h e   A l t a y   M o u n t a i n s   w i t h i n   t h e   b o r d e r   t h e   m e a n   a n n u a l   a i r   t e m p e r a t u r e   d u r i n g  
of  C h i n a  is c l o s e l y   r e l a t e d   t o   Q u a t e r n a r y   N e o g l a c i a l   a n d   t h g  l a s t  g l a c i a l   p e r i o d  
g e o l o g i c a l   h i s t o r y .   A c c o r d i n g   t o  C L 4  d x t a ,  was 2 - 3  c a n d  4-5  c r e s p e c t i v e l y   l o w e r  
p e a t   l a y e r s   i n   t h e   m i d d l e   m o u n t a i n  were t h a n   t h a t  a t  p r e s e n t .  
f o r m e d  a t  5,900f 1 5 0  B,P,, a p o s t - g l a c i a l  
h y p s i t h e r m a l   p r o d u c t .   T h u s   t h e   p a l s a s  

- 
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B a s i n g   o n   t h e   a b o v e   d i s c u s s i o n ,   t h e   d i s -  
t r i b u t i o n   o f   p e r m a f r o s t   i n   t h e   A l t a y   S h a n  
w i t h i n   t h e   b o r d e r  o f  C h i n a   c a n   b e   d i v i d e d  
i n t o   t h r e e  zones :  s o a s o n a l l y   f r o z e n   g r o u n d  
( b e l o w   2 , 2 0 0  m a . s . 1 .  ) , s p o n a d i c   p e r m a f r o s t  
( 2 , 2 0 0 - 2 , 8 0 0  m a . s . l . ) ,  a n d   w i d e s p r e a d   p e r -  
m a f r o s t   ( a b o v e  2,600 m a . s . 1 . ) .   B l o c k  
f i e l d s ,  b l o c k  s t r e a m s ,   b l o c k   s l o p e s  and 
i c i n g  a r e  d o m i n a n t   i n   t h e   e n t i r e   r e g i o n ,  
w i t h  some p a l s a s ,   e a r t h   h u m m o c k s   a n d   c a v e  
i c e  I n   s o m e   p l a c e s .  

P e r m a f r o s t   p o s s e s s e s   u n s t a b l e   p r o p e r t i e s  
o f   h i g h   g r o u n d   t e m p e r a t u r e   a n d   d e c r e a s e d  
t h i c k n e s s .   T h e   u p p e r   p a r t  o f  t h e   w i d e -  
spread  permafrost layer must  be Neog lac ia l  
t o o ,   b u t   t h e   l o w e r   p a r t   p r o b a b l y   f o r m e d  
b e f o r e   t h e   p o s t - g l a c i a l   H y p s i t h e r m a l  times. 

T h e   e x t e n t  o f  a n c i e n t   p e r m a f r o s t   c a n   b e  
e s t i m a t e d   f r o m   t h e   c o r r e l a t i o n   b e t w e e n   t h e  
f i r n   l i n e   a n d   t h e   l o w e r  limit o f   p e r m a -  
f r o s t   i n   t h e   s a m e   d i s t r i c t .   T h e   l o w e r  
limit o f   p a l e o p e r m a f r o s t   i n   t h e   l a t e  P l e i -  
s t o c e n e  was a t  1 , 3 0 0 - 1 , 4 5 0  m ,  i n   t h e   N e o -  
g l a c i a l   p e r i o d   a t   1 , 6 0 0 - 1 , 8 0 0  m y  a n d   i n  
t h e  L i t t l e  Ice  Age a t  1 , 8 0 0 - 2 , l O O m .   T h e  
m e a n   a n n u a l   a i r   t e m p e r a t u r e  was 4 -5Oc ,  
2-3OC a n d  0.5OC r e s p e c t i v e l y   l o w e r   t h a n  
t h a t  a t  p r e s e n t .  

g r e a t l y   d e c r e a s e s   t h e   h e a t   e x c h a n g e   b e t -  
ween a i r   a n d   g r o u n d   s u r f a c e   i n   t h e   c o l d  
s e a s o n ,   r a i s e s   t h e   m e a n   a n n u a l   g r o u n d  tem- 
p e r a t u r e ,   d e c r e a s e s   t h e   t h i c k n e s s   o f  s e a -  
s o n a l l y   f r o z e n   l a y e r   a n d   p r o m o t e s   d e g e n e r a -  
t i o n  o f  p e r m a f r o s t .  

C l i m a t i c  c o n t i n e n t a l i t y   i n   t h e   c a s t e r n  
p a r t   o f   s t u d i e d   a r e a  i s  s t r o n g e r   t h a n   t h a t  
i n   t h e   w e s t e r n   p a r t .  I t  i s  f a v o u r a b l e   t o  
t h e   e x i s t e n c e   o f   p e r m a f r o s t .   T h e r e f o r e  
t h e   l o w e r  limlt o f   s p o r a d i c   a n d   w i d e s p r e a d  
p e r m a f r o s t   z o n e   i n   t h e   e a s t e r n   p a r t  i s  a t  
a l o w e r   e l e v a t i o n   t h a n   t h a t   i n   t h e   w e s t e r n  
p a r t .  

T h e r e  i s  a c e r t a i n   r e l a t i o n s h i p   b e t w e e n  
p e r m a f r o s t   a n d   v e g e t a t i o n .  I t  i s  h e l p f u l  
t o   u s e   t h e   l o w e r  limit o f   a l p i n e   m e a d o w  
d i s t r i b u t i o n  t o  i n d i c a t e   t h e   l o w e r  limit 
o f   s p o r a d i c   p e r m a f r o s t   i n   t h e   A l t a y   S h a n .  

S p o r a d I c   p e r m a f r o s t  m u s t  b e   N e o q l a c i a l .  

Snow c o v e r  i s  t h i c k   i n   A l t a y   S h a n .  I t  
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RESEARCH ON THE FROST-HEAVING FORCE OF SOILS 

Tong Changjiang and Yu Chongyun 

Lanzhou Institute of Glaciology and Cryopedology, Academia Sinica 
People'e  Republic of China 

To investigate the normal frost-heaving  forces  that  act upon foundations,  frost- 
heave tests were conducted under various  conditions i n  both f i e l d  and labora- 
tory.  Test  results showed that  the  frost-heaving  force  substantially depends 
upon the  frost  susceptibil ity and water content of the s o i l ,  temperature, frost  
penetration  depth, and the  area of the  bearing plates.  A number of empirical 
equations  are  presented to  evaluate  the  influence of  these  factors on frost- 
heaving forces. Based on model t e s t s ,  the  authors  propose  that  the normal 
frost-heaving  force be considered  to be  composed  of  two parts--the normal frost- 
heaving force produced by the  restrained ground  body beneath  the  bearing plates 
and that produced by the  unrestrained ground  body surrounding  the restrained so i l  
column. Therefore,  the  authors  conclude that the value of the normal frost- 
heaving forces i s  not  very great, but approaches  a certain  "stable"  limit. 

I n   t h e   p a s t  2 0  o r  30 y e a r s ,   m a n y  r e -  
s e a r c h e r s   h a v e   e x t e n s i v e l y   s t u d i e d   t h e  
n o r m a l   f r o s t   h e a v e   p r e s s u r e   a c t i n g   u p o n  
f o u n d a t i o n s   d u r i n g   t h e   f r e e z i n g  o f  t h e i r  
s u b s o i l s ,   a n d   m a n y   b e h a v i o r a l   r e l a t i o n -  
s h i p s   a n d   i n f l u e n c i n g   f a c t o r s   h a v e   b e e n  
d i s c u s s e d .  I n  r e c e n t   y e a r s ,   s o m e  r e -  
s e a r c h e r s   h a v e   r e p o r t e d   m e t h o d s   f o r   r o u g h -  
l y   e s t i m a t i n g   t h e   n o r m a l   f r o s t   h e a v e   p r e s -  
s u r e   a n d   t h e   d i s t r i b u t i o n  o,P v e r t i c a l  
s t resses  a t  t h e   f r e e z i n g   f r o n t ,   a n d   p u b -  
l i s h e d   t h e i r  maximum e x p e r i m e n t a l   v a l u e s .  
S i n c e  1965 ,  e x t e n s i v e   r e s e a r c h   h a s   b e e n  
p e r f o r m e d   o n   t h e   f r o s t   h e a v e   p r e s s u r e   b o t h  
i n   o u r   l a b o r a t o r y   a n d   i n   t h e   f i e l d   n e a r   b y  
( i n   t h e   F e n g h u o   M o u n t a i n s   o n   t h e   Q i n g h a i -  
X i z a n g   ( T i b e t )   P l a t e a u ,  MuXi  i n   t h e   Q i l i a n  
m o u n t a i n s ,   M a n q u i   i n   t h e  Da H i n g g a n   L i n g  
o f   N o r t h e a s t   C h i n a ,  e t c .  ). T h e  main 
f a c t o r s   i n f l u e n c i n g   f r o s t   h e a v e   p r e s s u r e s ,  
t h e   e f f e c t   o f   t h e   a d j a c e n t   s o i l   a n d   t h e  
c o r r e c t i o n   c o e f f i c i e n t s   f o r   t h e   d e p t h   a n d  
w i d t h   o f   f o u n d a t i o n s   i n   e n g i n e e r i n g   d e -  
signs, e t c .  h a v e   b e e n   s t u d i e d   i n   a d d i t i o n  
t o  t h e i r  laws o f  a n n u a l  variation a n d  
t h e i r   d i s t r i b u t i o n .   C o n s e q u e n t l y ,   t h e  
l a w s   g o v e r n i n g   t h e   c h a n g e   o f   n o r m a l   f r o s t  
h e a v e   p r e s s u r e s   a n d   t h e i r   f o r m a t i o n   c o n -  
c e p t   c a n   b e   f u r t h e r   u n d e r s t o o d .   H o w e v e r ,  
t h e i r   f o r m a t i o n   a n d   c a l c u l a t i o n   m e t h o d  
s t i l l  n e e d   f u r t h e r   s t u d y .  

EXPERIMENTAL RESULTS A N D  DISCUSSION 

I n f l u e n c e   o f   S o i l   C h a r a c t e r i s t i c s   o n J k c  
N o r m a l   F r o s t   H e a v e   P r e s s u r e s  

T h e   e x p e r i m e n t a l   d a t a  show t h a t   t h e  
i n f l u e n c e  o f  s o i l   p a r t i c l e   s i z e  on t h e  
n o r m a l   f r o s t   h e a v e   p r e s s u r e  i s  q u i t e  
p r o m i n e n t .   T h e   n o r m a l   f r o s t   h e a v e   p r e s -  
s u r e   d e c r e a s e s  a s  t h e   s a n d   g r a i n   s i z e  
l n c r e a s c s   ( T a b l e  1 )  u n d e r   a l m o s t   t h e  same 
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t e m p e r a t u r e   a n d   s u f f i c i e n t   s u p p l y   o f   w a t e r  
t o   t h e   l o w e r   p a r t   o f   s o i l .   I n   s a n d s   w i t h  
c o n t e n t   o f   s a n d g r a i n   s m a l l e r   t h a n  0 .1  m m ,  
t h e   e f f e c t   o n   t h e   n o r m a l   f r o s t   h e a v e   p r e s -  
s u r e s  i s  m o r e   e v i d e n t ,  

I n   t h e   s a m e   w a y ,   t h e   n o r m a l   f r o s t   h e a v e  
p r e s s u r e   i n c r e a s e s  a s  t h e   s p e c i f i c   s u r f a c e  
a r e a  o f   s o i l   i n c r e a s e s .  When t h e   s p e c i f i c  
s u r f a c e  a r e a  o f  s o i l   i n c r e a s e s   t o  6 2 . 5  
m2/g ,  t h e   n o r m a l   f r o s t   h e a v e   p r e s s u r e  
d e c r e a s e s   c o r r e s p o n d i n g l y .  

si .mj. lar c o n d i t i o n s  o f  t e m p e r a t u r e ,   m o i s -  
t u r e ,  a n d   b e a r I n g   p l a t e   a r e a ,   t h e   v a l u e s  
o f  t h e   n o r m a l   h e a v e   p r e s s u r e   o f   d i f f e r e n t  
t y p e s  o f  s o i l  a r e  a r r a n g e d   i n   t h e   f o l l o w -  
i n g   o r d c r :   s a n d  c l a y  a n d  s i l t  > c l a y e y  > 
s a n d  r c l a y  7 f i n e   s a n d  > c o a r s e   s a n d .  

I n f l u e n c e  o f  S o i l   M o i s t u r e  o n  N o r m a l   F r o s t  
H e a v e   P r e s s u r e  

A c c o r d i n g   t o   e x p e r i m e n t a l   r e s u l t s   u n d e r  

I n  t h e  f r e e z i n g   p r o c e s s ,   f r o s t   h e a v e  
a n d   f r o s t   h e a v e   p r e s s u r e s   a r e   d o m i n a t e d   b y  
t h e   i n i t i a l  water  c o n t e n t   b e f o r e   f r o s t  and 
t h e   m i g r a t i o n   o f  water  d u r i n g   t h e   f r e e z i n g  
p r o c e s s .   T h e   e x p e r i m e n t s   s h o w   t h a t ,   u n d e r  
t h e   s a m e   s o i l   a n d   t e m p e r a t u r e   c o n d i t i o n s  
( F i g u r e  l), n o r m a l   f r o s t   h e a v e   p r e s s u r e  
i n c r e a s e s  w i t h  t h e  i n c r e a s e  o f  s o i l   m o i s -  
t u r e  c o n t e n t   u n t i l   t h e   n o r m a l   h e a v e   p r e s -  
sure o f  i c e  i s  r e a c h e d .   I n  a c l o s e d  
s y s t e m ,   t h e   r e l a t i o n s h i p   b e t w e e n   t h e   n o r -  
m a l   f r o s t   h e a v e   p r e s s u r e   a n d   i n i t i a l   c o n -  
t e n t  o f  s o l 1   m o i s t u r e   b e f o r e   f r o s t   c a n   b e  
well d e s c r i b e d   b y   t h e   e m p i r i c a l   f o r m u l a :  

b 
" 

u n o  = a e  
W 

w h e r e  u n o  is t h e   n o r m a l   h e a v e   p r e s s u r e  
a c t i n g   u p o n   t h e   f o u n d a t i o n   g e a r i n g   p l a t e  
w i t h   t h e   d i m e n s i o n   o f  km/cm ; w i s  t h e  
i n i t i a l   m o i s t u r e   c o n t e n t   i n  %; a a n d  b a r e  



1214 

TABLE L N o r m a l   F r o s t   H e a v e   P r e s s u r e   o f   D i f f e r e n t   T y p e s   o f   S o i l  

F i n e   s a n d   ( g r a i n  s i z e )  (mm) 

2 - 1  1 - 0 . 5  0 . 5 - 0 . 2 5  0 . 2 5 - 0 . 1  L o e s s   R e d   c l a y  

C o n t e n t   o f   p a r t i c l e  s i z e  smal le r  

S p e c i f i c   s u r f a c e  a r e a  ( m 2 / g )   5 . 2   1 7 . Q   1 9 . 5  31.8 
Normal f r o s t   h e a v e   p r e s s u r e   ( k g / c m 2 )   0 . 0 5 4  0 . 0 7 6   0 . 0 9 6  

6 2 . 5  
I. 3 4 5  8.02 6 . 6 6  

t h a n  0 .1  m m  ( % )  4 . 3 6  7.77 6 . 9 4  1 6 . 0 4  

( a v e r a g e )   ( a v e r a g e )  

Water content rn soil W, (%, 

0 1000 2000  3000 4000 

water intake amount.  (ml) 

FIGURE 1 R e l a t i o n s h i p   o f   n o r m a l   f r o s t  
h e a v e   p r e s s u r e   t o   w a t e r   c o n t e n t   a n d  water  
i n t a k e   a m o u n t .  

e x p e r i m e n t a l l y   d e t e r m i n e d  c o e f f i c i e n t s  
r e l a t e d   t o   s o i l ,   t e m p e r a t u r e ,   a n d   a r e a   o f  
f o u n d a t i o n   p l a t e .  

I n   a n   o p e n   s y s t e m ,   t h o u g h   t h e   i n i t i a l  
water c o n t e n t   b e f o r e   f r o s t   a f f e c t s   t h e  
n o r m a l   f r o s t   h e a v e   p r e s s u r e  t o  a c e r t a i n  
e x t e n t ,   t h e  a m o u n t  o f  w a t e r   s u p p l i e d  
d u r i n g   t h e   f r e e z i n g  i s  m o r e   i m p o r t a n t .  
E x p e r i m e n t a l  r e s u l t s  s h o w   t h a t   t h e   g r e a t e r  
t h e   a m o u n t   o f  water s u p p l i e d ,   t h e   l a r g e r  
t h e   n o r m a l   f r o s t   h e a v e   p r e s s u r e  w i l l  b e .  
T h u s ,  t h e   r e l a t i o n s h i p   c a n  b e  a p p r o x i -  
m a t e l y   e x p r e s s e d   b y   t h e   f o l l o w i n g   l i n e a r  
f u n c t i o n  : 

w h e r e  o,", is t h e   n o r m a l   f r o s t   h e a v e   p r e s -  
s u r e   w i t h o u t   m i g r a t i n g   w a t e r   i n   k g / c m 2 ;  
Q i s  t h e   a m o u n t   o f   m i g r a t i n g  water i n   t h e  
f r e e z i n g   p r o c e s s   i n  m L ;  K is a n   e x p e r i m e n -  
t a l l y   d e t e r m i n e d   c o e f f l c i e n t   r e l a t e d  t o  
t h e   s o i l   a n d   f r e e z i n g   c o n d i t i o n s .  

H e n c e ,   t h e   a m o u n t   o f  water  i n t a k e   o r  
d i s c h a r g e  d u r i n g   f r e e z i n g  i s  t h e  key 
f a c t o r   t o   d e t e r m i n e   t h e   i n c r e a s e  o r  d e -  
c r e a s e  of t h e   v a l u e   o f   t h e   n o r m a l   f r o s t  
h e a v e   p r e s s u r e .  

R e l a t i o n s h i p   B e t w e e n   N o r m a l   H e a v e   P r e s s u r e  
a n d   S o i l   T e m p e r a t u r e  

T h e   g r a d i e n t   o f   g r o u n d   t e m p e r a t u r e  i s  
c l o s e l y   r e l a t e d   t o   t h e   s p e e d   o f   t h e   m o v e -  
m e n t   o f   t h e   f r e e z i n g   f r o n t   i n   t h e   u p p e r  
l a y e r   o f   s o i l .   U n d e r   t h e  same c o n d i t i o n ,  
t h e   h i g h e r   t h e   f r e e z i n g  r a t e  t h e  l e s s  t h e  
f r o s t   h e a v e   r a t i o   a n d   t h e   n o r m a l   f r o s t  
h e a v e   p r e s s u r e .  I t ' s  t h e  same t h e   o t h e r  
way a r o u n d .  T h e i r   r e l a t i o n s h i p   c a n  be 
e x p r e s s e d  a s  f o l l o w s :  

'no B 

d t  E , = - -  - A + -  

iu, 
w h e r e  4 i s  t h e   i n c r e a s i n g  r a t i o  o f   t h e  
n o r m a l   f r o s t   h e a v e   p r e s s u r e   i n   k g / c m 2 ;  U f  
i s  t h e   f r o s t   p e n e t r a t i n g   r a t i o   i n  rnrnfhr.; 
A a n d  0 a r c  e x p e r i m e n t a l l y   d e t e r m i n e d  
f a c t b r s   r e l a t e d   t o   s o i l ,   m o i s t u r e ,   a n d  
a r e a  o f   b e a r i n g   p l a t e ;   a n d  t i s  t h e  time 
i n   h o u r s .  

is o n l y   s u i t a b l e  t o  t h e   n o r m a l  f r o s t  p e n e -  
t r a t i n g   r a t i o .  When t h e   f r o s t   p e n e t r a t i n g  
r a t i o  i s  smal le r  t h a n  a c e r t a i n   v a l u e  
( U f '  U f l  1, t h e   c h a n g e s  of t h e   r h e o l o g y  o f  
i c e  b o d y   a n d   f r e e z i n g   p o i n t  o f  water a r c  
c a u s e d  b y  t h e   n o r m a l   f r o s t   h e a v e   p r e s s u r e ,  
l o w e r i n g   t h c   i n c r e a s i n g   r a t i o   o f   t h e   n o r -  
mal f r o s t   h e a v e   p r e s s u r e .   I n v e r s e l y ,   w h e n  
t h e   f r o s t   p e n e t r a t i o n   r a t i o  i s  q u i t e  l a r g e  
( U f >   U f z ) ,   t h e   p o s s i b i l i t y   o f   m o i s t u r e  
movemen t  i s  q u i t s   s m a l l   a n d   t h e   n o r m a l  
f r o s t   h e a v e   p r e s s u r e  i s  o n l y   c a u s e d   b y   t h e  
f r e e z i n g  o f  p o r e   w a t e r .  

p r e s s u r e s   c h a n g e   w i t h   t e m p e r a t u r e .   T h i s  
l aw  c a n   b e   e x p r e s s e d  a s  f o l l o w s :  

I t  m u s t   b e   p o i n t e d   o u t   t h a t   t h i s   e a u a t i o n  

I n  a c l o s e d   s y s t e m ,   n o r m a l   f r o s t   h e a v e  

" 
P 

onO = ae 

w h e r e  t i s  t h e  s o i l  t e m p e r a t u r e   i n   n e g a -  
t i v e  O C  a n d  a a n d   a r e   e x p e r i m e n t a l l y  
d e t e r m i n e d   f a C t o r s   r e l a t e d  t o  s o i l   t y p e ,  
m o i s t u r e ,   a n d  a r e a  o f  b e a r i n g   p l a t e .  

T h a t  i s  t o  s a y ,  n o r m a l   f r o s t  h e a v e  
p r e s s u r e  i n c r e a s e s  e x p o n e n t i a l l y  w i t h   t h e  

t 



d e c r e a s e  of s o i l  t e m p e r a t u r e ,   w h i c h   c o i n -  
c i d e s   w i t h   t h a t   t h e   u n f r o z e n  water c o n t e n t  
o f   f r o z e n  s o i l  d e c r e a s e s   e x p o n e n t i a l l y  w i t h  
t h e   d e c r e a s e   o f   s o i l   t e m p e r a t u r e ,   F r o m  
t h e   r e l a t i o n s h i p   b e t w e e n   t h e   u n f r o z e n  
w a t e r   c o n t e n t   a n d   s o i l   t e m p e r a t u r e ,   t h e  
r e l a t i o n s h i p   b e t w e e n   t h e   n o r m a l   f r o s t  
h e a v e   p r e s s u r e   a n d   t h c   u n f r o z e n  water  
c o n t e n t   i n   f r o z e n   s o i l   c a n   b e   d e d u c e d :  

a 

w h e r e  m a n d  n a r e  e x p e r i m e n t a l l y   d e t e r m i n -  
e d   c o e f f i c i e n t s .  

I t  i s  e v i d e n t   t h a t   t h e   n o r m a l   f r o s t  
h e a v e   p r e s s u r e  i s  I n v e r s e l y   p r o p o r t i o n a l  
t o   t h e   u n f r o z e n   w a t e r   c o n t e n t   i n   f r o z e n  
s o i l .  

R e l a t i o n s h i p  B e t w e e n   N o r m a l   F r o s t   H e a v e  
P r e s s u r e   a n d  F r o s t   S u s c e p t i b i l i t y  

E x p e r i m e n t a l   d a t a   s h o w   t h a t   t h e   n o r m a l .  
f r o s t   h e a v e   p r e s s u r e   o f  s o i l  w i t h  d i f f e r -  
e n t   f r o s t   s u s c e p t i b i l i t y  i s  c l o s e l y   r e l a t -  
c d  t o  t h e   f r o s t   h e a v e   o f   s o i l   u n d e r   f o u n -  
d a t i o n   b e a r i n g   p l . a t e .   F i g u r e  2 s h o w s   t h a t  
i t  i n c r e a s e s   p r o p o r t i o n a l l y   t o   t h e  f r o s t  
h e a v e  r a t i o  o f   t h e  soil. H e n c e ,  i t  c a n   b e  
e x p r e s s e d   i n  a p a r a b o l i c   f o r m u l a :  

uno  = x n  Y 

w h e r e  rl i s  t h e   f r o s t   h e a v e   r a t i o  o f  s o i l  
i n  % a n d  x a n d  y a r e  r a c t o r s   r e l a t , e d  t o  
s o i l   m o i s t u r e   a n d  a r e a  o f  b e a r i n g   p l a t e .  

On l o g a r i t h m i c   c u r v e ,   t h r e e   t u r n i i n g  
p o i n t s   c a n  be f o u n d ,  i.c. q = O .  9 ,  3 . 2  a n d  
5.8%. I n  C h i n a ,   t h e s e   t h r e e   p o i n t s   e x a c t -  
l y  r e f l e c t   t h e   t h r e e   s t a g e s   o f   f r o s t   h e a v e  
o f  s o i l :   l o w   h e a v e ,   h e a v e ,   a n d   h i g h   h e a v e .  

A c c o r d i n g  t o  t h e   r e s u l t  o f  m e a s u r e m e n t s  
o b t a i n e d   b o t h   i n d o o r   a n d  in t h c   f i e l d ,   t h e  
n o r m a l   f r o s t   h c a v c   p r e s s u r e  i s  d i r e c t l y  
r e l a t e d   t o   t h e   r e s t r i c t i v c   c o n d i t i o n  o f  

f r o s t   h e a v e   d e f o r m a t i o n   o f  s o i l  l a y e r .  
T h e   h i g h e r   t h e   d e g r e e   o f   r e s t r a i n t ,   t h e  
l a r g e r   t h e   n o r m a l  f r o s t  h e a v e   p r e s s u r e  
( F i g u r e  3 ) .  T h i s   r e l a t i o n s h i p   c a n   b e  
d e s c r i b e d  a s  f o l l o w s :  

u n o  :: M - l g q  

N 

w h e r e  M a n d  N are  e x p e r i m e n t a l   f a c t o r s .  
A l t h o u g h  t h e   r e s t r i c t i v e   c o n d i t i o n   o f  

f r o s t   h e a v e  d e f o r m a t i o n   o f   s o i l  l a y c r  is 
d i f f e r e n t ,   t h e   d e f o r m a t i o n   o f   g r o u n d   b o d y  
a r o u n d   f o u n d a t i o n   c o n t i n u e s   t o   t a k e   p l a c e .  
The f a r t h e r   t h e   d i s t a n c e   f r o m   t h e   o b s e r v -  
i n g   p l a c e   t o   t h e   f o u n d a t i o n ,   t h e   c l o s e r  
i t  i s  t o   t h e   n a t u r a l   d e f o r m a t i o n  o f  s o i l  
by f r o s t   h e a v i n g .  

B a s e d   o n   t h e   d e f o r m a t i o n   c u r v e  o r  
g r o u n d   b o d y   a r o u n d   f o u n d a t i o n   p l a t e ,  a 
f o r m u l a   c a n   b e   d e d u c e d   f r o m   t h e   a b o v e  
r e l a t i o n s h i p :  

w h e r e  n o  i s  t h e   n a t u r a l   f r o s t   h e a v c   r a t i , o  
i n  %; ~i i s  t h e   f r o s t   h e a v e   r a t i o  when t h c  
n o r m a l   h e a v e   p r e s s u r e   b e i n g  oAo i n  %; a n d  
R i s  a n   e x p e r i m e n t a l   f a c t o r   r e l a t e d   t o  
s o i l . ,   m o i s t u r e  e t ,c .  

N o r m a l   F r o s t   H e a v e   P r e s s u r e   C h a n g e s  w i t h  
D e p t h   o f   F o u n d a t i o n  

G e n c r a l l y   s p e a k i n g ,   w i t h   t h e   i n c r e a s e  
o f   d e p t h   o f   f o u n d a t i o n  b u r i e d ,  t h e  t h i c k -  
n e s s   o f   f r e e z i n g  s o i l  l a y c r   u n d e r   f o u n d a -  
t i o n  D l a t e  d e c r e a s e s .  a s  d o e s   t h e   n o r m a l  
f r o s t   h e a v e  p r e s s u r e .  B a s e d  o n  
t h e   o b s e r v a t i o n a l   d a t a   o n   t h e  Q 
X i z a n g   P l a t e a u   a n d   i n   N o r t h c a s t  
l a w   o f   v a r i a t i o n   o f   n o r m a l   f r o s  

1 n y h a i . -  

t h c a v e  
Ch jna ,  t h e  

0 2 4 6 8 10 

frost-heaving  ratio Q,(%) 

FIGURE 2 R e l a t i o n s h i p   b e t w e e n   n o r m a l  r s o s t  
h e a v e   p r e s s u r e   a n d   f r o s t - h e a v e   r a t i o   o f  
S o i l .  
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p r e s s u r e  can b e   a p p r o x  
t h e   f o l l o w i n g   f o r m u l a :  

ono z = a0 H!o 

w h e r e  0 6 ~  i s  t h e   n o r m a  
s u r e  when t h e   d e p t h   o f  

m a t e l y   c x p r e s s c d   i n  

f r o s t   h e a v e   p r e s -  
f o u n d a t i o n   b u r i c d  

b e i n g  z i n   k g / c m 2 ;  H Z  i s  t h e   r e l a t i v c  
d e p t h ,  i . e .  t h e   p e r c e n t a g e   r a t i o  o f  t h e  
d c p t h  z o f   t h e   f o u n d a t i o n   b u r i e d   a n d   t h e  
m a x i m a l   f r e e z i n y   d e p t h :  

H Z  = X 100% 

H i s  t h e   m a x i m a l   f r e e z i n g   d e p t h   i n  m ;  i t  
s f ; o u l d   b e   p o i n t e d   o u t   t h a t   t h i s   m a x i m a l  
f r e e z i n g   d e p t h   m u s t   i n c l u d e   t h e   i n c r e m e n -  
t a l  t h i c k n e s s   o f   f r e e z i n g   s o i l   l a y e r   d u e  
t o  the e f f e c t   o f   f o u n d a t i o n ;  z is t h e  
d e p t h   o f   f o u n d a t i o n   b u r i e d   i n  m; a0 a n d  Bo 
a r e  e x p e r i m e n t a l l y   d c t e r m i n e d   f a c t o r s  
r e l a t e d   t o   t h e   s o i l ,   m o i s t u r e ,   a n d  a r e a  o f  
b e a r i n g   p l a t e .  

N o r m a l   f r o s t   h e a v c   p r e s s u r e  reduces  w i t h  
t h e   d e c r e a s e  o r  r e d u c t i o n   o f   t h e   t h i c k n e s s  
o f   t h e   f r e e z i n g   s o i l   l a y e r   u n d e r   t h e   f o u n -  
d a t i o n   p l a t e .  T h i s  l a w  i s  a f f e c t e d  by   two  
f a c t o r s :   t h e   t h i c k n e s s   o f   f r e c r i n g   l a y e r  
a n d   t h e   c h a n g e   o f   s o i l   t e m p e r a t u r e .   T h e  
f o r m e r  may r e g a r d   t h e   n o r m a l   f r o s t   h e a v e  
p r e s s u r e  a s  a s u p e r i m p o s e d   f o r m   o f   f r o z e n  
l a y e r s  a t  a d e f i n i t e   t h i c k n e s s   a n d   t h e  
l a t t e r   i n c r e a s e s   w i t h   t h c   i n c r e a s e  o f  t h e  
d e p t h   a n d  t h u s  t h e  normal f r o s t   h e a v e  
p r e s s u r e   p r e s e n t s  a c o r r e s p o n d i n g   d e c r e a s e .  

I n f l u e n c e   o f   B e a r i n g   P l a t e   A r e a   o n   N o r m a l  
F r o s t   H e a v e   P r e s s u r e  

H f 

U n d e r   a l m o s t   t h e   s a m e   b o u n d a r y   c o n d i -  
t i o n ,  t h e  v a l u e  o f  t h e  norma l  f r o s t  h e a v e  
p r e s s u r e  i s  d i f f e r e n t   w i t h   t h e   d i f f e r e n t  
a r e a  o f  f o u n d a t i o n   p l a t e .   T h e   e x p e r i m e n -  
t a l  r e s u l t s   b o t h   i n   t h e   l a b o r a t o r y   a n d  i.n 
t h e   f i e l d   s h o w   t h a t   t h e   s m a l l e r   t h e  a r e a  

of b e a r i n g   p l a t e   t h e   l a r g e r   t h e   n o r m a l  
f r o s t   h e a v e   p r e s s u r e ;   a n d  when a r e a  o f  
b e a r i n g   p l a t e  i s  q u i t e   e n o r m o u s ,  i t  f i n a l -  
l y   t e n d s   t o  a s t a b l e   v a l u e   r e l a t e d   t o  
c e r t a i n  c o n d i t i o n s   ( s u c h  a s  s o i l   t y p e ,  
m o i s t u r e ,   t e m p e r a t u r e ,   d e p t h  o f  f r o s t  
p e n e t r a t i o n ,   a n d  a r e a  o f   b e a r i n g   p l a t e ) .  
When t h e   v a l u e   o f   t h e   n o r m a l   f r o s t   h e a v e  
p r e s s u r e   t e n d s   t o  a s h a r p   s e g m e n t ,  i t ' s  
c o r r e s p o n d i n g   p l a t e   a r e a  is 4 0 0 - 1 6 0 0  cm2 
( F i g u r e  4 ) .  

T h e r e f o r e ,   t h e   r e l a t i o n s h i p   b e t w e e n  
n o r m a l   f r o s t   h e a v e   p r e s s u r e   a n d   t h e   a r e a  
o f  t h e   f o u n d a t i o n   p l a t e   c a n   b e  wel l  d e -  
s c r i b e d   b y   t h e   e x p r e s s i o n :  

bF 
-r ono = aF e 

wh r e  F i s  t h e   a r e a   o f   f o u n d a t i o n   p l a t e   i n  
cm5 a n d  aF   and  bF a r e  e x p e r i m e n t a l l y   d e -  
t e r m j n e d   f a c t o r s   r e l a t e d   t o   s o i l   t y p e ,  
m o i s t u r e ,   t e m p e r a t u r e  e t c .  

a b o v e   t h e   e a r t h  i s  i n e v i t a b l y   a c t e d   u p o n  
b y   t h e   f r o s t   h e a v e   o f   g r o u n d   b o d y   r e s t r a i n -  
e d   b y   t h e   b e a r i n g   p l a t e   a n d   o f   g r o u n d   b o d y  
u n r e s t r a i n e d   o u t s i d e   t h e   b e a r i n g   p l a t e .  
A c c o r d i n g   t o   t h e   e x p e r i m e n t a l   r e s u l t s   i n  
t h e   l a b o r a t o r y ,   t h i s   " s t a b l e   v a l u e "  i s  
n e a r   t h e   v a l u e  o f  n o r m a l   f r o s t   h e a v e   p r e s -  
s u r e   c a u s e d   b y   t h e   g r o u n d   b o d y   r e s t r a i n e d  
b y   t h e   b e a r i n g   p l a t e   u n d e r  s i m i l a r  c o n d l -  
t i o n s  o f  s o i l ,   m o i s t u r e ,   a n d   f r o s t  
p e n e t r a t i o n .   T h c   e x p e r i m e n t a l  r e s u l t s  
a l s o   s h o w   t h a t   t h e   f r o s t   h e a v i n g   o f   t h c  
g r o u n d   b o d y   o u t s i d e   t h e   b e a r i n g   p l a t e  
a f f e c t s   s i g n i f i c a n t l y   t h e   n o r m a l   f r o s t  
h e a v e   p r e s s u r e   u n d e r   t h e   b e a r i n g   p l . a t e  
a n d   t h a t   t h e   n o r m a l   f r o s t   h e a v e   p r e s s u r e  
i n c r e a s e s   w i t h   t h e   i n c r e a s e   o f   r a t i o   o f  
s a m p l e   d i a m e t e r   t o   p l a t e   d i a m e t e r ,   u n t i l  
t h e   r a t i o  i s  m o r e   t h a n  6 t o  8 times. 

h e a v e   p r e s s u r e   m e a s u r e d  a t  t h e  t e s t  s i t e  

I n  a common c a s e ,  t h e   f o u n d a t i o n   p l a t e  

So ,  i t  is c o n s i d e r e d   t h a t   n o r m a l   f r o s t  

bearing. plate F. cm* 

FIGURE 4 R e l a t i o n s h i p   b e t w e e n   n o r m a l   f r o s t   h e a v e   p r e s s u r e   a n d   b e a r i n g   p l a t e .  
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c o n s i s t  o f  t w o   p a r t s  - i . e . ,  t h e   n o r m a l  
f r o s t   h e a v e   p r e s s u r e   p r o d u c e d   b y  t h e  
r e s t r a i n e d   g r o u n d   b o d y   d i r e c t l y   l y i n g  
b e n e a t h   t h e   b e a r i n g   p l a t e   a n d   t h a t   p r o d u c -  
e d   b y   t h e   u n r e s t r a i n e d   g r o u n d   b o d y .  I t  i s  
a l s o   c o n s i d e r e d   t h a t   t h e   f o r m e r  must b e  a 
c o n s t a n t   v a l u e   u n d e r   c e r t a i n   b o u n d a r y  
c o n d i t i o n s .  

To  sum  up ,  t h e  norma l  f r o s t  h e a v e  
p re s su res  a r e  t h e   r e s u l t s  o f  v a r i o u s  
f a c t o r s .   T h e y  a r e n ' t  a h u g e  v a l u e  u n -  
c o m p a r a b l e .  

T h r o u g h   t h e   r e s e a r c h   o f   c o r r e l a t i o n  
f a c t d r s  i t  i s  known t h a t   t h e   v a l u e   c a n   b e  
c o m p r e h e n d e d .   H e n c e ,  we c a n   s t u d y   t h e  
" s t a n d a r d   v a l u e "   o f   t h e   n o r m a l  f r o s t  h e a v e  
p r e s s u r e   o f   d i f f e r e n t   s o i l   a n d   m o i s t u r e  
w i t h   u n i f i e d  test m e t h o d   a n d   u n d e r   a p p r o -  
x i m a t e   b o u n d a r y   c o n d i t i o n s ,   s u c h  a s  t h e  
r e s t r a i n e d   c o n d i t i o n  o f  s o i l ,  a r e a  o f  
b e a r i n g   p l a t e ,   a n d   f r o s t   p e n e t r a t i o n   r e t i o .  
T h e   s t a n d a r d   v a l u e   a f t e r   b e i n g   c o r r e c t e d  
c a n   b e   u s e d   i n   e n g i n e e r i n g   d e s i g n .  

A C K N O W L E D G M E N T  

T h e   a u t h o r s   w o u l d   L i k e   t o   t h a n k   t h e i r  
c o l l e a g u e s  - Z h a n g   J i a y i ,  Wu Z i w a n g ,   Z h u  
Y u a n l i n ,   L i u   J i e n g s h o u ,  M a  Z h i x u e ,  Chi 
3 i a n m e i   a n d   Y i n   Y a r n i n g  - f o r   t h e i r  
a s s i s t a n c e .  
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IN-SITU  DIRECT SHEAR TESTS AT THE FREEZEITHAW INTERFACE  AND IN THAWED SOILS 

Tong Zhi quan 

Northwest In s t i t u t e  of the Chinese Academy of Railway Sciences 
Lanzhou, People's  Republic of China 

To build  railroads  in  permafrost  regions  requires an understanding of  the shear 
strength of  so i l s  at  the  freeze/rhaw  interface  while  evaluating the s t a b i l i t y  of 
embankment slopes,  foundations, and cut slopes.  Considering  the  relatively  high 
water content  in  the  freeze-thaw  transition zone i n   s o i l ,  many researchers  have 
suspected that the freezelthaw  interface could be the weaker surface of 
shearing. To c l a r i fy   t h i s ,  the authors conducted  indoor and outdoor  direct  shear 
t e s t s  a t  the interface and i n  thawed soils.   Results both i n   s i t u  and i n  the 
laboratory showed that  the  shearing  strength a t  the   f ree id thaw  in te r face  i s  
greater  than  in thawed s o i l s ,  as are both the  interfr ic t ional   angle  and the 
cohesion  force. The weaker surface of shearing was not at  the  freezefthaw  inter- 
face,  but i n  thawed s o i l  with  high water content,  Therefore,  to  evaluate  the 
s t a b i l i t y  of roadbeds i n  permafrost  regions,  shear-strength  values  should  be 
taken from thawed soils  with  high water content. 

When bui ld ing  a r a i l r o a d  i n  a permafrost re- 
gion we must know sheer ing   s t rength  a t  the  
frozen-thawing  boundary  interface i n  o r d e r   t o  
compute t h e   s t a b i l i t y  of embankments, founda- 
t i o n s  and  cuts. Because of the  comparatively 
r ich   water   conten t  i n  the  frozen-thawing traa- 
s i t i o n  zone o f  thawing s o i l ,  we were concerned 
that  the  frozen-thawing  boundary  could be tha  
weak sur face  of shearing.  Carrtain  expariments 
were conducted  to   check  this   expectat ion.  Be- 
cause of t he   d i f f e ren t   expe r iman ta l  conditions 
between  laboratory and f i e l d  sites, we c o n h a t -  
ed Large in-situ  dirtsot  shearing tests on clayey 
s o i l  at the  frozen-thawing  interface  and on 
completely thawed  ground  and  compared the  re- 
s u l t  with  those o f  l a b o r a t o r y   t e s t s .  

IN-SITU LARGE DIRECT SHEARING TEST 

Description of T e s t   S i t s  

The reg ion  o f  M t .  Fenghuo is a permafrost 
region through  which  the  planned  Qinghaf-Xizang 
Railroad  Line w i l l  pass.   This  region was chosen 
as t h e   l o c a t i o n  t o  c a r r y   o u t   i n - s i t u   d i r e c t  
s h e a r   t e s t s  on a frozen-thawing  interface  and  on 
fully thawed  ground, The ground  surface  there 
was covered by t u r f  and vas under la in  by a 
clayey soil containing  crushed  s tone 3-5 mm i n  
diameter. The depth of the  natural   permafrost  
t a b l e  was wi th in  1.1-1.4 n of the   surface.  
Th i s   r sg ioa  16 one where the  permafrost  bas 
been r e l a t i v e l y   s t a b l e   f o r  a long  t ime,  the 
anBual  average  temperature  being  within -% t o  
-7 C .  The water   conten t   d i s t r ibu t ion  f r o m  the 
ground  surface t o  the  frozen-thawing  boundary 
appears as a K-type (Figure I) with   the   l a rger  
value5  occuring a t  0.2 m depth and near the  
frozen-thawing boundary. Tes t s  were c a r r i e d  
out  undes  conditions o f  natural   water   content .  
The d i f f e r e n t   d r y   b u l k   d e n s i t i e s  of t he  

121 a 

s o i l  were: 1.55 g/cm3 for t h e   f i r s  
g/cm3 f o r   t h e  second and 1.47 g/cm 5 f o r  test* the  
th i rd .  Although t h e   t e s t   s i t e  Was oomposed of a 
clayey soil, the s i z e   d i s t r i b u t i o n  and the phy- 
s i c a l   p r o p e r t i e s  of t h e   s o i l  were a l i t t l e   d i f -  
f e r e n t   i n  accordance with   d i f fe ren t   t es t -p i t .  
The ranges   o f   the   s ize   d i s t r ibu t ion  of soil 
and i ts  phys ica l   p rope r t i e s   a r e   g iven  below, 
The dimension of s o i l   p a r t i c l e s   v a r y   w i t h i n :  
0.5-0.05 (35-497), 0*05-0.005 am (32.6-35%), 
and below 0.005 mm (18.4-26$); the   phys ica l  in- 
dexes vary with in   the  ranget Liquid limit 24.4- 
35.77; p l a s t i c  limit, 14.4-22.596 and index of 
p l a s t i c i t y ,  9.5-13.2%. 

T e s t i n g   F a c i l i t i e s  

The equipment  used f o r   t h e   t e s t  was a Large 
di rec t   shear ing   device   capable  of conducting 
experiments i n  s i t u  on samples  with areas as 
large ah: 1,000 a&, being 31 t imes   tha t  o f  nor- 
mal laboratory  samples. 

FIGURE 1 Dis t r ibu t ion  of Water  Content from 
Graund Sur face   t o  Frozen-thawing Boundary. 
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Tes t  Proaedures 

First a t e s t - p i t  was excavated  having a 
working su r face  o f  2 x 1.4 m2. This   a rea  is 
appropr ia te   for  both the  f u l l y  thawed ground 
and the  frozen-thawing  interface oases. The 
t e s t  W ~ Q  conducted  according  to  Chinese stan- 
dards   for   in -s i tu   l a rge   undra ined  quick shear- 
ing   except   tha t   cer ta in   p recaut ions  vera made 
f o r   t h e  case of  the  frozen-thawing  interface, 
The t e s t s  were conducted as   fol lows:  

a .   After   excavat ion  to  a depth o f  0.2 m above 
the  frosen-thawing  interface,  a s o i l   c l l f n d e r  
40 cm in   diameter  was l e f t   i n  middle of t h e   p i t  
f o r  p repar ing   the  sample. 

b. A soil cy l inde r  of 35.7 cm diameter was 
trimmed wi th   t he   shea r ing   r i ng  of tha  deviae 
and le f t   perpendicular   to   the   f rozen- thawing  
in t e r f ace .  The shear ing ring was then pressed 
gradual ly  downward u n t i l  it reached tha frozen- 
thawing surface.  The d i rec t   shea r   appa ra tus  
was then   i n s t a l l ed  and adjusted as quickly as 
possible .  

be e s p e c i a l l y   s t r e s s a d  during t h e   i n a t a l l a t l o p  
C .  Protect ion f rom thermal dis turbance must 

of t he   t a s t ing   dev ioe  and during the conduct of 
the   shear  test  t o  ensure tha t   the   shear ing  plane 
is coincident  with  frozen-thawing  interface 
throughout the e n t i r e   t e s t .  

d. The fn t e r f aae  was measured and sampled 
immediately  af ter  shearing and its water content 
was determined. 

T ~ s t  Results 

The r e s u l t s  o f  the   in -s i tu  large shear  tests 
on the   c layey   so i l   f rozen- thawing   ia te r faces  
and t h e   f u l l y  thawed  ground are l i s t e d  in Table '1. 

For the condi t ions of natural   water   Gartent  
and ua tura l   dens i ty ,  a amupparison of the shear- 
ing 8trengths  a t  the  frozen-thawing  iaterfaoe 
with the  shsar st rengthB of  completely  tbaved 
ground is shown i n  Figure 2. The i r formatioa 
i n  Figure 2 is from Table 2 .  

It is 5een f rom  the   t e s t   t ha t  t h e  shearing 
s t r eng th  of a a layeg   so i l   f rozen4thawiag   ia te r -  
f ace  i s  grea te r   t han   t ha t  for completely thawed 
ground. 

Tes t  
oona i t ion  

Frozen- 
thawing 
i n t e r f a a e  

Fol lg  
thawed 
&round 

Frozon- 
thawing 
interface 

Fully 
thawed 
ground 

Frozen- 
thawing 
i n t a r f  ace 

Water con- 
tent before 
shearing* 

w (7) 

27.3 

30.0 

Void ra- 

fore 
she p i n g  

t i o  be- 
I Shearing s t rength   under   d i f fe ren t   ! In te rna l  I Cohesion* 

0,74 

0.80 

0.82 
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TABLE 2 Laboratory  Small-scale Dircaot Shear Tests Results Pox Clayey S o i l  Frozen-thawing l a t e r f a a e  
and Completely Thawed Soil 

Teat 
No. 

1-1 

1-2 

11-1 

11-2 

ZII-I 

111-2 

. . . . - . . . . .. . . . 

Teat , 8 1  ,Water con-. Conppacted 
condi t ion t e n t  beforcl I drp  bulk 

Frozen- 
thaving 
interface 17.14 
Complately 
thawed 
soil 

I 
I 

Frofan- 
thawing 
interface 
Completely 
thawed 
S O l L  

1.55 

Frozen- 
thawing 
i n t e r f a c e  

Completely 
thawed 

22.50 

0,850 32020' 2,110 1.480 

0.635 25O53' I .600 I .I20 

0.650 28022 1 '1.722 I .I80 

0.450 20°33 * 1.995 0.820 

I 
rr I b C 

Cohesion 
C 

Ckg/cm2) 

0.210 

0.150 

0.110 

0.070 

0.050 

0.10 

vertical  pressure p(kg/cmz) 

FIGURE 2 A Comparison. of  Shearing  Strength at a Frozen-Thawing Interface and Completely Thawed 
Soil Obtained by Large  In-Situ  Direct  Shearing Tests. 

The frozen-thawed  boundary interface forms 
In   t he  course o f  the  thawing o f  f rozen ground. 
b'rozen ground is composed of four  phases-so- 
l i d  ( m i n e r a l   p a r t i c h s ) ,  plastic ( i c e ) ,   l i q u i d  
(water  unfrozen)  and  gas (air) w i t h  i c e  as the  
basic l ink.  The i c e  i s  s ign i f i can t ly   an i so t ro -  
pic ,   such  that   the   mechanical   s t rength is maxi- 
mum i n   t h e   d i r e c t i o n  o f  t he   c rys t a l   ax i s .  Be- 
cause  the four phases   in   f rozen   have   d i f fe ren t  
thermal   conduct iv i t ies  and t h e i r  thawing rates 
are different ,   the   f rozen-thawed  interface 
formed during  thawing is not an i d e a l  smooth 
surface,  but an uneven and ~ o u g h  one. The shear 

plaae intersects ice u r y s t a l s  on frozen-thawiag 
surface at d i f f e ren t   ang le s .   Th i s  c a m  does 
n o t   e x i s t  i n  aompletely thawed ground, there- 
fo re ,   t he   i n t e rna l   f r i c t ion   ang le  o f  t h e   f r o z e n  
thawing  interface i s  g rea t e r   t han   t ha t  of the  
completely  thawed  ground.  Furthermore, the ao- 
heaion o f  the former is also a b i t  larger than 
t h a t  of t h e   l a t t e r .  It is  now c l e a r  freom the  
above r e s u l t s  t h a t  the  main reason t h a t   t h e  
shearing strength  of  the  frozen-thawing  inter-  
race I s  l a r g e r   t h a n   t h a t  o f  the  completely 
t h a e d  ground is because o f  t h e   l a r g e r   i n t e r a a l  
friction  angle  the  former  possesses.  
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c 

and  Completely Thawed Clayey  Soil. 

SMALL-SCALE LABORATORY D I R E T  
SHEAR T E S T S  

So i l   P rope r t i e s  and Samnle Preparat ion 

The s o i l  used for the   l abora tory   d i rec t  
s h e a r   t e s t  was the  same c layey   so i l   t aken  f rom 
the  8188 of M t .  Feaghuo i n  the  permafrost  re- 
gion of the  Qinghai-Xizang  Plateau. The granu- 
lsmetric  composition and phys ica l   p rope r t i e s  of 
which are the  same as those of t h e   s o i l   t a k e n  
on the   spa t  where t h e   i n - s i t u   t e s t s  ware con- 
ducted. 

The samples used were  remoulded,  and t h e i r  
d e n s i t i e s  were so con t ro l l ed  as normally done 
i n   c o n t r o l l i n g   d e n s i t y  o f  f i l l  base materials 
for   roads ,  i . e .  the  samples  were  compacted  with 
a small  tamper  under  the  conditioas of i den t i -  
c a l   d e n s i t y   b u t  a t  d i f f e r e n t  water Oontents. 

Method of Testing; 

The common laboratory  undrained  rapid  shear 
t e s t  vas adopted a s   t h e  method  of t a s t ing .  
Samples rem frozen and then thawed  from t h e  
top down with an i n f r a red  bulb u n t i l   t h o  frozan- 
thawing  intetfaae  coincided  with  the preferred 
shear  place.  The samples were then  sheared. 

Tes t   Resul t s  

The r e s u l t s  o f  the  laboratory  small-scale 
shear tests on the  alayey  soil   frozen-thawing 
i n t e r f a c e  and the  completely thawed s o i l  are 
presented in Table 2, 

A comparison between  the  shearing  strength 
o f  the  frozen-thawiog  interface of the  clayey 
soil and the  completely thawed c l a y e y   s o i l  
under  f ixed  water  aontents and iden t i ca l   d sns i -  
t i e s  is shown i n  Figurej.  The informat ion   in  
Figure 3 is from Table 2. 

The t e s t   i n d i c a t e s  onm again  that   the   shear-  
ing s t r eng th  of the  frozen-thawing  interface is 
g r e a t e r  t h a n  t h a t  of  ths   completely thawed s o i l  
and t h e   i n t e r n a l   f r i c t i o n   a n g l e  and  cohesion of 
the   former  are   a lso  larger   than  those of the  
l a t t e r   r e s p e c t i v e l y .  

COMPARISON BETWEEN I N - S I T U  LARGE 
AND LABORATORY SMALL-SCAU 

DIRECT  SHEARING TESTS 

A common s a m l t  o? both tests is t h a t   t h e  
shear ing   s t rength  of t he  frozen-thawing  inter- 
face, Is grea te r   t han   t ha t  o f  the  completely 
thawed  ground. The s l igh t   d i f f e renoe  between 
t h e   r e s u l t s  is tha t   the   indexes  of shear ing 
s t rength  obtained In the   laboratory tests are 
the   g rea t e r ,  which is probably  because  the 
samples  tested in laboratory were composed of 
remoulded s o i l ,  had Q smal le r   a rea  of shsar  and 
had  undergone  only a s i n g l e  freeze-thaw cy- 
cle. Whereas t h e  in-sitQ tests were  conducted 
under   natural   condi t ions,   the   samples   tes ted 
were much l a r g e r  and  had  und'zrgone many f reeze-  
thaw cycles.  Thus t h e   d i f f e r e n t  tes t  condi- 
t ions   a long   wi th   the   na tura l   var ia t ion  of soil 
s t ruc ture   p robably   caused   the   d i f fe rences  i n  
t h e   t e s t   r e s u l t .  

Moreover, a s  we found i n  l abora to ry   t e s t s ,  
t h e   i a t e r n a l   f r i c t i o n   a n g l e  and cohesion o f  
samples  decreased  with  increase i n  water  con- 
t e n t .  However, an abnormal phenomenon occurred 
i n  the  course of in-situ  tests---the  cohesion 
obtained i n  t e s t s  ZI and III was grea ter   than  
in t e s t  I despi te   the   l a rger   water   conten t .  
This  is probably  because  there  were a few s a s s  
roots   near   the  shear   surface of t e s t s  I1 and 
191, which acted as a reinforcement. 

CONCLUSIONS 

1. Under the same aondi t ions   the   shear ing  
s t r eng th  o f  a frozen-thawing interface  i s  great- 
er t han   t ha t  of the  completely thawed  ground. 
T h i s  implies   that   the   former i s  not   the  weak 
surface of shearing  st i .sngth,   while,  in f a a t ,  
the weak surface Lies i n  f u l l y  thawad ground 
with  high vater contents.  

2, The  weak zone of a slope i n  a permafrost 
r e g i o n   l i e s  i n  the  oompletelg thawed s o i l   w i t h  
high water  coatents.  Therefore, it is  impera- 
t i v e   t o  choo6e the  shear ing  s t rength  iadexes of 



1282 

completely thawed s o i l  of high water oontent i n  
computing t h e   s t a b i l i t y  o f  embankment slopes, 
foundations, and aut s lopes  for  oonatructing 
railroad beas i n  permafrost weas. 
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CLASSIFICATION OF ROCK STREAMS 

A. I. Tyurin 

Geology  Department 
Moscow State University, USSR 

Rock  streams  (felsenmeer)  are  classified  according  to  their  origin.  Rock  stream  forma- 
tion  occurs  under  a  certain  combination of a number of  climatic,  lithological  and 
geomorphological  conditions. A number of processes  participate  in  the  formation  of 
coarse-fragmented  material of rock  streams  and  its  movement,  namely:  rock  weathering, 
heaving of fragments from the  weathered  substrate,  suffosion of fine  sediments, 
interstitial  ice  formation,  and  deserp'cion.  Each  rock  stream i s  composed of a 
certain  set of facies  units,  which  are  predetermined  by  its  origin.  Therefore,  the 
suggested  classification of  rock  streams  is  based  on  the  principal  mechanisms  govern- 
ing  the  formation of the  coarse-fragmental  mantle  which  constitutes  rock  streams. 
During  the  rock  stream  formation  often  one of the  abovementioned  rock-stream  forming 
factors  predominates.  Four  types of rock  streams  can  then  be  distinguished: 
1) 9ock weathering"  type, 2)  llcoarse-fragmented  heaving  material"  type, 3) "fine 
sediment-suffosion"  type,  and 4) "gravity"  type. I f  factors  dominate  during  the 
rock-stream  formation,  then  the  following  additional  types of rock  streams  axe 
formed: 5) "rock  weathering  and  coarse-fragmented  heaving  material"  type  and 6) 
''rock weathering  and  fine  sediment-suffosion"  type.  According  to  the  nature  of 
source  areas  feeding  the  rock  streams, 14 subtypes  are  identified.  The  sources 
feeding  the  rock  streams  can  occur  uniformly  throughout  the  area,  along  the  system 
of cracks  and  also  locally,  at  rock  escarpments  and  remnants. 

The  classification  of  rock  streams  should  take 
into  account  all  the  major  aspccts o f  their  forma- 
tion;  schemes  of  rock  stream  classification in the 
literature  are,  chiefly, of a morphological  charac- 
ter. 

The  rock  stream  formation  occurs  under  a 
certain  combination of  a  number o f  climatic, 
lithological  and  geomorphological  factors.  Among 
the  conditions  required fo r  the  rock  stream  (fel- 
senmeer)  formation  are  the  following: 

ranging  from 2-3' up to  the  value  that  does  not 
exceed  the  angle of repose of coarse-fragmented 
material. 

(2) Occurrence of fissured  but  weathering- 
resistant  moraine  rocks  close t o  the  current 
surface.  The  thickness of  seasonally  thawed o r  
seasonally  frozen  layers  should  exceed  the  thick- 
ness of the  loose  surficial  deposit  mantle.  The 
rock  stream  formation  can  also  occur  in  deep  bed- 
rock, provided  lithological  characteristics of 
seasonally  thawed  and  seasonally  frozen  layers  are 
favorable. 

( 3 )  Considerable  fluctuations of temperatures 
on  the  substrate  rock  surface,  causing  a  thermo- 
genic  deserption. 

within  the  seasonally  thawed  zone  resulting  in a 
cryogenic  deserption.  Frost  heaving of stones  and 
suffosion  due to subsurface  flow  contribute  to 
intensive  development of rock  streams. 

Rock  stream  formation  is  widespread  in  mountain 
areas,  characterized  by  relatively  mild,  moderate 
amplitude  upward  movement  (frost  heaving),  a  severe 
(nival)  climate  and  the  presence of frozen  sub- 

(1) Availability of slopes  with  steepness 

(4) Congelation  and  segregated  ice  formation 

strate.  Rock  streams  are  rarely  encountered  in 
flatlands  and  under  conditions o f  alpine  relief, 
where  purely  gravity  processes  (rockfalls,  talus) 
prevail. 

Frost-facies  analysis  made  possible  the 
classification of rock  streams  suggested  here. 
There  are 3 stages  in  the  process of rock  stream 
formation: (1) origin, (2) progressive  development 
and (3)  attenuation.  The  first  stage  ends  when  a 
coarse-fragmented  material  layer  with  the  simplest 
deserption  mechanism  of  movement  is  formed  on  the 
slope  surface. This can  take  place  as a result of  
various  processes;  for  example,  weathering of rocks 
outcropping  at  the  current  surface;  weathering  of 
rocks  underlying  a  shallow  layer of  loose  deposits 
with  subsequent  heaving of fragments to  the  sur- 
face;  heaving of coarse-fragmented  material  from 
dispersed  substrate.  The  initial  and  subsequent 
structures of rock  streams  are  different,  During 
the  initial  stage of formation,  the  rock  stream  is 
represented  only  by  the  suffosion-destructive  sub- 
facies;  the  interstitial  ice  subfacies  appears 
afterwards  and  is  gradually  replaced  by  the  silta- 
tion  one  (Romanovskii  and Tyurin, 1979). The 
composition of the  rock-stream  subfacies in the 
course of its  later  development  stage  directed 
downslope  is  as  follows: (1)  the  subfacies o f  rock 
weathering  and  heaving of fragments  to  the  surface, 
(2) heaving  and (3) siltation  subfacies.  Engin- 
eering-geologic  characteristics  of  each  subfacies 
and of their  combinations  are  different.  The 
abovementioned  rock  stream  subfacies  do  not  cover 
the  diversity  of  rock  streams.  The  formation of a 
subfacies  depends on (1) its  nature, ( 2 )  relation- 
ship  between  the  depths of the  seasonally  thawed 

1283 



1284 

l a y e r s  and loose   depos i t s ,  (3)  water a v a i l a b i l i t y  
on the   s lope  and  subsurface  f low  intensi ty ,  (4) 
connection  with  external  sources  of material 
( t a lus ,   rock fa l l s ,   ava lanches ,   e t c . ) ,  (5) t h e  
p rocesses   i n   t he   s easona l ly  thawed l a y e r s ,   e t c .  
Each rock  stream i s  composed of  a s t r i c t l y   d e f i n e d  
subfacial   combination,  but a l l  of t h e   s u b f a c i e s   a r e  
predetermined  by a pr imary  subfacies ,  i . e .  by t h e  
genes is  of the  rock  stream  coarse-fragmented 
material.  Because  rock-stream facial  composition 
i s  determined  by  their   genesis ,  it i s  n e c e s s a r y   t o  
c l a s s i f y  them according t o   t h i s   a t t r i b u t e .  The 
poin t  is t o  unders tand   the   bas ic  mechanism govern- 
ing  the  formation of coarse-fragmented  mantle o f  
rock streams. On t h i s   b a s i s   s i x   t y p e s  and 14 sub- 
types  of  rock  streams are recognized, The first 
type  includes  rock streams formed as a r e s u l t   o f  
hard  rock  weathering  followed  by  the  production  of 
small quant i t ies   of   dispers ion  mater ia l - -"rock 
streams of  weathering." The second  type i s  repre-  
sented by  rock streams formed dur ing   the   rock  
weathering  with  the  subsequent  heaving  of  fragments 
t o   t h e  surface--"rock  streams  of  weathering  and 
heaving." The th i rd   type   cons is t s   o f   rock  streams 
being  the  product of the  fragmented  material   heav- 
ing  to  the  surface--"rock  streams  of  heaving." The 
fourth  type  includes  rock streams formed  due t o  
rock  weathering  and  suffosion of d i s p e r s e d   f i l l e r  
material-!*rock streams of  weathering  and  suf- 
fosion. l t  The f i f t h   t y p e  i s  made up of  rock  streams 
formed a s  a resul t   of   suffosion  reworking  of   f rag-  
mented  material--"suffosion  rock streams The 
sixth  type--"gravity  rock  streams"-are  formed  from 
g rav i ty   depos i t s .  Rock-stream  subtypes are def ined 
on t h e   b a s i s  of t h e i r   r e l a t i o n s h i p   t o   t h e   m a t e r i a l  
sources   feeding  the  rock streams. Fragmented 
material   can  be  supplied  uniformly  throughout  the 
area, a long   the   sys tem  of   f i s sures   and   loca l ly   by  
rock  outcrops.  

3 subtypes:  (1)  rock  streams  of  uniform  weathering 
are formed during  the  weather ing  of   rocks  out-  
croppingon  the  current   surface  s lopes.  Rock out- 
cropping on gen t l e   s lopes ,  however, is r a r e .  The 
same subtype  includes  a lso  rock streams formed as 
a resul t   of   weather ing  of   rocks  underlying  shal low 
unconsolidated  deposits.  When t h e  first l a y e r  of 
the  coarse-fragmented  material  is  formed,  loose 
depos i t s   vanish ;   they   co l lapse   in to   the   forming  
l a y e r s  and a r e  washed out  with  subsurface  f low. 
They do not a f fec t   t he   rock  stream formation  pro- 
cess. Rock streams of  weathering combine two sub- 
f ac i e s :   su f fos ion -des t ruc t ive  and i n t e r s t i t i a l   i c e .  
The s i l t a t i o n   s u b f a c i e s  is l i m i t e d   i n   a r e a  and 
frequent ly   missing.  

weathering of rocks  a long  systems  of   cracks  are  
represented   by   the   s t ruc tura l   rock  stream s lope  
fac ies .   Wi th in   the   upper   par t s   o f   s lopes   rock  
streams can  sometimes  be  represented  by  the  facies 
of   rock-stream  f lows,   insignif icant   in   extension 
and  width. Downslope the   su f fos ion -des t ruc t ive  
subfacies  of  a  rock stream i s  t r a n s f e r r e d   i n t o   t h e  
i n t e r s t i t i a l   i c e   s u b f a c i e s ,  which i s  encountered 
l o c a l l y ,  and marks t h e   i n i t i a l   c r a c k   s y s t e m s .  

shat ter ing  of   rocks  (escarpments  and  remnants), 
a r e   cha rac t e r i zed  by l i t ho log ica l   he t e rogene i ty ,  
In  cases where  escarpments are capped  by  hard 

The f i r s t   t ype   o f   rock   s t r eams  i s  d iv ided   i n to  

(2) Rock streams r e s u l t i n g  from d i f f e r e n t i a l  

(3)  Rock streams produced  due t o  local f r o s t  

rocks,   f rost   processes   proceed most e f f i c i e n t l y  a t  
the  escarpment  base.  I t  i s  t h e r e   t h a t  maximum 
wetting  occurs  along  with  the  greatest   development 
o f  processes   assoc ia ted   wi th   the   suf fos ion  of t h e  
d i s p e r s e d   m a t e r i a l .   P a r a l l e l   r e t r e a t  of  t h e  
escarpment  takes  place,  A t  t h e  same t ime  the 
coarse-fragmented  mantle i s  preserved on s loping 
sur faces  (3-5'); t h i s   m a n t l e   l a t e r  on develops 
independently as a rock stream. The following set 
of subfac ies  i s  usua l ly   obse rved   i n   t he   d i r ec t ion  
away from the  escarpment,  The suffosion-destruc-  
t i v e   s u b f a c i e s ,  which h a s   t h e  form of  a " f r o s t  
face,"  i s  fol lowed  by  the  s i l ta t ion  one  and,  
f u r t h e r  on by the  heaving  subfacies .  Rock streams 
formed  due t o  the  erosion  of   bedrock  outcrops  axe 
more frequent ly   represented by the   f ac i e s   o f   rock -  
s t r eam  s lopes ,   t han   by   t he   f ac i e s   o f   rock  stream 
flows, 

There  are two subtypes  const i tut ing  the  second 
type  of  rock  streams:  these are t h e   r e s u l t   o f  
(1) frost   weathering  (uniform  throughout  the  area) 
and ( 2 )  heaving  of   f ragments   to   the  surface.  The 
given  subtype  of  rock  streams i s  the  combinat ion  of  
t h ree   sub fac i e s .  The upper   par t   o f   the   s lope  is 
occupied by a subfac ies ,  the name of which 
corresponds t o   t h a t   o f   t h e   r o c k  stream; t h e  rock 
stream was represented by t h i s   s u b f a c i e s  a t  t h e  
beginning of i t s  formation. Downslope it i s  
replaced by the  coarse-fragmented material heaving 
subfac ies .  The th ickness  of t he   s easona l ly  thawed 
o r   s easona l ly   f rozen   l aye r s   he re   co r re sponds   t o  o r  
is s l i g h t l y  less than the th ickness   o f   the   loose  
deposit   mantle,  The t h i r d   s i l t a t i o n   s u b f a c i e s  
appears a t  t h e  la ter  s tage  of   formation,   destroying 
the  heaving  subfacies.   Within a given  subtype 
other   combinat ions  of   subfacies  seem a l s o   l i k e l y .  
The s i l ta t ion   subfac ies   can   be   t ransformed  in to   the  
heaving   subfac ies ;   th i s  means t ransformation  of  
"weathering  and  heaving"  type  of a rock stream i n t o  
t h e  "heaving"  one. The second  subtype  includes 
rock streams made up as a   r e s u l t  o f  d i f f e r e n t i a l  
weathering o f  rocks  a long  joints   with  the  subse-  
quent  heaving  of  fragments t o   t h e   s u r f a c e .  Rock 
s t reams  of   this   subtype  are  composed o f  two groups 
of f a c i e s  of (1) concealingly  polygonal  rock stream 
slopes and (2)  f lows.  Facies  of  concealed  poly- 
gonal  rock-stream  slopes are marked by  (1)  rock 
weathering  along  frost   cracks  and  heaving  of  frag- 
ments to   the  surface  (concealed  polygonal   remnants)  
and ( 2 )  complex combination-with i n t e r s t i t i a l   i c e ,  
weathering  and  heaving, as well as s i l t a t i o n ;  
sometimes the  heaving  subfacies  i s  formed. 

subtypes:  (1)  rock streams formed  due t o  uniform 
heaving of coarse-fragmented material from uncon- 
so l ida t ed   depos i t s .  (These  rock streams make  up 
the   rock  stream s lope   f ac i e s ,   r ep resen ted  by  sub- 
facies  of  uniform  heaving.)   This  subfacies  always 
t u r n s   i n t o   a   s i l t a t i o n   o n e  downslope; (2) rock 
streams generated  by  selective  heaving  of  coarse- 
f ragmented  mater ia l   a long  f issures .   (This   rock-  
stream  subtype,  unlike  the  preceding  one,   includes 
rock  streams  represented  by a group  of  facies  of 
(1)   s t ruc tura l   rock  stream s lopes  and ( 2 )  flows.) 
The s t ruc tu ra l   rock  stream s lope  is  usual ly   charac-  
t e r i z e d  by the  concealed  polygonal  outcrops  sub- 
facies with  predominant  heaving  along  frost  cracks. 
Downslope th i s   sub fac i e s   changes   fo r   t he   s i l t a t i on  
one.  Rock-stream  flow fac i e s   u sua l ly   i nc lude   t he  

The t h i r d  type o f  rock streams includes two 



rock  stream  stripe  facies,  sometimes  replaced  by 
the  rock  stream  rampart-flow  facies  downslope. 

subtypes: (1) uniform  rock  weathering  and  suf- 
fosion-reworking of unconsolidated  deposits,  These 
are  formed  by  weathering of rocks  which  yields 
small  quantities of fines  and  is  followed  by  in- 
tense  surface  and  subsurface  flows.  Rock  streams 
are  represented  by  the  rock  stream  slope  facies, 
including  a  complete  set of subfacies  from  the 
suffosion-destructive  to  the  siltation  one; (2) 
rock  streams  formed  as  a  result of selective  rock 
weathering  along  cracks,  as  well  as  due  to  suf- 
fosion  reworking of unconsolidated  deposits.  Each 
given  subtype of rock  streams  includes  the  facies 
of rock  stream  slopes  and  flows.  The  rock  stream 
slope  can  be  represented  downslope  by  the  subfacies 
of  concealed-polygonal  remnants  with  prevailing 
weathering  and  crack  suffosion,  which  are  replaced 
by  the  siltation  subfacies.  Most  often  rock  stream 
flows  are  represented  by  the  rock  stream  rill 
facies,  replaced  downslope  by  the  rock  stream 
stripe  facies,  which  may  change  into  the  rock 
stream  rampart-flow  facies. 

The  fifth  type of rock  streams  has  also  two 
subtypes: (1) rock  streams  formed  as  a  result of 
widespread  suffosion  reworking of loose  fragmented 
deposits.  (This  rock  stream  subtype  differs  mainly 
from  the  abovementioned  type  in  that  it  lacks 
additional  supply of fragmented  material on account 
of rock  weathering.) The suffosion of dispersed 
material  in  seasonally  thawed or seasonally  frozen 
layers  is  accomplished  both  in  its  upper  and  lower 
part,  Gradually,  the  whole  section  gets  washed out, 
producing  the  rock  stream  mantle. The siltation 
subfacies  formed  downslope  may  be  transformed  into 
the  suffosion  one; ( 2 )  rock  streams  formed  due  to 
suffosion  working of loose  deposits  along  fissures. 
These  are  typical of the  slopes  with  angles of up 
to  15"  and  where  the  mantle of alluvial-deluvial 
deposits  exceeds 4 m in thickness.  The  thickness 
of the  seasonally  thawed  or  seasonally  frozen 
layers  here  does  not  usually  exceed  2.5-3.0  m. 
Each  subtype  is  represented  by  the  facies of both 
rock  stream  slope  and  flow. The  rock stream  slope 
facies is formed on the  subfacies of concealed- 
polygonal  remnants,  under  the  dominating  influence 
of suffosion  along  frost  cracks.  Downslope  the 
rock  stream  slope  facies  is  replaced  by  the  suf- 
fosion  subfacies of insignificant  extension  (up to 
5-10 m). This  is  then  replaced  by  the  siltation 
subfacies. 

The  sixth  type  is  the  gravity  rock  stream, 
among  which  three  subtypes  are  distinguished: 
(1) rockfall-talus  (colluvial)  rock  streams  formed 
at  the  base of rock  walls  or on slopes  with  the 
steepness  less  than  the  angle of repose of coarse- 
fragmented  material.  The  upper  part o f  the  section 
of colluvial  deposits  is  actually an originating 
rock  stream.  Further on, processes  of  suffosion 
and  frost  sorting  will form a  complete  rock  stream 
section  to  the  full  thickness of the  seasonally 
thawed or seasonally  frozen  layers; (2)  the  Eorma- 
tion of "sliding"  rock  streams  is  stimulated  by  the 
sliding of  rock  blocks.  Heaving o r  detached  from 
the  massif,  blocks  can  slide down the  dispersed sub- 
strate in the  form of "wandering  stones."  Accumu- 
lation of the  blocks on the  slopes  causes  the 
formation of the  "film"  coarse-fragmented  material 

The  fourth  type of rock  streams  comprises  two 
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mantle,  The  upslope  is  divided  into  separate 
blocks-"point  rock  stream"; ( 3 )  avalanche  rock 
streams.  These  rock  streams  are  the  result of 
avalanche  transport of the  coarse-fragmented 
material.  Their  formation  takes  place  locally, 
at  the  periphery of the  avalanche  alluvial  fan. 
The  major  part of the  fragmented  material  gets 
saturated  with  fines,  which  is  the  reason  why  rock 
streams  are  formed  after  the  preliminary  reworking 
of drifting  products  during  the  processes of 
suffosion  and  frost  heaving. 

It  is  not  easy to determine  the  basic  rock 
stream  forming  process. For example,  the  heaving 
of  the  coarse-fragmented  material  along  frost 
cracks  and  the  suffosion of dispersed  fillers  are 
always  combined. Thc morphology of the  frost  crack 
surface  helps  to  determine  which  processes  prevail, 
Where  the  coarse-fragmented  material  along  the 
crack  rises  above  the  polygonal  surface o r  is  at 
the  same  level,  the  prevalence of the  heaving  over 
the  suffosion  is  suggested. The negative  surface 
indicates  an  inverse  correlation. The processes 
of weathering,  heaving  and  suffosion  have  equal 
contributions  in  the  formation of some  rock 
streams.  This i s  reflected in the  combinations of 
subfacies. 

The  above  classification  takes  into  considera- 
tion  the  genetic  aspect of rock  stream  formation, 
This  classification  can  be  supplemented  with  a 
number of auxiliary  clnssifications  and  schemes, 
for  example,  allowing for rock  stream  morphology, 
its  topographic  position,  stage of development, 
intensity of movement,  and  connection  with  material 
supply  regions.  All  the  auxiliary  schemes  should 
be  considered  as  derivatives o f  the  genetic  classi- 
fication. 

Determining  the  position of  rock  streams  in  the 
genetic  classification of each  region  will  help 
develop  scientifically-grounded  recommendations 
for  their  utilization. 

REFERENCES 

Romanovskii, N.  N., and Tyurin, A .  I., 1974. 
Facies  characteristics of rock  streams of 
Southern  Yakutia  and  Northern  Transbaikalia. 
Geologia, no, 4 ,  Vestnik  Moskovskogo  Univer- 
siteta. 

Editor's note: For additional  details on rock 
streams see the  recently published book: 

Tyurin, A . I . ,  Romanovskii, N.N. and  Poltev, H.F., 
1982. Frost-facies  analysis of rock streams. 
Moscow:  Izdatel'stvo  "Nauka."  (Akademiya  Nauk 
SSSR, Nauchnyi  Sovet po Kriologii  Zemli, Slbir- 
skoe  Otdelenie,  Institut  Merzlotovedeniya.) 
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The s t r u c t u r e  and func t i on   o f   up land   i n te r i o r   A laskan   fo res t   ecosys tems  has  been  examined  across 
two  secondary  successional  sequences. One, the  most  common i n   i n t e r i o r   A l a s k a ,   f o l l o w s   f i r e   i n   b l a c k  
spruce  stands  on  permafrost   s i tes.  The o the r ,   l ess  common sequence, f o l l o w s   f i r e  on  warmer, genera l l y  
sou th   aspec t   s i t es  and  passes  through a shrub and  hardwood s tage  to   wh i te   spruce.  

On b lack   spruce  s i tes ,   the   th ickness  o f  t h e   f o r e s t   f l o o r   i s  a k e y   f a c t o r   r e s p o n s i b l e   f o r  
ma in ta in ing   mo is t   so i l ,   co ld   so i l   tempera tures   and  permaf ros t .   So i l   degree days  range  from  1250 t o  
1000 degree  days 1 t o  5 years   fo l low ing   f l re .   In   mature   b lack   spruce  tempera ture   ranges   f rom 500 t o  
800 degree  days. The a c t i v e   l a y e r   t h i c k n e s s   i n   l a t e r   s t a g e s   o f   t h i s   s u c c e s s i o n   i s   u s u a l l y   f r o m  40 t o  
60 cm. F o l l o w i n g   f i r e  it inc reases   f o r   seve ra l   yea rs  and may reach 1 meter i n   t h i c k n e s s .   I n   t h e   s o u t h  
aspect  whi te  spruce  sequence,  soi l   temperature  approaches 1400 degree  days i n  h e a v S l y   b u r n e d   f o r e s t s   i n  
c o n t r a s t   w i t h  900 t o  €000 degree  days i n  mature  whi te  spruce. 

On the   b lack   sp ruce   success iona l   sequences ,   co ld   so i l   t empera tu re   resu l t s   i n   l owes t   ra tes   o f   so i l  
b i o l o g i c a l   a c t i v i t y ,   n u t r i e n t   c y c l i n g ,  and, i n   t u rn ,   l owes t   t ree   p roduc t i v i t y .   Ne t   annua l   above-g round  
t ree   p roduc t ion   ranges   f rom  about  7 me t r i c   t ons   pe r   hec ta re  on t h e  warmer, south  aspect  hardwood-white 
spruce  sequence t o  l ess   t han  1 met r i c   t on   pe r   hec ta re  on the   b lack   spruce sequence. 

INTRODUCTION 
There  are many p a t t e r n s   o f  successSon i n   t h e  

b o r e a l   f o r e s t   r e l a t e d   t o   s u c h   f a c t o r s  as t y p e   o f  
d is tu rbance and the   s ta te   f ac to rs   o f   ecosys tem 
development  (Jenny 1980). I n   t h i s   p a p e r  we 
compare secondary  succession i n  u p l a n d   f o r e s t s  
developing  on  south  compared  wi th  north  aspects.  
Up land   f o res t   commun i t i es   l a rge l y   re f l ec t   secon-  
dary  success ional   processes  dominated  by  f i re .  
Topography i s  an i m p o r t a n t   s t a t e   f a c t o r   c o n t r o l -  
l i n g   n u t r i e n t   c y c l i n g  and  succession. Warm, south 
aspec t   s i t es   suppor t   p roduc t i ve ,  more r a p i d  
n u t r i e n t   c y c l i n g   c o m m u n i t i e s   i n   c o n t r a s t   t o   c o l d ,  
l o w - p r o d u c t i v i t y ,   s l o w   n u t r i e n t   c y c l i n g   i n   n o r t h  
slope  communit ies.  Along with f i r e ,   p e r m a f r o s t   i s  
an a d d i t i o n a l   p h y s i c a l   c o n t r o l   o f   n u t r i e n t   c y c l i n g  
and p roduc t i vS ty  on c o l d   a s p e c t s .   F i r e   a c t s  as a 
r a p i d  decomposer and, depend ing   on   in tens i ty  of 
burn,   rep len ishes or d e p l e t e s   n u t r i e n t   p o o l s .  
E a r l y  success-ional s tages   re f l ec t   t h i s   geochemica l  
c o n t r o l   w i t h   r e g a r d   t o   n u t r i e n t   c y c l e s ,  Perma- 
f r o s t   a c t s  as  an e f f e c t i v e   s e a l   t o   i n h i b i t   d r a i n -  
age  and n u t r i e n t   l o s s .  Community development may 
proceed  through  stages o f  rap id   g row ing   w i l l ow ,  
a lde r ,  aspen  and b i r c h   w i t h  subsequent  dominance 
by   nu t r i en t   conse rva t i ve   wh i te   sp ruce   o r   b lack  
spruce.  Depending  on  burn  severity  and  seed 
source,  black  spruce may r e p l a c e   i t s e l f  on c o o l e r  
l e v e l  o r  n o r t h   a s p e c t   s i t e s .   W i l d f i r e   f r e q u e n c y  
o f   l e s s   t h a n  100 years  makes d e t e r m i n a t i o n   o f   t h e  
c l i m a x   v e g e t a t i o n   d i f f i c u l t  and h y p o t h e t i c a l ,   b u t  
t h e r e   i s  a d e f i n i t e   t e n d e n c y   i n   t h e   o l d e r   b l a c k  
spruce  stands  toward  increased  development  of  
permafrost  and moss and l i c h e n   l a y e r s   w i t h  a 
corresponding  drop i n   d e n s i t y  and p r o d u c t i v i t y   o f  
the  b lack  spruce. 

R e g a r d l e s s   o f   s u c c e s s i o n a l   t r a c k 3   n u t r i e n t  
cyc l ing   p roceeds  f rom a s t a t e   o f   a v a i l a b l e   s o i l  
n u t r i e n t   p o o l   e n r i c h m e n t   f o r  P and   ca t i ons   f o l l ow-  
i n g   f i r e   t o   n u t r i e n t   d e p l e t i o n  as these  elements 

are  accumulated i n  biomass. D u r i n g   t h i s   t i m e  
per iod   n i t rogen  inc reases ,  as  reserves l o s t   i n  
f i r e   a r e   r e p l e n i s h e d ,   m i n e r a l i z e d ,   t h e n  
g r a d u a l l y   d e c l i n e  as N i s  accumulated i n  
biomass. 

r e s u l t s   i n   c o l d e r   s o i l   t e m p e r a t u r e s  and a 
t y i n g  up o f   t h e   a v a i l a b l e   n u t r i e n t s   i s  
i m p o r t a n t   i n   d e t e r m i n i n g   t h e   p r o d u c t i v i t y   a n d  
t h e   v e g e t a t i o n   t h a t   u l t i m a t e l y   o c c u p i e s   t h e  
s i t e .  The presence o f   permaf ros t ,   the   s low 
decomposi t ion  ra tes,   the  increas ing  impor tance 
of moss l a y e r   p r o d u c t i v i t y  compared w i t h   t r e e  
p r o d u c t i v i t y ,   t h e   p a l l u d i f i c a t i o n  o f  some 
s i tes,   the  development   o f  a bog and f o r e s t  
cyc le ,  and the   h igh   f requency  of f i r e s   a r e   a l l  
f a c t o r s   t h a t   h a v e   l e d   t o  a q u e s t i o n i n g   o f   t h e  
c lass ica l   concepts   o f   success ion   and  c l imax  by  
many no r the rn   eco log i s t s .  These  concepts will 
be discussed i n   t h i s  paper i n   r e l a t i o n s h i p   t o  
t h e   n u t r i e n t   c y c l e  and  ecosystem  processes. 
Methods  employed i n   s o i l  and vegeta t ion  
sampling  and i n  chemical   analys is  o f  these 
m a t e r i a l s   a r e   f o u n d   i n  Van C l e v e   e t  a1 . 
(1981), Van C l e v e   e t  a1 . ( i n   p r e s s )  and 
V i e r e c k   e t   a l .   ( i n   p r e s s ) .  

The bui ldup  o f  a t h i c k   o r g a n i c  mat  which 

VEGETATION 
The sequence  of  secondary  succession on 

c o n t r a s t i n g   u p l a n d   s i t e s  has  been d e s c r i b e d   i n  
some; d e t a i l   i n  Van Cleve  and  Viereck (1981). 
On d ry   up land   s i t es ,   espec ia l l y   sou th - fac ing  
s lopes ,   t he   ma tu re   f o res t   cove r   t ype   i s   wh i te  
spruce,  paper  birch, aspen, o r  some 
combination  of  these  species. On c o n t r a s t i n g  
co ld,   nor th- fac ing  s lopes  the  dominant   forest  
t y p e   i s   b l a c k   s p r u c e   a l t h o u g h   e x t e n s i v e   b i r c h  
and w i l l ow   s tands  may, a t   t i m e s ,   f o l l o w   f i r e  
o n   t h e s e   s i t e s .   S u c c e s s i o n   f o l l o w i n g   f i r e  
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u s u a l l y   f o l l o w s   d i s t i n c t l y   d i f f e r e n t  sequences on 
t h e   t w o   c o n t r a s t i n g   s i t e s  as i s   i l l u s t r a t e d   i n  
F igures  1-4. 

UPLAND  WHITE SPRUCE SUCCESSION 
I n   t h e   t y p i c a l   f i r e  sequence  on d ry   up land  

s i t e s   t h e   f o l l o w i n g   s t a  es have been recognized 
and descr ibed  (F igure  17. F o l l o w i n g   t h e   f i r e  and 
an i n te rven ing   f ew   days   t o  weeks when no l i v e  
v e g e t a t i o n   i s   p r e s e n t   ( S t a g e  I ) ,  there  develops 
an herb  and seedl ing  s tage  (Stage 11). The usual 
f i r s t   i n v a s i o n   i s  by l i g h t  seeded  species  such  as 
f i reweed ( E  i l o b i u m  an u s t i f o l i u m )  and w i l l o w  
shrubs,  especla "I---+" y Sa 1x  beb  1ana  Sarg.  and 2. 
scou ler iana B a r r a t t x n m  species 
resprout  f rom stumps  and roo ts ,   espec ia l l y   sh rubs  
such  as  Viburnum  edule  (Michx.) Raf., 
a c i c u l a r i s  and the   w i l l ows ,  and  aspen  and b i r c h .  
The n e x t   s t a g e   i n   t h e   d e v e l o p i n g   v e g e t a t i o n   i s  
dominated  by  shrubs  (Stage 1111, p r i m a r i l y  
wi l lows,   and  the  dec iduous  t ree  sapl ings  (F igure 
1). D e n s i t y   o f   b i r c h  and  aspen may be  as g rea t  
as 30,000 stems/ha  and  shrub  cover as much as 
50%. Spruce  seedl ings may be abundant a t   t h i s  
t i m e   b u t   t h e i r   s l o w   g r o w t h  makes them r e l a t i v e l y  
inconspicuous i n   t h e   s t a n d .  

I n   t h e  dense  hardwood  stage  (Stage IV), 
young  aspen  and b i r c h   t r e e s  f o r m  a dense  canopy 
t h a t   t e n d s   t o  shade ou t  much o f   the   unders to ry  
t h a t  has   deve loped  s ince   the   f i re .  Heavy l e a f  
l i t t e r f a l l   p r e v e n t s   t h e   d e v e l o p m e n t   o f  a 
cont inuous moss l a y e r   b u t  moss s p e c i e s   o f   t h e  
mature  spruce  stages  such  as  Hylocomium  splendens 
and Pleuroz ium  schreber i  become sca t te red  on 
mounded areas .   Th is   s tage  usua l ly   occurs   dur ing  
t h e   p e r i o d   o f  25-50 Years f o l l o w i n a   t h e   f i r e  
(F igu re  1). For  the"  next  50 years<deciduous 
t rees   dominate   the   s i te   (S tage V), a l though  wh i te  
spruce may become conspicuous i n   t h e   u n d e r s t o r y .  
Both  the  aspen  and  birch  stands become more  open 
and the   dens i t y   d rops   t o   abou t  700 t r e e s / h a   f o r  
aspen  and 300 f o r   b i r c h ,  

A t  about 100 y e a r s   a f t e r   t h e   f i r e ,   w h i t e  
spruce becomes dominant  (Stages VI-VII), o f t e n  
w i t h  a components o f   b i r c h   t r e e s .   T r e e   d e n s i t i e s  
are  approximately  500/ha. As the  s tands become 
o lde r ,   t he  hardwoods are  less  abundant.  The 
g rea tes t  change i s  the  development o f  a dense  and 
t h i c k   l a y e r  o f  feathermoss. The mature  spruce 
s tage ,   w i th   on l y   sca t te red   remnan t   b i r ch  and w i t h  
a cont inuous moss mat, i s  reached a t   a b o u t  200 
y e a r s   f o l l o w i n g   t h e   f i r e   ( F i g u r e  1). 

UPLAND BLACK SPRUCE SUCCESSION 
R e v e g e t a t i o n   f o l l o w i n g   f i r e   i n   t h e   b l a c k  

spruce  type i s   u s u a l l y   r a p i d   ( F i g u r e  2 ) .  Stage I 
i s  b r i e f :   w i t h i n  weeks of t h e   f i r e ,   s p r o u t s   f r o m  
underground  p lan t   par ts  of  shrubs  and  herbs  are 
abundant. Even where  burning i s  severe  and a1 1 
of t he   underg round   p lan t   pa r t s   a re   k i l l ed ,  
invas ion  by mosses and l i v e r w o r t s  and the  
es tab l i shment   o f   seed l ings   o f   l i gh t -seeded 
species i s   usua l l y   accomp l i shed   by   t he   sp r ing  o f  
t h e   f o l l o w i n g   y e a r .  The f i r s t  s t a g e   o f  
revegetat ion,   the  seedl ing-herb  s tage  (Stage 11), 
u s u a l l y   l a s t s   f r o m  2-5  years,  depending  on  the 
s i t e  and f i r e   c o n d i t i o n s .   A r e a s   o f   b a r e   m i n e r a l  
so i l   are  covered  wi th   Marchant ia   po lymorpha,  

Ceratodon  purpurus,  Pol  tr ichum commune  Hedw., 
i l o m   a n g u s t l f o l b e m - s e e d e d  

b s  sDecies. 
Spruce  seed l ings   usua l ly  become es tab l i shed  
d u r i n g   t h i s   s t a g e ,   o f t e n   i n   t h e  
Marchantia  and  Ceratodon  mats.  Plant  cover 
d u r i n g   t h i s   s t a g e   i n c r e a s e s   q u i c k l y   f r o m  0 t o  
a s  much as 40 o r  50%. I t  i s   d u r i n g   t h i s  
s tage  tha t   most  of the   vascu la r   spec ies   tha t  
will cont inue on through  the  vegetat ion 
sequence a re   es tab l i shed   (F igu re  2 ) .  I n   t h e  
shrub  stage  (Stage 1111, the  shrubs  that   have 
or ig ina ted   f rom  sprou ts  and  shoots  continue 
rap id   g rowth  and  dominate  the  vegetat ion,   but  
t he   he rb   l aye r   a l so   con t inues   t o   i nc rease .  

The t r e e  canopy  begins t o  dominate a t  
f rom 25-30 y e a r s   f o l l o w i n g   t h e   f i r e   ( F i g u r e  
2 ) .  The young  stands o f  40-60 years  are 
dense  (Stage IV), w i t h  as many as 4,000 t o  
7,000 t r e e s  and  sapl ings/ha;  and  seedlings 
may be as dense  as 12,00O/ha.  The most 
s i g n i f i c a n t   e v e n t   t h a t   o c c u r s   d u r i n g   t h i s  
stage i s   t h e   i n v a s i o n  and rapid  development 
of the  feathermosses, H locomium s lendens 
and Pleuroz ium  schreber i ,  +f"li whlc a ong w 1 t  
some S ha num species,  may develop as much as 
50% c s i t h  the  estab l ishment   o f   these 
mosses, there  begins  the  development o f  a 
t h i c k   o r g a n i c   l a y e r .  Once t h e   t r e e  canopy i s  
we l l   es tab l i shed ,   t he  changes i n   t h e  
vege ta t i on  sequence are   s lower  and  more 
sub t le .   Du r ing   t he   o lde r   s tages ,   t he   t ree  
canopy i s   m o s t l y   c l o s e d   a l t h o u g h   t h e   d e n s i t y  
i s   l e s s ,   a v e r a g i n g  2,200 stems/ha. The moss 
layer   remains   about   the  same as i n   t h e  
younger   t ree   s tage   excep t   f o r  an i n c r e a s e   i n  
feathermosses  and a d e c l i n e   i n   b o t h   f r u t i c o s e  
f o l i o s e   l i c h e n s .  

s p r u c e   t y p e   i n t o  a mature   s tand  o f   over  100 
years   fo l lows  w i thout   any   ma jor  changes. 
Tree   dens i t ies   a re   about   the  same, 1,70O/ha 
f o r   b l a c k   s p r u c e ,  and a  few paper   b i r ch  may 
p e r s i s t   i n t o   t h e   m a t u r e   s t a g e .  The spruce 
tend  to   be   in   c lumps  p roduced  by   layered  
branches,  and  'there  are  more  openings i n   t h e  
canopy.  Because o f   t h i s ,   t h e   s h r u b   l a y e r s ,  
espec ia l l y   t he   l ow  Shrubs, a r e   b e t t e r  
deve loped  than  they   a re   dur ing   the  60- t o  
90-year   per iod when the  canopy i s  more 
closed. Moss cover i n  mature  stands i s  dense 
and covers   near ly  75% of t h e   f o r e s t   f l o o r ,  
b u t   t h e   l i c h e n   c o v e r   c o n t i n u e s   t o   d e c l i n e  on 
these  mesic   s i tes so t h a t   t o t a l   l i c h e n   c o v e r  
o f   b o t h   f o l i o s e  and f r u t i c o s e  forms average 
o n l y  2%. 

SOIL TEMPERATURE AND FOREST FLOOR THICKNESS 
I n   g e n e r a l ,  compared w i t h   t h e   u p l a n d  

whi te   spruce,   the  s tages  compr is ing  the 
upland  black  spruce  successional  sequence 
d i s p l a y   t h e   t h i c k e s t   f o r e s t   f l o o r s .  As a 
resul t ,   b lack  spruce  ecosystems  are 
cha rac te r i zed   by   t he   coo les t ,   we t tes t   f o res t  
f l o o r s  and m ine ra l   so i  1 s (Van Cleve e t  a1 . 
1983). These c o n d i t i o n s   d i c t a t e   t h a t   f i r e  
removes  a po r t i on   o f   t he   accumu la ted   f o res t  
f l o o r   i n   b l a c k   s p r u c e   b u t   s e l d o m   b u r n s   a l l   o f  

In   A laska,   the  development   o f   the  b lack 
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t h i s   s u r f a c e   o r g a n i c   l a y e r .   I n   c o n t r a s t ,  
f i r e  on south- fac ing  s lopes consumes a l l   o r  
most o f   t h e   o r g a n i c   l a y e r .  

l aye r   dep th  may be only   4-8 cm. The change i n  
s u r f a c e   a l b e d o   r e s u l t s   i n   s o i l   w a r m i n g  and 
inc reased   ac t i ve   l aye r   dep th .   Th i s  phenomenon 
may l a s t   w e l l   i n t o   s u c c e s s i o n   o r   u n t i l   s p r u c e .   i s  
rees tab l i shed  and  feathermoss  covers  nearly  100% 
of   the  ground  sur face.  The o r g a n i c   l a y e r   t h i c k -  
ness i n  mature  whi te  spruce may approach  8-12 cm 
i n   c o n t r a s t   t o  16-20 cm i n  mature  b lack  spruce 
( F i g u r e   l a  and  2a). 

sums  may reach 1,250 i n   b l a c k   s p r u c e  and  exceed 
2,000 i n   w h i t e  spruce.  Temperature  summation 
above 0°C f o r   p e r i o d  May 20 t o  September  10 f o r  
t he  10 cm s o i l   d e p t h )  * These  va lues   dec l ine   to  
between 500 and 800 and i n  excess o f  1,000 degree 
days ,   respec t ive ly ,   in   mature   s tages   o f   the   two 
f o r e s t   t y p e s   ( F i g u r e s   l a  and  2a). 

aspect  successional   sequence.  Act ive  layer 
th ickness   in   mature   b lack   spruce  ranges   f rom 40 
t o  60 cm. F o l l o w i n g   f i r e ,   t h i s   i n c r e a s e s   f o r  
severa l   years and may exceed a m e t e r ,   r e t u r n i n g  
to   o r i g ina l   dep ths   25 -50   yea rs   f o l l ow ing  
d is tu rbance when spruce and feathermoss  are 
es tab l i shed.  

F o l l o w i n g   f i r e   i n   b l a c k   s p r u c e ,   t h e   o r g a n i c  

I n   t h e   f i r s t   y e a r   f o l l o w i n g   f i r e ,   s o i l   h e a t  

No permafrost  i s  encountered i n   t h e   s o u t h  

PRODUCTIVITY 
Our da ta  base fo r   s tand ing   c rop   b iomass 

i m m e d i a t e l y   f o l l o w i n g   f i r e   i n   t h e   t w o   s u c c e s -  
s iona l  sequences i s   n o t  complete.  Observations 
a t  one w h i t e   s p r u c e   s i t e  5 y e a r s   f o l l o w i n g   f i r e  
i n d i c a t e  a standing  crop-9iomass  of   dead  whi te 
s p r u c e   o r   n e a r l y  29 kg'm ( F i g u r e   l b ) .  
Est imates  f rom  b lack  spruce  ecosystems  ind icate 
t h a t  aboveground  biomass may be  reduced  by  up t o  
one-ha l f  or more i n   t r e e  and f o r e s t   f l o o r  
components. 

r a p i d   f o l l o w i n g   f i r e  and r e f l e c t s   s p r o u t i n g   f r o m  
t r e e  and  shrub  root  systems  (Stages I and I I ) . _ ?  
Maximum biomass  accumulation,  about  25-30 kg'm , 
occurs  between 100 and 200 years  (Stages V and 
VI, F i g u r e   l b ) ,  Beyond  200 y e a r s   t h i s   t o t a l  will 
d e c l i n e   i n   t h e   o v e r   m a t u r e   f o r e s t  because o f   t r e e  
death. 

Recovery of   b lack  spruce  ecosystems i s  
s l o w e r   f o l l o w i n g   f i r e .   F i f t e e n   t o   s i x t e e n   y e a r s  
f o l l o w i n g   f i r e ,   l i v e   s t a n d i n g   c ~ o p   o f  above  round 
t r e e  biomass may equal 340 g'm (F igu re  2bq. 
T h i s   i s   a p p r o x i m a t e l y  6% o f   t h e   t r e e  biomass 
accumulated i n   b l a c k   s p r u c e   a t  100  years,  and 50% 
o f  !be biomass  accumulated i n   p o s t f i r e  aspen  (688 
g'm ) a t   a b o u t  20 years  (Van Cleve  and 01 i v e r  
1982). Maximum s tand ing   c rop   o f   t ree   b iomass ,  
aboveground, i s   a l s o   a t t a i n e d   b e t y e e n  100  and 200 
years   bu t  may reach  on ly  10 kg'm , 1/3-1/2  the 
maximum accumulated i n   t h e   w h i t e   s p r u c e  sequence. 

A l a r g e   p o r t i o n  o f  t h e   o r g a n i c   m a t t e r   i n  
mature  black  spruce  (Stages V and V I )   i s  encoun- 
t e r e d   i n   t h e   f o r e s t   f l o o r   ( F i g u r e   2 b ) .  The 
f o r e s t   f l o o r  may con ta in  3-4 t imes  the  biomass 
encouFtered i n   t r e e   t o p s   p l u s   r o o t s   ( 1 3  V S .  3.4 
kg'm ; Van C leve   e t   a l .   1981) .   I n   wh i te   sp ruce  
ecosys tems   the   f o res t   f l oo r  does no t   appear   t o  

Recovery of   the  south  aspect   ecosystems i s  

compyjse  more  than  1/4-1/3  the  biomass (6-8 
kg'm ) accumulated i n  aboveground t r e e   p a r t s  
( F i g u r e   I b ) .  

o rgan ic   ma t te r   rese rvo i r .   I n   b lack   sp ruce  
ecosystems,  mineral   soi l   carbon-sontent 
ranges  from 4 $0 n e a r l y  10 kg'm  compared 
w i t h  3-6 kg'm- i n   m i n e r a l   s o i l   a c r o s s   t h e  
white  spruce  successional  sequence. A 
s i g n i f i c a n t   c o r r e l a t i o n   e x i s t s  between s o i l  
carbon  content  and  heat sum ( r  = 0.72, a = 
0.05) f o r   s t a n d s  sampled  across  both 
successional  sequences  (Viereck  and Van 
Cleve, i n   p r e s s ) .  C2rbon c o n t e n t   d e c l i n e s   a t  
t h e   r a t e   o f  5.4 g'm per  1 degree  day 
i n c r e a s e   i n   h e a t  sum. 

these   two   success ions   l i es   i n   annua l  
p roduc t ion .  Maximum annual  aboveground  tree 
p rodyc t i on   i n   wh i te   sp ruce   success ion ,  700 
g'm i n  Stage IV aspen, i s   n e a r l y  5 time2 
grea ter   than maximum product ion  (150 'm ) 
encountered i n  Stage VI black  spruce  ?Figures 
IC and  2c).  Mature  white  spruce  (Stage VI) 
annual ly  produce  over2twice  as much biomass 
aboveground (390 g'm" ) compared w i t h   b l a c k  
spruce. An a d d i t i o n a l   c o n t r a s t  between the  
two  successions l i e s   i n   t h e   f a c t   t h a t   i n  
mature  b lack  spruce  successional   stages  (VI) ,  
bryophytes may annual ly   produce  near ly   the 
same, or s l i g h t l y  more, o rgan ic   mat te r   than 
that   produced  by  the  t rees  abovegroun$  For  
the  mosses t h i s  may am2unt t o  120 g'm 
compared w i t h  100 g'm- f o r   t h e   t r e e s .   I n  
mature  s tages  o f   the  whi te   spruce  success ion,  
bryophytes may annual ly  produce  1/3  the 
organic  matter  produced  aboveground  by  t rees.  
I n   e a r l i e r   s t a g e s  of t h i s   success ion ,   t he  
nonvascu la r   p lan ts   a re   an   i ns ign i f i can t  
component o f   t h e   f o r e s t  ecosystem. 

Across  the  combined  sequences,  annual 
aboveground  t ree   p roduc t ionp is   c lose ly  
r e l a t e d   t o   s o i l   h e a t  sumZ( R = 0.93). Low ' 

p r o d u c t i v i t y  ( c  200 g'm- ) , black  spruce 
s i t es   co r respond   w i th  700 degree  days o r  
l ess .   H ighe r   p roduc t i v i5y  aspen, b i r c h ,  and 
wh i te   spruce ( >  300 g'm ) are  found on s i t e s  
where the   heat  sum ranges  from 800 t o  1,300 
degree  days. 

V a s c u l a r   p l ? ? t   l i t t e r f a l l  does n o t  
exceed 40-50 g'm p e r   y e a r   i n   b l a c k  s&Fuce 
compared w i t h  maxima exceeding 200 g'm i n  
the  whi te  spruce  succession  (Figures IC and 

M i n e r a l   s o i l   i s  an a d d i t i o n a l   i m p o r t a n t  

Probab ly   the   g rea tes t   con t ras t   be tween 

2c).  

NUTRIENT  CYCLING 
I n   n e a r l y   e v e r y   c a t e g o r y   o f   e c o s y s t e m  

s t r u c t u r e  and f u n c t i o n ,   w i t h   t h e   e x c e p t i o n   o f  
nonvascu la r   p lan ts  and t h e   f o r e s t   f l o o r ,   t h e  
var ious  s tages  o f   the  whi te   spruce  success ion 
show a greater  accumulat ion  and a more 
dynamic  f low  of  chemical  elements  through 
system  compartments compared  wSth the   b lack  
spruce  succession,  Responding t o   g r e a t e r  
annual   product ion,  more nu t r i en t   e lemen ts   a re  
accumulated a t  a f a s t e r   r a t e   i n   t r e e s  of  t he  
var ious  s tages  o f   the  whi te   spruce  success ion 
(F igures  3 and 4).  For  example, i n  advanced 



stages o f  succe2sion,  approxima2ely  twice as 
much N (25 g'm- )_%nd P ( 3  gam- ) and 4 t imes 
as much K (23 g'm ) i s  accumulated i n   w h i t e  
as i n   b l a c k   s p r u c e   t r e e s .  On t h e  avet-$ge, 
between $and 9 t imes more-pl (4.3 g'm 1, P 
(0.5 g'm ) and K (2.4 g'm ) a re   found  in   annua l  
inc rement   o f   t rees   across   the   wh i te   spruce 
succession.  Furthermore,  between 3 and 4 t imes 
more N, P,  and K i s   r e q u i r e d   t o   s u p p o r t   a n n u a l  
aboveground  white  spruce compared w i t h   b l a c k  
spruce  t ree   p roduc t ion   (F igures  3a-3c  and  4a-4c). 

The more  dynamic  nature  of  south  aspect 
ecosystems i s   f u r t h e r  emphasized when n u t r i e n t  
f l u x   i n   l i t t e r f a l l   i s   c o n s i d e r e d .  From 3 t o  10 
times  more N, 5 t o   n e a r l y  30 t imes more P, and  5 
t o  20 times  more K i s   r e t u r n e d   t o   t h e   f o r e s t  
f l o o r   i n   v a s c u l a r   p l a n t   l i t t e r   i n   t h e   w h i t e  
spruce  succession  (Figures  3d  and  4d).  

The g e n e r a l l y   g r e a t e r   a c c u m u l a t i o n   o f   f o r e s t  
f l o o r  biomass r e s u l t s   i n   t o t a l   p o o l s   o f  N, P, and 
K i n  t h i s  ecosystem  compartment-being  approxi- 
mately  equal ( 6 3 ,  7, and  20 g'm , r e s p e c t i v e l y )  
i n   t h e   b l a c k   s p r u c e  and white  spruce  successions. 
However, the  average  concentrat ion  of   these 
elements i n   b l a c k   s p r u c e  (0.8%, 0.09% and  0.2%, 
r e s p e c t i v e l y )   i s   s i g n i f i c a n t l y   l e s s   t h a n   t h a t  
encountered i n   w h i t e   s p r u c e  (1.2%, 0.1% and  0.4%, 
r e s p e c t i v e l y ) .  The g e n e t i c   h o r i z o n s   o f   t h e  
f o r e s t   f l o o r   a l s o   t e n d   t o  be most a c i d i c   i n   t h e  
b lack  spruce  success ion  wi th  pH rangjng  f rom 5.5 
i n   t h e  01 l a y e r   t o  4.1 i n  the  022 l a y e r .  The  022 
h o r i z o n   i n   b l a c k   s p r u c e   g e n e r a l l y   d i s p l a y s  
h i g h e s t   l i g n i n   c o n c e n t r a t i o n  (15 t o  >20%) 
compared w i t h   f o r e s t   t y p e s   e n c o u n t e r e d   i n   t h e  
white  spruce  succession  (8-15%). 

Minera l  i z a t i  on o f   f o r e s t   f l o o r   o r g a n i c  
ma t te r  and re lease  o f   chemica l   e lements   fo r  
r e c i r c u l a t i o n   w i t h i n   t h e   e c o s y s t e m   a l s o   d i s p l a y s  
marked contrast   between  the  two  successions. The 
res idence   t ime   (poo l   s i ze l i npu t   t o   poo l  ) ranges 
between 2 and 3 t imes  longer   fo r   b iomass (50 
years ) ,  N (61   years ) ,  P (99 years ) ,  and K ( 7 4  
y e a r s )   i n   t h e   f o r e s t   f l o o r   o f   t h e   b l a c k   s p r u c e  
succession, 
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marked s i m i l a r i t i e s  and d i f f e r e n c e s   e x i s t   b e t w e e n  
the  two  successional  sequences. One o v e r r i d i n g  
s i m i l a r i t y   i s   t h e   c o l d - d o m i n a t e d   n a t u r e   o f   t h e  
r e g i o n a l   t a i g a   c l i m a t e .   T h i s   c o n d i t i o n  
de termines   tha t   tempera tures   favorab le   fo r  
b i o g e o c h e m i c a l   a c t i v i t y  may occu r   on l y   du r ing   t he  
140-day  per iod  f rom  mid-Apr i l   to  mid-September.  
W i t h i n   t h i s   i n t e r v a l   t h e  90-day p e r i o d   d u r i n g  
wh ich   t ree   g rowth  may occur may b e   r e s t r i c t e d   b y  
i n s u f f i c i e n t   w a t e r .   T h i s  i s  espec ia l l y   t he   case  
from  mid-June to   m id-Ju ly ,   the   per iod   o f   most  
favorable  temperature  and  l ight   reg imes.  

The s ta te   fac to r   topography   (Jenny ,  1980) 
mod i f i es   m ic roc l ima te  with t h e   r e s u l t   t h a t   t h e  
north  aspect  black  spruce  sequence i s   t h e   c o o l e s t  
and w e t t e s t   ( l e a s t   s o l a r   r a d i a t i o n )   w h i l e   t h e  
white  spruce  sequence  occurs on  warmer, d r i e r  
south  aspects. The d r a i n a g e   r e s t r i c t i o n  imposed 
b y   p e r m a f r o s t   h e l p s   t o   m a i n t a i n   h i g h e r   s o i l  and 
f o r e s t   f l o o r   m o i s t u r e   r e g i m e s   i n   b l a c k   s p r u c e .  
S u b s t a n t i a l   n u t r i e n t   r e s e r v e s  may be  " locked  up" 

From p rev ious   d i scuss ion  i t  i s  obv ious   tha t  

i n   f r o z e n   s o i l ,   w h i l e   l e a c h i n g   l o s s e s  may occur 
as s o i l   s o l u t i o n   f l o w s   a c r o s s   t h e   p e r m a f r o s t  
i n t e r f a c e  on no r th   aspec ts .   I n   we l l -d ra ined  
s o u t h   a s p e c t   s o i l s ,   l i t t l e  or no mo is tu re   l oss  
th rough   m ine ra l   so i l  may occur  because 
evapot ransp i ra t ion   leaves  no m o i s t u r e   f o r  
leach ing .  

so i l   mo is tu re   us ing   t he   neu t ron   p robe  and 
measurements o f   w a t e r  and n u t r i e n t   f l u x   u s i n g  
t e n s i o n   p l a t e   l y s i m e t e r s   i n d i c a t e   l i t t l e   o r  
no m o i s t u r e   o r   n u t r i e n t   f l u x   o u t   o f   s o u t h  
a s p e c t   s o i l   p r o f i l e s   w h i c h   a r e  up t o  a meter 
deep  over  bedrock.   With  the  possible 
e x c e p t i o n   o f   s p r i n g   r u n o f f   o f  snow mel twater  
o v e r   t h e   f r o z e n   s o i l ,  and dur ing   an  
unde te rm ined   bu t   p robab ly   sho r t   pe r iod   (up   t o  
5 y e a r s )   f o l l o w i n g   f i r e ,   t h e   s o u t h   a s p e c t  
successional  sequence may b e   e s s e n t i a l l y  
c l o s e d   t o   n u t r i e n t   l o s s .  

modi f ied  by  th ickness o f  f o r e s t   f l o o r ,   e x e r t s  
a dominan t   con t ro l   ove r   p roduc t i v i t y  and 
n u t r i e n t   c y c l i n g   r e g a r d l e s s   o f   s u c c e s s i o n a l  
sequence. The mos t   p roduc t i ve   f o res ts  and 
t h e   g r e a t e s t   f l o w   o f   n u t r i e n t s   w h i c h   s u p p o r t  
t ree   g rowth   a re   encoun te red   i n   t he  warm, 
south  aspect   whi te   spruce  success ion.   In   the 
black  spruce  succession,  temperature 
i n t e r a c t s   w i t h   f o r e s t   f l o o r   c h e m i s t r y  
( concen t ra t i on  o f  N, P, K ,  l i g n i n ,   a c i d i t y )  
t o  s low  o rgan ic   mat te r   decompos i t ion   w i th   the  
r e s u l t   t h a t   s u b s t a n t i a l l y   r e d u c e d   s u p p l i e s   o f  
i m p o r t a n t   n u t r i e n t   e l e m e n t s   a r e   a v a i l a b l e   f o r  
t ree  growth.   Furthermore,  bryophytes  are 
e f f e c t i v e   c o m p e t i t o r s   f o r   t h e   l i m i t e d  
n u t r i e n t   s u p p l y .  However, b lack  spruce make 
e f f i c i e n t   u s e   o f   l i m i t e d   r e s o u r c e s   t h r o u g h  
l o n g - t e r m   f o l i a g e   r e t e n t i o n  ( >  20 years )  and 
i n t e r n a l   r e c y c l i n g  o f  n u t r i e n t s   w i t h i n   t h e  
t ree ,  

Observat ions o f  the  seasonal  course o f  

It i s   c l e a r   t h a t   s o i l   t e m p e r a t u r e ,  as 
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Perennial   groundwater   discharge i n  a t r i b u t a r y   o f  Donjek  River  causes  severe  icing 
problems a t  km 1817.5 (mile post   1130)   on  the Alaska Highway. Surveys of a sec t ion  
a c r o s s   t h e   i c i n g  area r e v e a l e d   v e r t i c a l  ground  movements  of  up t o  0.92 m between 
winter  and summer. Subsurface ice bodies  up t o  0.75 m th i ck   appea r  t o  form i n  same 
winters, degrading   in   the   fo l lowing  surmner(s).  The  ground  movements  and t h e   i c e  
bodies  are indica t ive   o f   the   format ion   and   degrada t ion   of   f ros t  mounds. Airphotos 
of   the  s tudy area i n d i c a t e   t h a t   i c i n g   a c t i v i t y  was ei ther   induced  or   enhanced  by 
construction  of  the  highway. The d i s t r i b u t i o n  of  r eac t ion  wood in white   spruce 
growing  on  the  val ley  bot tom  indicates   several   episodes of t i l t i n g ,  i n  va r ious  
d i r e c t i o n s .  The reaction-wood  chronology shows that ground movements o c c u r r e d   i n  
t h i s  area long  before   construct ion of t h e  highway.  Construction of t h e  highway 
may, however,   have  affected  the ra te  of  groundwater  discharge  and  the  magnitude  of 
icing  and  frost-mound  activity.  

INTRODUCTION 

Problems  caused by formation o f  i c ings   a long   t he  
Alaska Highway i n  Yukon and  Alaska were f i r s t  
descr ibed by Eager and Pryor  (1945)  and la ter  by 
Thomson (1966). It appeared  that  highway  contruc- 
t i o n  in a number of  ins tances   e i ther   induced   the  
ic ing   format ion   or   increased   the  extent of i c i n g  
ac t iv i ty .   Ic ing   problems were found t o  be most 
prevalent  and  troublesome  where  the  highway  crossed 
small streams fed  by perennia l   d i scharge  of ground- 
water. One such  crossing,   where  control  of i c i n g  

FIGURE 1 Location  of  study si te.  

problems became very   cos t ly ,   has   been   s tud ied   s ince  
1979  (van  Everdingen  1982a). 

of Shakwak Val ley,  a t  km 1817.5  (near  old mile pos t  
1130), about  4.5 km southeas t   o f   the   c ross ing  of 
Donjek  River  (Figure 1). The highway c rosses  a 
small t r i b u t a r y  of  Donjek  River near the  lower  end 
of a stream-cut  ravine  about  740 m abwve sea l e v e l .  
The stream o r i g i n a t e s  2.5 km nor theas t  of t h e   i c i n g  
s i t e  a t  an e l eva t ion  of  about  870 m ;  i t  d ischarges  
i n t o  Donjek  River some 350 m w e s t  o f   t he  highway 
cross ing  a t  an  approximate  e levat ion  of  710 m. The 
stream was cal led  "Burlap Creek"  by van  Everdingen 
(1982a),  because of the  presence  of  a number o f  
burlap  fences   put  up fo r   i c ing -con t ro l .  

The or iginal   1943  a l ignment  o f  t h e  highway d id  
not   cross   Burlap  Creek  (see  Figure 1). The e x i s t i n g  
alignment was cons t ruc ted   dur ing   the   per iod  1949- 
1951 when the  present   Donjek  River   br idge was b u i l t  
Observat ions  in   1956  did  not   indicate   any  problem 
a t  the   s tudy  s i t e  ( S .  Thomson, personal  communica- 
t ion   1980) ,   and   se r ious   i c ing   problems,   inc luding  
plugging of t h e   1 . 4  x 1 . 6  m wooden c u l v e r t   b y   i c e ,  
and  icing  extending  across  rhe  highway,  did  not 
o c c u r   u n t i l   t h e   e a r l y   s i x t i e s .   I n   l a t e   1 9 8 1 ,   t h e  
highway embankmcnt was raised  and  widened,  and new 
c u l v e r t s  were i n s t a l l e d   ( s e e   F i g u r e  2 ) .  

The watar  supply t o  t h e   i c i n g   a r e a ,   t h e   b u i l d u p  
of i c ing   du r ing   t he  1979-1980 winter  (recorded by 
timelapse  photography),  and i t s  maximum extent  and 
th ickness  were descr ibed  by van  Everdingen  (1982a). 
The presence of ground ice upstream of t h e  highway, 
and v e r t i c a l  ground movements detected  during  1980,  
l e d  t o  the   t en t a t ive   conc lus ion   t ha t  f r o s t  mounds 
develop   loca l ly   benea th   the   i c ing .  The present  
paper   descr ibes   addi t iona l   observa t ions  on the   t ype  
and  magnitude o f  ground movements i n   t h e   i c i n g  
area,   fol lowed by t h e   r e s u l t s  of a i rphoto  and 
dendrogeomorphological  studles aimed a t   e s t a b l i s h -  
ing whether  the  occurrence  of  these  ground move- 

The s tudy  s i te  i s  loca ted  on the  northeast   edge 
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FIGURE 2 Sketch map of i c i n g  area a t  km 1817.5, Alaska Highway,  Yukon. 

ments is r e l a t e d  t o  t h e   c o n s t r u c t i o n  of t h e  highway. 

GROUND MOVEMENTS AND EROSION 

Surf ic ia l .  materials i n   t h e   s t u d y  area c o n s i s t  
mostly  of  morainic  deposits  containing a high 
proport ion of  sand,  gravel,  and  boulders, I n  t h e  
stream val ley   p roper ,   g rave l ly  till i s  over l a in  by 
tephra  (White  River  ash)  and  peat. No bedrock 
exposures   ex is t  in t h e   v i c i n i t y  o f  t h e  site. 

A number of low mounds and  low,  wide r idges  have 
formed i n   t h e   i c f n g  area each winter since  1979. 
During  spring  and summer, f r ac tu res   pene t r a t ing   t he  
peat  and  ash  layers  developed a long  the  crests o f  
the r idges  (Figure 3) .  Massive  ice was exposed i n  
seve ra l   p l aces  a t  the  bottom  of  such  Eractures. A 
tes t  p i t  dug i n   t h e   f a l l  of 1980  revealed 75 cm of 
c l ean  ice, ove r l a in  by 40 cm of mixed  peat  and 
volcanic   ash and 30 cm of   pea t ;   the  ice r e s t ed  on 

saturated  sandy  gravel  (van  Everdingen  1982a).  
Similar   observat ions of ground movements and  ground 
ice i n  i c i n g  areasware reported by Kane (1981) 
from Alaska. 

Repeated  Level  surveys  have  since  been made of a 
s e c t i o n   a c r o s s   t h e   i c i n g  area some 200 m upstream 
from the  highway cross ing   (F igure  2 ) ,  using  markers 
i n s t a l l ed   above   t he  maximum i c i n g   l e v e l  on a number 
of trees, to   determine maximum th i ckness  of t h e  
ic ing   and   the   ex ten t  of v e r t i c a l  ground  movements. 
The r e s u l t s  of surveys i n  September 1980 and in 
March and J u l y  1981, presented   in   F igure  4 ,  show a 
maximum ic ing   t h i ckness   i n   t he   s ec t ion  of 2.43 m,  
maximum v e r t i c a l  ground movement of 0.92 m, and 
maximum d i f f e r e n t i a l  movement of 0.14 d m .  These 
observat ions  confirm  that  frost mounds similar t o  
f r o s t   b l i s t e r s   d e v e l o p   l o c a l l y  i n  t h e   i c i n g  area. 

Figure 2 i nd ica t e s   t he   app rox ima te   pos i t i ons  of 
g u l l i e s   t h a t  are being  eroded,  through  the  peat and 
ash   depos i t s   to   the   water -bear ing   grave l ly  till o r  
sandy  gravel,  by surface  runoff  (meltwater  and 
groundwater  discharge).  Repeated  observations 
i n d i c a t e   t h a t   t h e   p o s i t i o n   o f   t h e   g u l l i e s  is con- 
t r o l l e d  by t h e   d i s t r i b u t i o n  of f r o s t  mounds and by 
t h e   p o s i t i o n  of c r e s t   f r a c t u r e s   i n   f r o s t   r i d g e s .  

The water d i scha rged   f a r the r  up t h e   v a l l e y  d i s -  
appears  underground  again in a number of places  
(Figure 2 ) ,  flowing  through  underground  channels 
formed  by subsur face   e ros ion ,  or "piping", of vol- 
canic  ash.  Small  secondary  deposi ts   of   the   ash are 
found  below t h e   o u t l e t s  of some of the  underground 
channels  (Figure 5). 

Dur ing   the   ear ly   s tages  of t h i s   p r o j e c t ,  i t  was 
assumed t h a t   c o n s t r u c t i o n  of t h e  highway embankment 
ac ross   t he  stream valley  caused  gradual  compaction 
tha t   reduced   t ransmiss iv i ty  of the  underlying un- 
consolidated  water-bearing materials. This would 
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FIGURE 4 Cross s e c t i o n  showing results of level surveys on 1 9  September 1980, 26 Varch  and 16  July  1981. 
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PTGIJRE 5 Volcanic ash  redeposited a f t e r  ernsion 
by water  flowing  below  the  organic. mat. 

have  led t o  increasing  water-table  heights  upstream 
of t h e  highway  and eventually  to  groundwater  dis-  
charge,   gullying,  and  formation of i c i n g s ,  and pos- 
s i b l y ,   f r o s t   b l i s t e r s .  The l a t t e r  phenomena have 
been  observed earlier i n  similar s i tua t ions   a long  
t h e  Alaska Highway (Eager  and  Pryor  1945, p. 64) 
and  Dempster Highway (van  Everdingen  l982b, p . 2 6 3 ) .  
It i s  poss ib le   tha t   deeper   pener ra t ion  of seasonal  
f r o s t   i n   t h e  embankment c o n t r i b u t e s   t o   t h e  restric- 
tion  of  groundwater  flow  (Carey  1973,  p.  31). 

AIRPHOTO STUDY 

A s  a f i r s t  check  on  the  assumed  relationship 
between embankment construction  and  the  observed 
groundwater-discharge phenomena, a l l   a i r p h o t o s  
a v a i l a b l e   f o r   t h e   a r e a  were checked ,   s ta r t ing   wi th  
t h e  most recent   ones,  

The only  color   photagraphy  of   the  area,   taken on 
4 April  1978  (Kenting NIJ 5478-4/5), shows minor 
i c i n g   a c t i v i t y   o v e r   t h e   f i r s t  200 m above  the  cros-  
sing.  Photos  taken on 29 May 1964  (818395-97/99), 
show the   i c ing   ex tending  as f a r  as 340 m above  the 

w e r e  taken  too l a t e  i n   t h e   y e a r  t o  show any 
remain ing   ice ,   bu t   the   i c ing  area i s  c l e a r l y  
recognizable  on  these  photos,  

Photos  taken on 19  July  1949,  before  realignment 
of t h e  highway f o r   t h e  new bridge  (Al1000-265/267), 
do not   g ive   any   ind ica t ion  of  i c i n g   a c t i v i t y .  The 
e a r l i e s t   a i r p h o t o s  of t h e  area (A1089-l04-29/31), 
t aken   i n   1942 ,   be fo re   t he   s t a r t  o f  highway 
construction,  could  not  be  obtained. 

The r e s u l t s  of the   a i rphoto   s tudy   sugges t   tha t  
i c i n g   a c t i v i t y  (and  possibly a l so  ground movements) 
i n  t h e   a r e a   s t a r t e d   a f t e r   r e a l i g n m e n t  o f  t h e  
highway dur ing   the  1949-1951 per iod.  

crossing.  Photos  of 30 J u l y  1957 (A15728-112/114) 

DENDROGEOMORPHOLOGY 

The occurrence o f  f r o s t  mounds i n  t h e   i c i n g  area 
a f f e c t s   t h e   v e g e t a t i o n ,  as evidenced  by  numerous 
"drunken"  white  spruce (Picea gZaucU [Moench] VOsS, 
Figure 6 ) .  Development  of gu l l les   can   have  similar 
e f f e c t s  on trees t h a t  s tart  leaning  towards  the 
gradually  widening  channels.  Tn addi t ion,   exposure 
of  p a r t s  of t he i r   roo t   sys t ems  may l ead   t o  
suppression  of  growth. The unusual  proportion  of 
standiag  dead  or  dying trees i n   t h e   i c i n g  area i s  
l i k e l y   t h e   r e s u l t  of the  annual  submersion o f  m o t  
systems. Raup (1951)  observed  mortali ty  of up t o  

25% of  standing trees i n  similar s i t u a t i o n s  
elsewhere.  Willows  and  alders,  with  higher 
inundat ion  tolerance,  are no t  no t i ceab ly   a f f ec t ed .  

The t i l t i n g  o f  trees as a result  o f  ground 
movements and gul ly   development   general ly   induces 
formation  of reaction wood, i n  response   to   the  
u n i d i r e c t i o n a l   g r a v i t a t i o n a l  stress caused by t h e  
tilt. In gymnosperms (most   coniferous  specles) ,  
t h e   r e a c t i o n  wood develops  around  the downward s i d e  
of   the tilt as compression wood (F r i t t s   1971 ,  
K r a m e r  and Kozlowski  1979). 

Reaction wood appears  i n  c r o s s   s e c t i o n s  as 
dense,  darker-colored, asymmetric or  e c c e n t r i c  
c re scFn t s   t ha t  are usua l ly   w ides t  i n  t h e  f i rs t  year  
af ter  t i l t i n g .  Both the  annual  width  and  the 
length  of   the  horns  of   the   react ion-wood  crescents  
diminish  in  subsequent  years as t h e  tree recovers ,  
u n t i l   o n l y  normal. wood is produced when t h e  tree 
top i s  growing s t r a i g h t  up again.   This   process  
w i l l  b e   i n t e r r u p t e d   i f   t i l t i n g   r e c u r s   i n   e i t h e r   t h e  
same o r  a d i f f e r e n t   d i r e c t i o n .   M u l t i p l e   t i l t i n g   i n  
d i f f e r e n t   d i r e c t i o n s  w i l l .  produce  complex  reacrion- 
wood p a t t e r n s ,  as well a s   t h e  compound t runk  
curva tures   d i sp layed  by t h e  tree i n  Figure 6. 

The presence  of   react ion wood i n  trees thus  
g e n e r a l l y   i n d i c a t e s   t h a t   t i l t i n g   h a s   t a k e n   p l a c e ,  
and  should  therefore make i t  poss ib le   to   de te rmine  
the   t iming   and   d i rec t ion  of tilt ( e . g . ,  Shroder 
1980,  Zolrai  1975).  Samples  from  several  white 
s p r u c e   i n   t h e   i c i n g  area on Burlap  Creek were 
c o l l e c t e d   i n   1 9 8 1  for a study of t h e   d i v t r i h u t i o n  
of r e a c t i o n  wood and relative r i n g   w i d t h s ,   t o  
determine  whether  such  dendrogeomorphological 
evidence would reveal any  correlat ion  between 
hlghway construction  and  the  occurrence  of  ground 
movements i n  t h e   I c i n g   a r e a ,  

two o r  more d i r e c t i o n s  on each  cross-section  sample 
(Figure 7 ) ,  us ing 25 times magnif icat ion.  The 
r e s u l t s  are presented i n  Figure 8 .  

Tree No. 1 (Figure  7a  and S a ) ,  on the  lower 
nor th   s lope  of t h e   v a l l e y ,  w a s  sampled to   p rov ide  
background  inEormation  on  c l imat ic   effects   that  

Ring counts  and  width  measurements were done i n  

FIGURE 6 Ti1,te.d tree No. & near the surveyed 
section, showing compound tzunk curvature .  
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FIGURE 7 Cross ~ e c t ~ o ~ ~ ~  trees cu t  i n   t h e   s t u d y  
area i n  July 1981 ( top  views).   Locafions  indicated 
i n   F i g u r e  2. (a) Tree No, 1. (b) Tree No. 2 .  (c)  
Twin trees No. 3 and 4 .  

m i g h t   b e   r e f l e c t e d   i n   v a r i a t i o n s  o f  r i n g   w i d t h   i n  
t h e  trees i n  t h e   i c i n g  area. Minor r e a c t i o n  wood 
i n  the   southeas t   quadrant   in   F igure   7a   sugges ts  
t h a t   t h i s  tree may have   expe r i enced   s l i gh t   t i l t i ng .  

Tree No. 2 (Figures 7b and Sb) ,  loca ted  on the 
north  bank of one of t h e   g u l l i e s ,  and trees No. 3 
and 4 (Figures  7c and 8 c ) ,  growing  from a common 
bole  on the   sou th  bank  of t h e  same g u l l y ,  are 
examples  of  the  influence  of  ground movemenrs. The 
r ing   coun t s   fo r   t he   c ros s - sec t ions  of trees No. 3 
and 4 d i f f e r  by only 1 0  rings, and t h e i r   t i l t i n g  
h i s t o r i e s  are similar: ring-width  graphs are there-  
f o r e  shown f o r   t h e   l a r g e r  stem only  (Figure 8c).  

The v a r i a t i o n s   I n   r i n g   w i d t h   i n  tree No. 1 may 
r e f l e c t   c l i m a t i c   i n f l u e n c e s  on growth,  but  the 
curve   does   no t   cor re la te  well with  other  chrono- 
log ies   der ived  from rhe  S l i m s  River area, about 95 
km southeas t  of  Donjek  River,  and  used  €or  dendro- 
c l imatology (Drew 1975,  Allen  1982).  Inspection of 
t h e  minimum-width cu rves   fo r  trees Nos. 2 ,  3 and 4 
shows t h a t  the v a r i a t i o n s   i n   r i n g   w i d t h  i n  both 
tree No. l and the Slims River area are poor ly  
represented by t h e  trees i n   t h e   i c i n g  area. 

The d i s t r i b u t i o n  of r e a c t i o n  wood i n  t r e e s  No. 2 
and 4 i nd ica t e s   s eve ra l   ep i sodes  of t i l t i n g ,   i n  
wide ly   vary ing   d i rec t ions .  The two trees were most 
r e c e n t l y   t i l t e d  i n  approximately  opposite  direc- 
t i o n s ,  away from the   in te rvening   gu l ly ,   ra ther   than  
towards it as might  have  been  expected. This  is 
i n t e r p r e t e d  a s  ind ica t ing   the   recent   p resence  of a 
f r o s t  mound o r  r i d g e  a t  t h e  sire o f  t h e   g u l l y ;   t h i s  
i n t e r p r e t a t i o n  i s  supported  by  the  presence of 
ground ice below the   pea t   on   t he  banks of t h e  gully. 

The r e s u l t s   f u r t h e r   i n d i c a t e   t h a t   t i l t i n g  of 
trees i n   t h e   i c i n g  area occurred  long  before  
cons t ruc t ion  of the  Alaska Highway, There is some 
i n d i c a t i o n  i n  the   t ree- r ing   record ,   never the less ,  

1 t h a t  highway cons t ruc t ion  may have  had  an  effect  on 

ground movements airer 1949.  Table 1 l is ts  r a t i o s  
between maximum and minimum ring  widths  f o r  
individual  reaction-wood  peaks  indicated by l e t r e r s  
i n   F i g u r e s  8b and 8c. The r anges   o f   t hese   r a t io s  
before  and  since  1949 show no o v e r l a p   i n   e i t h e r  
tree. I n  t r e e  No. 2 che average   ra t io   increased  
from  2,13  before  1949  to 5 , 6 4  a f t e r   1 9 4 9 ;   i n   t r e e  
No. 4 the   average  increased from 3.68 to  21.64. 

The t ree- r ing   records   thus  suggest  t h a t   t h e  
magnitude of ground movements i n   t h e   i c i n g   a r e a  
increased  fol lowing highway construction  between 
1949  and  1951,  This l i k e l y   r e f l e c t s   i n c r e a s e d  
groundwater   po ten t ia l s   in   the   i c ing   a rea ,  which 
would c o n t r i h u t e  t o  t h e  development  of  higher  (and 
poss ib ly   s rceper )  frost mounds. 
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FIGURE 8 Plots of ring  width vs.  time. 
(a) Tree NO. 1, two  directions. (b) Tree No. 2, 
five selected  directions, (c) Tree NO. 4 ,  six 
selected  directions  Shaded  areas  represent 
differences  between  actual  and  minimum  width 
measured f o r  each  ring; letters indicate peaks i 
listed  in  Table 1. 

I 

I 

0 

0 

RECENT CONSTRUCTION 

In Late  1981,  the  highway  crossing of Burlap 
Creek  was  reconstructed.  The  roadway  was  widened 
from 8.5 to 13.7 m approximately,  and  the  grade 
level  was  raised from about 2.9 to about 4.0 m 
above the level of the  streambed  at  the  upstream 
side of the  highway;  the  basal  width o f  tha road 
embankment was increased from 20 m to 30 m. These 
changes  can  be  expected  to  cause  further  compaction 
and  reduced  transmissivity -In the underlying 

materials.  Consequently,  one  can  expect a further 
increase  in  the  rate of groundwater  discharge 
upstream of the  highway, as well  as  increased  icing 
activity  and  frost-mound  development. 

A s  part  of  the  reconstruction,  the  wooden box 
culvert  was  replaced by two main  culverts (1.4 m x 
30 m, rolled  section,  steel)  and an overflow 
culvert (0.60 m x 26 m). One of the  large  culverts 
has  contained  ice  throughout 1982; the  other 
contained some ice as late as  July 22  in 1982. The 
effectiveness o f  the overflow  culvert is  limited, 
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TABLE L Rat ios  of maximum and min 3mum r ing   wid ths  
for   selected  react ion-wood  peaks  for  trees i n   t h e  
Burlap  Creek  icing area. 

Peak First reac t ion   r ing   Peak   year   Rat io  

Tree No. 2 (Figure 8b) 
a 1905 
b 1908 
C 1928 
d 1932 
e 1938 
f 1947 
g 1951 
h 1958 
i 1963 

k  1974 

Tree No. 4 (Figw?e 8c) 
a 1900 
b 1900 
C 1900 
d  1900 
e 1900 
f 1900 
a 1900 
h  1916 
i 1925 
j 1931 
k  1934 
1 1934 
m 1934 
n  1950 
0 1950 
P 1950 
9 1962 
r 1962 

j 1971 

1905 
1909 
1929 
1934 
1938 
1949 
1952 
1958 
1964 
1972 
1976 

1901 
1904 
1907 
1909 
1911 
1913 
1915 
1917 
1925 
1931 
1935 
3936 
1938 
1951 
1952 
1954 
1964 
1965 

1.83 
2.50 
2.17 
2.05 
2 . 1 1  
6.67 
5.44 
4.56 
5.55 
5.21 
6.43 

5.69 
4.24 
3.97 
2.56 
2.44 
2.80 
2.16 
2.00 
1.96 
1.72 
5.37 
5.11 

14.83 
14.14 
15.43 
28.80 
35.00 

7.86 

because its top is only  14 cm above  the top of t h e  
a c t i v e  main cu lve r t .  It i s  t h e r e f o r e   l i k e l y   t h a t  
changes in   the  magni tude o f  i c ing   fo rma t ion   i n   t he  
creek  upstream of t he  highway w i l l  p r imar i ly  
r e f l e c t   t h e   i n f l u e n c e  of the   increase   in   Loading  by 
t h e  highway embankment, ra ther   than   any  iQprovement 
i n  the drainage characteristics of the   c ross ing .  

CONCLUSIONS 

Ava i l ab le   a i rpho tos   sugges t   t ha t   i c ing   ac t iv i ty  
in  Burlap  Creek  above  the  Alaska Highway  became 
not iceable   on ly  af ter  r e rou t ing  of t h e  highway 
ac ross   t he   c r eek   i n   t he   pe r iod  1949-1951. 

Dendrogeomorphological  evidence  revealed  that 
t i l t i n g  of trees i n  the I c ing  area ( r e s u l t i n g  from 
growth  and  decay of frost mounds and r idges )  w a s  a 
r ecu r r ing  phenomenon long   be fo re   t he  highway was 
bui l t .   Rerout ing  of  the highway across   Burlap 
Creek  appears  to  have  caused a l a r g e   i n c r e a s e   i n  
the  magnitude o f  t h e  phenomenon. 

development  resulted from an  increase  in   ground-  
water po ten t i a l s   ups t r eam o f  t h e  highway,  caused 
p r imar i ly  by compaction  of  water-bearing materials 
underneath  the  highway embankment. 

The r ecen t   mod i f i ca t ions   i n   t he  embankment a t  
the  crossing  can  be  expected t o  enhance  both  the 
i c i n g   a c t i v i t y  and the development  of f r o s t  mounds. 

The inc reased   i c ing   ac t iv i ty   and  frost-mound 

Tn order  t o  avoid   c rea t ion  o f  s e r i o u s   i c i n g   o r  
frost-mound  problems,  northern  highway  (and  pipe- 
l i n e )   c r o s s i n g s  o f  small streams fed  by pe renn ia l  
groundwater  discharge  should  be  designed  in  such a 
way that t h e i r   e f f e c t  on upstream  groundwater 
p o f e n t i a l s  is minimal. I n s t a l l a t i o n  o f  subdrains  
may be  necessary i n  a number of cases. 
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ICE-WEDGE CASTS AND INVOLUTIONS  AS  PEF3KFROST  INDICATORS AND THEIR STRATIGRAPHIC 
POSITION I N  THE WEICHSELIAN 

Jef Vandenberghe 
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Ice-wedge  casts and l a r g e   s i z e   i n v o l u t i o n s   a r e   t y p i c a l   p e r i g l a c i a l   f e a t u r e s   i n   t h e  
Weichselian  deposits of northwestern  Europe. The ice-wedge c a s t s   c o n s i s t  of a cen- 
t r a l  pa r t  w i th   ve r t i ca l   l amina t ion  and a fau l ted   margina l   par r .  The c a s t s   a r e   o f t e n  
a r ranged   in  a s u b p a r a l l e l   p a t t e r n ,  which  represents  an i n i t i a l  s tage  i n  the  develop- 
ment of a true  polygonal  network. They are   a lways   c lose ly   assoc ia ted   wi th   over ly ing  
in tense   involu t ions   wi th   ampl i tude  of ca.  1.5 m. These  involutions are o f t e n   f l a t -  
bottomed and developed  in a symmetrical way. They are   explained as " p e r i g l a c i a l  
load  structures".   Degradation of the  ice-rich  permafrost   top  caused a s t a t e  of over- 
s a t u r a t i o n  i n  poorly  drained  areas .   Consequent ly   a l l   cohesion was l o s t  and a re- 
versed   dens i ty   g rad ien t   o r ig ina ted .   Other   types  of smaller sized  deformations do 
not   requi re   the   p resence  of a permafrost. 

In   the   Weichse l ian   sed iment   se r ies  two l e v e l s  of ice-wedge  casts  connected  with  in- 
tense involu t ions   a re   recorded .  They p o i n t   t o   p e r m a f r o s t   c o n d i t i o n s   a t   t h e   s t a r t  of 
t h e  Middle  Neichselian  and a t  about  20-25,000  years BP. In between  these two per iods 
climates were   re la t ive ly   mi lder .  

INTRODUCTION 

Rel ics  of per iglacial   processes   have  been  s tud-  
ied many t imes  in   the  Late   Pleis tocene  eol ian  depos-  
i t s  of Western  Europe  (references  in  Vandenberghe 
1983). In   t h i s   con t r ibu t ion   on ly  wedge s t r u c t u r e s  
and involu t ions   tha t   occur  i n  the  Weichselian  cover- 
sand   p la ins  i n  nor thern  Belgium  and the  southern 
p a r t  of the  Nether lands w i l l  be  considered  (Figure 
I ) .  A l l  t he se   s t ruc tu res   a r e   t hus  formed i n  loose ly  
packed eo l i an   f i ne   s ands  and  loams  which may be  lo- 
c a l l y  reworked. 

Together   with  the  pol len  analyses  and the   s ed i -  
men ta ry   s t ruc tu res   t he   pe r ig l ac i a l  phenomena may 
g i v e   d e f i n i t e   i n d i c a t i o n s  on the  paleo-environment 
and the   pa leoc l imate .  However, many p e r i g l a c i a l  phe- 
nomena reported from var ious   publ icar ions   a re   nor  
wel l   da ted .   Therefore   the   pos i t ion  of the   per ig la -  
cia1  processes  must  be  f ixed i n  a s t r a t i g r a p h i c  
framework. 

WEDGE CASTS 

The conspicuous wedge c a s t s  i n  the   s tudy   a rea  
c o n s i s t  of two g e n e r i c a l l y   d i f f e r e n t   p a r t s :  a lower 
and  an  upper  one  (Figure 2 ) .  The lower  part   extends 
over I t o  1 . 5  m and can  be  subdivided  in an exter-  
n a l  and an   i n t e rna l   s ec t ion .  The i n t e r n a l   s e c t i o n  
15 t o  25 cm wide shows a charac te r i s t ic ,   wedge- l ike  
laminat ion  with  paral le l   arrangement .  I t  i s  obvious- 
l y   f i l l ed   w i th   s ed imen t  coming from the   ad jacent  
l a y e r s  and not  brought i n  from the  surface  (e .g .  by 
wind) a t  the  t ime of t h e  wedge formation.  This may 
be  derived  from  the  sediment  layering,  while  addi- 
t ional   proof  comes from  sediment-petrological ana- 
lyses .  The ex te rna l   s ec t ion   cons i s t s  of blocks 
which  have  been  displaced downward srepwise  along 
ex tens ion   f au l t s .  It does  not show any  flow  struc- 
tu res .  

Ver t ica l   l amina t ion   and   b lock   fau l t ing   a re  l i m -  
i t e d   t o   t h e   l o w e r  wedge form o€ t h e   c a s t .  The upper 
p a r r  o f  t h e   c a s t   ( c a .  1.5 m deep) shows no c l e a r  
boundar ies   bu t   re f lec ts   the   f low  pa t te rn  of the  
s ink ing   pa r t  of an  involut ion.   Original ly  sedimen- 
ta ry   s t ruc tures   a re   s t rongly   d i s turbed ,   bu t   gener -  
a l l y  a concave  bending may be  recognized  (Figure 2 ) .  
A t  t h e   t r a n s i t i o n  t o  the  lower  zone  sediments  which 
have  sunk down p e n e t r a t e   f u r t h e r  i n  the   cen t ra l   sec-  
t i o n  of the  lower  par t   of   the  wedge f o r  a shor t   d i s -  
tance (10 t o  25 cm).  Thus rhe  two p a r t s  form a 
unique  feature   with a rota1  depth  of 2.5 t o  3 m cre-  
a t e d   i n   t h e  same time span. 

These wedge c a s t s   a r e   r a t h e r  cornon i n  Western- 
Europe and a re   gene ra l ly   i n t e rp re t ed  as ice-wedge 
c a s t s .  However, the   descr ibed   ind iv idua l   fea tures  
of t he   ca s t s   have  ro be  explained i n  terms of  pro- 
cesses,   while  rhe  supposed  former  existence of i c e  
wedges  has to  be  demonstrated.  Although  Black  (1976) 
s t a t e s   t h a t   " c r i t e r i a   t o   p r o v e   t h e   f o r m e r   e x i s t e n c e  
of i c e  wedges outs ide  present   permafrost   regions axe 
not   ava i lab le"   the  same author  and  Dylik & 
Maarleveld (1965) give a number of " ind ica tors  x 
gest ing  the  presence o f  former i c e  wedges". 

The ex is tence  of permafrost i s  Black's (1976) 
f i r s t   c r i t e r i o n .  The main group of wedge c a s t s  
could be dated i n  Belgium  and The Nether lands  ra ther  
accura te ly  as formed  between 20 and 25.000 years  BP 
(Vandenberghe 1983). During  approximately  the same 
per iod   la rge   p ingo ' s   ex is ted  i n  The Netherlands 
(De Gam 1981).  They prove  the  presence of perma- 
f r o s t   a t   t h a t   t i m e  i n  the  concerned  region. The ex- 
i s t e n c e  of a permafrost   table  has  also  been  proven 
by the   l a rge   i nvo lu t ions   pene t r a t ing   t o  a common 
depth of ca. 1 . 5  m over  hundreds  or  thousands  of me- 
tres (Vandenberghe & Van de  Broek 1982; next  sec- 
t i o n ) .  

One of the  most  remarkable  features o f  t h e  de- 
s c r ibed   ca s t s  i s  the  blockwise movement t o   t h e  cen- 
t r e ,   T h i s  needed a considerable  cohesion of t h e  de- 
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FIGURE 1 Situation  map. 

posits  which  often  consist  of  loamless,  loosely 
packed,  water-containing  sands.  Apparently  the  move- 
ment  as  blocks  was  only  possible  in a solid  state, 
which  only  could  be a  frozen  state.  As  has  been 
shown  the  displacements  took  place 1.5 to 3 rn below 
the  surface,  this  means  in  the  permafrost  because 
active  layers  did  not  reach  this  depth. On the  oth- 
er  hand,  the  lowering  in a graben-like  structure 
points  to a release of lateral  pressure.  This  might 
be  caused  by  tensional  forces due to  local  collaps- 
ing or  tectonic  faulting  nearby.  However,  such  phe- 
nomena  have  never  been  observed  in  the  vicinity  of 
the  wedge  casts  in  the  numerous  exposures  that  have 
been  investigated. A much  better  explanation  for 
the  pressure  release  may  be  found  in  the  disappear- 
ance o f  the  original. wedge material. The start of 
the  melting  of  ice  in a  wedge  will  induce  tensile 
faulting  in  the  still  frozen  ground.  At  the  same 
time  the  ground  surrounding  the wedge  will  become 
liquefied  and  consequently  fill  the  space  left  by 
the  melting  ice. A s  melting of the  ice  is  an  episod- 
ic  feature,  temporarily narrow  fissures  originate 
between  the  ice  core  and  the  adjacent  layers  giving 
rise  to  the  characteristic  vertical  lamination  of 
the  lower  central  part  of  the  cast. It does  not 
seem to  be  disturbed  noticeably  by  the  sinking  move- 
ment  of  the  blocks.  Therefore  it  is  thought  that  the 
internal  structures  as  well  as  the  external  ones  de- 
velop  progressively  and  rather  simultaneously  during 
the  ice-wedge  melting. 

In accordance with Black (1976) flow and  slumping 
of the  surrounding  saturated  fine  sediments  must  oc- 
cur when the  ice  wedges  are  melting  (lower  central 
part  and  upper part). However,  it  has  already  been 
said  that  according  to  the  field  observations 
further  infilling  took  place  by  block  fall  (external 
section). Moreover,  one o f  the  characteristics of 
ice-wedge  casts  reported  by  Dylik & Maarleveld 
(1967) are the  "traces of collapsing  from  the w a l l ,  
often  combined  with  small  faults". In contrast to 
the  observed  infilling  structure,  the  degradation of 
supposed  tensional  cracks  should  show  fluidization 
features  in  water-saturated  sediment  or  cause  homo- 
geneization  in dry, poorly  cohesive  sands. However, 
in  both  cases  and  in  the  described  deposits  block 
faulting  is  difficult  to  explain. 

for  recognizing  ice-wedge  casts  is  the  local  preser- 
vation of the  characteristic  upward  bending  of  the 

Another  important  criterion  used  by  Black (1976) 

FIGUFS 2 Ice-wedge  cast  with  clear  internal (i)  and 
external  section (e) in  the  lower  part (2);  
concave  bending  in  the  upper ( 1 )  involuted 
part  (from  Vandenberghe & Krook (1981) 
with  permission o f  'Geologie en Mijnbouw'. 

layers  adjacent to the  original  ice  wedge.  However, 
Dylik & Maarleveld (1967) argue  that  downturned con- 
tact  layers  are  characteristic of "fossil  ice  Eis- 
sures". In the  study  area no fossil  upturned  struc- 
tures  have  been  found. In our  opinion  it  is  impossi- 
ble  that  the  upturned  pressure  structures  should  not 
be  destroyed  by  flow  and  slumping in the  space  left 
by  the  disappearing  ice. 

Finally,  both  Black (1976) and  Dylik & Maarleveld 
(1967) state  that  ice  wedges  are  occurring  in  poly- 
gons  with  large  diameter.  Up  to now three  cases  have 
been  investigated. A first  one,  described  by 
Gullentops & Vandenberghe (1981), reveals  a  clear 
polygonal  pattern  with  distances of 7 to 10 m and 
rather  orthogonal  intersection. In two  other  cases, 
however,  a  subparallel  arrangement of ice  wedge 
casts  is  observed.  These  casts  are  completely  of  the 
same  type  as  those  in  the  first  case.  Analogous  to 
the  linear  patterns of initial  cracks on a progres- 
sively  drying  clay  ("incomplete  mud  cracks"),  the 
subparallel  pattern of ice-wedge  casts  may  repre- 
sent  the  start of  non-sorted  polygon  propagation. 
According  to  Lachenbruch (1962) "an  orthogonal  in- 
tersection suggests that  one of the  cracks  predates 
the  other".  Where  horizontal  stresses  are  anisotrop- 
ic  initial  cracks  develop  in a systematic  array  and 
only  afterwards  secondary  cracks  induce  the  ortho- 
gonal  pattern  (Lachenbruch 1962). From this  reason- 
ing  it can  be  concluded  that  at  some  places  the  de- 
velopment  of  the  polygonal  pattern of Weichselian 
ice-wedge  casts  was  only  in  its  initial  stage  while 
elsewhere a  real  polygonal  network  already  had  been 
formed. 
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INVOLUTIONS 

We have  distinguished  three  categories of involu- 
tions which  have  a  genetic  significance  and  which 
are  not  recognized  in  other  descriptive  classifica- 
tions (e.g. Maarleveld 1976).  

a) folds  of wide  wavelength and  small  amplitude  in- 
volving  rather  weak  disturbances (al);  irregu- 
lar  solitary  structures (az); 

b) large  (generally 1 . 1  to I . 8  m high),  strongly 
folded  convolutions;  they  are  often  flat- 
bottomed,  occur  over  larger  areas  and  are  devel- 
oped  in  a  synunetrical  way; 

c) small  undulations  and  foldings  (generally  less 
than 0.6 m) which  may  occur  isolated ( c l )  or  in 
groups (ca); mostly  regularly  developed;  single 
"tear-structures"  are  examples  of  the  former 
!roup, while  the  well-known  "druipstaarten"  or 
drop  structures"  are  examples  of  the  latter 
group. 

a) The  first  category  occurs  often  in  situations 
where  originally  sediments were not  laterally  homo- 
geneous  (a2)  or  the  original  lateral  homogeneity 
has  been  disturbed  previously e.g.  by  involutions 
of  the  second  and  third  categories (a]). This  means 
that  lithology  and  structure,  and  consequently  the 
physical  parameters, are changing  in  the  horizontal 
section. In such a situation  unequal  cryostatic 
pressures  may  develop due to  different  freezing 
rates  and  volume  changes. In this  manner  differen- 
tial  motions  may  be  initiated.  Examples  of a]- 
structures  have  been  illustrated  by  Vandenberghe 
(1983) and  a2-structures  by  the  experiments  of 
Pissart (1970). Furthermore,  this  process  requires 
a  rather  intensive  freeze-thaw  alternation  and  suf- 
ficient  soil  moisture.  The  significance of these 
structures  for  paleoclimatic  reconstruction  is 
rather  small. 
b) The repetitive  and  symmetrical  development of 
the  second  category  points  to  events with  more  than 
local  significance.  However,  the  original  homoge- 
neous  horizontal  layering  precludes  explanations 
where  lateral  heterogeneity  is  a  necessary  condi- 
tion  as  in ( 8 ) .  Thus  there  is no reason to suppose 
lateral  cryostatic  pressures  nor  differential  vol- 
ume  changes  during  the  freezing to have  produced 
the  observed  involutions.  Furthermore,  the  deforma- 
tions  of  this  category  show  distinct  flow  charac- 
teristics  which  are  difficult to explain if  the  in- 
trusions  should  penetrate  into  frozen  material 
(French 1976). 

(so-called  "load  casts"  of  Kuenen (1958)). Foreover 
the  similarity  of  the  observed  field  structures 
with  the  experimentally  obtained  load  structures  is 
striking (e.g. Anketell  et  al. 1970). However,  two 
conditions  have  to  be  fulfilled f o r  the  process. 
Besides  a  reversed  density  gradient,  it  is  neces- 
sary  that  the  carrying  capacity  of  the  lower  sedi- 
ments  is so small  that  the  overlying  material can 
sink  down  into  it.  Such  a  reversed  density  gradient 
was not  demonstrated  by  density  measurements on the 
actual  sediment  series,  even when  water  saturated 
(Vandenberghe & Van  den  Broek 1982). Also the  high 
shear  strengths of the  sediments  in  the  present con- 
ditions,  observed  by  the  same  authors,  would  oppose 

Load  structures  seem  to  be  the  best  explanation 

~~~~~ 3 ~ ~ a t - ~ ~ ~ ~ o ~ ~ ~  ~ ~ ~ o ~ u ~ i o ~ ;  forms par t  of a 
sesies on top of B fomer p e ~ ~ -  

f r o s t .  

any  movement.  Thus  load  structures  require  another 
setting  than  the  present  one. In this  respect  the 
flattened  bottom  (Figure 3 )  and  the  constant  depth 
of many  involutions  are  important  indications.  They 
point  to  the  existence of an impervious  layer. More 
over,  in  all  studied  cases  water-saturated  condi- 
tions - necessary  to  obtain  reversed  density  gradi- 
ents  and low shear  strengths - are  difficult  to 
imagine  in  the  absence  of  an  impervious  layer.  Re- 
markably,  there  are  no  lithological  contrasts  at 
the  base of the  involutions.  Such a flat impervious 
horizon  in  otherwise  permeable  sediments  points to 
the  existence  of  former  permafrost.  This  is  con- 
firmed  by  ice-wedge  casts  starting  downward from 
the  base  of  the  convoluted  zone. 

(Pollard & French 1980) is  melting,  large  amounts 
of water  are  linerated.  Then,  in a flat  landscape 
with  fine  sediments  poorly  drained  oversaturated 
conditions  result  because  the  permafrost i s  acting 
as an impervious  layer.  When  the  meltwater  volume 
exceeds  porosity,  the  lower  sediment  is  made  less 
dense  and  a  reversed  density  gradient  may  originate. 
Moreover,  the  excess  pore  water  pressures  cause  the 
loss of intergranular  contacts  leading  to  liquefac- 
tion so that  cohesion  disappears.  Thus  the  two  con- 
ditions  for  load  structures  are  present  ("perigla- 
cia1  load  structures").  Recently  Washburn  et  al. 
(1978) obtained  pocket  structures  due  to  vertical 
forces  arising  from  natural  density  differences  in 
thaw-frost  experiments.  Original  density  differ- 
ences,  however,  are  not  a  prerequisite  as  real  in- 
volutions  also  occur in completely  homogeneous  sedi- 
ment s . 

Undoubtedly  close  connection  exists  between  ice- 
wedge  casts  and  involutions (see also  previous  sec- 
tion  and  figure 2 ) .  At the  top of a  melting  ice 
wedge  a  downward  movement of the  overlying  soil  will 
be  initiated  preferentially  (Figure 2). The number 
of up-  and  downward  moving  cells  is,  however,  not 
dependent on the  presence  of  ice  wedges  provided 
enough  water  was  produced  at  the  top of the  perma- 
frost.  Moreover,  ice-wedge  casts  may be deformed, 
especially  at  their  top,  or  completely  disturbed. 
Consequently  the  number of ice-wedge  casts  is  less 
than  the  number of original  ice  wedges and stands  in 
no relation  with the  number  of  individual  involu- 

As  the  relatively  ice-rich  top  of  the  permafrost 
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tions. The origination of the  involutions of this 
category in the  yearly  developing  active layer- is 
contradicted  firstly  by  their  amplitude  which i s  
larger  than  the  supposed  thickness  of  the  active 
layer  during  the  cold  periods  in  the  concerned  re- 
gions  (Maarleveld, 1981). Secondly,  a  recurrent  in- 
volution  process  in  the  active  layer  leads  to  a 
completely  homogenized,  structureless  upper  layer 
contrary  to  the  regular  and  symmetrical  structures 
which  are  observed. 
c) Small  scaled  but  rather  strongly  folded  involu- 
tions  are  also  formed  as  load  structures (e1  and 2). 
However,  there  is no indication of the  presence of 
permafrost  (only  small  amplitude, no flattened  bot- 
tom, no associated  ice-wedge casts). Although  the 
development  of  load  structures  requires  conditions 
of  oversaturation  (see b), this  situation  may  be 
seasonal  and  thus  due to local  and  shallow  frost 
and  melt  action. 

egories  b  and c) can only be  realized in sediments 
of low  permeability. This explains  the  intensity of 
involutions in loamy  sediments with impeded  drain- 
age. On the  other  hand  well-drained  coarser  sedi- 
ments,  even  in  the  presence  of  permafrost,  show on- 
ly  weaker  and/or  scarcer  deformations. 

Conditions of oversaturation  due to melting (cat- 

STRATIGRAPHIC  POSITION 

AS periglacial  features  are  excellent  paleocli- 
matic  indicators,  it  is  important to place  them in 
a  stratigraphic  sequence  (Figure 4 ) .  The qualita- 
tive  estimate  of  the  climatic  environment of the 
Weichselian  Pleniglacial  is  based  on  criteria  de- 
rived  from  the  periglacial  phenomena  (Maarleveld 
1976) and on vegetation  characteristics  as  revealed 
in  pollen  diagrams.  Most  striking  is  the  occurrence 
of two  stratigraphic  levels of ice  wedge  casts 
which  are  associated with overlying  large  and  in- 
tense  involutions.  They  represent  two  periods  with 
permafrost  conditions  (Vandenberghe & Krook 1981). 
On top of each  level of involutions  an  extensive 
desert  pavement  occurs. The older  cold  phase  is to 
be  situated  between 50.000 years  BP  and  the  Brbrup- 
interstadial  (Vandenberghe & Van  den  Broek 1982). 
This  corresponds  with  the  age of 62.000 to 70.000 
years BP attributed to the  cold  phase  at  the  begin- 
ning o f  the  Middle  Weichselian  by  Mook & Woillard 
(1982). The  maximum  age of the  younger  cold  phase 
is 26.000 years BP, while  it  is  older  than  the  fi- 
nal development of the  overlying  gravel  bed  and  the 
Upper  Pleniglacial  coversands  on top of  it. Proba- 
bly  this  cold  period  corresponds  to  the  maximum  of 
the  last  big  extension of ice  sheets  and  glaciers 
dated  at  about 18 to 22.000 years  BP  by  many  au- 
thors.  Between  the  two  ice  wedge  levels  only  scat- 
tered  periglacial  phenomena  are  found: e.g. small 
involutions,  narrow  frost  cracks,  etc.  The  long  in- 
terval  between  the  two  very  cold  periods  was  thus 
relatively  milder with  some  minor  oscillations. 
This  has  also  been  found  at  several  occasions  in 
North-America  where  the  beginning  of  the  Middle 
Wisconsin  interstadial  complex  is  dated  at 65.000 
BP. The  period  between f. 20.000 BP  and  the  end o f  
the  Pleniglacial  was in any  case  a  very  dry one, 
characterized  by  the  total  absence  of  fluvial activ 
ity  and  the  presence o f  eolian  sands  and  desert 
pavements.  Although  indications  of  permafrost - 

FIGURE 4 Stratigraphy of Weichselian  deposits  and 
environmental  conditions  in  the  southern 
Netherlands  and  northern  Belgium. 

apart  from  a few sand  wedge  casts - are  missing, it 
was  a  very  cold  period.  Probably  €or  reasons o f  
dryness  and  not  for  reasons  of  temperature  all  per- 
mafrost  phenomena  which  need  ice  are  absent. In ac- 
cordance with  Mook & Woillard (1982) the  first  cold 
maximum  in  the  Weichselian  corresponds with the 
deep-sea  stage 4 (between 61 and 73.000 years BP), 
the  succeeding  long  milder  period with oygen-iso- 
tope  stage 3 (between 29 and 61.000 years BP)  and 
the  second  cold  maximum with the  middle  and  final 
part  of  stage 2 (29 to 11.000 years BP). 
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CRYOHYDROCHEMICAL  PECULIARITIES OF ICE WEDGE  POLYGON 
COMPLEXES IN THE  NORTH OF WESTERN SIBERIA 

Yu. K. Vasilchuk  and  V.  T.  Trofimov 

Moscow  State  University,  Moscow, USSR 

General  conclusions  are  drawn  from new data  derived  from 280 samples  of  wedge  ice 
and 210 samples  from  the  deposits  bounding  the  wedges  which  were  analyzed  for  the 
chemical  composition of their  dissolved  salts.  Slightly  mineralized  and  strongly 
mineralized  ice  of  Pleistocene  and  Holocene  ages  was  identified. It is  emphasized 
that  saline  sea  water  is  involved in the  formation of highly  mineralized  syngenetic 
wedge  ice  in  the  northern  areas  of  Western  Siberia. 

INTRODUCTION 

Most  investigators  believe  that  chemical  composi- 
tion  of  syngenetic  ground  ice i s  closely  related  to 
the  hydrochemical  conditions  existing  at  the  time 
of  formation  and  serves  a5  a  reliable  criterion 
for  paleogeocryological  constructions.  The  data 
on chemical  composition  of  ice wedges,of some 
regions  of  the  USSR  are,  however,  rather  scarce 
(e.g. Volkova  and bmanovskyi 1974, Kondratjeva 
et al. 1976, Lakhtina 1978, Gasanov  1981,  Anisi- 
mova 1981). The  data on hydrochemical  composition 
of  ice  wedges of Western  Siberia  are  also  incom- 
plete.  They  are  discussed  in  the  works of Danilov, 
Solomatin  and  Shmideberg (1980) and  Trofimov  et  al. 
(1975). Because of this  scarcity of chemical data, 
the  authors  analyzed  the  composition o f  water- 
soluble  salts  in  ice  wedges  and in the  deposits 
enclosing  them  from  the  Yamal  and  Gydan  Peninsulas. 

The  primary  objective  of  this study, undertaken 
in  a  vast  and  almost  inaccessible  area with  few 
exposures, was to  analyze  the  chemical  composition 
of  ice  wedges  from  different  thermal  zones  which 
were  enclosed  in  deposits of different  age  and 
origin. To  date, 280 samples  collected  from  ice 
wedges  and 210 samples  from  the  deposits  enclosing 
the  ice  wedges  have  been  analyzed.  In  order  to 
determine  if  variations in chemical  composition, 
both  in  cross-section  and  along  the  length  of  an 
ice  wedge  occur,  the  samples  were  collected  along 
vertical  and  horizontal  transects  and  over  a  "net 
pattern."  It was established  that  the  ice  is  often 
divided  into  mineralogically  distinct  zones  within 
the  wedge  form  that  vary  along  the  length  and  cross 
section  (Figures  1  and 2 ) .  This  phenomenon  is  most 
pronounced  within  cross-sections  characterized  by  a 
higher  salinity.  Configuration of the  zones  of 
different  salinity  is  not  always  regular;  these  are 
often  essentially  asymmetric.  Their  occurrence i s  
apparently  due  to  successive  changes  in  deposition- 
al and  hydrochemical  conditions  at  the  time o f  ice 
wedge  formation. 

It should  a150  be  stated  that  localization  of 
the  area of ice  wedge  cracking  over a period of 
time  long  enough  to  create  a  zone of a  certain 
salinity  is  needed  to  form  such  zones  in  the  body 
of a  wedge.  Without  such  a  localization,  the  zones 
with  distinct  differentiation  of  salinity  are  not 
formed  because  ice  of  small,  infilled  cracks  either 
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entirely  "desalinate"  the  ice o f  a  wedge  (if  these 
are fresher)  or  increase  its  general  salinity. 

RESULTS 

Low salinity of ice  wedges  has  been  confirmed  by 
most  data  from  previous  studies.  This  has  led to 
the  general  conclusion  that  the  salinity of ice 
wedges  does not exceed 0.1 g/R  (Anisimova  1981). 
Although  most  ice  wedges  analyzed  in  this  study  are 
characterized  by  a  rather  low  salinity,  some 
sections  exhibit  higher  mineralization  in  syngene- 
tic  ice  wedges  (Figure 3 ) .  

Ice  wedges  with  an  overall  mineralization  of 
more  than 0 . 2  g/R accounts  for  more  than 10% of 
those  in  the  north  of  Western  Siberia  (Figure 3 B ) .  
Further,  in  28% of the  samples,  the  content  of  the 
chlorine  ions  exceeds 0.02%, while  in 8X of the 
samples  it  is  higher  than 0.1%  (see Figure 3C). 
The  two  characteristics,  namely,  high  minerali- 
zation  and  a  high  chloride  content,  are  probably 
the  most  convincing  indicators  of  paleo-conditions. 
According t o  other  components,  whose  distribution 
is also  heterogeneous,  the  indication  of  paleo- 
conditions  of  ice  wedge  formation  is  complicated 
and  less  distinct.  The  content  of  sodium  and 
potassium ions is  particularly  significant-it  is 
less  than 0.02% in  more  than 80% of the  samples 
(see  Figure 3 D ) .  

In spite of  the  rather  rare  occurrence  of 
salinity  variations  in  ice  wedges,  such  variations 
should  not  be  neglected,  because  they are direct 
indicators o f  marine  or  lagoonal  marine  regimes of 
sedimentation  during  their  formation.  It  is  also 
interesting  that  the  relationship of more  and less 
saline  ice in Pleistocene  and  Holocene  syngenetic 
wedges  is  somewhat  different. 

Thick,  Late  Pleistocene  syngenetic  ice  wedges 
occurring in 1 1 - I V  sections  of  marine  and  lagoonal 
marine  (bay)  terraces in the  north of Western 
Siberia  are  characterized  by  low  salinity.  Accord- 
ing  to  Pitjeva's  classification (1978), all  are 
fresh,  mainly  of  hydrocarbonate-  or  chloride-sodium 
composition.  Mineralization  of  ice  increases from 
0.02 t o  0.1  g/R in  wedges  occurring in sediments 
of marine-lagoon  deposits,  to 0.1-0.5 g/R  in  those 
of  marine  deposits.  Zones  of  different  minerali- 
zation  were  isolated  within  Late  Pleistocene 
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syngenetic  wedges,  otherwise  characterized  by  a 
rather  low  salinity. For example,  in  a  thick  ice 
wedge  located in Late  Pleistocene  strata  of  organic 
and  mineral  deposits  ranging  in  age  from 30,000 to 
22,000 radiocarbon  years BP near  the  Seyakha 
settlement  in  the  center  of  the  East  Yamal,  miner- 
alization  increases  upwards  from 0.04-0.08 to  11- 
0.14 g/R.  This  increase  may  indicate  an  increase 
in  the  amount o f  saline  bay  water  forming  the 
syngenetic  wedge. A comparable  increase  occurs in 
analysis  of  aqueous  extracts  from  organic  and 
mineral  deposits  enclosing  the  wedges.  The  upwards 
increase o f  mineralization  from  1.02  to  1.18-1.60 
g/kg is mainly  the  result  of  higher  contents  of 
sodium  and  potassium  ions,  which are typical  salts 
in  sea  water. 

Among  the  Late  Pleistocene  wedges,  those with 
low  mineralization  are  rather  common.  Even  miner- 
alization  of  syngenetic  ice  wedges  is  often  low  in 
the  strata  of  marine  terraces;  the  amount  of  dry 
residue  does  not  exceed 0.05 g/R. The lowest 
mineralization  is  found  in  the  upper  parts  of 
wedges,  inaluding  relict Late  Pleistocene  wedges 
and  Holocene  epigenetic  ice  that was formed more 
recently  (Trofimov  and  Vasilchuk  1982,  Vasilchuk 
1982). These  facts  are  important when analyzing 
ice  wedges  in  the  field. As is  well  known,  the 
upper  "desalinated"  part  of  wedges  is  most  fre- 
quently  sampled  in  exposures,  wells  and  some 
prospect  holes. 

On the  whole,  the  salinity of ice  wedges  enclos- 
ed in  Holocene  strata  is  somewhat  higher  than  those 
in  Late  Pleistocene  strata  (Figures 3 and 4 ) .  On 
the  other  hand,  it  varies  greatly  in  the  ice  of 
wedges  formed in the  alluvial  deposits  and,  on  the 
other,  in  marine  and  lagoon  deposits  (Figure 4 ) .  

floodplains  and  the  lowest  level  river  terraces 
revealed  that  these  are  fresh  in  the  upper  reaches 
of  rivers,  their  mineralization  being  lower  than 
0.1 g/R (Figure 5A). Downstream,  salinity  tends 
to  increase to a  considerable  extent. In the 
mouths  of  rivers  in  the  strata of the  lowest  level 
terraces  of  laidas  (lagoon-marine)  and  floodplains, 
the  mineralization o f  ice  in  wedges  is  often  more 
than  0.2 g/R, sometimes  reaching  values  of  about 
0.8-1.2 g/R (Figure 2). Wedges  fall  within  the 
class  of  slightly  mineralized  ones,  according  to 
Pitjeva's  classification (1978). 

Cryohydrochemical  analysis  proved  to  be  most 
informative  in  comparing  the  mineralization o f  ice 
wedges  of  floodplains  and  laidas (lagoonmarine) 
in  the  north of Western  Siberia  (Figure 4 ) .  The 
number of samples  analyzed  by  the  authors,  from the 
wedges o f  these two types of Holocene  sediments, is 
approximately  the  same  (Figure 4 A ) .  The  occurrence 
of ice  wedges with  a  value of dry  residue  exceeding 
0.2 g/R in  the  Holocene  alluvial  strata of flood- 
plains  proved  to  be  close  to  zero  (Figure 4B); they 
are,  however,  encountered  in  more  than 22% of  the 
samples  taken  from  Holocene  lagoonal-marine  and 
marine  strata of laidas  (Figure 4 C ) .  Minerali- 
zation  exceeding 0.4 g/R was  found  in  16% of the 
samples  collected  from  the  strata of laidas.  There 
is no doubt  that  a  value  of  mineralization  exceed- 
ing  0.2 g/R should  be  regarded as a  direct  indica- 
tion o f  marine  or  bay  water  participation  in  the 
formation of wedge ice.  But, i'c is  also  rather 
cornon that  rather  fresh  syngenetic ice wedges 

Study o f  Holocene  syngenetic  wedges  in 

occur  even  in  the  relatively  saline  Holocen 
deposits  (Figure 5B). 

.e  marine 

To explain  this  phenomenon,  it is necessary  to 
study  the  mechanism  .of  formation of syngenetic 
wedges  in  the  subaqueous  regime.  The  solution  of 
this  problem  may  be  found  by  comparing  minerali- 
zation of syngenetic  ice  wedges  presently  forming 
on floodplains  and  laidas  and  that of the  water 
sources  which  are  likely  to  flow  into  the  frost 
cracks.  The  analysis  reveals  that: 

frost  cracks  (those  of  the  current  year) on flood- 
plains  and  laidas  is  often  close  to  zero  and  in 
most  cases  does  not  exceed 0.02 g/R. Ice  fillings 
with higher  mineralization  are  probably  formed  also, 
but  none  was  encountered  in  this  study. 

(2) Mineralization  of  water  from  rivers  and 
lakes  ranges  from 0.05 to 0.15 g/R, increasing 
slightly  in  the  mouths  of  valleys  where  salty  lakes 
are  likely to occur  and  river  water  may  be  strongly 
salinated  during  high  tide.  The  salinity  of  the 
Kara  Sea  water i f  7-16 g/R, even  near  the  coast. 

the  Kara  Sea  coastal  parts  and  the  bays,  is  always 
less  than  that  of  the  original  water  source, 
practically  never  reaching  the  value of 1 glk, The 
study  of  Saveljev (1980) explains  this  phenomenon. 
It should  be  noted  that  the  ice  samples  were  col- 
lected  in  summer  during  the  period  of  ice  destruc- 
tion, i.e. when "freshness" of ice  is  the  highest 
(Saveljev 1980). In autumn  during  the  initial  stage 
of  ice  formation,  its  mineralization  may  be  much 
higher. 

of  the  seasonally  thawed  layer  has  rather  similar 
values of mineralization,  varying  from 0.07 to  0.14 
g/R.  Sometimes,  but  not  very  often,  however,  lenses 
of  water with  mineralization  of  up  to 3 .5  g/R  are 
encountered  at  the  base  of  the  seasonally  thawed 
layer  (e.g.  at  the  divides of the  Pemakodayakha 
River  headwaters,  North  Yamal  (Trofimov  et  al. 
1975). 

( 5 )  The  amount of soluble  salts  in  the  deposits 
enclosing  the  wedges  is  generally  much  higher  than 
that  in  the  wedge  ice.  It  is  seldom  lower  than  1-2 
g/kg in alluvial  and  marine  lagoon  deposits,  but 
2.5-5 g/kg  (sometimes  up  to  10-20  g/kg)  in  marine 
(coastal-marine)  deposits. 

ences  in  salt  content  of  ice  wedges  in  different 
depositional  conditions  are  as  fo'llows.  Within 
high  terraces  and  divides, it is exclusively  atmos- 
pheric  water  that  freezes  within the cracks in ice 
wedges  (those o f  the  epigenic type). On high  flood- 
plains  and  laidas,  small  ice  wedges  are  also  formed 
from  atmospheric  water  flowing  into  the  frost 
cracks  (if  the  crack  is  open  to  the  surface) or  
from  the  water  of  the  seasonally  thawed  layer  (in 
the  case  of  intrastratal  frost  cracks).  Water  of 
higher  mineralization  may  occasionally  penetrate 
into  the  cracks  when  there  is  a  salty  lake  nearby 
or as  the  result  of  an  extremely  active  tide or, 
more  often,  a  surge.  Such  tides  and storm surges 
may  occur  only  in  summer when the  sea  or  bay  surface 
is  free  from ice, By  this  time,  however,  the 
majority  of  the  frost  cracks  are  already  closed  and 
thus, i n  only  a few instances will this  water  freeze 
within  the  ice  wedge. 

(1) Mineralization of ice  filling  the  present 

(3) Mineralization  of  an  ice  cover,  both  within 

( 4 )  Chemical  composition  of  supragelisol  water 

Proceeding  from  the  above,  the  origin of differ- 

The  data  obtained on cryohydrochemical 
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variability  testify t o  the  possibility of forma- 
tion of syngenetic  ice  wedges  under  subaqueous 
conditions. In northern  regions  of  the  Yamal  and 
Gydan  peninsulas,  polygonal  ground  has  been 
repeatedly obsemed under  the  water  surface on 
the  bottom  of  shallow  lakes.  It  is  seen  at  a  few 
localities  beneath  bays  and  the  shoreline  zone of 
the  sea.  Less  often,  polygonal  ground  occurs in 
the  shoals  of  river  channels.  Undoubtedly,  a 
similar  situation  was  present  in  the  Pleistocene 
and  Holocene  periods.  But  subaqueous  polygonal 
ground  may  be  inherited,  being  formed  after  flood- 
ing  of  sediments  containing  ice  wedge  polygons  that 
had  formed  previously  under  subaerial  conditions. 
This  does  not  rule  out  the  possibility  of  the  sub- 
aquatic  growth  of  wedges. A complex  structure  of 
syngenetic  wedges  in  saline  marine  (lagoon-marine) 
sediments with their  differentiation  into  separate 
wedges  reflected in  their  general  salinity  (Figures 
1 and 2) and  the  high  content  of  water  soluble 
salts  (including  chlorides),  indicate  that  these 
syngenetic  wedges  may  have  been  formed  under  sub- 
aquatic  conditions  in  the  nearshore  zone  of  bays 
and  seas. 

Certainly,  the  question  arises:  why  do  syn- 
genetic  wedges  that  are so poorly  salinated  occur 
in  marine,  saline  deposits? To discuss  this  ques- 
tion,  one  should  consider  that  the  frost  cracking 
of  wedges  under  a  shallow  sea  takes  place  in  winter 
when  the  overlying  water  layer  is  frozen.  The  ice 
cover  may  fracture  above  the  wedges,  forming  open 
cracks  that  extend  to  the  surface. As a  result, 
the  fractures  may  become  filled with ultra-fresh 
snow  that, on the  one  hand,  prevents  the  penetra- 
tion of sea  water  into  the  frost  cracks  and, on the 
other,  greatly  desalinates  it.  But  it  does  not 
exclude  the  possibility  that  saline  sea  water  may 
penetrate  into  the  body  of  wedges  along  the  frac- 
tures. It is known that  the  ice  covering  the  sea 
contains  a  significant  amount  of  brine. Of import- 
ance  is  the  fact  that  the  lowest  temperature of 
freezing f o r  CaC1, is -55'C (Saveljev 1980) and 
for  NaCl  it  is -22.6'C. During  a  year,  significant 
amounts of brine  percolate  into  the  sea  ice  during 
the  process  of  metamorphism. As shown by  the  data 
collected  by  Saveljev (1980), a  higher  temperature 
in the  ice  cover  during  spring  (March-April)  leads 
both  to  an  increase in the  liquid  phase  and  forma- 
tion of capillary  veins  inside  the  ice  through 
which  intensive  percolation  of  brine  moves  down- 
wards.  Chlorine  ions  are  the  first  to  migrate. 
Water of the  brines  often  mixes with  snow  in the 
frost  cracks,  causing  desalination.  Passing  lower 
into  the  wedge,  it  freezes  as  temperatures  lower, 
forming a small  elementary  wedge  or  zone of i c e  
whose  salinity  is one tenth  or  one  fifteenth  of 
that o f  the  sea  water  (original)  and  one  third  or 
one  fourth  of  the  salinity  of  the  ice  cover.  Its 
mineralization,  however,  is  often  one  or  two  orders 
higher  than  that  of  atmospheric  moisture  that  fills 
frost  cracks  under  subaerial  conditions.  This 
occurs  even  after  the  water  has  flowed  down  the 
walls  of  frost  cracks  in  rather  saline  rocks. 

CONCLUSION 

Although  there  are  various  factors  preventing 
the  formation  of  highly  saline,  syngenetic  ice 

wedges,  the  results  of  this  study  indicate  that 
rather  saline  (with  mineralization  exceeding 0.2 
g/L) syngenetic  ice  wedges  occur  in  a  series of 
outcrops of Late  Pleistocene  and  Holocene  sediments. 
The  presence  of  saline  ice  wedges  makes  it  possible 
t o  identify  the  genesis  of  the  sedimentary  strata 
as  marine OX lagoonal-marine  and  testifies  to 
extremely  severe  climatic  conditions  at  the  time of 
deposition,  otherwise  subaqueous  growth  of  ice 
wedges  would  have  been  impossible. 
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FIGURE 1 Cross-section  showing  zones  of  ice of different  salinity  within a syngenetic  ice  wedge  located 
in  the  Holocene  deposits of the  high  laida of Gydan Bay, Eastern  Yawaji, 0.2 km north of the  Ilongatalyang- 
jakha  River  mouth. 1 - peat; 2 - loam; 3 - sandy loam; 4 - silty  non-stratified  sand; 5 - horizontally 
stratified  sand; 6 - fine  non-stratified  sand; 7 - deformed  member of interstratified  sand  and  peat  at 
the  contact  with  the ice; 8 - ice of the  presently  growing  small  wedge; 9 - the  place of sampling  and  the 
number  of  sample; 10-12 - ice  of  different  mineralization:  the  value  of  dry  residue is lower  than 0.08 
g/ll (101, ranges  from 0.08 to 0.12 g/R (11) and  exceeds 0.12 g/R (12). 

11 
M 

FIGURE 2 Cross-section  showing  zones  of  ice  of  different 
salinity  within  a  syngenetic  ice  wedge in the  Holocene 
deposits  of  the  lowermost  marine  terrace on Belyi  Island 
(northwestern  coast in the  vicinity  of  the  polar  station). 
1-3 - ice of different  salinity: the value of dry  residue 
ranges  from 0.4 to 0.5 g/R (l), from 0.5 t o  0.8 g/R ( 2 )  and 
exceeds 0.8 g/R ( 3 ) .  The other  symbols  correspond  to  those 
of 1-9 in Figure 1. 
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FIGURE 3 Relationship of the  number of samples analyzed from the  Pleistocene  and  Holocene 
ice  wedges ( A ,  total  number of samples  is 281) and  histograms  presenting  distribution of dry 
residue  values ( B ) ,  chloride  cations  content ( C ) ,  and  total  content of sodium  and  potassium 
anions (Dl. 1 - in  ice  wedges of the  Holocene  period; 2 - in ice  wedges of the  Late 
Pleistocene  period. 

A 6 

n-I02 

FIGURE 4 Relationship of the number of samples  analyzed from ice  wedges (A) in  marine and 
lagoon-marine (1) and  alluvial (2) Holocene deposits  and  histograms of distribution of dry 
residue  values of ice  wedges  in  alluvial  (floodplain)  strata (B) and in marine and  lagoon- 
marine  (laida)  strata (C) .  
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FIGURE 5 Cryohydrogeochemical  peculiarities of ice  wedges  within  alluvial  deposits  in  a  floodplain in 
the  middle  reaches of the  Tanama  River, Central Gydan (A) and  within  marine  deposits o f  the  lowermost 
terrace on the  western  coast of Yamal  Peninsula, 10 !an north of the  Kharasawaya  River (B). a - chemical 
composition of wedge  ice; b - chemical  composition  of  deposits  enclosing  wedges; 1 - orientation of 
stratification in a wedge  (enclosure of ice  wedges of different  texture); 2-3 - dry  residue  values  of 
less  than 0.08 g/R (2) and  more  than 0.08 g/R (3 ) ;  4 - location  of the sample  dated  by  the I4C technique. 
Note:  Dry  residue  content  in  aqueous  extract  from  sediments i s  given  in g/kg for  comparison  to  minerali- 
zation (e/&) in ice. 
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ABSTRACT 

In 1968,   f ros t   tubes  were i n s t a l l e d   i n t o   t h e   p e r m a f r o s t   i n  a white  
spruce-black  spruce/Ledum groenlandicum/Hylocomium stand  near   Fairbanks,   Alaska,  
and  the  annual   cycle   of   f reezing  and  thawing was monitored  from  then  through 
1982. The annual   f reezeback  of   the  act ive  layer   began i n  mid-October. The d a t e  
t h e   a c t i v e   l a y e r  was comple te ly   f rozen   var ied   wi th  snow depth  and a i r  temper- 
a ture:   complete   f reezing was as  e a r l y  as  December 1 3   a n d   a s   l a t e  as January 28.  
Snow cover was usua l ly  permanent  by  October 8 and  the las t  snow was usua l ly  
melted by  May 6. Thawing from  the  surface downward i n   t h e   s p r i n g  was d i r e c t l y  
r e l a t e d   t o   t h e  t h a w  index. Thawing began as  e a r l y  a s  Apri l   20  and as la te  as 
May 7.  Maximum thaw  depth  ranged  from  54 t o  61 c m ,  wi th  an average  of  58 cm. 
Foots teps  of  the  observers  compacted some vege ta t ion   a long   t he i r   rou te   r e su l t i ng  
i n  a s l i g h t   d e p r e s s i o n   i n   t h e   l o w e r   s u r f a c e  of t h e   a c t i v e   l a y e r   u n d e r   t h e i r  
t r a i l ,  bu t   there  was no   s ign i f i can t   d i f f e rence  i n  t h e  thaw  depths  adjacent t o  
t h e   f r o s t   t u b e s   a f t e r   1 4   y e a r s .  Use o f   f r o s t   t u b e s  i s  a r e l i a b l e  way t o  
de te rmine   the   annual   f reez ing   and   thawing   cyc les   in   the   ac t ive   l ayer  for per iods  
of a t  least 14   years .  

INTRODUCTION 

In   in te r ior   Alaska ,   permafros t   under l ies   mos t  
of t h e   f o r e s t e d   s t a n d s  in low-lying  areas  and  on 
nor th- fac ing   s lopes .   Seasonal   var ia t ion   in   the  
rate and  depth  of  both  annual  thawing  and 
f r e e z i n g   o f   s o i l  may be  important  to  ecosystem 
processes ,   but  l i t t l e  information i s  a v a i l a b l e  on 
such   so i l   a c t iv i ty .   In fo rma t ion  i s  accumulating 
on t h e   e f f e c t s  of f i r e  and   o ther   d i s turbance  on 
the   th ickness  of t h e   a c t i v e   l a y e r  (Mackay 1977a; 
Racine  1980;  Viereck  1973,  1982;  Viereck  and 
Schandelmeier  1980; Wein and Bliss 1973) .  
Changes i n  mean annual  temperature are  p red ic t ed  
for nor thern   reg ions ,  a r e s u l t   o f   i n c r e a s i n g  
atmospheric COz. It i s  therefore   important  
tha t   base l ine   in format ion   be   ob ta ined  on 
thickness  of t h e   a c t i v e   l a y e r  i n  n a t u r a l   s t a n d s  
i n  many areas .   Base l ine   da ta  are e s p e c i a l l y  
important i n   a r e a s   s u c h  a s  Fairbanks,  where a n  
increase of 20-30C  mean annual  temperature 
might   resu l t  in considerable   mel t ing of 
permafrost.  Thie  (1974)  found  that i n  a r eg ion  
near   the   southern  limits of  permafros t ,   the  area 
of  permafrost had been  reduced  from 60 t o  15% by 
climate amelioration i n   t h e   p a s t   1 2 0   y e a r s .  
Permanent or long-term  monitoring  of  the  active 
l a y e r  w i l l  be  important i n  showing t h e   e f f e c t s   o f  
climatic change  on  permafrost. 

This   paper   reports  on the  annual   f reezing  and 
thawing c y c l e  o f  t h e   a c t i v e   l a y e r   o v e r  a 14-year 
per iod (1969-82). In   1968 ,   t h ree   f ros t   t ubes  
were i n s t a l l e d  in a 70-year-old mixed s tand of 
black  spruce  and  white  spruce  located  about 5 km 
north  of   the   Fairbanks campus of   the   Univers i ty  
of  Alaska,  a t  an e leva t ion   o f  215 m. Their 

i n s t a l l a t i o n  was par r   o f  a s tudy   t o   de t e rmine  how 
e f f e c t i v e   f r o s t   t u b e s  were i n  measuring  the 
depths  of soil   freezing  and  thawing.  Design  of 
t he   f ros t   t ubes   and  a report   of   their   performance 
i s  presented i n  Rickard  and Brown (1972). 

SITE DESCRIPTION 

The f r o s t   t u b e s  were i n s t a l l e d   i n  a s t and  
c l a s s i f i e d  as Picea  glauca-E.  mkriana/Salix 
glauca/Ledum Rroenlandicum/Pleurozium schreberi  
(Viereck  and  Dvrness  1980). The stand  developed 
a f t e r  a f i r e  in  about  1914.  White  spruce trees 
were  dominant,  with a d e n s i t y  of 2,00O/ha, an  
average  diameter  of 6.0 c m ,  and a height  o f  
10 m. A few  black  spruce trees, wi th  a d e n s i t y  
of 400/ha  and an  average  diameter   of  6.4 c m ,  were 
in t e r spe r sed .  Ages of t h e  trees ranged  from 50 
to   abou t  70 years .  The tree canopy was about 30 
percent .  

primarily  of  decadent willows (Sa l ix   g lauca  L.) 
has a cover   value  of  20% wi th  a stem dens i ty   o f  
approximately  15,000  stemslha. A low shrub   layer  
( < I  m ) ,  p r imar i ly  Ledum groenlandicum  Oeder., 
Vaccinium  uliginosum  L.,  Vaccinium v i t i s - idaea  
L . ,  and  Spiraea  beauverdiana  Schneid. , forms a 
near ly   cont inuous  cover  on t h e   f o r e s t   f l o o r .  A 
t h i ck   ca rpe t  of feathermosses,   both Hylocomium 
splendens (Hedw.) B.S.G.  and  Pleurozium 
schreber i   (Br id . )  Mitt. covers most of t h e   a r e a ,  
except in depressions where Sphagnum 
warnstorfianum  DuRietz i s  common. P e l t i g e r a  
aphthosa (L . )  Willd. i s  the  only  abundant 
l ichen,   local ly   forming  mats  on the  feathermosses .  

A t a l l   s h r u b   l a y e r  (>Z m), cons i s t ing  
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The s o i l   i n   t h e  area i s  a Minto s i l t  loam 
(Rieger e t  a l .  1963).  These s o i l s  are developed 
i n  micaceous s i l t y   m a t e r i a l  and are o f t e n  
o v e r l a i n  by ice-rich permafrost. A typ ica l   Minto  
silt  loam has approximately 10% sand,  80% s i l t ,  
and 10% clay.  A t  t he   s tudy  s i te ,  permafrost  
under l ies   the   so i l ,   bu t   thermokars t  i s  conspic- 
uous  adjacent  t o  t h e  site. The over ly ing   organic  
l a y e r   v a r i e s  from 24-40 cm i n  thickness  and 
comprises   an  01  (F)   layer  15-20 cm t h i c k   o v e r   a n  
02 (H)  humus l a y e r ,  5-10 c m  thick.  The l i v i n g  
moss layer   averages  about  5 c m  th ick ,   ranging  
from 2 cm under  the  spruce trees t o  10 cm i n   t h e  
most dense hummocks. 

METXODS 

Each f r o s t   t u b e   c o n s i s t e d   o f   a n   o u t e r  3.4-cm 
diameter   polyethylene  tube,   sealed a t  the  bottom 
and  permanent ly   f rozen  into  the  permafrost ,   and 
extending 1 m above t h e  moss mat surface.  An 
inner,   removable  polyethylene  tube,  2 cm i n  
diameter ,   contained a fluorescein-saturated  sand 
mixture that  changed  from  green t o   y e l l o P p i n k  
when f r eez ing .  Extreme care was taken   to   keep  
d i s t u r b a n c e   o f   t h e   n a t u r a l   v e g e t a t i o n   t o  a 
minimum  when i n s t a l l i n g  the tubes.  Three snow 
s t akes  were a l s o   i n s t a l l e d   a d j a c e n t   t o   t h e  
tubes.  

during the 14-year  study. Outing e s p e c i a l l y  
important  periods,   such as the f i r s t  thawing i n  
May o r  June  and  freezing i n  October  and November, 
the si te was v i s i t e d  weekly.  Another  important 
per iod was in mid-December t o   l a t e   J a n u a r y  when 
t h e   s o i l   p r o f i l e  became completely  frozen. The 
s i te  was a l s o   v i s i t e d   e a c h  week during that 
per iod.   After  t h e  tubes became f r o z e n   t h e  s i te  
was v is i ted   once  a month o r   a f t e r   m a j o r  snow 
s torms ,   to   de te rmine  snow depth. In middle t o  
l a t e  summer, when changes i n  thaw depth were only 
1-2 cm per week, t h e  s i te  was v i s i t e d  a t  2-week 
i n t e r v a l s   t o   m i n i m i z e   d i s t u r b i n g   t h e   v e g e t a t i o n  
and su r face   o rgan ic   l aye r s .  

Because v i s i t s   t o  the sites were i r r e g u l a r ,  
d a t a  were organized by pen tads ,   o r  5-day 
per iods.  There were thus 73 pen tads   fo r  each 
year.  Because v i s i t s   t o  t h e  site were in f r equen t  
during late winter ,   da ta   on  snow depth were 
summarized by groups  of 3 pentads; i n   o t h e r  
words, 15-day o r  half-month  periods.  This proved 
e s p e c i a l l y   u s e f u l   i n  summarizing t h e  14 years   o f  
data .  

Two indexes,   one  €or  freezing  and  one for 
thawing, were ca lcu la ted   us ing  PC as a base 
and d a i l y  mean temperatures  from the Nat ional  
Weather 'Bureau s t a t i o n  a t  the Fa i rbanks   a i rpor t .  
A day with an  average  temperature   of  +joC would 
c o n t r i b u t e  5 O  t o  t he  thaw index,  whereas a day 
with  an  average  temperature   of  -5OC would 
con t r ibu te  5') t o   t h e   f r e e z e   i n d e x .   T h e s e  are 
indexes;   actual   temperatures  a t  t h e  s i t e  could 
have va r i ed  by several   degrees  from  those a t  t h e  
Fa i rbanks   a i rpo r t ,   e spec ia l ly   du r ing   pe r iods   o f  
extreme  cold  and  strong  temperature  inversions. 

shrubs on the s i te  were descr ibed   us ing   th ree  
c i r c u l a r   p l o t s   c e n t e r e d  on t h e   f r o s t   t u b e s .  

Readings  were made a t  i r r e g u l a r   i n t e r v a l s  

In  1977,  mosses , l i c h e n s ,  herbs, and  low 

Density  and  diameter  of trees and t a l l  shrubs 
were determined on one 2 5 0 - 1 ~ ~  c i r c u l a r   p l o t  
centered on the middle   f rost   tube  (no.  2 ) .  

In September  1981, 18 m2 of the s tudy area 
was d iv ided   i n to  a 25-cm g r i d  and t h e   v e g e t a t i o n  
mapped. A t  each  corner  oE the g r i d ,   d i s t a n c e  was 
measured t o  the moss sur face   and   to   the   base   o f  
t h e   a c t i v e   l a y e r .  From t h i s   p r o f i l e  of t h e  
vege ta t ion   sur face   and   the   lower   sur face  o f  t h e  
a c t i v e   l a y e r ,  the conf igu ra t ion  o f  the   upper  
boundary  of  the  permafrost   layer  could  be 
determined. In add i t ion ,   t he   t h i cknesses  of the  
l i v i n g  moss, 01 (F)  and 02 (H) l ayers ,   and  
m i n e r a l   s o i l   t o   p e r m a f r o s t  Here recorded a t  18 
p o i n t s   i n   t h e   g r i d .  During t h e  summer of  1981, 
t he   dep th  t o  t h e   f r o z e n   l a y e r  was probed with a 
steel rod a t  10 p o i n t s  in a l i n e   a d j a c e n t   t o  the 
f ros t   tubes   and  a t  1 0   p o i n t s   i n   t h e   t r a i l   c r e a t e d  
by the observers.  These  measurements were made 
12 times dur ing   the  summer of 1981. 

RESULTS 

Thawing 

Figure 1 shows the seasonal   p rogress ion  of 
freezing  and  thawing a t   t h e   s t u d y  site. Thawing 
from t h e   s u r f a c e  downward i n  the spr ing i s  
d i r e c t l y   r e l a t e d   t o   a i r   t e m p e r a t u r e   ( t h a w   i n d e x )  
and t he   pe r s i s t ence   o f  snow from  the  previous 
winter.   Usually  thawing of the upper 10 cm of 
so i l   occu r s   be fo re  a l l  o f  the snow has  melted. 
Thawing began a s   e a r l y  as  A p r i l   2 0   i n  1970 and as  
la te  as May 7 in 1982,  with  an  average  beginning 
thaw da te   o f  May 1. Thawing i s  r a p i d ,   w i t h  50% 
of t h e  thaw depth reached by June 30, and 75-80% 
by t h e  end of Ju ly .  The maximum thaw depth,  
which ranged from 54 t o   6 1  cm and  averaged 58 cm. 
occurred  from mid-August t o  mid-September. 

The thaw dep th   c lose ly   fo l lows   t he  accumu- 
l a t e d  thaw  index. The f i r s t   d a y s   w i t h   a n   a v e r a g e  
temperature  above O°C usual ly   occur  in mid- 
Apr i l ,   a l though i t  may be la te  A p r i l   i n  some 
years .  In 1972, thaw d i d   n o t   b e g i n   u n t i l  May 5. 

There i s  a c l o s e   l i n e a r   r e l a t i o n s h i p  between 
thaw  depth  and the time  since  thaw  began  €or the 
period  from  mid-April t o  the end o f  August. 
There i s  a l s o  a l i n e a r   r e l a t i o n s h i p  between  thaw 
depth  and  the t h a w  index. A r eg res s ion  of t h e  
thaw dep th   aga ins t   t he  thaw index   g ives  a 
c o e f f i c i e n t  o f  determinat ion ( K 2 )  va lue   o f  
0.97. The r eg res s ion   equa t ion   fo r  the thaw  depth 
i s  

where Y = the depth of thaw,  and T = the thaw 
index in OC. 

Maximum thaw dep th   fo r   t he   yea r   va r i ed  by 
7 cm during  the  14-year   per iod.  When  maxinlum 
thaw  depth i s  compared w i t h  the to ta l   accumula ted  
t h a w  i n d e x   f o r   t h e   y e a r ,   t h e r e  i s  no   co r re l a t ion .  
This  may i n d i c a t e   t h a t   o t h e r   f a c t o r s ,   s u c h  as the 
f r e e z i n g  index from the previous winter or precip- 
i t a t i o n  from t h e  summer, may i n f l u e n c e   t h e  maxi- 
mum thaw depth   for   any   g iven   year .  

between l a t e - ly ing  snow and the thawing  of  the 
It i s  p o s s i b l e   t o  draw on ly   gene ra l   r e l a t ions  
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FIGURE 1. Annual  freeze-thaw  profile o f  t h e   s t u d y   s i t e  ( A ) ,  thaw  and freeze  indexes ( E ) ,  and snow 
depth ( C ) .  Points   are   average and range for t h e  14-year pe r iod ,  1969-1982. Time i s  shown i n  
pentads  (73  f ive-day  periods pe r  year) and by months. 

So i l .  For tundra   reg ions ,  Goodwin and  Outcalt  
(1975)  used a computer  model t o  show t h a t   w i n t e r  
snow depth  affected  both  the time o f   ac t ive   l aye r  
thaw  and t h e  maximum d e p t h   t o  which i t  thawed. 
In our   s tudy   i n   t he   Fa i rbanks  area, where sp r ing  
thawing i s  r ap id  and t h e  summer thawing  season 
long, snow depth   the   p rev ious   win ter   d id  not  seem 
t o   a f f e c t   t i m i n g   o f  thaw.  For  example, i n  1971, 
year  of t h e   h e a v i e s t  and la tes t  snow dur ing   the  
s t u d y ,   s o i l  began t o  thaw on May 5, even  though 
snow remained on t he  ground f o r   a n   a d d i t i o n a l  1 7  
days.   In  a l i g h t  snow year   such as 1980 or   1981,  
s o i l  began to thaw on May 5, bu t   the  snow had 
completely  melted by tha t   da t e .  

Freezing 

The  annual   f reezeback   of   the   ac t ive   l ayer  
from t h e   s u r f a c e  downward begins  during  October. 
Freezing is usua l ly   r ap id  and the   who le   ac t ive  
layer   can   be   f rozen  a s  e a r l y   a s  December 13. The 
average  date ,  however , i s  January 7. The la tes t  
da t e   o f   t o t a l   f r eezeback  was January 28 ( i n  
1979). The f a l l  and  winter  of 1978-1979 were 
r e l a t i v e l y  warm and  there  w a s  only a moderate 
(50-cm) snow accumulation by la te  January.  

does  the  thawing. This i s  p r o b a b l y   r e l a t e d   t o  
two f a c t o r s .   F i r s t ,   t h e   a n n u a l   f r e e z e   i n d e x   h a s  
a much wider  range  and  standard  deviation  than 
does  the  thaw  index  (freezing  index  averaged 

Annual freezeback shows more v a r i a b i l i t y   t h a n  

2998'C, ranging  from 2162' t o  3673'C, with a 
s tandard   devia t ion  of  513; thaw  index  averaged 
2019'C, ranging  from 1858' t o  2226'C, w i th  a 
s tandard   devia t ion   of   109) .  The second  factor  i s  
va r i a t ion   i n   t iming   o f   snowfa l l ,   e spec ia l ly   ea r ly  
and  heavy snow before  the  ground i s  deeply 
frozen.   Thick  and  ear ly   snowfal l   insulates   the 
ground  from  cold a i r   t empera tu res  and  slows  the 
descent   of   f reezing  into  the  ground.  

As with  thawing,  the  depth of the   f reez ing  
l i n e  showed a c l o s e   l i n e a r   r e l a t i o n s h i p   t o   t h e  
elapsed time since f r eez ing  began f o r   t h e   p e r i o d  
from early  October  through December. It a l s o  
showed a linear r e l a t i o n s h i p  t o  the   f r eez ing  
index.  Using  only  the  freezing  index as a 
var iab le   aga ins t   the   depth  o f  f r eeze  l i n e ,  the 
following  equation was obtained:  

Y - 0.02167F + 10.977 ( 2 )  

where Y = t he   dep th   o f   f r eeze  in cm and F = t h e  
f r e e z i n g   i n d e x   i n  OC. The coe f f i c i en t   o f  
determinat ion ( R 2 )  v a l u e   f o r   t h i s   r e g r e s s i o n  
was 0.645. 

a c t i v e   l a y e r  upward from the   top   o f   the  
permafrost .   This 5-10 cm of f r eez ing  upward 
begins i n  mid-September and   cont inues   un t i l  i t  
meets   the  f reezing  l ine  descending  f rom  the 
s u r f a c e   i n  mid-December t o  l a te  January. 

There i s  a l s o  some annual   f reez ing  of t h e  
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The effect  of snow depth  on the f r e e z i n g   r a t e  
of s o i l  i s  d i f f i c u l t   t o   e x p r e s s   m a t h e m a t i c a l l y  
because time of  snowfal l ,   densi ty  of  snowpack, 
and  timing  of the co ld   spe l l s   ( i . e . ,   be fo re   o r  
a f t e r  a heavy snow) a l l  i n f l u e n c e   t h e   r a t e  of 
f reezing.   Figure 1 shows the average  snowfall  
and  range  averaged  for  periods  of  three  pentads 
fo r   t he   14   yea r s   o f  the study.  Permanent snow 
cover   usual ly   occurred by October 8 (range: 
September 23 t o  October  25)  and  the last snow 
was usua l ly  gone  from t h e  s i te  by May 6 (range: 
Apr i l   28   t o  May 20). Maximum snow dep ths  a t  the  
s i te  varied  from 27 c m  during the winter  of 
1969-1970 t o  107 cm i n  the winter   of  1970-1971. 
The maximum snow depth  averaged 60 c m  f o r  the 
14-year  period. Adding snow as a second  var iable  
in the r eg res s ion   equa t ion   fo r   f r eeze   dep th  
inc reases  the R2 value by only a small amount. 

Figure 2 ,  which compares  depth  of snow, f r eez ing  
index,  and  depth of f r e e z e   l i n e   f o r  two con t r a s t -  
ing winters--1970-1971, when  snow accumulation 
reached 100 cm by mid-December, and  1980-1981, 
when snow depth  reached  only 28 c m  i n   e a r l y  
December and s e t t l e d   t o  22 c m  by mid-January. 
The f reez ing   index  was about  the same through  the 
end of  December (1315OC f o r  1970  and  1345% 
for  1980).   January  1971 was much co lder   than  
January  1981,  however,  with  an  accumulated 
f reez ing   index  of 2377OC i n  1971  compared wi th  
1579OC i n  1981. I n   s p i t e  of the s i m i l a r i t y   i n  
f r e e z i n g   i n d e x e s   i n  the ea r ly   pa r t   o f   t he  two 
win te r s ,  the  a c t i v e   l a y e r   f r o z e  much more slowly 
i n  1970  than i n  1980. Large  amounts  of  early- 
season snow provided   insu la t ion   to  the s o i l  and 
slowed f r e e z i n g   i n  1970. 

E f f e c t s  of human dis turbance 

The e f f e c t  of snowfal l   can  best   be  shown i n  

Despi te   the care t a k e n   i n   i n s t a l l i n g  the 
f r o s t   t u b e s  and i n   v i s i t i n g   t h e  si te,  a t r a i l  
developed  about 70-100 cm from the  tubes.  When 
measurements were t a k e n   i n   1 9 8 1   ( d e s c r i b e d   i n  
"Methods") , it was obvious tha t  the t ra i l  had 
caused a l i n e a r   d e p r e s s i o n   i n   t h e   v e g e t a t i o n ;   i n  
t h e  depression,  sphagnum moss w a s  r ep lac ing   t he  
feathermosses  and  shrubs. 

Probes  taken  during summer 1981  indicated the 
depth of thawing  from  the  surface  of  the  vegeta- 
t i o n  downward was no t   s ign i f i can t ly   g rea t e r   unde r  
the observers '  t rail  than it  was under  the  undis- 
turbed  vegetat ion.  A s t a t i s t i c a l  comparison  of 
t h e   d i f f e r e n c e s   i n  thaw depth was not attempted 
because  the  data   did  not  meet t h e  cr i ter ia  f o r  
an   appropr i a t e  test. Examining  thaw depths  
determined  both by the probing  and  frost   tubes 
ind ica t e s   t he   va lues  are similar excep t   fo r  
May 1 6 ,  when t h e   d i f f e r e n c e  between the  average 
of  measurements  of the three f r o s t   t u b e s  and t h e  
10  probe  measurements is  4.8 cm. The probe 
measurements  taken i n   t h e  t r a i l  are similar t o  
t h o s e   t a k e n   i n  the undis turbed  vegetat ion,   but  
because  the  surface i s  lower ,   they   ind ica te  a 
s l i g h t   i n c r e a s e   i n   t h e  thaw  depth  under  the t ra i l .  
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' FIGURE 2. Freeze-thaw p r o f i l e  ( A ) ,  f reeze   index  
( B )  and snow depth ( C )  f o r  September 3 t o  January 
30, 1970-1971  and 1980-1981. 

P ro f i l e s   t aken   ac ross  the t r a i l  a t  each   f ros t  
tube showed tha t   there   has   been  some deeper thaw 
in to   t he   o r ig ina l   pe rmaf ros t  as a r e s u l t   o f   t h e  
t r a i l   ( F i g u r e  3 ) .  This  thawing o f  permafrost  
under  the t ra i l  does  not seem t o  have affected 
t h e  thaw  depth  of the a c t i v e   l a y e r  a t  f r o s t   t u b e s  
1 and 2 but may have r e s u l t e d   i n  a s l i g h t  
i nc rease  in the thaw depth a t  f r o s t   t u b e  3.  
Human d i s tu rbance  i s  always a f a c t o r   i n   s t u d i e s  
of permafrost   under   natural   condi t ions.  Such 
d i s tu rbance  makes i t  e x t r e m e l y   d i f f i c u l t   t o  
monitor  natural   changes i n  the a c t i v e   l a y e r   o v e r  
long   per iods   o f  time. 

DISCUSSION 

Brown and  Grave  (1979)  summarize  information 
on  measurements   of   the   act ive  layer  in the t a i g a  
and tundra  of  North America and  the  Soviet  Union. 
They g i v e  maximum thaw d e p t h s   f o r   v e g e t a t i o n  
types  and  geographic areas but  do not   provide 
information  on the v a r i a t i o n   i n   t h e   a c t i v e   l a y e r  
th ickness   dur ing  the thawing  season  or  year-to- 
yea r   va r i a t ions .  Most s t u d i e s  on which  they 
r epor t  measured t h e   t h i c k n e s s   o f   t h e   a c t i v e   l a y e r  
i n  1 yea r   on ly ,   u sua l ly  from mid-August t o  
mid-September, t h e  time previously  determined 
(Brown e t  a l .  1969, Dingman and  Koutz  1974) as  
t h a t  of maximum seasonal  thawing.  Rouse  (1982) 
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FIGURE 3.  P r o f i l e s   o f   t h e   f o r e s t   f l o o r   a n d  
a c t i v e   l a y e r   a d j a c e n t   t o   t h e   t h r e e   f r o s t   t u b e s ,  
showing the effect o f  t h e   t r a i l  on thaw  depth. 

d i d  show both   the   seasonal  t h a w  and   f r eeze   l i ne  
for   fores ted   and   tundra  areas near   Churchi l l ,  
Manitoba. He a l s o  showed t h a t   t h e r e  was some 
v a r i a t i o n  i n  t he   ac t ive   l aye r   t h i ckness   du r ing  
the  2 y e a r s   o f   h i s   s t u d y ,  which was r e l a t e d  t o  
the length-of-thaw  period as w e l l  as t o   n e t  
r a d i a t i o n   r e c e i v e d   a t   t h e  s i te .  

over  a 4-year per iod  of   about  8 cm I n   t h e   a c t i v e  
l aye r   t h i ckness   ( ac tua l ly   r epor t ed  as t h e  
thickness  of t h e  thawed m i n e r a l   s o i l )   o f   c o n t r o l  
p l o t s   i n  a black  spruce  stand.  Dyrness  suggested 
that the a n n u a l   i n c r e a s e   i n   a c t i v e   l a y e r  
th ickness   could   p robably   be   a t t r ibu ted   to   removal  
of the ove r s to ry  trees even  though  the  forest  
f l o o r   v e g e t a t i o n  was undisturbed.  Viereck  (1973) 
reported a similar change i n   a c t i v e   l a y e r  
thickness of a b l a c k   s p r u c e   s t a n d   i n  which t h e  
ove r s to ry  had  been removed f o r  a s tudy on 
biomass. I n  a study of t h e   e f f e c t s  of a n   o i l  
s p i l l  on permafrost  i n  a black  spruce  stand i n  
the   Fa i rbanks  area, Johnson e t  a l .  (1980) showed 
an i nc rease   i n   t hawing   ove r  a 2-year  period o f  
about  20 cm f o l l o w i n g   a n   o i l   s p i l l ,   b u t   o n l y  a 
0.4-cm d i f f e r e n c e  between y e a r s   i n   a n   u n d i s t u r b e d  
con t ro l .  

deve loped   for   p red ic t ing  thaw  and f r eeze   dep ths  
using thermal conduc t iv i ty  and d i f f u s i v i t y   o f   t h e  
s o i l  and  heat  f luxes a t  the s u r f a c e   a n d   i n   t h e  

Dyrness  (1982)  reported a gradua l   i nc rease  

A number of  complex  models  have  been 
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s o i l  ( f o r  example McGaw e t  a l .  1978,   Outcal t  e t  
a l .  1975,  Scott   1966).  Most of  these  models are 
for  tundra.  These  models  could  nor  be  used i n  
our  study  because  no  measurements  of  temperature 
o r   s o l a r   r a d i a t i o n  were made a t  t h e  site. 

depth  of  thawing wi th  more g r o s s   a s p e c t s  o f  
climate, solar   inputs ,   and  topography.  Dingman 
and  Koutz  (1974) showed a weak c o r r e l a t i o n   i n   o n e  
watershed i n   i n t e r i o r  Alaska between  thickness  of 
t h e   a c t i v e   l a y e r  and an   equ iva len t   f ac to r  of 
l a t i t u d e ,   a n d  a s l i g h t l y   h i g h e r   c o r r e l a t i o n  
between the thickness  of  t h e   a c t i v e   l a y e r   a n d  a 
po ten t i a l   i n so la t ion   i ndex .  Brown and Grave 
( 1 9 7 9 )   r e p o r t   a n   i n c r e a s e   i n   a c t i v e   l a y e r  
thickness  a t  Prudhoe  Bay,  Alaska, a s  a func t ion  
of   dis tance  a long a s t rong  summer temperature 
g rad ien t  from t h e   c o a s t   t o  warmer inland 
locali t ies.   Dyrness  and  Crigal  (1979)  found 
changes i n   t h e   a c t i v e   l a y e r   t h i c k n e s s   a l o n g  a 
s l o p e   t r a n s e c t  tha t  were r e l a t e d   t o   s l o p e   p o s i -  
t i o n ,   v e g e t a t i o n ,  and  organic   layer   thickness .  
More de ta i led   observa t ions  are needed  on  varia- 
t i o n s  i n  a c t i v e   l a y e r   t h i c k n e s s  w i t h  time, w i t h  
d i s tu rbed  and  undis turbed  vegetat ion,   and with 
env i ronmen ta l   f ac to r s   t o   a id  in the  development 
of  predictive  models.  

Comparison of Measurements 

Some attempts  have  been made t o   c o r r e l a t e   t h e  

Comparison of thaw depths  measured by steel 
probe  and  f rost   tube show close  agreement  between 
the  two methods. Mackay (1977b)  has shown t h a t  
probing may overes t imate   ac t ive   l ayer   th ickness  
In some so i l   t ypes   because   t he   p robe   en te r s   t he  
f rozen  zone w i t h  l i t t l e  o r  no r e s i s t a n c e .  He 
found,  however, that i n   f i n e   s o i l s   w i t h   h i g h  ice  
con ten t ,  as i n   o u r   s t u d y ,  the probe  did  measure 
thaw depth   accura te ly .  The f ros t   tube ,   however ,  
can  measure  freezeback i n   t h e   f a l l ,  which i s  
impossible   with t h e  s teel  probe. 

SUMMARY AND CONCLUSIONS 

Fros t   t ubes  are usefu l   devices  for measuring 
annual  freezing  and  thawing i n  undis turbed 
vege ta t ion  and were successful ly   used i n   t h i s  
s tudy   for   14   years .   There  i s  good c o r r e l a t i o n  
between  depth  of t h a w ,  and a thaw index   de te r -  
mined a s  accumulated  degree  days  above o°C. 
F reezeback   o f   t he   ac t ive   l aye r   i n   w in te r  i s  more 
va r i ab le   t han  thaw  because of a wider range I n  
the freeze  Index  and  the  t iming  and  depth  of  
snowfall .  Human d i s t u r b a n c e   t o   t h e  s i t e  was 
minimal   and  had  an  insignif icant   effect   on  the 
thaw  depths   a f te r   14   years .  
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Resonant   f requency  and  cycl ic   t r iaxial  tests were conducted  on  natural ly   f rozen 
si l t  samples. Dynamic e las t ic  propert ies   (expressed in terms of  dynamic  Young's 
and shear moduli)   and  energy  absorbing  properties  (expressed as damping r a t i o )  
were determined. The in f luence  of va r ious  dynamic  loading  parameters  (confining 
pressure,   temperature ,   f requency,   and  s t ra in   ampli tude) ,  water content ,   and 
anisotropy  on dynamic p rope r t i e s  was evaluated.  Confining  pressure  and  water 
content  were general ly   found  to   have l i t t l e  e f f e c t  on e i t h e r  dynamic moduli o r  
damping r a t i o .  The test results i n d i c a t e  dynamic  moduli   decrease  with  increasing 
s t ra in   ampl i tude   and   increase   wi th   increas ing   f requency   and   ascending  
temperature. The damping r a t i o   g e n e r a l l y   i n c r e a s e s   w i t h   i n c r e a s i n g   a x i a l   s t r a i n  
amplitude  and  decreases with increasing  frequency  and  descending  temperature.  
The s o i l / i c e   s t r u c t u r e   ( i . e . ,   l e n s   t h i c k n e s s ,   o r i e n t a t i o n ,   a n d   s p a c i n g )   d o e s  not 
a p p e a r   t o   i n f l u e n c e   t h e  dynamic p rope r t i e s   o f   na tu ra l ly   f rozen  si l t .  

To overcome the  problems  associated with ob- 
t a in ing   and   t r anspor t ing   f rozen   so i l   s amples   t o  
t h e   l a b o r a t o r y   f o r   t e s t i n g ,  many researchers   and  
prac t ic ing   engineers   have   used   recons t i tu ted   f ro-  
zen  samples t o   e v a l u a t e  the behavior   of   natural ly  
f r o z e n   s o i l s .  While these   s tud ies   have   cont r ibu t -  
ed t o  a phenomenological  understanding of the 
behavior of f r o z e n   s o i l s ,   t h e   s p e c i f i c   a p p l i c a -  
b i l i t y  of the test results t o   s o l v e   f i e l d  problems 
i s  questionable.   In the words  of  Anderson  and 
Morgenstern  (1973). '"&is i s  p a r t i c u l a r l y  so be- 
cause the s t r u c t u r e  of f r o z e n   s o i l ,  in s i t u ,   d i f -  
f e r s  markedly  from that  of material prepared i n  
the  laboratory."  In r ecogn i t ion  of t h i s   f a c t ,  
emphasis is now being  placed  on i n   s i t u  tests, 
f i e l d  per formance   s tud ies ,   and   labora tory   s tud ies  
that employ samples   o f   f rozen   so i l s   t aken   in  
s i t u .  A modest  amount  of d a t a  from t h i s  work has  
been   publ i shed   to   eva lua te   the   thaw-consol ida t ion  
behavior,   creep  behavior  and  strength,  and thermal 
conduct ivi ty  of n a t u r a l l y   f r o z e n   s o i l s .  Only a 
meager  amount of da t a ,  however, has been  obtained 
on t he  dynamic p rope r t i e s  of na tu ra l ly   f rozen  
soiI.8,  and much of th is  information i s  assoc ia t ed  
with test cond i t ions   t ha t  are n o t   a p p l i c a b l e   t o  
a l l  classes of wave propagation  problems. 

As p a r t  of a long-term  s tudy  to   evaluate   the 
dynamic p r o p e r t i e s  of na tu ra l ly   f rozen   so i l s   ove r  
a range  of test condi t ions   assoc ia ted   wi th  wave 
propagation problems  of f rozen s o i l  depos i t s  
(e.g. ,   foundation  vibrations,   geophysical  explora- 
t ion,   b last ing,   ground  response  analyses   during 
strong  motion  earthquakes),   resonant column and 
c y c l i c   t r i a x i a l  tests were performed  on  specimens 
of na tu ra l ly   f rozen  si l t .  Parameters  that   could 

'he si l t  samples   associated  with  the  research 
progrsm were o b t a i n e d   i n  the U.S.  Army Cold 
Regions Research  and  Engineering  Laboratory (USA 
CRREL) Permafrost  Tunnel  located a t  Fox, Alaska, 
16 km n o r t h  of Fairbanks. 'Ihe walls o f   t he   t unne l  

age. Sands  and g rave l s  bonded with i n t e r s t i t i a l  
expose  perennially  frozen s i l t s  o f  Pleis tocene 

i c e  are a l s o   v i s i b l e ,   b u t   t o  a lesser ex ten t .  It 
i s  gene ra l ly   accep ted   t ha t   t he  s i l t s  are a e o l i a n  
i n   o r i g i n .  The silts w e r e  t ransported  f rom a 
broad treeless f lood   p la in  of t h e  Tanana River 
(Sellmann  1967). 

"ne samples were c o l l e c t e d  a t  s e v e r a l   l o c a t i o n s  
i n  t h e  USA CRREL permafrost   tunnel.  To eva lua te  
an i so t ropy  of dynamic p r o p e r t i e s ,  7.6 c m  diameter 
samples were obtained by c o r e   d r i l l i n g  with a 
Haines  auger on axes   para l le l ,   perpendicular ,  and 
a t  45' t o   t h e   e x i s t i n g   h o r i z o n t a l   e t r a t a .  Based 
on t h e   g r a i n  s i ze  d i s t r i b u t i o n ,   A t t e r b e r g  limits 
and a v isua l   inspec t ion   of  ice f e a t u r e s ,  the 
samples were c l a s s i f i e d  as ML-OL-Vs, MH-OH-Vs, ML- 
OL-Vr (Unel l   and  Kaplar   1966) .  'he average water 
contents   for   the   20   samples  employed i n   t h e   s t u d y  
ranged  from  56 t o  109%. 

DESCRIPTION OF TEST  SYSTEMS AND PROCEDURES 

'Ihe cu r ren t   r e sea rch  program i s  unique i n   t h a t  
i t  employs  both the resonant  frequency  and  cyclic 
t r i a x i a l   t e s t i n g  methods on each  specimen. This 
permits a direct   comparison  of the results obtain- 
ed  from  the two methods. f i r ther ,  use of both 
t es t  systems  permits  an  evaluation of  dynamic 
proper t ies   over  a range of test condi t ions  associ-  

i n f luence  the dynamic p r o p e r t i e s  of n a t u r a l l y  aced w i t h  a l l  classes of wave propagation  problems 
frozen s i l t ,  such as conf in ing   pressure ,  tempera- of   f rozen  soi l   deposi ts   (Vinson 1978) * 
t u re ,   f r equency ,   s t r a in   ampl i tude ,  water content ,  The resonant column t e s t  system  appl ies  a non- 
and s o i l l i c e   s t r u c t u r e ,  were considered. The d e s t r u c t i v e ,   s t e a d y  s ta te ,  v ib ra to ry   l oad   t o  a 
results from the   s tudy  are reported  herein.  r i g h t   c y l i n d r i c a l   f r o z e n  soil specimen i n   e i t h e r  
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t h e   l o n g i t u d i n a l   o r   t o r s i o n a l  mode.  The test  sys-  
tem employed i n   t h e   p r e s e n t   s t u d y ,  shown i n  Figure 
1, i s  s imi la r   to   the   sys tem  deve loped  by Stevens 
( 1 9 7 5 ) .  The t heo re t i ca l   cons ide ra t ions   a s soc ia t ed  
with  resonant  column t e s t i n g  are given by Stevens 
(1975) and  Vinson (1978). Br ie f ly ,  complex 
Young's o r  shear  moduli are determined from t h e  
frequency a t  resonance. Complex Young's moduli 
are determined  for  a specimen  excited in t h e  lon- 
g i t u d i n a l  mode, while  shear  moduli are obtalned 
f rom  the   t o r s iona l  mode o f  vibra t ion .  

To conduct a t es t ,  specimens were freeze-bonded 
t o   t h e  Top and  bottom  platens of t h e   t e s t   s y s -  
tem. A t h i n  fi lm of  cool  water was sprayed on 
each specimen  and  allowed t o   f r e e z e  t o  prevent  
subl imat ion  during  experimental   se tup  and test- 
ing. Three thermis tors  were freeze-bonded t o   t h e  
specimen t o  monitor  temperatures  during the 
test. A t r i a x i a l  c e l l  was placed  over   the  speci-  
men and, if requi red ,  a confining  pressure was  
appl ied  i n  t h e  ce l l  using  commercial   grade  nitro- 
gen  gas.   Temperature  control  during  testing was 
maintained  with  an  environmental  chamber placed 
around the test  system. f i e  test system  and  envi- 
ronmental chamber were loca ted   i n s ide  a walk-In 
cold room. 

To e s t a b l i s h  a r e sonan t   cond i t ion   t he   ope ra to r  
v ibra ted   the   spec imen a t  t h e  base with an e l e c t r o -  
magnetic motor in e i t h e r   t h e   l o n g i t u d i n a l  o r  tor -  
s i o n a l  mode, wlth  the  f requency a t  a low l e v e l .  
As frequency was i n c r e a s e d ,   t h e   s i g n a l s  from ac- 
ce le rometers   a t tached   to  the t o p  and bottom  platen 
were monitored  €or  resonance. At resonance  the 
r a t i o  of t he   t op   t o   bo t tom  p l a t en   acce le romete r  
ou tputs  i s  a maximum, the f i r s t  maximum betng 
associated  with  the  fundamental.  resonant 
frequency.  Successive maximums i n d i c a t e  harmon- 
i c a .  

The t heo re t t ca l   cons ide ra t ions   a s soc ia t ed  with 
cyc l i c   t r i ax ia l   t e s t ing   have   been   p re sen ted  by 
Vinson (1978). Specimens were s u b j e c t e d   t o  a cy- 
c l i c  axial   load,  and  specimen  load  and  deformation 
were recorded. Ron the  load-deformation  response 
dynamic Young's modulus  and  damping r a t i o  were 
determined. 

The c y c l i c   t r i a x i a l   s y s t e m  employed in the 
present   s tudy  i s  shown i n  F!igure 2. Cyclic tri- 
a x i a l  tests were conducted an specimens a f t e r  the 
resonant  column t e s t i n g  was complete  because o f  
the p o t e n t i a l l y   d e s t r u c t i v e   n a t u r e  of t h e   c y c l i c  
t r i a x i a l  test .  Following  removal  from  the  reso- 
nant  column t es t  system,  the  specimen was placed 
i n   t h e   c y c l i c   t r i a x i a l   g r i p s .  Cool water was 
in j ec t ed   be tween   t he   g r ip   and   t he   spec imen   t o  
insure  bonding.  Following a 7 d a y  set  pe r iod ,   t he  
specimen  and  grip  assemblage were a t tached  t o  a 
load   f rame  loca ted   ins ide  a walk-in  cold room. An 
environmental chamber was used t o   c o n t r o l  tempera- 
t u r e ;  a t r i a x i a l   c e l l  was employed t o   a p p l y  a 
confining  pressure.  

The resonant  column a n d   c y c l i c   t r i a x i a l  tes t  
systems were designed t o  accommodate a r i g h t  cy- 
l i nd r i ca l   spec imen   w i th  a diameter  o f  7.2 cm and a 
length  o f  30 em. A swing metal l a t h e   i n s i d e  a 
walk-in  cold KOOUI was used t o  trim the smaller 
diameter test specimens  from the 7.6 cm diameter  
f i e l d  samples. The ends of t h e  t es t  specimen were 
faced o f f  pe rpend icu la r   t o   t he   l ong i tud ina l   ax i s  
us ing  a s teady rest. 
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TEST PROGRAM AND RESULTS 

Resonant  column  and c y c l i c   t r i a x i a l   t e s t s  were 
conducted  according t o  test h i s t o r i e s  which  allow- 
e d  an   eva lua t ion  of the   i n f luence  of  conEining 
pressure,   temperature,   strain  amplitude,   and  fre- 
quency t o  be made f o r   e a c h   t e s t  specimen  (Wilson, 
1982). For the   var lous  combinat ions of t e s t   p a r a -  
meters ,   the  dynamic  Young's  modulus ranges from 
0.7 t o  16.5 GN/ , t h e  dynamic shear  modulus  from 
0.7 t o  5.5 GN/m , and t h e  damping r a t i o  from 0.01 
t o  0.26. Wllowing  dynamic t e s t i n g   t h e   i c e   l e n s  
thickness ,   or ientat ion,   and  spacing  were  noted  for  
each  specimen,  and  the  average water content was 
determined. 

Dynamic Moduli Tes t  Results 

l2 

Representat ive  re la t ionships   between dynamic 
moduli   and  confining  pressure  are shown i n  Flgure 
3.  In   genera l ,  i t  may be   no ted   t ha t   t he re  i s  a 
s l igh t   dec rease  i n  moduli  with  confining  pres- 
sure .  The decrease i s  genera l ly  less than 5%. 
'Ihis r e s u l t  i s  unexpected  based on previous re- 
s e a r c h   t o   e v a l u a t e  dynamic  moduli  of  frozen co- 
h e s i o n l e s s   s o i l s ,  which i n d i c a t e  no change i n  dy- 
namic  moduli with increas ing   conf in ing   pressure  
(Vinson e t  a l .  1977). Overa l l ,   t he   dec rease   i n  
modulus i s  cons idered   to  be neg l ig ib l e ,  and d a t a  
f o r  a l l  confining  pressures  were  combined t o  
deve lop   re la t ionships  with o the r  dynamic loading  
parameters. 

Representat ive  re la t ionships   between dynamic 
moduli  and  temperature  are shown i n  Figure 4. 
Kaplar (1969) and  Stevens (1975) show t h a t   t h e  
decrease in dynamic  moduli i s  r e l a t i v e l y  small f o r  
f rozen  s i l t s  for   the  temperature   range -17 t o  
-4'C. Therefore,   the  temperature  range  of -10 t o  
- 1 O C  i s  c o n s i d e r e d   s u f f i c i e n t   t o   e v a l u a t e   t h e   e f -  
f e c t  of temperature on t h e  dynamic  moduli. As 
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FIGURE 3 Dynamic modulus versus  confining 
pressure .  

expected,  dynamic  Young's  and  shear  moduli de- 
crease  with  ascending  temperature.  rhe r a t e  of 
decrease  increases  with  aecending  temperature.  
These r e s u l t s   a r e  in good  agreement  with  previous 
r e su l t s   ob ta ined  on r e c o n s t i t u t e d   a r t i f i c i a l l y  
f rozen  si l t  specimens  (Vinson e t  a l .  1977). Ihe 
relationship  between  dynamic  moduli  and  Pempera- 
t u r e   f o r   f i n e - g r a i n e d   s o i l s   h a s   b e e n  shown t o  be 
d i r e c t l y  related to   the   unf rozen   water   conten t  
(Nakano and  Froula 1973). Also, t he   i nc rease  in 

Temperature 

FIGURE 4 Dynamic modulus versus  temperature.  
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dynamic  moduli may be  due t o   t h e   i n c r e a s e  in t he  
s t i f f n e s s  of ice with decreasing  temperature.  
Haynes (1973) a t t r i b u t e s   t h e   s t r e n g t h   i n c r e a s e   i n  
f rozen  s i l t  wi th   descend ing   t empera tu re   i n   pa r t   t o  
t h e   s t r e n g t h   i n c r e a s e   i n   t h e  i ce  ma t r ix   w i th  de- 
scending  temperature. 

Representa t ive   re la t ionships   be tween dynamic 
moduli  and  frequency are shown i n   H g u r e  5. In 
the high  f requency  range  associated  with the  reso- 
nant  column test r e s u l t s   t h e r e   a p p e a r s  t o  be a 
s l i g h t   i n c r e a s e   i n  dynamlc  moduli  with  increasing 
frequency. In t he  low  frequency  range  associated 
w i t h   t h e   c y c l i c   t r i a x i a l  test r e s u l t s ,  dynamic 
moduli   increase with increasing  f requency.  'he 
i n c r e a s e   i n  modulus i n  this range o f  f requencies  
i s  in good agreement with the   r e su l t s   f rom  p re -  
vious  invest igat ions  (Vinson e t  al .  1977). 
f i r ther ,  the  inf luence  o f  frequency on  dynamtc 
modulus i s  an   i nd ica t ion  of  time-dependent ef- 
fects ,  such as stress re l axa t ion   o r   c r eep ,   on  the 
dynamic e las t ic  p r o p e r t i e s  of v i s c o e l a s t i c  materi- 
a l s   s u c h  as f rozen   so i l s .   S ince   r e l axa t ion   e f -  
f e c t s  w i l l  t e n d   t o   c a u s e   i n c r e a s i n g  stress reduc- 
t i o n   w i t h  time under a c o n s t a n t   s t r a i n ,  i t  fol lows 
t h a t  f o r  a s t r a i n - c o n t r o l l e d   c y c l i c   t r i a x i a l  test  
a decrease in s t r a i n  rate will r e s u l t  in a corre-  
spond ing   i nc rease   i n  stress reduct ion  over  a c y c l e  
of  loading and, thus,  a d e c r e a s e   i n  dynamic 
Young's modulus. Also, t h e  ice  matr ix  i s  
s t r eng thened   w i th   i nc reas ing   s t r a in  rate (Haynes 
1973). The i n c r e a s e   i n   s t r e n g t h  and s t i f f n e s s   o f  
the ice   matr ix   undoubtedly  contr ibuted to the 
i n c r e a s e   i n  modulus w i t h  increasing  f requency.  

Representat ive  re la t ionships   between dynamic 
moduli  and a x i a l   s t r a i n   a m p l i t u d e  are shown i n  
Flgure 6.  Dynamic modul i   a re   no t   apprec iab ly  af-  
f e c t e d  by a x i a l   s t r a i n   a m p l i t u d e s   i n   t h e   r a n g e  
assoc ia ted  with resonant  column t e s t i n g .  Dynamic 
moduli   decrease  with  increasing  s t ra in   ampli tude 
i n   t h e   r a n g e   t o  10'2%. 

The results shown i n  Figure 6 are unique in 
tha t   modul i  02 i d e n t i c a l  t es t  specimens are com- 
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pared. Hence, d i f f e r e n c e s   i n  dynamic  moduli  asso- 
c i a t ed   w i th  water content  (or dens i ty)   and  
s o i l / i c e   s t r u c t u r e  do  not  influence  the  compari-  
son.  Recognition  of  the  strain  dependence of 
dynamic p r o p e r t i e s  may be  important t o  ground 
response  predict ions  associated  with  several   cate-  
g o r i e s  of wave propagat ion  problems,   specif ical ly ,  
ear thquake  and  blast   loadings of frozen  ground 
deposi ts   (Vinson 1978). 

The r e l a t i o n s h i p  between  dynamic  Young's modu- 
lu s   and  water conten t  i s  shown i n  FIgure 7. A t  -4  
and -10°C dynamic  moduli  appear t o   d e c r e a s e  wi th  
i n c r e a s i n g  water conten t .  Dynamic moduli may i n -  
crease s l i g h t l y  with increas ing  water conten t  a t  
-1'C. It may be more appropr ia te   to   conc lude ,  
however, that  the   i n f luence  of  water  content a t  
warm temperatures  i s  n e g l i g i b l e .  me th ickness ,  
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FIGURE 7 Dynamic modulus versus water content .  

o r i e n t a t i o n ,  and  spacing  of  the ice  lenses   does 
n o t , a f f e c t  dynamic moduli. 

The t es t  results shown i n   H g u r e  7 are assoc i -  
a t ed   w i th  test spec imens   wi th   v i s ib le   i ce   l enses  
from 0.3 t o  5 mm i n  thickness. For many of the 
specimens  the ice  l e n s e s  were randomly o r   i r r e g u -  
l a r l y   o r i e n t e d ;   f o r   o t h e r   s p e c i m e n s   t h e  i ce  l e n s e s  
were s t r a t i f i e d  or d i s t i n c t l y   o r i e n t e d .  'Ihe 
s o i l l i c e   s t r u c t u r e   c o u l d   n o t  be c o r r e l a t e d   t o  dy- 
namic  modulus.  In the   au thors '   op in ion  the 
s o i l / i c e   s t r u c t u r e   d i d   n o t   a p p e a r  t o  inf luence  the 
values   of   the  dynamic Young's modulus f o r   t h e  
range of s t ruc tu res   r ep resen ted  by t h e  test  speci-  
mens employed i n   t h e   s t u d y .  

The e f f e c t  of specimen  Orientation  on  dynamic 
moduli has been shown i n  Flgures 4a, and 7b. 3- 
namic  moduli  appear t o  b e   s l i g h t l y   g r e a t e r   f o r  
samples  cored a t  the 45' o r i e n t a t i o n  compared t o  
samples   cored  horizontal ly  o r  v e r t i c a l l y .  

Damping Rat io  Test Results 

Emphasis in th i s   paper   has   been   g iven   to  dy- 
namic moduli of f rozen  s i l t .  Damping r a t i o s  were 
also  determined i n   t h e  test  program. A slrmmary of  
the test  results assoc ia ted   wi th  this work f o l -  
lows. 

Represen ta t ive   r e l a t ionsh ips  that  i l l u s t r a t e  
the  inf luence  of  dynamic loading  parameters on 
damping r a t i o  are shown i n   f i g u r e  8. The damping 
r a t i o  i s  no t   app rec i ab ly   a f f ec t ed  by s t r a i n  ampli- 
t ude   i n   t he   r ange   o f   s t r a ins   a s soc ia t ed   w i th   r e so -  
nant  column t e s t i n g .  Damping r a t i o   i n c r e a s e s   w i t h  
i n c r e a s i n g   a x i a l   s t r a i n   a m p l i t u d e   i n  the range  of 
strains as soc ia t ed   w i th   cyc l i c  t r iaxial  t e s t i n g .  
The damping rat io   decreases   with  ascending  temper-  
a ture   and  increasing  f requency.  The decrease in 
damping ra t io   wi th   descending   tempera ture  may be a 
func t ion  o f  both  the i n c r e a s e   i n   t h e   s t r e n g t h  o f  
ice  and the dec rease   i n   un f rozen  water conten t  
with decreasing  temperature.  !he inf luence   o f  
frequency  on  damping r a t i o  may be a func t ion  of 
c r e e p   e f f e c t s  due t o   s l i d i n g   b e t w e e n  ice  o r  s o i l  
p a r t i c l e s ,   o r   b o t h ,   d u r i n g  dynamic  loading.  In 
t h e  same way t h a t  stress r e l a x a t i o n   e f f e c t s   i n f l u -  
ence the relationship  between  dynamic  moduli  and 
frequency,  creep would t e n d , t o   c a u s e   g r e a t e r   d i s -  

p lacements   be tween  gra ins   and   thus ,   g rea te r   va lues  
of damping r a t i o  a t  lower  frequencies  than a t  
higher   f requencies .  No d e f i n i t i v e   r e l a t i o n s h i p  
between  sample  orientation  and damping r a t i o   c o u l d  
be   es tab l i shed .  In general ,   however,   the  differ-  
e n c e s   i n  damping r a t i o   a s s o c i a t e d  with sample 
o r i e n t a t i o n  were small and may be   cons idered   to   be  
n e g l i g i b l e .  While t h e r e  i s  scatter i n   t h e  test  
results i t  appears  damping r a t i o   i n c r e a s e s  
s l i g h t l y  with i n c r e a s i n g  water content  and  confin- 
ing   p ressure .  The i n c r e a s e  i s  n e g l i g i b l e ,  how- 
ever .  

CONCLUSIONS AND PRACTICAL SIGNIFICANCE OF 
TEST RESULTS 

The dynamic p r o p e r t i e s   o b t a i n e d   i n   t h e   p r e s e n t  
s tudy were found by Wilson (1982) t o  be i n  good 
agreement   wi th   the   resu l t s   ob ta ined  by previous 
i n v e s t i g a t o r s  who evaluated dynamic p rope r t i e s   o f  
r e c o n s t i t u t e d   a r t i f i c i a l l y   f r o z e n  s i l t .  Any d i f -  
ferences  between the dynamic p rope r t i e s   ob ta ined  
in the present   s tudy compared t o  dynamic  proper- 
ties ob ta ined   i n   p rev ious   s tud ie s   cou ld  be ex- 
p la ined  by d i f f e r e n c e s   i n   t e s t i n g   t e c h n i q u e s   o r  
s i l t  material c h a r a c t e r i s t i c s .  The major f a c t o r s  
t h a t   i n f l u e n c e  dynamic p r o p e r t i e s  of frozen sil t  
i d e n t i f i e d   i n   t h e   p r e s e n t   s t u d y   ( i . e .   s t r a i n  
amplitude,   frequency,  and  temperature),  were re in-  
forced  through  the  comparison with t h e  test  re- 
sults from  previous studies. 

f i r ther ,  t h e  test r e su l t s   f rom  the   p re sen t  
study  and  the  comparison  with the results from 
p r e v i o u s   i n v e s t i g a t i o n s   s u g g e s t s   t h a t   t h e  dynamic 
p r o p e r t i e s  o f  f rozen  s i l t  are inf luenced  pr imari ly  
by s o i l   m a t e r i a l   c h a r a c t e r i s t i c s  (e.g., g r a i n   s i z e  
d i s t r i b u t i o n ,   s o i l   m i n e r a l o g y )   a n d ,   t o  a lesser 
e x t e n t ,  by water content .  'he s o i l / i c e   s t r u c t u r e  
( i  .e., lens   thickness ,   or ientat ion,   and  spacing)  
does   no t   appea r   t o   i n f luence  dynamic p rope r t i e s   o f  
f rozen  s i l t .  Based on this conclusion,  it would 
appea r   t ha t  i t  i s  n o t   n e c e s s a r y   t o  test  specimens 
o b t a i n e d   f r o m   n a t u r a l l y   f r o z e n   i n   s i t u   s a m p l e s   i f  
a r t i f i c i a l l y   f r o z e n  test specimens are prepared i n  
the labora tory  a t  the same water content  as t h e   i n  
s i t u  material. 
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THAW PLUG  STABILITY AND THAW SETTLEMENT EWALUATION 
FOR ARCTIC TRANSPORTATION  ROUTES: A PROBABILISTIC  APPROACH 

C. L. Vita 
R&M Consultants,   Inc. ,   Seatt le,   Washington 

c/o P.O. Box 6087, Anchorage,  Alaska 99503 USA 

A un i f i ed ,   p robab i l i s t i c   app roach  t o  the   eva lua t ion   of   thaw  p lug   s tab i l i ty   and  
thaw  sett lement is o u t l i n e d  fo r  p r a c t i c a l   a p p l i c a t i o n  t o  arctic ox s u b a r c t i c  
t r anspor t a t ion   rou te s .  The approach   can   exp l i c i t l y   accoun t   fo r   unce r t a in t i e s ,  
geo techn ica l   va r i ab i l i t y ,   and   l imi t a t ions   i n   ava i l ab le   geo techn ica l   da t a / in fo r -  
mation.  Using  Bayesian  probabili ty  concepts,   landform  identification,  and 
statist ical  character izat ion  of   landform  soi l   property  parameters ,  it can 
p rov ide   s i t e - spec i f i c   e s t ima tes   o f  thaw p l u g   s t a b i l i t y   a n d  thaw se t t lement .  
The methodology is s u i t e d   t o   s i t u a t i o n s  where  regional or local   landform soi l  
property parameters c a n   b e   s t a t i s t i c a l l y  well known, b u t   s i t e - s p e c i f i c   d a t a  may 
gene ra l ly   be   e i the r   unava i l ab le  or sparse. Estimates can  be  based only on  land- 
foxm information or systematically  updated  and  improved  with  si te-specific  data 
t o   t h e   e x t e n t   t h e y  are ava i lab le .  Estimates inc lude   t he  mean and  the  var iance 
of  both thaw p l u g   s t a b i l i t y  limit equi l ibr ium  fac tor   o f   sa fe ty  (FS)  and  average 
thaw settlement  magnitudes  (TS);  using  these, estimates can  be made o f   t he  
p r o b a b i l i t y   o f   i n s t a b i l i t y   ( P f )  and of r e l i a b i l i t y / p r o b a b i l i t y   l e v e l s  on t h e  
se t t lement   es t imates ,   inc luding   the   p robabi l i ty  of any  given  estimate  being 
above o r  below a g i v e n   c r i t i a a l   v a l u e .   D i f f e r e n t i a l   s e t t l e m e n t  i s  n o t   t r e a t e d .  

INTRODUCTION 

Segment-by-segment eva lua t ion  of p o t e n t i a l  
thaw  plug  s tabi l i ty   and  thaw  set t lement   a long 
a r c t i c   o r  subarctic t r a n s p o r t a t i o n   r o u t e s  must 
addres s   unce r t a in t i e s   a s soc ia t ed   w i th   spa r se  
s i t e - spec i f i c   subsu r face   so i l   da t a ,   l oad ing  
condi t ions,   subsurface  thermal   response,   and  the 
mechanics   of   s tabi l i ty .  The purpose of t h i s   p a p e r  
is t o   o u t l i n e  a prac t ica l   ye t   r igorous   approach  
for (1) sys temat ica l ly   quant i fy ing   these  
unce r t a in t i e s ,   and  ( 2 )  r a t i o n a l l y  augmenting 
spa r se   s i t e - spec i f i c   subsu r face  s o i l  da ta   wi th  
d a t a   a v a i l a b l e  from o t h e r  si tes having  the same 
geologica l ly   charac te r i s t ic   l andform;   these   a re  
i n t e g r a t e d  as i l l u s t r a t e d   w i t h   r e s u l t s   o f  a case 
study.  Procedures  presented  here  provide geo- 
t e c h n i c a l   t o o l s   f o r  project p lanning ,   ana lys i s ,  
and  design of an arctic or suba rc t i c   t r anspor t a -  
t i o n   r o u t e .  

THAW PLUG  STABILITY--FACTOR  OF  SAFETY 

The r e s i s t ance   o f  a thawing  s lope  to  mass 
movement i s  commonly charac te r ized  by a limit 
equi l ibr ium  fac tor   o f   sa fe ty  (FS) for   the   expec ted  
c r i t i ca l  f a i l u r e   s u r f a c e  A with FS def ined as t h e  
r a t i o  C/D, where C (capac i ty)  is t h e  sum of a l l  
f o r c e s   r e s i s t i n g  movement along A,  and D (demand) 
i s  t h e  sum of a l l   f o r c e s   c o n t r i b u t i n g   t o  movement 
a long A. I n   t heo ry ,   i f  FS could  be  evaluated  with 
abso lu te   p rec i s ion ,  it would g ive  a true  measure 
of t h e   f u t u r e   s t a b i l i t y  of a slope: FSz1.0 would 
imply c e r t a i n   s t a b i l i t y   a n d  FSCl.0 would imp& 
c e r t a i n  movement. I n   p r a c t i c e ,  FS cannot  be 
eva lua ted   wi th   such   prec is ion   due   to   uncer ta in t ies  
i n   t h e   f a i l u r e  mechanism, soil condi t ions ,   loading  

condi t ions 'and  thermal   response;   these 
U n c e r t a i n t i e s  make FS a random v a r i a b l e .  

va r i ab le   and   eva lua ted   p robab i l i s t i ca l ly   u s ing  
estimates of   the  mean or expected  value  of FS, 
E t F S I ,  and  the  var iance  of  FS, VrFS],  using a 
second-order  approximation  of  the mean, a 
f i rs t -order   approximation of t he   va r i ance  
(Benjamin  and  Cornell 1970). and  assuming a 
r easonab le   p robab i l i t y   dens i ty   func t ion  (PDF) 
model, PDF[FS], e .g . ,  lognorrnal.:LN, normal:N, o r  
beta:B.   In   the  case  s tudy PDF[FSI is assumed t o  
be  N f o r  l.OjFScE[FS].  Given E [ F S l ,  V[FSl,  and 
PDF[FSl , t he   e s t ima ted   p robab i l i t y  of i n s t a b i l i t y  
o r   " f a i l u r e , "   P f ,  a random va r i ab le   de f ined  as 
P[FSI1.0] , can   be   ca lcu la ted  as Pf=P[FS<l.O/EIFSI , 
V[FS]  ,PDF[FS]] . Whenever appropr ia te ,   mul t ip le  
estimates of Pf based on a l t e r n a t i v e  sets of 
reasonable   assumpt ions   o r   in te rpre ta t ions   can   be  
weighted  and  averaged,  and/or  used t o  form a PDF 
on PE using a be t a   d i s t r ibu t ion   (Har r  1977), and 
then   assessed   for   sens i t iv i ty   and   technica l /  
economic impl ica t ions .  I n  genera l ,   uncer ta in ty  
i n  Pf can  be made as small as desired  by  obtain-  
ing  suff ic ient   information.   Also,  a (PDF-free) 
p r o b a b i l i s t i c   s t a b i l i t y   m a r g i n ,  U ,  can  be  defined 
as U=[E[FSI-l) /SD[FSI ; SD[FS] i s  the   s tandard  
devia t ion   of  FS,  equal t o  the   square   roo t  of V[FSI 
( the   s tandard   devia t ion   of   any   var iab le   equals   the  
square   roo t   o f  i ts  v a r i a n c e ) .  

mathematical  form  of FS genera l ly   def ined  by 

FS = fs(Xi) + e i = 1 , 2 . .  .k (1) 

The func t ion  f s ( X i )  r e p r e s e n t s   t h e   s t a b i l i t y  model 
C/D based on t h e  Xi random v a r i a b l e s   u s e d   t o  model 

FS can be  modeled as a s i t e - s p e c i f i c  random 

The above  procedure  can  be  followed  for  any 
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geotechnica 11, geometric,  and loading   condi t ions ;  
xi may inc lude   e f fec ts   o f   s lope   geometry ,   so i l  
shear   s t rength ,   depth  of f a i l u r e   s u r f a c e ,  
groundwater  conditions,   excess  pore  pressures,  
massive  ice,   dead  loads (embankment and s o i l  
weight)   and  l ive  loads,  stress d i s t r i b u t i o n  
e f f e c t s ,  thaw plug  geometry,  and so f o r t h .  
Variable  e accoun t s   fo r   b i a s   and  random e r r o r  
(determined,   i f   adequate   data  i s  a v a i l a b l e ,  by 
c a l i b r a t i o n  of  predicted  performance  with  observed 
f i e ld  pe r fo rmance ) ,   r e f l ec t ing   po ten t i a l  
inaccuracy   and   uncer ta in ty   in   the   s tab i l i ty  model 
f s ( X i )   i t s e l f .  EtFSI and V[FS] are then  es t imated 
v i a  

C[Xi,Xj] are the  covariances  of   the   parameters  oE 
Equation 1. A l l  d e r i v a t i v e s   a r e   e v a l u a t e d   a t   t h e  
means, m ,  o f   t he  X i  parameters ,  f i  (a b a r  above a 
va r i ab le   deno tes  i ts  average  or   expected  value) .  

accounts  for bias   and  V[e]   accounts   for  random 
e r r o r  i n  fs ( X i )  - 

Using  an  effect ive stress Mohr-Coulomb 
EaiLure  model  with  attention  focused  on  the 
uncer ta in   so i l   s t rength   parameters ,   f s (Xi)   can  
be   wr i t t en  as  t h e  sum of two components: 
(G*C'+F*tan $ I ) ,  where C' and  tan $ '  a r e   t h e  
average   e f fec t ive   so i l   s t rength   parameters   a long  
t h e   c r i t i c a l   f a i l u r e   s u r f a c e ;  E i s  a function  of 
a l l  Xi r e l a t e d   t o   c o h e s i o n  (C'), and F is  a 
f u n c t i o n   o f   a l l  Xi r e l a t e d   t o   f r i c t i o n   ( t a n  $ ' I .  
Note t h a t  C and F cou ld   i nc lude   r educ t ion   f ac to r s  
to   account   for   the   e f fec t   o f   mass ive  ice on FS 
(e .9 . .  as  presented by Val le jo   1980) .   Appl icat ion 
of Equations 2a and 2b y i e l d s  

E[FS] = E[GI.E[C'] + E[F]*E[tan 4 ' 1  + (3a)  

V[FS] = E[G]'-V[C'] + E[F]'*V[tan  $'I + 2 (3b) 

Here, Z r ep resen t s   i n  summary form a l l  Uncertainty 
from  Equation  2b,  including random e r r o r   i n   t h e  
model, other   than  due  to   V[C']   and  V[tan 4 ' 1 .  

expected  values  and  variances of C '  and  tan $ '  may 
be  based on r e g r e s s i o n   a n a l y s i s   r e s u l t s :   t h e   s o i l  
strength  parameters are predic ted  from t h e  
s t anda rd   so i l   i ndex   p rope r t i e s  of r e p r e s e n t a t i v e  
samples recovered  (s i te-by-si te)   dur ing  subsurface 
bo'ring  and  sampling  investigations.  The necessary 
p r e d i c t i v e   s t o c h a s t i c   r e l a t i o n s h i p s  between s o i l  
s t r e n g t h   p r o p e r t i e s   a n d   s o i l   i n d e x   p r o p e r t i e s  and 
t he   a s soc ia t ed   s t a t i s t i ca l   pa rame te r s   can   be  
developed  from a geo techn ica l ly   and   s t a t i s t i ca l ly  
designed  strength  testing  program  using a l i m i t e d ,  
bu t   acceptab le ,  number of gene ra l ly   r ep resen ta t ive  
s o i l  samples.   This  approach  can  form  the  entire 
b a s i s   f o r   e s t i m a t i n g  C '  and  tan $ '  f o r  a given 
s l o p e   o r  it can  supplement  any  available 
s i t e - s p e c i f i c   s t r e n g t h   d a t a .  The  model used  here  

Cost-effect ive  procedures   for   es t imat ing  the 

i s  based on average  f rozen  dry  densi ty ,   ydf ,  as 
the   p red ic t ive   so i l   i ndex   p rope r ty ,  whereby 

t a n  $ '  = t a n  tsin-'B*ydfl 

i n  which p and B are   data-based  regression 
cons tan ts .  

AVERAGE THAW SETTLEMENT 

The estimated  average thaw se t t lement  
po ten t i a l   o f  a stratum o r   s t r a t a  of  average 

( l - r d f / r d t ) h  i s  the  average thaw s t ra in   (Crory  
1973) over   the  s t ra tum  and Ydf and Ydt are s t ra tum 
frozen  and thawed  dry  densit ies  averaged  over  the 
th ickness   h .  An estimate of t h e  mean and  variance 
of TS where X1=hl x2'ydf, and X3'ydt i s  given  by 

th ickness  h i s  TS, where  TS=h(l-vdf/Tdt)h; 

Confidence  intervals  on TS for  given  proba- 
b i l i t y / r e l i a b i l i t y   l e v e l s   i n c l u d i n g  estimates of 
t h e   p r o b a b i l i t y   o f  TS being  above  (or  below)  any 
given  value  can  be  estimated  using  E[TSl,  V[TSI 
and  an  appropriate PDF [TSI model (N, LN, o r  B) . 
A l s o ,  t h e   c o e f f i c i e n t   o f   v a r i a t i o n  of TS, given 
by CVlTS] =SD[TS] /E[TS] , g i v e s  a simple  and  useful 
measure  of  uncertainty i n  TS. 

LANDFORM-BASED  ESTIMATION OF 
SITE-SPECIFIC SOIL PARAMETERS 

A s  developed  above,  the  estimation  of FS and 
TS requi res   p red ic t ion   of   average   f rozen   dry  
d e n s i t i e s  fo r  each si te.  Landform-based  pro- 
cedures  (Kreig  and  Reger 1976,  Vita  1982, 1983a, 
198333) provide a ra t iona l   approach   for  making 
meaningfu l   p red ic t ions   where   s i te -spec i f ic  sub- 
su r face   da t a  are sparse   o r   nonexis ten t :  (1) t h e  
landforms  occurring a t  a s i te  a r e   i d e n t i f i e d  by 
a i rpho to   i n t e rp re t a t ion   and   f i e ld   exp lo ra t ion ,  
( 2 )  s i t e - spec i f i c   subsu r face   da t a   a r e   co l l ec t ed ,  
( 3 )  t hese   da t a  are s t a t i s t i c a l l y  augmented  by 
subsur face   da ta   ob ta ined  from t h e  same landform 
a t  a l l  o t h e r  sites i n   t h e   r e g i o n   t o   c r e a t e  an 
expanded d a t a  base, from  which (4 )  landform/si te  
da t a   e s t ima tes  of s i t e - s p e c i f i c  soil proper ty  
parameters  can  be made. 

A model f o r  making estimates by t h i s  
procedure   o f   any   s i te -spec i f ic   so i l   p roper ty  
parameter, e ( S ) ,  i s  as follows.  Without site- 
s p e c i f i c   d a t a   a v a i l a b l e ,  estimates of e ( S )  can  be 
based  only on landform  data   avai lable   f rom  other  
sites. As r e s u l t s  of s i t e - s p e c i f i c   d a t a  become 
avai lable   f rom  €ield/ laboratory  programs,   they  are  
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summarized  by a sample l ike l ihood  func t ion   (g iv ing  
t h e   r e l a t i v e   l i k e l i h o o d s  of O ( S )  given  the site- 
s p e c i f i c   d a t a )  , and  Baye's  theorem i s  used   t o  
make an  updated  landfoxm/site  data estimate of 
O ( S ) ,  O ( S ) " ,  based  on  the  landform  (pr ior   data)  
I and  the   ava i lab le   s i te -spec i f ic   da ta   ( sample  
d a t a ) .  

the  observed PDF of Ydf w i l l  closely  resemble  an 
inverse   lognormal   d i s t r ibu t ion ,  which may be  
transformed t o  a normal d i s t r i b u t i o n ;   f o r   m o s t  
p rac t i ca l   pu rposes   d i r ec t ly  assuming a normal 
d i s t r i b u t i o n  i s  adequate. For ydf following a 
be l l   shaped  PDF, using  resul ts   modif ied  f rom  Vita  
(1982) ,   the   updated  landfonn/s i te   data  estimates 
of t h e  mean and  var iance  of   ydf(S)   are   given by 

Here 0 ( S )  is ydf ( S )  i n  a stratum. In   genera l  

least as conse rva t ive   a s  is the   e s t ima te  of R 
(K2,400kg/m3).   In   the  fol lowing  case  s tudy 
R=1,100, 800,  and 640 kg/m3 for   n=1,2,   and 3 ,  
respec t ive ly .   S i te   da ta -based   es t imates   o f  ErFS] , 
V[FS],  and Pf are   then  compared  with  updated 
est imates   using  landform  pr ior   data .   I f   they are 
s i g n i f i c a n t l y   d i f f e r e n t  ( V i t a  1982,  1983a,  1983b1, 
the  landform  prior  data  can  be  correspondingly 
de-emphasized i n  estimates of Pf by decreasing u 
and/or  weighting  and  averaging  estimates  or by 
forming a PDF on Pf using a b e t a   d i s t r i b u t i o n .  

a n d   t e s t i n g   b i a s e s   a n d   l i m i t a t i o n s  are c o n t r o l l e d  
and  that   any  skewing  affects on parameters   are  
a d e q u a t e l y   r e c t i f i e d .  Also,  for  landforms 
c h a r a c t e r i s t i c a l l y  composed of s i g n i f i c a n t l y  

The f o r e g o i n g   t a c i t l y  assumes t h a t  sampling 

d i f f e r e n t   s o i l   t y p e s   ( e . g . ,  t i l l s ) ,  landform 

E [ydf (s) 1 " = 
Z ( S )  -n + Z(M) *u parameters may be  made soil   type-dependent  and 

n + a  (6a) updatad   s i te -spec i f ic   es t imates   condi t ioned  on 
observed  soil   types.   Further,   updated site- 

V[ydf(S) I"  = I ( n - l ) * s ( s ) ' +  ( W - ~ ) - S ( L ~ ) '  (6b)   spec i f ic  estimates f o r   s i t u a t i o n s  where  landforms 
+ n*w* [j; (~f1-G ( s )  1 ' /(n+2) I are uncertain  and/or   occur   in  complex a s s o c i a t i o n s  

(w+n) * (w+n-3) 
can  be made by condi t ioning  es t imates  on t h e  
expected  probabi l i ty   of   occurrence of the   va r ious  

where: n i s  the number of avai lable   samples  from 
t h e   s i t e ;  G ( S ) ,  s ( S ) '  and  j i (Lf ) ,   s (Lf) '   a re   the  
sample mean and  variance  of  the s i te  and  landform 
yaf da ta   r e spec t ive ly ;  a i s  t h e   e s t i m a t e d   r a t i o  of 

p o t e n t i a l   c o n d i t i o n s   ( t h e   s e n s i t i v i t y  of such 
e s t i m a t e s   t o   t h e   u n c e r t a i n t y ,   p a r t i c u l a r l y   t h e  
potent ia l   extreme  condi t ions,   should  be  properly 
evaluated)  - 

VT;df (Lf)  ] t b  t h e  va;iance of the  observed 
d i s t r i b u t i o n  of E [ r d f ( s )  1 f o r   a l l   o t h e r  si tes i n  
the  subject  landform;  and w is ca lcu la ted  from 
Equation 7 .  Equations 6a and 6b are   based  on 
Bayesian  probabi l i ty   theory  (Raiffa   and  Schlaifer  
1961)  assuming (as observed)   that  Ydf ( o r  i ts  
transform) is normally  dis t r ibuted  wlth unknown 
mean and  variance.   Prior  sample  weights a and w 
are  conservatively  chosen  assuming (1) f o r  n=O (no 
sample da t a ) :   E ITdf (Lf ) ]  is the   bes t   e s t ima te   o f  
E r r d f  ( S )  ] ' I ;  t he   bes t   e s t ima te   o f   v [ rd f  (s) 1 " is t h e  
var iance   o f   E[Tdf(S) ]   for  a l l  sites comprising  the 
landform;  and  v[ydf(s) I i s  equal   to   the  landform 
data-based estimate of  V[ydf(Lf) 1 f o r  N a v a i l a b l e  
samples  from  the  landform;  and ( 2 )  a i s  
conservat ively  es t imated from a v a i l a b l e   d a t a  (u=1 
being  most  conservative)  and is less than   the  
r a t i o  of V [ y d f ( S ) ]   t o   v [ ~ d f ( s ) l .  It then  follows 
t h a t  w can  be  calculated  from 

Note t h a t  a i s  dependent  on s i te  s ize   ( ranging 
from 1.0 for  sample-sized "sites" t o  JN fox a 
landform-sized s i t e ) ;  on landform  geological/  
s t a t i s t i c a l   c h a r a c t e r i s t i c s  (0=1 r e f l e c t s   g r e a t e s t  
s i t e - t o - s i t e   v a r i a b i l i t y ,  u be ing   r e l a t ive ly  
l a r g e r   f o r   s t a t i s t i c a l l y  homogeneous landforms); 
and on t h e   q u a l i t y ,   q u a n t i t y ,  and s t a t i s t i c a l  
uncer ta in ty   o f   ava i lab le   mul t ip le  s i te  d a t a  (u=1 
r e f l e c t s   g r e a t e s t   u n c e r t a i n t y ) .  

s i t e - spec i f i c   da t a   on ly )  by neglecting  landform 
p r i o r   d a t a  and  Lett ing o=w=O. Note that   Equat ion 
6b is undefined  for  s i te  data-based estimates 
where 1153; the   assumpt ion   tha t  vaf(s)  i s  uniformly 
d i s t r ibu ted   ove r  a maximum poss ib le   range  R 
i n t roduces   t he   l ea s t   poss ib l e   b i a s   and   g ives  
v [ y d f ( s ) l  = R 2 / 1 2 ,  c e n t e r e d   a t  x ( S ) ,  which is a t  

Si te   data-based estimates are made ( u t i l i z i n g  

REPRESENTATIVE RESULTS AND  CASE STUDY 

Figure 1 d i sp lays   gene ra l ly   r ep resen ta t ive  
c h a r a c t e r i s t i c s  of t h e  above  equations,  and 
i n c l u d e s   s p e c i f i c   r e s u l t s   f o r  a several-acre  
permafrost  s i t e  loca ted   near   Fa i rbanks   in  a 
landform composed of c o l l u v i a l  s i l t .  The s i te  was 
s e l e c t e d   f o r   i l l u s t r a t i o n   b e c a u s e  it had 
s u f f i c i e n t   s o i l   d a t a   t o  compare p r e d i c t i o n s  
based on typ ica l ly   l imi ted   da ta   ( smal l   n )   wi th  
pred ic t ions   based  on s u b s t a n t i a l   d a t a   ( l a r g e  n-- 
represent ing  much more s o i l   d a t a   t h a n  would be 
a v a i l a b l e   f o r  a t y p i c a l  segment s i te  along a 
r o u t e ) .  

borehole)  w e r e  ob ta ined   f rom  the   po ten t ia l  
c r i t i c a l   f a i l u r e  zone a t  3-4m depth. Sample- 
by-sample r e s u l t s   f o r   t h e  first 10  (n=1,2 ... 10)  
samples   are  shown; r e s u l t s   b a s e d  on a l l  40 samples 
a r e  shown for  comparison.  Actual s i t e  and 
landform Ydf d a t a  have  been  used;  other  parameters 
are cons ide red   r ep resen ta t ive   bu t  are assumed. 
Two cases  are i l l u s t r a t e d :  Case 1 (Figure IC) 
a c t u a l  s i t e  data   with  a=3,   represent ing a 
r e l a t i v e l y   s t a t i s t i c a l l y  homogeneous landform;  and 
Case 2 ( F i g u r e   l d )   a c t u a l  sample ydf data  reduced 
by 320 kg/m2 (20  pcf)  with a=1 , represent ing  a 
s t a t i s t i ca l ly   va r i ab le   l and fo rm  o r   one  where so 
l i t t l e  information on o t h e r  sites is a v a i l a b l e  
t h a t  a minimum u i s  considered  prudent.   Case 2 
s imulates  a s i te  which is i n  f a c t   s u b s t a n t i a l l y  
more ice   r ich   than   the   l andform as a whole.  Both 
updated  landform/si te   data  estimates (021) and 
s i te  data-based  estimates (a=w=O) are shown. 

of  the  updated  landform/site  data  method when t h e  
s i te  is i n   f a c t  similar to   the   l andform:  
uncer ta in ty  i n  FS and TS i s  s i g n i f i c a n t l y  
decreased a t  small n r e l a t i v e   t o   t h e  si te 

A t o t a l   o f  n=40 samples  (each  from  one 

Case 1 ( a c t u a l  Ydf d a t a )  shows t h e   e f f i c i e n c y  
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data-based  estimate.  Therefore,  the  site as is 
can be qualified as acceptable or unacceptable 
based on a  given  Pf  criterion  with  less 
site-specific  data. 

shows  the  effect of a  "negative  surprise"  site-- 
one  that is in  fact  much  more  ice-rich  (and 
therefore  less  stable)  than  the  landform as a 
whole. The  benefits  of  the  updated  landform/site 
data  method  for  Case 2 sites  are  derived  through 
comparison  with  the  site  data-based  predictions: 
at  small n, potentially  significant  differences 
become  obvious--suggesting  the  need  for  further 
exploration,  analysis,  and/or  changed  design  to 
achieve  the  desired  Pf  design  criterion. 

and  implications of FS and TS as site-specific 
random  variables.  For  example,  to  achieve  any 
given Pf criterion, E[FSI cannot be constant  for 
every  slope  but  must  be  related  to  the  uncertainty 
in  site-specific  conditions, e-g.,  as reflected by 
SD[ydfl; similarly  for  settlement,  site-specific 
effects of uncertainty  must  be  considered.  Also, 
from  Figure IC and Figure Id it  is  clear  that (as 
is common to all  probabilistic  assessments  of 
complex,  variable  and  uncertain  states  of  nature) 
Pf i s  itself  a  random  variable,  and  that 
uncertainty  in  Pf  will  tend  to  decrease  with 
increasing  data  (and  can be made as small as 
desired  by  obtaining  sufficient  information). 

unanticipated  negative  conditions  should  be 
considered  since,  regardless  of  specific 
technique,  subsurface  conditions  are  never 
completely  defined  in  exploration  or  analysis-- 
such  that  critical  geotechnical  details  may go 
undetected or be inadequately  interpreted  and 
eventually  result  in  unsatisfactory  performance. 
Clearly,  sound  interpretive  and  integrative 
judgment  is  fundamental  to  successfully  developing 
and  utilizing  geotechnical  evaluations  in  the 
design  process.  Nevertheless,  any  technically 
responsible  method  for  evaluating  stability  must 
be clearly  defined  and  rational,  must  objectively 
account  for  uncertainty,  and  must be capable of 
objective  calibration or validation  based  on 
observed  field  performance.  Ultimately,  any 
requirements  to  reduce  impacts on facilities  from 
unanticipated  negative  conditions  must  rely on 
appropriate,  resilient  design. 

Case 2 (actual  ydf  data  minus 320 kg/m2) 

Figure  1  suggests  important  characteristics 

In  all  cases  the  potential  effect  of 
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FIGURE 1 R e p r e s e n t a t i v e   r e s u l t s   f o r  a stratum  of  frozen silt,  p l o t t e d  as  a funct ion of the   es t imated  

expected  value,   E[ydf],   and  estimated  standard  deviation,  SD[TdfJ,  of t h e  (unknown) average 
frozen dry densi ty   of   the  stratum, r d f ( S ) .   ( a )  Average Thaw Set t lement ,  T S ,  (b) Factor  of 
Safe ty ,  FS, S tab i l i ty   Margin ,  U ,  and  Probabili ty  of  Failure,  P f ,  ( c )  Case Study 1: sample- 
by-sample r e s u l t s  for a s i t e - s p e c i f i c   s t r a t u m   t h a t  i s  s i m i l a r   t o   t h e   l a n d f o r m   a s  a whole, 
i - e . ,  t d f ( S ) z T d f ( L f ) ,   ( d )  Case Study 2: sample-by-sample r e s u l t s   f o r  a s i te -spec i f ic   S t ra tum 
t h a t  is s u b s t a n t i a l l y  more ice- r ich   than   the   l andform  as  a whole, i . e . ,  y d f ( S ) < < y d f ( L f ) .  
Note  numbers (1,2,3,...10,40) n e x t   t o  box and c i r c l e  symbols on case s t u d y   r e s u l t s   i n d i c a t e  
number of samples  from  the si te,  n. 



STONE POLYGONS:  OBSERVATIONS OF SUKFICIAL ACTIVITY 

John D. Vitek 

Department of  Geography, Oklahoma Sta te  Universi ty ,  
Sti l lwater,  Oklahoma 74078 USA 

Small  stone  polygons,  approximately  one meter between  centers,  have  developed i n  a 
675 m d e p r e s s i o n   a t  3,865 m i n   t h e  Blanca  Massif  of  the  Sangre  de  Cristo  Mountains 
in   southern  Colorado,  USA (37'35' N . ,  105O30' W.) .  The absence  of  vegetation and 
human disturbance  permitted  observations  to  determine  the rate of hor izonta l   d i s -  
placement  of  stones i n  the   cen te r s  of the  polygons.  Photographs  taken of t h e  cen- 
ters i n  August  1975,  1978,  1979,  1980,  and 1982 provide  the  evidence  from  which 
displacement  can  be  measured. Gaps in   the  photographic   record  occurred  because 
t h e  s i te  was underwater i n  August of 1976,  1977,  and  1981. A sample  of 173 iden- 
t i f i a b l e   s t o n e s ,   g r e a t e r   t h a n  1.3 c m  i n   l e n g t h ,  moved an  average  of 4.76 cm during 
a 7 year  period;  one  stone moved 18.3 cm during  these  observat ions.  The average 
rate of mvement  per  stone was 0.68 cm per  year  from 1975 t o  1982. In genera l   the  
s tones  moved toward t h e   g u t t e r s .  Clast motion  can  be  attr ibuted t o  heaving and 
th rus t ing   by   f ros t   ac t ion ,   need le   i ce ,  and  perhaps  lacustr ine  ice .  

2 

INTRODUCTION 

The loca t ions   o f   s tone   po lygons   in   a lp ine  
areas can  be  divided  into two ca tegor ies :  sites 
t h a t   a r e   r e l a t i v e l y  well drained and sites i n  de- 
p re s s ions   t ha t  are per iodica l ly   covered  by water. 
In t h e   f i r s t   s i t u a t i o n ,   t h e   s t o n e   p o l y g o n s  are 
large,   of ten  exceeding  several  merers in   d i ame te r ,  
and  regarded as r e l i c t   l and fo rms .  The vegeta t ion  
growing in t h e  fines o f  t he   cen te r  of a polygon 
h inde r s ,   i f   no t   p reven t s ,  movement of  rock  frag- 
ments.  Furrhermore, s t a b i l i t y  of t h i s  mfcro-land- 
form is indica ted  by l i c h e n s  on rocks   in   the   gu t -  
ter. I n   t h e  second loca t ion ,   the   absence  of veg- 
e ta t ion  can  f requent ly   be  explained by the  presence 
of water. Stone  polygons are c o m a  micro-land- 
forms i n  depressions  subjected t o  per iodic   f looding 
and in   t he   sha l low  a reas   o f   a lp ine   l akes  (Dionne 
1974  and S h i l t s  and Dean 1975).  Because  the water 
l e v e l   i n   t h e  Lakes or   depress ions   can   f luc tua te  
g r e a t l y ,   o p p o r t u n i t i e s   e x i s t  t o  s tudy   t he   su r f i c i a l  
p a t t e r n  and movement of c l a s t s   i n   t h e   c e n t e r s  of 
stone  polygons. The absence of vege ta t ion   p lus   t he  
a v a i l a b i l i t y  o f  water   ensures   the   ac t ion  o f  f r o s t  
processes  on  these  landforms. 

n iques   t o  assess change in   s tone  polygons  over  
time. Cai l leux  and Taylor  (1954)  studied  the 
superposit ion  of  photographs  of s tone polygons  ex- 
posed  over  13  years  and  concluded  that no change 
had  occurred. The same authors   a lso  observed  that  
painted  s tones moved more than 10 c m  i n  2 y e a r s   i n  
t he   cen te r  of  one stone  polygon. Tal l is  and 
Kershaw (1959)  noted  chat small stone  polygons, 
45-60 cm in   d i ame te r ,  formed i n  one  winter and 
were o b l i t e r a t e d  by w e t  weather   in   the   fo l lowing  
summer. Pissart (1964)  measured t h e  movement of 
6 s tones  over  17 y e a r s   i n   t h e   c e n t e r  o f  a d is rupted  
stone  polygon, One s tone  moved 2 1  cm i n   t h i s  
study.  French  (1976)  summarized  the  methods  that 
have  been employed to   monitor   the amount of move- 
ment in  stone  polygons.  These  methods  include  the 
use   o f   pa in ted   ob jec ts ,   the   deformat ion   of   l ayers ,  

Previous  researchers  have  used  several   tech- 

l e v e l i n g  and d i r e c t  measurement, v e r t i c a l  and 
ground  photography, f ros t   heave   r eco rde r s ,  geo- 
chemical  analyses,  and  carbon-14 dat ing.   Despi te  
t h e   v a r i e t y  of e f f o r t s ,  few generalizations  can  be 
made about   the rates of mot ion   fo r   c l a s t s  i n  t h e  
c e n t e r s  of stone  polygons. 

amount of  horizontal   displacement of s u r f i c i a l  
s tones  i n  the   cen te r s  of  small   stone  polygons  that  
are l o c a t e d   i n  a depression on a moraine a t  3,865 
m. With a 7 year   record,   th is   research  can  pro-  
vide  answers  to  questions  such  as:  What i s  t h e  
rate of  stone  displacement in t he   cen te r s  of s tone  
polygons, and what i s  the  predominant   direct ion of 
displacement?  Moreover,  the rates and d i r e c t i o n  
of  stone  displacement may provide   addi t iona l   ev i -  
dence  for   evaluat ing  the  hypotheses  of stone  poly- 
gon formation.   Final ly ,   accurate   es t imates  o f  t h e  
impact  of f r o s t   a c t i o n   a r e  becoming more s i g n i f i -  
cant  as human ac t iv i t i e s   con t inue   t o   enc roach  upon 
a lp ine   a reas .  

The purpose of t h i s   r e s e a r c h  i s  t o  document t h e  

STUDY AREA 

Within  the  Sangre  de  Crisro  Mountains  of  south- 
ern  Colorado, USA (37O35' N. ,  105°30' W.), a small 
depression,  675 m2, a t  3,865 m (Figure 1) conta ins  
stone  polygons  with  approximately  one meter between 
centers   (Figure 2 ) .  The depression i s  l o c a t e d   i n  
the  upper   port ion  of   the  northeast-facing Dutch 
Creek  cirque, a compound c i r q u e   t h a t  was probably 
i ce - f r ee   s ince   t he  end of   rhe  Pleis tocene.  No 
evidence of  N e o g l a c i a l   i c e   e x i s t s   i n   t h e   v i c i n i t y .  
Glacial r i l l  on t h e   f l o o r  of the  e longated  c i rque 
i s  composed of p r i m a r i l y   f e l s i c  and  hornblende 
gne isses  and some metabasal t  and  metagraywacke, a l l  
o f  Precambrian  age. 

The si te,  f i r s t  observed i n  August  1975, is 
devoid of  l i c h e n s  and  shrubs,  although a few clumps 
of grass have  occasionally  sprouted i n  the   cen te r s  
of  the  polygons. The general  absence o f  vegeta t ion  
can   be   exp la ined ,   i n   pa r t ,  by the  presence  of 
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FIGURE 1 An obl ique  aerial view of the   s tudy   a r ea  
i n   t h e  Sangre de Cristo  Mountains of Colorado. 
The a r row  poin ts   to  the area with stone polygons. 

water. Standing water was observed i n   t h e   g u t t e r s  
i n  1975,  although  the level of  the  water w a s  25 cm 
below the   sur face .  Maximum water level i n   t h e  
depression is def ined by the   vege ta t ion  around t h e  
depression.  In t h e  summer of  1976,  for  example, 
t h e  water leve l   co inc ided   wi th   the  l i m i t  of veg- 
e t a t i o n .  In  1981  during a rainstorm,   the water 
level  r o s e  more than 25 c m  i n  less than 48 hours. 
Observations  on May 1, 1977,  and May 6, 1981, a t  
the  beginning of spr ing  melt, r evea led   l acus t r ine  
ice   over   the   depress ion .   Suf f ic ien t   mel t ing  had 
already  taken  place and I was not a b l e   t o   d e t e r -  
mine i f   t h e   i c e  was f rozen   t o   t he   su r f ace  of t h e  
stone  polygons. 

The f i n e s   i n   t h e   c e n t e r   o f   t h e   s t o n e   p o l y g o n s  
are on an  average 30% sand, 39% si l t ,  and 31% clay. 
Addi t iona l   t ex tura l   ana lyses  are planned when t h e  
s i te  i s  excavated.   Detai led  s tudies  of  mineralogy 
have  not  been  completed  but w i l l  be   u se fu l   i n  
explaining  the  source  of  s i l ts  and  clays.  Exten- 
sive e o l i a n   a c t i v i t y   i n   t h e  San Luis  Valley,  west 

FIGURE 2 A v i e w  of  t h e  s tone  polygons i n  a 
d e p r e s s ~ o ~  a t  3,865 m. An i c e  axe,  height of 80 
cm, provides  a measure of  ssa1.e. 

of  the  study area, i s  one  hypothesis   €or   the 
s o u r c e   o f   t h i s   f i n e  material. Within  the  drainage 
area of  the  depression,   only  one small channel  has 
developed,   thereby  suggest ing  that   the   inf lux of 
f ines   has  had an e f f e c t  on t h e  development o f  s tone  
polygons.   This   re la t ionship w i l l  be   invest igated 
a t  a later date .  

ment approximately 200 m above t h e  tree l i n e .  No 
evidence  has   been  observed  to   suggest   that   the  
s t u d y   s i t e  was  once  forested. The n e a r e s t   c l i m a t i c  
s t a t i o n ,  the Great Sand Dunes Nat ional  Monument, is 
16 km northwest  but i s  too  low ( 2 , 4 9 9  m) t o   b e  of 
s i g n i f i c a n t   v a l u e   i n   a s s e s s i n g   t h e   n a t u r e  of t h e  
weather and c l imate  a t  the  depression.  Although 
the   c l ima te   s t a t ion  on Niwot Ridge i n   t h e   F r o n t  
Range is 270 km nor th ,  a s imi l a r   e l eva t ion  (3,750 
m) and aspect   on  the  landscape  permit   in terpolat ion 
of  general  conclusions.  Andrews-fl973)  reported 
p rec ip i t a t ion   ave rages  102 cm y r  and temperature 
averages -3.8OC on Niwot Ridge.  Frost   action is a 
ve ry   e f f ec t ive   agen t  of s u r f i c i a l  change when t h e  
f r eez ing   po in t ,  OOC, i s  crossed  f requent ly   during 
the   pe r iods  when water i s  ava i lab le .  The presence 
of t a lus ,  s t o n e   s t r i p e s ,   r o c k   g l a c i e r s ,  and a 
pat terned  fen  (Vitek and Rose  1980) a t tes t  t o   t h e  
e f f e c t i v e n e s s   o f   f r o s t   a c t i o n   i n   t h e   s t u d y  area. 

The study s i te  i s  loca ted  i n  a tundra  environ- 

METHODOLOGY 

The rates of many changes i n  a p e r i g l a c i a l  
environment are percept ible   only  with  long-term 
observat ions.  The micro-landforms i n   t h e  Study 
area have had approximately  9,000  years  in  which 
to   evolve ,   hence   the   ac tua l  rates of development 
and  change may be  extremely slow. Stone  polygons 
represent  one  type  of  response t o  t h e   i n t e r a c t i o n  
of  atmospheric  conditions and p rocesses   w i th   l i t h -  
o l o g i c  and  topographic  variables.  In  e f f e c t ,  
stone  polygons  have  developed a t  t h i s   l o c a t i o n  
r a the r   t han  some other  form o f  patterned  ground. 
Knowledge of t he   t ypes  and rates of  change i n   t h e  
stone  polygons may provide  information  about  past  
and future  development. 

t a i n s   i n  which  stone  polygons may be active cont r i -  
buted  to   the  conservat ive  approach  for   the  analysis  
of   these  forms,  With repe t i t ive   photography,   the  
stone  polygons  can  remain  undisturbed  until  such 
time t h a t   d e t a i l s  of i n t e r n a l   c h a r a c t e r i s t i c s  are 
e s s e n t i a l  t o  t h e   i n t e r p r e t a t i o n  o f  s u r f i c i a l   a c t i v -  
i ty .   Pa in ted   s tones  were not  added t o   t h e   c e n t e r s  
of   the  polygons  to   detect   the  rates of  displacement 
in   o rder   no t   to   d i s rupt   the   sys tem.   Recent ly ,  
Caine  (1981)  reported  that   the  addition o f  painted 
o b j e c t s   b i a s e s   t h e  measurements of change.  Without 
p a l m ,  more e f f o r t  i s  necessary t o  trace t h e  move- 
ment o f  s tones ,   bu t   t he   r e su l t s   shou ld   p rov ide  more 
accura te  estimates of   the   na tura l   p rocess .  

t h e   c e n t e r s  t o  be  photographed on one  frame o f  a 
35 mm camera with a 50 mm lens,  thus  minimizing  the 
d is tor t ion   in t roduced  by  photography  (Figures 3 and 
4 ) .  A 150 mm r e fe rence   s ca l e  was  placed  withfn 
each  stone  polygon to a i d  i n  the  alignment  of 
photographs on a year ly   bas i s .  An assumption was 
made t h a t   t h e   p o s i t i o n  o f  l a r g e r   s t o n e s   i n   t h e  
g u t t e r s  would not   change   s ign i f icant ly   over   the  

The l a c k  of sites in   the  Sangre  de  Crisro Moun- 

The small size  of  these  stone  polygons  allowed 
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'j7xGUp.E 3 A 1982 (t7) phntOgr8ph of the 8cone. 
polygon center referred to in t h e  text 88 center A-  
Scale. is 150 mm ( 6  i.111. 

length  of   the  s tudy.   Although  the  pat tern  of  
g u t t e r s  and centers   appears   f ixed,   s tones i n  t h e  
g u t t e r s  may be  disrurbed by f r o s t   a c t i o n ,   r o d e n t s ,  
or  people.  Alignment of photographs  confirms, 
however, t ha t   t he   d i s rup t ion  of s tones   i n   t he   gu t -  
ters i s  minimal. 

Laboratory  experiments  have  proven  that  stones 
move t o   t h e   s u r f a c e  and toward  the  edge  of  experi- 
mental  systems  subjected t o  a l te rna te   f reeze- thaw 
(Corte  1962, 1966; Kaplar 1965; Mackay and Burrous 
1979).   Nicholson  (1976)  recently  used  f ield  obser- 
va t ions   to   conc lude   tha t  a combination  of  the cir- 
cu la tory  movement model  and the r a d i a l  movement 
model can  explain many forms  of  patterned  ground, 
Although  the  photographic method used i n   t h i s   a n a l -  
y s i s  was designed  to   evaluate   only  the  horizontal  
component o f  motion i n  a three  dimensional  system, 
the  appearance of new s tones  on the   su r f ace  
through rime also  confirms  the  presence  of   ver t ical  
morion. 

FIGURE 5 Horizontal  displacement of  s tones  moni- 
t o r e d   i n   c e n t e r  A from  1975  to  1982, The arrows 
i n d i c a t e   t h e   d i r e c t i o n  of c l a s t  movement and t h e  
a s t e r i s k s   i n d i c a t e   c l a s t s   t h a t   c o u l d   n o t   b e   l o c a t e d  
i n  1982. 

Maps of s t o n e   p o s i t i o n   i n   t h e   c e n t e r s   o f  poly- 
gons were created  from  photographic  enlargements 
(28  x 36 cm). Maps from d i f f e r e n t  time periods 
were al igned  using a Kail r e f l e c t i n g   p r o j e c t o r   t o  
co r rec t   s ca l e   d i s to r t ions   i n t roduced   i n   t he   p ro -  
duction  of  the  photographs.   For  simplicity and 
accuracy ,   the   s tones   tha t  were mapped exceeded 1 .3  
cm in  length  because  they  could  be  easi ly   ident i -  
f i e d  from  year  to  year.  By comparing  color  sl ides 
taken  during  the 7 years ,   on ly  10 stones  from  the 
i n i t i a l  sample  have  been l o s t .  The l i n e a r   d i s t a n c e  
a s tone  moved was ca lcu la ted  as the   d i s t ance   t he  
center  of the  s tone moved relative t o  i ts  i n i t i a l  
posi t ion.   Al though  s tones are three  dimensional  
objects,   motions  such as r o t a t i o n  or tilt  have nor 
been   eva lua ted   in   th i s   s tudy .  

ANALYSIS 

P o s i t i o n s  of the   s tones   wi th in   four   s tone  
polygons  (labeled A ,  B, C ,  and D) were recorded  on 
August 6 ,  1975 (to). Although shadows were present  
when these  photographs were exposed i n  midaftrer- 
noon,  they  have  not  posed a major  problem i n   i n t e r -  
p r e t i n g  change. I n  subsequent  years,  however,  the 
photographs were taken  during  overcast   condi t ions 
to   e l imina te  any e f f e c t   t h a t  shadows might  have i n  
masking t rue   pos i t i on .  Recause the   depress ion  was 
covered  with water i n  August 1976 ( t  ) and  1977 
( t z ) ,   t h e   c e n t e r s  were not   photograpied   for   the  
second time u n t i l  August 1978 (t3). A t  t h i s  time 
ini t ia l   photographs  were  taken o f  12 a d d i t i o n a l  
cen ters .  A l l  16 c e n t e r s  were photographed  in 
August 1979 ( t q ) ,  August 1980 ( t 5 ) ,  and  August 1982 

Summary s t a t emen t s   fo r   t h i s   ana lys i s   i nc lude  
('7). 

changes   in   the   hor izonta l   pos i t ion  of s t o n e s   i n  
fou r   cen te r s  from  1975 ( t o )   t o  1980 ( t5)  and  from 



1980 ( t 5 )   t o  1982 ("7).  Yearly  summaries  cannot 
be  produced  because  of  the  gaps  in  the  photographic 
record.   In   re t rospect ,   comparison  of  two photo- 
graphs   for   to ta l   change   in t roduces  less e r ro r   t han  
the  summation  of four  changes  between  five  photo- 
graphs  or  six  comparisons  over  seven  years.  The 
r e s u l t a n t  maps o f  change  (see  Figure 5 fo r  an ex- 
ample  of t he  map of cen te r  A) were  summarized i n  
tabular   form  (Table   1) .   Total   hor izontal   d is-  
placements on cen te r s  A (Figure 3) and B were 
grea te r   than  on cen te r s  C and D (Figure 4 ) .  In 
essence,   centers  A and B have similar physical  
c h a r a c t e r i s t i c s   i n   t h a t  smaller stones  comprise 
the   cen ters  compared t a   s ca t t e r ed   l a rge r   s tones  
on c e n t e r s  C and D. The la rger   s tones   should   o f fe r  
greater   res is tance  to   the  forces   of   motion,   hence 
the  average  total   d isplacement  would be less. The 
range of d i s t ances  moved by ind iv idua l   s tones  on 
sites A and B a lso  supports   the  conclusion o f  
g r e a t e r   r e s i s t a n c e   t o  movement in sites C and D. 

ment can  a lso  be  expressed  as  a ra te  of movement 
on a year ly   bas i s .   Table  2 provides  values  based 
upon a 5 year   record,  a 2 year   record,  and the  
average  per  year  based upon  7 years.   Centers A 
(Figure 3 and Figure 5 )  and B e x h i b i t   v i r t u a l l y  
the  same rates of change fo r  t h e  5 year and 2 year 
periods.  Although  stones moved across   cenrers  C 
and D (Figure  4) a t  t h e  same rate f o r  5 yea r s ,  
during  the las t  2 years ,   the  rare of movement i n  
cen te r  C t r i p l e d   w h i l e   t h a t   i n   c e n t e r  D only 
doubled. The mean values   der ived  for  7 yea r s  must 
be evaluated  careful ly   because  one  value,   h igh  or  
low,  can skew t h e   r e s u l t s .   S i m i l a r  rates a t  
cen te r s  A and B over  seven  years may be  accurate  
measures o f  change  because  the sites have similar 
phys ica l   cha rac t e r i s t i c s .  Greater r e s i s t a n c e   t o  

For  comparative  purposes,  horizontal  displace- 

1329 

motion i n  the  form o f  l a r g e r   s t o n e s  on cen te r s  C 
and D would yield  lower rates of  change. Increases  
i n  t h e  rates of  change  between  1980  and  1982 f o r  
cen te r s  C and D ,  however, sugges t   tha t   addi t iona l  
observat ions are necessary  before mean values are 
accepted as accurate .  

Movement of s tones   can   be   a t t r ibu ted  t o  t h r e e  
processes :   f ros t   ac t ion   (heaving  and t h r u s t i n g ) ,  
the  growth of needle  ice,  and l acus t r ine   i ce .  On 
Niwot Ridge,  Colorado,  Fahey  (1974)  measured 25-30 
c m  o f  vertical  d i s p l a c e m e n t   i n   f r o s t   b o i l s ,  i ,e . ,  
areas without   vegetat ion  but  where s u f f i c i e n t  
water was available.   Because  these  stone  polygons 
are devoid  of  vegetation and  have  an  ample  water 
supply,   f rost   act ion  should  generate   the  forces  
necessary  to  move s tones.  The cen te r s  o f  t he   s tone  
polygons are a matr ix  of f i n e  material surrounded 
by rock   gu t t e r s ,  so the   f reez ing   p lane  may pene- 
t ra te  from the   s ides   i n   add i t ion   t o   t he   t op ,   t he re -  
by a f f e c t i n g   t h e   f o r c e s  on the   sur face   s tones .  The 
presence of o the r   pe r ig l ac i a l   l and fo rms   i n   t he  
immediate v i c i n i t y   c o n f i r m s   t h a t   f r o s t   a c t i o n  is an 
e f fec t ive   agent  o f  change i n   t h i s  area. 

has  been documented  by many researchers ,   inc luding  
Mackay and Matthews  (1974),  Hastenrath  (1977), 
Heine  (1977), and  Meentemeyer  and Zippin  (1981). 
Needle ice was observed i n   t h e   c e n t e r s  of s eve ra l  
s tone  polygons  in  May 1981. Unfortunately,   the  
depress ion   conta ined   suf f ic ien t  water and i c e   t o  
cove r   t he   cen te r s   s tud ied   i n   t h i s   ana lys i s .  Sev- 
eral o the r   cen te r s ,  however, t h a t  were above  the 
level of   the  water   exhibi ted  needle   ice .  S m a l l  
s tones  were u p l i f t e d  by t h e  ice, whereas  larger 
stones  appeared  undisturbed, Moreover, needle ice 
has  been  observed i n  June,   July,  and August  over 
t h e   p a s t  7 yea r s   i n   con junc t ion   w i th   o the r   i nves t i -  

The impact  of  needle ice on  surface phenomena 

i 

TABLE 1 Summary of Measurements f o r  Seven Years: 1975-1982. 

Avg. t o t a l  Kange of 
displacement  Standard  values 

S i t e  N(1975-1982) per  sample  deviation (1975-1982) 

A 41 - 39 5.85 c m  2.79 cm 1.3 - 13.0 c m  

B 43 - 40 6.24 c m  3.79 cm 0.9 - 18.3 c m  

C 46 - 42 3.80 cm 2.12 cm 0.6 - 8.2 cm 

D 4 3  - 42 3.14 cm 1.85 cm 1.0 - 7 .5  cm 

173  -163  4.76 cm samplew1 years-l  

TABLE 2 Rate of  Displacement  Per Sample Per Year. 

S i t e  

0.84 c m  39 0.87 c m  41  0.82 cm A 

1975-1982 N 1980-1982 N 1975-1980 

B I 43 0.89 cm I 40 0.90 cm 1 0.89 cm 

C I 46 0.36 c m  I 42 1.00 cm I 0.54  cm 

D I 4 3  0.37 c m  I 42 0.65 c m  I 0.45 cm 

0.60 c m  0.68 cm sample-'  year-' 0.85 cm 
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g a t i o n s   i n   t h e   v i c i n i t y  of the  stone  polygons.  
Based upon these   observa t ions ,   needle  ice is con- 
s idered  as one o f  the   p rocesses   respons ib le   for  
t h e  movement o f   s tones   i n   t he  centers o f   t he  poly- 
gons. 

The f i n a l  mechanism t h a t  may con t r ibu te   t o  
SKOne movement i s  l a c u s t r i n e  ice. Ice shove 
r i d g e s  are c o m n  i n  areas sub jec t ed   t o   t he   fo rces  
of  expanding i c e  (Washburn 1980). Although  no 
d e f i n i t i v e   r i d g e   e x i s t s   a r o u n d   t h i s   d e p r e s s i o n ,  
l a c u s t r i n e   i c e  was observed i n  1977 and 1981. A t  
t h e  time of   these  observat ions,  however, spr ing  
melt ing had already  begun  and  the ice cover was in- 
complete.   Given  the  r igors o f  t h e  climate a t  t h i s  
e l e v a t i o n ,   l a c u s t r i n e   i c e  may f r e e z e   t o   t h e   s u r -  
€ace of   the   s tone   po lygons   and   cont r ibu te   to   s tone  
movement upon expansion  and  cracking o r  upon break- 
up i n  the   spr ing .  Wind-driven i ce   cou ld   a l so   d i s -  
lodge  stones.  I n  summary, a l l  th ree   p rocesses  
probably   cont r ibu te  t o  t h e   h o r i z o n t a l  movement of 
s t o n e s   i n   t h e   c e n t e r s  of stone  polygons. 

CONCLUSION 

Moni tor ing   173   s tones   in   the   cen ters  of four  
stone  polygons  for 7 years  revealed  an  average 
to t a l   ho r i zon ta l   d i sp l acemen t  of 4 . 7 6  cm, o r   an  
average  year ly  rate of displacement of 0.68 cm. 
The observed maximum horizontal   d isplacement  was 
18.3 cm,  although some of t h e   l o s t   s t o n e s   c o u l d  
have  been moved grearer   d i s tances .  Based  upon t h e  
va r i ab i l i t y   obse rved   i n   t hese   fou r   cen te r s ,   add i -  
t iona l   in format ion  i s  necessary  to   determine  the 
r e l a t i o n s h i p  between  s tone  s ize   and  dis tance 
moved. Th i s   ana lys i s   t r aced   s tones   g rea t e r   t han  
1.3 cm in length.  A f u t u r e   p r o j e c t  w i l l  c a l c u l a t e  
displacement  based upon stone  size.  Moreover, 
add i t iona l   s tud ie s   w i th   s tones  smaller than  1.3 cm 
are possible ,   such as the  changes  in   percent   of  
surface  covered by s tones  i n  response   to   the  ver- 
t i ca l   mig ra t ion  of  stones. 

Through  August  1982, four   centers   of   Stone 
polygons  had  been  photographed  for 7 years  and 12 
o t h e r s   f o r  4 years .  Data c o l l e c t i o n  via photo- 
graphs w i l l  cont inue   for  several more yea r s   be fo re  
addi t ional   conclusions are drawn. Calcu la t ing  
mean va lues   f rom  sho r t   r eco rds   cou ld   r e su l t   i n  
s i g n i f i c a n t   e r r o r .  While the   va lues   g iven   for  
average  total   d isplacement  and y e a r l y  rate of 
change are   accura te   based  upon the  procedures  
employed, on ly   addi t iona l   observa t ions  can confirm 
i f  the  sample period was rep resen ta t ive   o f   t he  
rates o f  change. 
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A HIERARCHICAL TUNDRA  VEGETATION CLASSIFICATION ESPECIALLY DESIGNED FOR MAPPING IN 
NORTHERN ALASKA 

Donald A. Walker 

I n s t i t u t e   o f   A r c t i c  and Alpine  Research 
Univers i ty   o f   Colorado,   Boulder ,   Colorado 80309 USA 

This  paper  presents a t u n d r a   v e g e t a t i o n   c l a s s i f i c a t i o n  scheme t h a t   i s  designed f o r  
desc r ib ing   vege ta t i on   a t   f ou r   l eve l s :  (1) very-smal l -scale maps, ( 2 )  
LANDSAT-derived maps, (3)  pho to - in te rp re ted  maps,  and (4)  plant  community 
desc r ip t i ons .  A system o f   n o m e n c l a t u r e   i s   d e s c r i b e d   t h a t   l i n k s   t h e   f o u r   l e v e l s .  

INTRODUCTION 

Land-use p l a n n i n g   i n   t u n d r a   r e g i o n s   u t i l i z e s  
knowledge of vegeta t ion  more than any o the r  
t e r r a i n   f a c t o r .  The v e g e t a t i o n   g i v e s   i n s i g h t   t o  a 
host of env i ronmenta l   var iab les,  many of  which  are 
r e l a t e d   t o   p e r m a f r o s t ,   i n c l u d i n g   s o i l   p r o p e r t i e s ,  
depth   o f   the   ac t i ve   layer ,   tempera ture   reg ime and 
snow regime.  There  are  three  pr imary  methods  of  
i n t e r p r e t i n g   v e g e t a t i o n :  (1) p l a n t   c o r n u n i t y  
descr ip t ions   a t   g round  leve l ,  ( 2 )  a e r i a l  
photographs, and (3)  m u l t i - s p e c t r a l   s a t e l l l t e  
d a t a .   C u r r e n t l y   t h e r e   i s  no c l a s s i f i c a t i o n  system 
t h a t   r e l a t e s   t h e  map u n i t s  from one  method t o  
those   o f   t he   o the r  two. Viereck and Dyrness 
(1980) developed a h i e r a r c h i c a l  method o f  
vege ta t i on   c lass i f i ca t i on   f o r   A laska ,   bu t  it i s  
n o t   s p e c i f i c a l l y   d e s i g n e d   f o r  mapping and i s  
p a r t i c u l a r l y   d i f f i c u l t   t o   a p p l y   t o  
LANDSAT-dervived c l a s s i f i c a t i o n s .  The 
c l a s s i f i c a t i o n  scheme presented  here  (Table 1) 
meets t h r e e   b a s i c   c r i t e r i a :  

* A t  t he  LANDSAT leve l ,   t he   l and   cove r   un i t s  
are  based on t h o s e   c h a r a c t e r i s t i c s   o f   t h e  
vege ta t i on   t ha t  can  be c l a s s i f i e d  
c o n s i s t e n t l y  from LANDSAT data. 

i s   c o n s i s t e n t   y e t   f l e x i b l e  enough t o   d e s c r i b e  
the   g rea t   va r ie t y   o f   t und ra   commun i t i es .  A t  
t h e  community leve l ,   the   sys tem  i s  open-ended 
so t h a t   u n i t s   t h a t  do no t   accu ra te l y   desc r ibe  
the   vege ta t i on   o f  a given  area need not be 
used. 

-The  lower  level   uni ts  can be grouped  wi th in  
the   h ighe r   l eve l   un i t s   w i th  a  minimum o f  
ove r lap  so t h a t   t h e r e   i s   c l e a r   c o m p a t i b i l i t y  
between l e v e l s .  

- A t  l ower   l eve l s ,   t he   c lass i f i ca t i on   sys tem 

The h i g h e s t   c l a s s l f i c a t i o n   l e v e l ,   L e v e l  A, i s  
very   genera l  and use fu l   f o r   ve ry -sma l l - sca le  
vegeta t ion  maps of   Alaska.  Level  B c o n s i s t s   o f  
LANDSAT-level land   cover   un i ts   tha t  can be 
i n t e r p r e t e d   u s i n g   d i g i t a l   m u l t i - s p e c t r a l   s a t e l l i t e  
data.  Level C cons i s t s   o f   vege ta t i on   subun i t s  
t h a t  can  be i n t e r p r e t e d  from aerial   photographs i f  
supplemented  with  adequate  ground  truth.  Level D 
cons i s t s  of ind iv idua l   p lan t   communi t ies ,  
determined  by  ground  surveys. The f o l l o w i n g  
d i scuss ion   p resen ts   t he   c lass i f i ca t i on   sys tem 

"from  the  ground up," s t a r t i n g   w i t h   l e v e l  D. 

LEVEL  D--PLANT COMMUNITY NAMES AND UNITS FOR 
VERY-LARGE-SCALE MAPS 

Level  D u n i t s   d e s c r i b e   s p e c l f i c   v e g e t a t i o n  
c lasses   tha t   cor respond  approx imate ly   to   the   s tand 
types  o f   Marr   (1967)   the  assoc iat ions  o f  
Daubenmire  (1952) o r  Braun-B1  anquet  (1932) , and 
the  plant  community  or  community  type  of 
Whittacker  (1967). A t  t h i s   l e v e l   t h e r e   a r e  many 
u n i t s  and the  system i s  open, such t h a t  any  newly 
descr ibed  vegetat ion  cornuni ty   can be e a s i l y  
added. The nomenclature used f o r   d e s c r i b i n g  
v e g e t a t i o n   a t   t h i s   l e v e l   a l w a y s   f o l l o w s   f i x e d  
gu ide l ines .  The fo l l ow ing   d i scuss ion   exp la lns   t he  
nomenclature  system  for  plant  communit ies and 
noncomplex map u n i t s  and t h e n   f o r  complex map 
u n i t s .  Complex map u n i t s   c o n t a i n  two o r  more 
d is t inc t   vegeta t ion   communi t ies ,  and each 
Community covers   a t   leas t  30% o f   t h e  map u n i t .  
Level D i s   a p p r o p r i a t e   f o r   v e r y - l a r g e - s c a l e  maps 
o f  small  areas (e.g.  a  l:l,OOO-scale map o f  a  5 
ac re   eco logy   s tudy   s i t e ) .  

Noncomplex U n i t s  

P lan t  community names have f o u r   p a r t s   t h a t   a r e  
always  arranged i n   t h e   f o l l o w i n g  sequence: (1) a 
s i t e   mo is tu re   t e rm,  ( 2 )  the  dominant  p lant   taxa, 
(3)  the  dominant  plant  growth  forms, and (4)  an 
overa l l   phys iognomic  descr ip tor  * The s i t e  
moisture  term  can be c&, moist, wet o r  a u a t i c .  
These a re   sub jec t i ve  t e r m s x d   F t h e  + so1 
mois ture   a t   the  end of   the  growing season. The 
s i t e   m o i s t u r e   t e r m   i s   f o l l o w e d   b y   t h e  names o f   t h e  
dominant  plant  taxa, one o r  more from each o f   t h e  
representat jve  shrub,  herb,  and cryptogam  layers 
o f   t h e  canopy. The number  of t a x a   i s   k e p t   t o   t h e  
minimum r e q u i r e d   t o   a d e q u a t e l y   d i s t i n g u i s h   t h e  
community from others  on t h e  map; t h e   t o t a l  
normal 1 y does no t  exceed s i x .  

be  any o f   t h e   f o l l o w i n g :  (1) t a l l  shrub (>1.5  m), 
(2 )  low  shrub  (0.2 t o  1.5 m), ( 3 )  dwarf  shrub 
((0.2 m), ( 4 )  sedge, ( 5 )  rass,  (6) rush,   (7)  
tussock sedge, (8) forb,  99)  moss, (10) c rus tose  
l l chen,  and (11 )   f ru t i cose   l i chen .  The term 
g r a m i n o i d   i s  used when two o r   m r e   o f   t h e  dominant 

The dominant  growth  forms  fol low  next and can 

1332 



1333 

TABLE 1 H i e r a r c h i c a l   C l a s s i f i c a t i o n  Scheme f o r  Tundra on the   A rc t i c   Coas ta l   P la in  
and F o o t h i l l s  o f  Northern  Alaska. 

" ~ 

Level  A 

V E R Y  SMALL 
SCALE UNITS 

A. WateF 

B .  Wet Tundra 
"- 

C. Mois t  Tundr 

Level  B 

LANDSAT  LAND COVER UNITS 
(suggested map c o l o r s )  

" 

"_ 
" "" 

I .  Water ( l i g h t   b l u e )  

I I .  Very Met Tundra 
( d d r k   b l u e )  

I l l .  Wet Tundra 
(dark  green1 

t IV. M o i s t 1  wet  Tundra 
Complex ( l i g h t   g r e e n )  

Level  C 

PHOTO-INTERPRETED MP UNITS 

~. 

l a .  Water 

la.   Shal low  Water  (pond  margins) 

$complextsubunits: 

IC. Aouatic  Forb  Tundra 

..................................... 

"""" ".____"""""""""""~" 
Aqua i c  Graminold  Tundra 

:omman complex   subun i ts :  
I d ,  Water1  Tundra  Complex: 

(pond  complex) 

loncomplex  subunits: 
l a .  wet Sedge Tundra 

I b .  Wet Graminoid  Tundra  (wet   sa l ine 
Tundra)  

:omon Cam l e x   S u b u n i t $ :  
r l e t  !edge Tundra1  Water 

Complex  (pond  complex) 

I d .  Wet zedge l   Mo is t  Sedge, 
Dwarf  Shrub  Tundra  Complex 
(wet   pat terned-ground  complcx)  

:omman Complex Subuni ts :  

"' Mii;tG~arninoid  Tundra  Complex 
edge,  Dwarf  Shrub1 

complex) 
(mo is t   pa t te rned-ground 

@oncomplex Subuni ts :  
Va. M i s t  Sedge,  Dwarf  Shrub 

Tundra 

Vb. m i s t  Tussock Sedge, Dwarf  Shrub 
Tundra 

.....................~~~~~.~~~.~"~~~. 
Vd. Dry   hvar f   Shrub,   F ru t i cose  L icher  

Tundra   (Dry   ac id ic   tundra)  

Level  0 

TYPICAL PLANT COMMUNITIES 

NO v e g e t a t i o n  

No v e q e t b t i o n  

U q u a t l c   A r c t o p h i l a   f u l v a  Grass  Tundra 
Aquat ic  Cerex aquatiTii-Sedge  Tundra 
...........................  ......................... 
Aquat ic  Hlppuris vu1 aris, C a l t h a   a l u s t r i r  Men dntheS 

t r i f o l i a t * u n m q E r +  
areas I 

Typ ica l   communi t ies   l i s ted   under   la .  I l a .  I I I a ,  I I l b .  and 
Va 

Wet Carex  a u a t i l i s ,  Scor i d i u m  scor i o i d e s  Sedge  Tundra 

wet Carei c h o v d o r r h l z a ,   E r l o   h o r u m   s c h e u c h z e r i ,   P o t e n t i l l a  
Tu+ a c i d i c   t u n d r a  - i n l a n d  

T e h i e s + l k a l i : e  tund ra )  

!;;k;ris Sedge - - - - ,  

Wet E r i o  horum an u s t l f o l l u m .  Ou O n t i 4   f i s h e r i ,  Cam 1iUm 
+ u m u n b m t u d +  

c o a s t a l   a r e a s )  

Wet Carex Subs a thacea   PuCCine l l i na   h r  anodes, S t e l l a r i a  
T m k i a r i a  ~~- o f f i c i n a l % n d r  

T y p i c a l   C o m m u n i t i e s   l i s t e d   u n d e r   I a ,   I l a  and I l l a  
" 

T y p i c a l   c o m n u n l t l e s   l i s t e d   u n d e r   I I I a  and Va 

T y p l c a l   c o m u n i t i e s   l i s t e d   u n d e r  Va and I l l a  

Moist  Carex b i   e l o w i i   E r i o  horum an uS t l fO l l um ssp t r l s t e .  

~ ~ + k ~ ~ ~ I ~ . + r b m e n t ~  amno l a  su6uTFformis Sedge: & X 
T n F a " ' ( m o i s t   a l k a l l n e   t u n d r a 1  

Moist  Carex  a u a t i l i s   E r i o  horum an u s t i f o l i u m  ssp. t r i s t e  
z e M h ; & * t ; ; e ; ; F *  

M i s t  Carex b i   e l o w i i  Or as i n t e   r i f o l i a  Lu i n u s   a r c t i c u s  
m x b : p % h & ; & t & s "  

E t T o m  
Sedoe. h ~ r " F o r ~ ~ a  u i s t e t u m   a r v e n s c  *nitens mo is t  non t-' 
a l k a l i n e   t u n d r a )  ' 

Ho is t   Er iophorum v a  lnbtum O r  as i n t e   r l f o l i u m .   S a l i x  
p  an o a h ; h & k * a  m c o m i u m  

h e d g e ,  b a r 7   x r m h d r a t r a l   t o  
s 1 1 e r Z ,   P t i l i d i u m l l a r e   C e t r a r i a  w;u+ 

s l i g h t l y   a c i d i c   t u s s o c k   t u n d r a )  

Dry I n t e  r i f o l i b  Carex TU e s t r l s  Ox t r o   i s  

; I g + S a i l x r e t i c k i r & & x i c a u l e .  ecanora ~ e p I= yl  Dwarf  Shrub. Forb. Crus tose  L ichen 
un r d  nrydS r v e r   t e r r a c e s )  

Dry i n t e   r l f o l i a   A s t r a   a l u s  a1 i nus  Ox t r o  i s  
bor+T& k i u i i & k c e u m  
G o =  e h a r f  Shrub,  Forb, C r u s t o E T K T I 7 k  -Dryas P l v e v   t e r r a c e s )  

Dry Or as o c t o   e t a l a ,   A r c t o s t a   h  10s alpi, Em etrum 

-%r$?$%%%u~o%%k ac i  IC undra on kames ana w r a l n e q   i n  foothills) f d r y  

Dry Salix r o t u n d l f 0 1 l a .   P e d i c u l a r i s   L a n e ] .   L u z u l a   a r c t i c a .  
7 1  tr chum sp A   e c t o r  a n -5 T X G r l a  

d i & t h a r ;  5 t h .   i r u h i h - 4  ( d r y  
ac id i c   t und ra   nea r   coas t )  
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TABLE 1 (Continued) 

Level   A 

V E R Y  SMALL 
SCALE UNITS 

0. Shrubland 

E .  P a r t l a l l y  
Vegetated 
and  Barren 

Level   B 

LANOSAT  LAN0 COVER UNITS 
(suggested map c o l o r s )  

~ 

,- ... " 
VI. Moist  Tussock Sedge. 

Low Shrub  Tundra 
(brown)  

I .  k i s t  Sh rub - r i ch  
-- . ., . -,".I,-" 

Tundra  (dark  brown) 

' I l l .  Shrubland or Shrub 
Tundra   ( red )  

IX. P a r t i a l l y   V e g e t a t e d  
( v i o l e t )  

Leve l  C 

PHOTO-INTERPRETED IMP UNITS 

ommon Com l e x   S u b u n i t :  
~ < . ~ ~ l s t P G r m i n o l d .  Dwarf Shrub 

Tundra1  Barren Complex ( f r o s t -  
s c a r  complex) 

oncomplex  Subunit: 
V l a .  Moist Tussock Sedge. low  Shrub 

Tundra  (ac id ic   tuqsock  tundra)  

oyp lex  5ubu;Its: 
V b. k i s t  uSSock Sedge. LOW Shrub 

Tundra/   Tal l   Shrub Complex 

VIc.  Moist  Tussock Sedge, Low Shrub/ 
Wet  Low Shrub  Tundra  Complex 

This  complex may appear as sub- 
(water  t rack  complex)  Note:  

u n i t   o f  VI or VI1  depending on 
t h e   d e n s i t y   o f   w a t e r   t r a c k s .  

oncomlex  Subuni ts:  
I l a .   V o i s t  Low %rub.  Tu5sock Sedge 

Tundra  (shrubby  tussock  tundra)  

I l b .   M i s t  Dwarf  Shrub, Moss Tundra 
( 5  ha num r i c h  dwarf  shrub 
t* 

;;plex 5ubu;it: 
c .  Mo is t   u rsock  Sedge. Low Shrub/ 

Wet  Low Shrub Tundra Comolex 
(water   t rack  complex - -  see 
no te   under   v l c . )  

I l a .  Wet tow  Shrub  Tundra 

"""_"""""_"............ 
I l b .   M o i s t  Low Shrub  Tundra 

I I c .  M i s t  Shrubland 
( c l o s e d   r i p a r i a n   s h r u b l a n d )  

i a r i a n   a r e a s :  
h r m e n l  LOW Shrub  Complex 

(open r l p a n a n   s h r u b l a n d )  

I X b .   D r y   B a r r e n l   h a F f  Shrub  Forb 
Grass  Complex ( f o r b - r i c ;   r i v e r  
b a r s )  

_I 

"""__""............... """".". 

- - - - - - - - - - - - - - - " - - " "~~~~"""" "  

IXc .   D ry   Ba r ren l  Forb  Complex 

---""---"-~""---""-"~"~""" 
IXd.  Dry  Barren/ Low Shrub  Forb 

Complex  (open r i p a r i a n   s h r u b l a n  

Sand Dunes: 
M e .   D r y   B a r r e d  Grass  Complex 

(sand dune g rass land )  
..........."... ".......~."~"""~~ 
IXf. Ory  Barren/  Dwarf  Shrub,  Grass 

Complex (sand dune steppe)  

""""""""""""""""""- 
IXg.  Dry  Barren/ Low Shrub  Complex 

(sand dune sc rub )  

Level  0 

TYPICAL PLANT  COMMUNITIES 

Typ ica l   communl t les   l i s ted   under  Va and Vb p l u s   e i t h e r  
comple te ly   bar ren .   f ros t -scars   o r   co !mun i t les   5uch 

Chr  santhemum i n t e   % % i i u d T l u m i s  
4 5 :  Dry   Sax i f raga o o s i t i l o l i a  Or as l n t e g r i f o l i a ,  

m i h ; o m  h i a r r e n  
a k a   i n e   r o s t   s c a r s 7  ~ 

Mo iL t   E r lophorum  va   i na tum,   Sa l l x   p lan l fo l l a  ssp, pulchra, 
Oetu la  nana !sp. e x i l I s , e d u m  palustre ssp. 
d e c u m b e ~ " J a c c i n ~ p . 7 7 i a  num spp  Cladonla 
spp.  Tus&k"GF:-Low S i r i h k G a  ' '  - _ _  "-""-1 "_. 

Typica l   communi t ies   l i s ted   under  Vb and V I a   p l u s   w i d e l y  
s p a c e d   A l m s   c r i v a  

T y p i c a l   c o m n u n i t i e 5   I l s t e d   u n d e r   V i a  and V I I l a  

M i 5 t  Rubus chamaemorus Ledum p a l u s t r e  sup.  decumbens, 
e e t u l a  nana. spp: T i s  acc  nlum  5pp.. llhagnum spp..m spp.XG7-s Tundr: 

Typ ica l   comnun i t ies   l i s ted   under   V I4  and V I I a  

Wet S a l i x   p l a n i f o l i a   u l c h r a .   B e t u l a  nana  ssp. e x i l i s  -m h u b - a - t  w i 1   l o w t u n d r a )  

Wet Be tu la   nana   ssp .   ex i l i s ,  Sphpgnum spp,  low  Shrub  Tundra 
Y t F c h   t u n - w  

"""""""""__""............... ~"""""""""~". 

Mois t   Be tu la  nana s s p .   e x i l i s   V a c c i n i u m  u l i  Inosum 
T X i i t m  f r u t i x : h e   e r  a c-Salix 

rpp.. F e s t u c a   a l t a i c a  &Tundra  (souih" 
f a c i n g T t G 3 7 C T n   f o o t h i l l s )  

. 

Mo is t   Sa l i x   a laxens is .   Sa l i x   spp .   Ta l l   Sh rub land   (w i l l ow  
T T l a n  s h r u h l a r  

x l x ( b i r c h - / a * b f " "  
MISt B e t u l a  nana ssp. e x i l i s   B e t u l a   I a n d u l o s a  Low 

Typical   communit ies and  ground  cover l i s t e d  under V l l l c  and 

............................................ 
Xa. 

T y p i c a l   c o r n u n i t i e s   l i s t e d   u n d e r  Yc,  Xd, also mixed  fo rb  

Dry um e l l i a n u s   F e s t u c a   r u b r a   A s t r a   a l u s  a1 lnu5 
g rass  and  dwarf  shrub  communities  such  as: 

AndrEsaFe c h a m a e ! a ~ l ~ ; l & ! , & :  
h a r f   S h r u ~ u & o r ~   r i v e r  b a r s )  

+ l r o h a ,  A n d r o s a c e c h a m a e . k e  k a m u b ,  
-Tundra ( D r y a s   r l v e r  hars n e a r J a r c t i c   c o a s t )  

Dry Dr  as i n t e   r i f o l i a ,   A r t e m i s i a   b o r e a l l s  A. lomerata.  

D ry  E i l o b i u m   l a t i f o l i u m ,   A r t e m i s i a   a r c t i c a ,   W i l h e l m s i a  
+es Forb Barre- r i v e r h a m s -  """"""""""""""""""""""""""""."" 

Dry  El f lus  arenar ius  Grass  Tundra  (sand dune g rass land )  

D r y   S a l i x   a l a x e n s i s ,  5. Iauca,   E l  us arenar lus,  _Carex 
T t u s a  a r a? i h f o d k w  Shrub, 

d i a k h n +  
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TABLE 1 (Continued) 

VERY W A L L  
SCALE UNITS r" l e v e l  B 

LANDSAT  LAN0 COVER UNITS 
(suggested map C o l o r s )  

X. L i g h t - c o l o r e d   B a r r e n s  

c lassed  as ba r rens  
(Note:  Most  areas 

a r e   l i k e l y   t o   h a v e  
some v e g e t a l   i o n  
but  ground  cover Is 

( b l a c k )  
less   than 30% 

XI]. I c e   ( w h l t r ;  

l e v e l   C  

PHOTO-INTERPRETEO HRP UNITS 

3eaches r i v e r   d e l t a s ,  and e s t u a r i e s :  
Barren1 wet Sedge Tundra 

Complex ( b a r r e n /   s a l i n e  
tundra  complex)  

IXi. Dry  Barren/  Forb.   Graminoid 
Complex ( c o a s t a l   h a m e n s )  

Munta inous  areas:  
- f ~ J ~ r ~ a ~ e ~  hvarf  Shrub, 

Graminoid  Tundra Complex (dry 
a l p i n e   t u n d r a )  

I X k .  M i s t  Barren/  Moss. Forb. b a r f  

t u n d r a )  
Shrub  Tundra  (mois t   a lp ine 

Xa. R ive r   g rave ls  

Xb. Sand  dunes 

Xc. Barren grave l   ou tc rops  

Xd. Talus  s lopes and b l o c k f i e l d s  

Xe. Gravel   roads and  pads 

XIa. Wet  mud 

XIb. Wet or dark -co lo red   g rave ls  

Xlc .  Bare  Peat 
......................... 

" " ~ ~ " " - ~ ~ ~ " ~ ~ ~ " " ~ - - - - - - - - - - - - - -  
XId.   Talus  s lopes and b l o c k   f i e l d s  

XII. I c e  

g r a s s - l i k e   p l a n t s   a r e   i n   d i f f e r e n t   f a m i l i e s .   O n l y  
the   g rowth   fo rms  cont r ibu t ing   a t   leas t  30% o f   t h e  
r e a d i l y   v i s i b l e   g r o u n d   c o v e r   a r e   i n c l u d e d   i n   t h e  
comun i t y  n  me. 

physiognomic  descriptor,  which i s  a   te rm  tha t  
appl jes  to   the  appearance of the  genera l   vegetat ion 
landscape'. The t e r m   t u n d r a   i s  used f o r  most a r c t i c  
and a l p i n e   n o n f o r e s t e m s   w i t h   g e n e r a l l y  
continuous  ground  cover. The t e r m   b a r r e n   i s  used 
i n  areas where t h e r e   i s   l e s s   t h a n  3 m u n d  
cover. The term  shrub1 and a p p l i e s   o n l y   t o  
sh rub -cove red   a reas   t ha t   a re   t rad i t i ona l l y   no t  
considered  tundra,  such as dense r i p a r i a n   s h r u b s  
a l o n g   l a r g e   r i v e r s .  Shrub  dominated  vegetation  in 
water   t racks  that   are common i n   t h e   f o o t h i l l s   a r e  
genera l ly   cons ldered  shrub  tundra,  as are' 
shrub-dominated  units on mountain  slopes and on 
open f l a t   t e r r a i n .  Examples o f  community names can 
be found i n   t h e   r i g h t  hand column of   Table 1. 

Complex U n i t s  

The las t   po r t i on   o f   t he   commun i t y  name i s   t h e  

Complexes o f  v e g e t a t i o n   a r e   p a r t i c u l a r l y  
common i n   t h e   A r c t i c ,  where pa t te rned   g round   i s  
p reva len t .  Areas  where  complexes are mapped 
inc lude  ice-wedge  po lygons,   sor ted  b lock  f ie lds,  
strangmoor,   water  t racks,   f rost-scar areas.,  and 

l e v e l   0  

TYPICAL PLANT  COMMUNITIES 

T y p l c a l   g r o u n d   c o v e r   l i s t e d   u n d e r   l l l b  

D r y   C o c h l e a r i a   o f f i c i n b l i s .   S t e l l a r l a  humifuSd. P u c c l n e l l i a  

o t e n t l   a   u T c n e l l a  Forb. Grsmlnold Tundra   (coas ta l  
Pi s a l i n e   b a r r e n s  

a n d e r s o n l l ,   S a l i x   o v a l i f o l l a ,  

TvD ica l   wound   cove r   l i s ted   under  Xd. Vc. or t h e   f o l l o w l n s .  
among many o t h e r s :  

mic-oma- m r a  a 
b r o n c h i a l i s .   h   a r c t i c a ,  W G E F f T o h h d -  

~~ 

Dry  us o c t o   e t a l b  5a11x h l e b o   h  110  Carex 

M i n u a r t i a   a r c t i c a   h a r f  Shrub,  Graminold 
r y   a l p i n e   t u n m  - 

Comple te ly   bar ren  or w i t h   t y p i c a l   c o r n u n i t i e s   l l s t e d   u n d e r  
IXb,  IXc,  IXd 

T y p i c a l   c o m u n l t i e s   l i s t e d   u n d e r  IXe, IXf, IXg 

T y p i c a l   c o r n u n i t i e s   l i s t e d   u n d e r  Yd Or t he   f o l l ow ing ,  among 
................................................ """"" 

man" n t h p r r :  

Dry R h l y a r p y  
spp.  Lecidea spp. 

e t r a r   a  s p p . ' C m  L ichGn  Bar ren   (b lock f ie lds  and 
L h b i l i c a r i a  spp.. 

faTusT 
."............"_~""""""""""""~~ ~"""""""" 

Comple te ly   bar ren  

Comple te ly   bar ren  or w l t h  c o m m u n i t i e s   l i s t e d   u n d e r   I I l b  

Comple te ly   bar ren  

A s t l y   b a r r e n   a r e a s   a l o n g   t h e   c o a s t   c a u s e d  by storm  surges 

"_~................. " ~ " " " " " " " " - " - " " " - ~ ~ " " " ~ ~ ~ ~  
.......................................................... 

or man-made d is turbances.   COmnunl t leS  l lc ted  under  
I I I b  

Same as X8 

Comple te ly   bar ren  

s o l i f l u c t i o n   s t r i p e s  and lobes.  Often one 
comnunlty i s   c o n s i s t e n t l y   a s s o c i a t e d   w i t h   a  
p a r t i c u l a r  element o f   t he   su r face   f o rm,  such as 
polygon  r ims,   whi le   another   comnuni ty   is  
c o n s i s t e n t l y   f o u n d  on another  element,  such as the  
polygon  baslns and troughs. A cons i s ten t  method of 
desc r ib ing  complexes u t i l i zes   t he   bas i c   commun i t y  
nomenclature  described above. For example, t h e  
f o l l o w i n g   d e s c r i p t i o n   i s   f o r   a  map u n i t   i n  a 
f o o t h i l l  area  wi th  water  t racks.  

Water-track  complex: 
a) I n t e r f l u v e s  and upland  areas:  Moist 

E r ipho rum  va   i na tum,   Sa l i x   p lan i fo l i a  

~ ~ ~ ~ m ~ p h T i i i   p d i n a  
arbuscula &edge, m u b  

u l c h b  p a l u s t r e  ssp. 

Tundra. 

m i s - S p h a g F s p .  L o w b   m a .  
pu lchra,   Betu la  nana  ssp. e x i l i s ,  Carex 

b )  Water t racks :  Wet S a l i x   p l a n i f o l i a  ssp. 

Note that   the  communi ty  names f o l l o w  
d e s c r i p t i o n s   o f   t h e   m i c r o s i t e s  on which  they 
occur, and t h e  complex i s  named acco rd ing   t o   t he  
dominant  pat terned-ground  feature  or   landform. 
The u n i t   d e s c r i p t i o n   i n c l u d e s   o n l y   t h o s e   p l a n t  
c o r n u n i t i e s   t h a t   a r e   a s s o c i a t e d   w i t h   d i s t i n c t i v e  
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patterned-ground  elements (e.9. polygon  r ims, 
water  t racks,   polygon  t roughs  etc.)  and tha t   cove r  
more  than 30% o f  a map u n i t .  

LEVEL  C--PHOTO-INTERPRETED MAP UNITS 

Level C can  be  used f o r   p h o t o - i n t e r p r e t e d  maps 
at   sca les  f rom 1:6,000 t o  1:63,360. Ch a e r i a l  
photographs  there  are  two  main  characters   that   are 
use fu l   f o r   i den t i f y i ng   t und ra   vege ta t i on .  The 
f i r s t   i s   c o l o r  or a gray  tone.  The darkness  of 
t o n e   i s   o f t e n   i n d i c a t i v e   o f   t h e   m o i s t u r e   s t a t u s   o f  
the  s i te .   Darker   areas  are  normal ly  wet, and 
l i g h t e r  areas  tend  to  be m o i s t   o r   d r y  due t o  an 
abundance o f   e rec t  dead graminoid  vegetat ion 
and/or  crustose  l ichens.  There  are,  of  course, 
e x c e p t i o n s   t o   t h i s .  Sometimes dry  areas will also  
be dark due t o  barren  oeat or an abundance o f  
dark -co lo red   f ru t i cose '   l i chens ,   such as A l e c t o r i a  
n i   r i c a n s  and C o r n i c u l a r i a  diver=, or wet areas 
k q h t - t o n e d  due t o   m K o n  pond bottoms. 
On-color - in f rared  photographs,   co lor  i s  
impor tant .   For  example, red   t ones   a re   i nd i ca t i ve  
of  deciduous  shrubs and are  important i n  
i n t e r p r e t i n g   c a t e g o r i e s  of tussock  tundra 
vegeta t ion   w i th   vary ing  amounts of   shrub  cover.  

The second u s e f u l   c h a r a c t e r   i s   t e x t u r e .  Many 
tex tu res   a re   ind- ica t ive   o f   sur face   fo rms and thus  
are   use fu l   fo r   recogn iz ing   vegeta t ion   complexes .  
The presence of ice-wedge  po lygons,   f rost   bo i ls ,  
so l i f l uc t i on   l obes ,   S t rangmoor ,   b lock f i e lds ,  
t a lus ,  and rugged  rocky  ter ra in   can  be  recognized 
on t h e   b a s i s   o f   t e x t u r e .  On very - la rge-sca le  
photographs,  texture  can  also be h e l p f u l   i n  
i den t i f y i ng   sh rub   vege ta t i on  and co t tongrass  
tussocks. 

P h o t o   i n t e r p r e t a t i o n  o f  t u n d r a   v e g e t a t i o n   i s  
d i f f i c u l t  because near l y   a l l   t he   commun i t i es   a re  
low  growing and the   c lues  for d i s t i n g u i s h i n g   u n i t s  
a re   f requen t l y   qu i te   sub t l e .  It should  be 
s t r e s s e d   t h a t   t h e   c r i t i c a l   e l e m e n t   f o r   a c c u r a t e  
vegeta t ion  maps i s   ex tens i ve   g round   re fe rence  
data.  With adequate  ground  experience, s i t e  
mois ture  reg ime and dominant  plant  growth  forms 
can  normal ly be i n te rp re ted .  

Noncomplex U n i t s  

- 

The species  composi t ion o f  tundra   vegeta t ion  
can v e r y   r a r e l y  be r e l i a b l y   i n t e r p r e t e d   f r o m  
aer ia l   photographs,  Thus at   Level '  C, t h e  
nomenclature  drops  the  p lant  taxa names and 
c o n s i s t e n t l y  uses the   rema in ing   pa r t s   o f   t he  
nomenc la tu re   ou t l ined   fo r   Leve l  0, i.e., t h e   s i t e  
moisture  term,  the  dominant  p lant   growth forms, 
and the  physiognomic  descr iptor.  An example  of a 
Level  C u n i t   i s   M o i s t  Tussock Sedge, Low Shrub 
Tundra.,  Other  exanples may be found i n  Table 1. 

Complex U n i t s  

Complex u n i t s   a r e   t r e a t e d   i n  a s i m i l a r   f a s h i o n  
w i t h   t h e   t e r m  complex  attached t o   t h e  end o f   t h e  
u n i t  nane  and t h e p o n e n t s   o f   t h e  complex 
separated  by a s lash  ( / ) .  An example f o r  a 
low-centered  ice-wedge  polygon  complex i s  Wet 
Sedge/Moist Sedge, h a r f  Shrub Tundra Complex. 
The physiognomic  term  tundra i s   i n c l u d e d   o n l y   f o r  

t h e   l a s t   p o r t i o n  o f  the  complex. The physiognomic 
t e r m   f o r   t h e   f i r s t   p o r t i o n  of t h e  complex i s  
i n c l u d e d   o n l y  i f  it i s   d l f f e r e n t   f r o m   t h e   l a s t .  
The f i r s t   p a r t   o f   t h e  complex name i s   t h e  dominant 
p o r t i o n .  The Level  C equ iva len t  of the  water  
t r a c k  complex  mentioned i n   t h e   p r e v i o u s   s e c t i o n  i s  
Mois t  Tussock Sedge, Low Shrub/Wet Low Shrub 
Tundra Complex. The term  water  track  complex 
cou ld  be used as a sho r te r  s y n o n m  generdl 
discuss ion.   For   the  formal  map u n i t   t i t l e s ,  
however, every  attempt  should be made t o  use t h e  
complete names s ince   t h i s   i nc reases   t he  amount of 
i n fo rma t ion   ava i l ab le  on the  map and makes a l l   t h e  
units  comparable. 

. .  

LEVEL  B--LANDSAT-INTERPRETED MAP UNITS 

LANOSAT methods  have c e r t a i n  advantages  over 
p h o t o   i n t e r p r e t a t i o n .  These i n c l u d e   t h e   d i g i t a l  
format   o f   the  data,  and the  speed with  which maps 
o f   l a r g e  areas  can be made.  The minimum LANDSAT 
mapping  area i s  one p i x e l  or p i c t u r e  element t h a t  
cor responds  to  a ground  area o f  0.44 ha (1.1 
acre).   This i s  cons iderab ly   smal le r   than minimum 
map u n i t   s i z e   a t  a1 1 b u t   t h e   v e r y   l a r g e s t  
pho to - in te rp re ted  map scales.  

t h a t   t h e   f f n a l  map un i t s   a re  based s o l e l y  on 
sur face   re f lec tance.   Promis ing  methods t h a t  may 
a i d   i n   i n t e r p r e t a t i o n   o f   t u n d r a   v e g e t a t i o n   f r o m  
LANDSAT data   Inc lude:  1) u s i n g   m u l t i p l e  LANDSAT 
scenes from severa l  seasons, and 2 )  use o f  
d i g i t i z e d   l a n d f o r m  and te r ra in   da ta   f rom  geograph ic  
i n fo rma t ion  systems. The comb ina t ion   o f   spec t ra l  
r e f l e c t a n c e  and t e r r a i n   i n f o r m a t i o n   c a n   b e  used t o  
produce  computer  models  that  are  capable  of 
i n t e r p r e t i n g  more vegeta t ion   un i ts   than  can   be  
mapped with  spectral  data  alone.  There  have  been 
some a t tempts   to  use d i g i t a l   e l e v a t i o n   d a t a   f r o m  
topographic maps t o   h e l p  model  problem  categories 
on   t he   bas i s   o f   s l ope   aspec t  and e l e v a t i o n   ( f o r  
example, Jus t i ce   e t   a l .  1981). These methods  have 
no t ,  however,  been  used e x t e n s i v e l y  on t h e   A r c t i c  
Slope due l a r g e l y   t o   t h e   v e r y   f l a t   l a n d s c a p e  where 
i n t e r p o l a t i o n   o f   e l e v a t i o n   v a l u e s   f r o m   w i d e l y  
spaced  topographrc  contours  can  produce  inaccurate 
i n t e r p r e t a t i o n s .  

A c l a s s i f i c a t i o n  fo r  LANDSAT-derived maps 
shou ld   recogn ize   t he   l im i ta t i ons   o f   t he   da ta .  
There  are tm pr imary   cha rac te rs   o f   t he   no r the rn  
A l a s k a n   v e g e t a t i o n   t h a t   a f f e c t   i t s   s p e c t r a l  
r e f l e c t a n c e  and are most impor tan t   w i th   rega rds   t o  
LANDSAT-derived v e g e t a t - i o n   c l a s s i f i c a t i o n s .  These 
are   the  amount o f   water  on the   su r face  and t h e  
percentage  of  deciduous  shrubs i n   t h e   v e g e t a t i o n  
canopy. Numerous o the r   f ac to rs ,  such as t h e   t o t a l  
percentage  o f   p lant   cover ,   the amount of e rec t  dead 
gramino id   vegeta t ion ,   the   co lo r   o f   the   subs t ra te ,  
t he   moun t   o f   l i chen   cove r ,  and t h e   n u t r i e n t   s t a t u s  
o f   t h e   s j t e ,   a l s o   a f f e c t   t h e   r e f l e c t a n c e .   F i g u r e  1 
i s  a c lus te r   d iag ram  fo r  a t y p i c a l  LANDSAT scene 
from n o r t h e r n   A l a s k a   i l l u s t r a t i n g   t h e   s p e c t r a l  
s i g n a t u r e s   i n  two bands f o r  the  major  Level  8 
classes. The 12 Level B un i t s   a re  based p r i m a r i l y  
on mo is tu re   s ta tus ,   t he  amount o f   s h r u b s   i n   t h e  
canopy, and, i n   t h e  case o f   t h e   p a r t i a l l y   v e g e t a t e d  
and b a r r e n   u n i t s ,   t h e   t o t a l   p e r c e n t a g e   o f   p l a n t  
cover. A f u l l   d i s c u s s i o n  o f  t he   un i t s   can  be  found 
i n  Walker e t   a l .   ( i n   p r e s s ) .  

The b ig   d isadvantage o f  LANDSAT metftods i s  
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LEVEL  A--VERY-SMALL-SCALE MAP UNITS 

Level A cons i s t s  of o n l y   s i x   u n i t s   t h a t   a r e  
use fu l   f o r   ve ry   genera l   vege ta t i on  maps o f  
Alaska. The un i t s   a re  Water, Wet Tundra,  Moist 
Tundra,  Shrubland, P a r t i a l l y  Vegetated and Barren, 
and Ice .  These un i ts   a re   comparab le   to   the  
c lasses  used  for   the  major   ecosystem map o f   A laska  
(Jo in t   Federa l -S ta te  Land Use P1 anning Commission 
1973) and t h e  USGS l a n d   c o v e r   c l a s s i f i c a t i o n  

MOIST SHRUB-RICH TUNDRA 

MOIST  TUSSOCK SEDGE 

VEHY'WET TUNDRA dOlST/WCT TUNDRA COhlPLEX 
DorX Blue L q h t  G r a m  

25 
R € F L € C T A N C € -  N E A R  I N F R A R E D  B A N D  ( B A N D  6 )  

50 75 IO0 

FIGURE 1 C1 us ter   d iagram  fo r  a LANDSAT scene o f  
t h e  Prudhoe Bay region,  Alaska  (scene no. 
21635-21044),  bands 5 and 6. The land  cover 
des ignat ions  and map c o l o r s   i n d i c a t e  how t h e  
c l u s t e r e d  were grouped i n   t h e   f i n a l  
c l a s s i f i c a t i o n .  Each e l l i p s e   e n c l o s e s  80% o f  t h e  
p i x e l s   a s s i g n e d   t o   t h e   r e s p e c t i v e   c l u s t e r .  The 
c l u s t e r i n g   a l g o r i t h   i s   p a r t   o f   t h e  EDITOR  LANDSAT 
analys ls   sof tware  system used  on the  TENEX-DEC 
System POP 10 computer  avai lable from Bo l t  Beranex 
and Newnan Inc,,  Boston, Mass. (Courtesy  of USGS 
Geography  Branch, Mo f fe t   F ie ld ,   Ca l i f o rn ia . )  

system f o r  remote  sensor  data  (Anderson e t   a l .  
1976). 

CONCLUSION 

The h i e r a r c h i c a l   c l a s s i f i c a t i o n  scheme 
presented   here   o f fe rs  a f i r s t   a p p r o x i m a t i o n   a t  a 
l i n k  between two methods o f   v e g e t a t i o n  mapping 
tha t   a re   be ing   w ide ly  used in   nor thern   A laska- -one 
based on LANDSAT technology and the   o the r  based on 
pho to   i n te rp re ta t i on .  It t i e s   b o t h  of these 
methods t o  a comprehensive means o f  desc r ib ing  
tundra   vegeta t ion  on t h e  ground. It i s   p r e s e n t l y  
a f l e x i b l e  system  that  will undoubtedly   cont inue 
to   evo lve  as more experience i s  gained i n  mapping 
tundra   vegeta t ion .  
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The way in which permafrost affects the design of land-based pipalinos carrying 
hot fluids is well documented and  has  been the subject of a considerable amount 
of engineering analysis in the last decade. Thin paper considers the related 
problem of designing offshore pipelines in areas where subsea permafrost is 
encountered. A thermal analysis using a finite element: modol irr dercribod, and 
results baaed on measured soil data are presented for the caaes where  a pipeline 
is supported in a causeway and where it  is trenched into the seabed. This is 
followed by a di8CU8siOn o f  settlement analysis. considering such questions a$ 
the determination of thaw strain and the influenco of arching in tho soil. The 
aelection of a criterion to determine "allowable" pipeline curvatures and the 
question of treating the statistical variability of aoil and permafrost 
conditions along the pipeline route are also covered. 

WTBODUCTION 

The thawing of subsea permafrost below a warm 
subnarine pipeline creates a potential hsrsrd if 
it leads to excessive pipeline settlement. 
Several solution6 have been  advanced: these 
include the elevation of the pipeline above the 
seabed on piles or in a berm and the prowision of 
an active refrigeration system. While these 
techniques have extensive applications on land, 
they are unlikely to be economic for all  but 
short lengths of offahore pipelines in shallow 
water. 

The preferred aolution iS to trench the pipe- 
line into the seabed (to protect against ice 
scour) and, by providiq sufficient insulation 
around the pipe. to rastrict tho thawing of per- 
mafroat and the resulting settlement to an 
acceptable degree. The way in which this can be 
calculated is the subject of this paper. Results 
of a thermal analysis are prosanted. leading into 
a discunsion of the important considerations gov- 
ernin5 the mechanical response of the pipeline 
and the surrounding thawed material. 

Since it in not intended that: a site-specific 
design problem should be nddresaed, hypothetical 
pipeline sizes and operating temperatures have 
been selected in the analysis. Howmver every 
attempt haa been made to use meaaured soils mnd 
climatic data to mmke the study representative of 
inshore Alaskan Beaufort Sea conditions. 

THEEMAL ANALYSES 

Transient heat conduction through the seabed 
WIU predicted using a rro-dimensional finito ele- 
ment model (Hwang et  al. 1980, Hwang 1976). A 
number of one-dimensional analyses were also car- 
ried out to determine initial conditions and to 

match t h e m  to meamred data., The model geometry 
remained fired during each simulation and no 
adjustments vmre made  to accommodate pipeline 
settlement. 

Properties of soiln required for geothermal 
analyses include latent heat, specific heat  and 
thermal conductivity. Gootechnical engineering 
practice is to evaluate soil thermal properties 
indirectly by reference to known correlation8 to 
soil index properties such a8 texture, moisture 
content and bulk denaity. With seabed soils. 
salinity must also be considered. since thin 
affects not only the soil freezing temperature. 
but also its latent heat due to the prerence of 
unfrozen water. 

The salinity o f  ice-bonded permafrost is  gen- 
erally on the order of 10 ppt or about a third of 
that for normal seawater; however the salinity of 
unfrozen seabed soils can exceed that of oeauater 
by up to 25% (Harrison and Oeterkamp 1982). The 
relationship used in this study between soil 
freezing point  and salinity is derived from the 
sea ice modol presentad by Ono (1966). 

The latent heat o f  aoils is computed by multi- 
plying the latent heat of w a t e r  by the volume of 
water that must change phase in order to  thaw  the 
soil. This volume equals the total moisture con- 
tent minur the moisture content that remains 
unfrozen at the particular soil temperature. Tho 
unfrozen moisture is considered as the sum of rho 
moisture absorbed by soil minerala (ncaaw and 
Tice 1976) and the unfrozen moisture within the 
brine pockets of pore ice  lono  19661. 

The relationship between unfrozen water con- 
tent and temperature for varying salinities is 
ahown in Figure 1. The soil is typical of tho 
fine grained seabed permafrost within tha rrtudy 
region and can be classified as a sandy silt with 
a total water content of 32%. The latent heat 
required to thaw this soil will typically be 
5 0 - 7 5 1  of that required for a sidfar fresh water 
soil. 
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FIGURE 1 Effect of salinity on unfrozen water 
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FIGURK 2 Model geometries (not to scale). 

Salt rejection is obnecred in frozen s o i l a  at 
tmnperatures below -8%. This process was nor 
modeled since temperatures are  primarily  in tho 
range of -1.5 to -3.S°C. 

Thermal conductivity of cohesionless soils was 
eutimated using  JOhaIaSPn'E method as deucribed by 
Farouki (1981). The estimated conductivity pro- 
vided a reasonable cornpaciaon with the limited 
data available rrom proprietary field atudiea. 

The specific heat of ice-bonded  permafroat waa 
computed as a weighted awerage of the soil 
graina, unfrozen moiature and frozen moisture. 

Kpd01 Goamatrieu  and Boundary Conditions 

Figure 2 shows the gOOmDtFie6 o f  the three 
cases under consideration. Water depth ia an 
important  variable. Cases 1 and 2 consider shal- 
low conditions, i.e. water depths leas than 2m. 
Due to the presence of bottom-fast ice during the 
winter, the  mean annual aeabed temperature is 
substantially lowered and  hence relatively cold 
permafrost (-3%) i s  encountered within 2m of 
the aurface. Typical soila data  for  shallow con- 
ditions are surmarieed in Table 1. 

Csae 3 i a  typical o f  deep water (greater than 
2mb where the seabed temperature is wacmer and 
remains approximately constant throughout the 
year. In this case. the depth to the relatively 
warm permafrost (-0.9OC) i s  treated ns a varia- 
ble. 

In each case. twin 16 in (4061mn) diameter 
pipelinea are modeled carrying  hot oil at a tam- 
porature of 66OC. In8ulation thickness is 
treated am a variable. 4 vertical aria of sylane- 
try midway between the pipeline allows modeling 
of half of the actual section. 

The CaUaeWay was aaaumed to have a crest width 
of 15.- with uide slopes of 1 in 10, The free- 
board was sat at 4 . 6 m  in a water depth of lm. 
The pipelines were buried 1.- below the surface. 
1.05m on either side of the axia of sytmetry. 

The boundary conditions for tho exposed sur- 
face of the causeway Were derived from meteoro- 
locical data on measured air  temperatures. wind 
speed, snow depths and solar radiation. Figure 3 
illustrates the boundary condition applied to the 
submerged surface of the causeway and to the 
adjacent  seabed. This wan obtained from a sopa- 
rate one-dimensional  analysis.  where. by adjuat- 
ing  conductivities. seabed tsmperatures were 
derived that matched measured data. 

t 
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FIGURE 3 Boundary condition used on submerged 
surfaces for shallow water cases. 

Constant temperature and adiabatic boundary 
conditions wBre prescribed for the base  and  ver- 
tical surfaces of the grid reapectively. Initial 
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reabsd tmperatures vera establishod from the 
ono-dimonsional analysis to compare closely with 
available measured data. 

An alternative configuration to  the causoway 
consista of the pipelines buried dirocrly in the 
seabad. A water depth of lm was selected for 
Case 2. where the pipelines were assumed to be 
operating  in a backfilled  ditch with  lm of granu- 
lar bodding  provided below the pipes. The bottom 
of the pipe was placed at a depth of 2.4m  in a 
trench with a basa width of 610 and side slopes of 
1 ( V I  in 2 (HI (see Figure 2 ) .  

Caae 3 considered a location in 9.4m of water. 
where the depth to ice-bonded  permafrost was 
treated as a variable.  between 6 and 15m below 
the aeabed. This was achieved by adjusting soil 
snlinitias and  hence  freezing  points. The 
grmnular bedding wall eliminated below the pipe as 
shown in Figure 2. The boundary conditions were 
similar in  both  analyaea with the exception of 
the exposed surface below sea level. For the 
deeper water case whore seasonal freezing does 
not extend to the  bottom, the temperature was 
varied over a l0C range (cf. ZS0C in shallow 
water) . 
~auaewav Besufts 

Thormal simulations ware run for pipes  having 
0, 5 0  and l0Omm of inaulation. Figure 4 indi- 
cates the extent of thaw after 5 years of opera- 
tion. (Abrupt changos in tha thawing iaothem 
position reflect changes in aoil propertien.) 

AXIS OF SYMMETRY 

,- PIPE BO'C r TOP OF CAUSEWAY 

-10 I I I I 1 I s lb 15 2b 2s 
DISTANCE, m 

FIGURE 4 Causeway condition during September of 
year 5. 

Permafrost aggradation under the cauaeway is 
obaerfed  along the full width of the causeway. 
With  insulated  pipo. the entire causeway freezes 
each winter. while  the bare pipe maintains a thaw 
bulb all year.  During the surmmr months.  appror- 
iaately 2m o f  gravel thaws out on the flanks of 
the causeway.  and under the insulated pipes thaw- 
ing extends down to about 4m from the surface. 
but  is still contained within the cauoeway  itself. 

Prom the above,  it is apparent that to  prevent 
thaw settlement. the provision of 5Omm of 

insulated coating  around the pipelines in ado- 
quate. The. possibility of frost heave  however. 
due to the presence of the causeway itself  pro- 
moting the freezing of seabed soils. cannot be 
overlooked. 

Seabed Tronch Rosultu 

A full parametric study  has  nor  been  conducted 
at this stage; only water depth, depth to perma- 
frost surface and insulation thickness are 
treated as variables. 

Figure 5 comparea the worst case.  that ia 
where the permafrost table lies 6m below the sea- 
bed (Case 3s) with  the next moat severe 
conditian, where  the pipeline trench intercepts 
the permafrost 2m below the seabed (Case 2 ) .  
Dropping the permafrost table to 9 and 14 m 
beneath the seabed (Cases 3b and Sc) produced 
progressively less rapid thawing. 

CASE S lA)  

FXGUKK 5 Depth of thaw below seabed (midway 
between  pipes)  versus  time. 

Two phenomena are observed  here:  dropping the 
permafrost table reduces thawing by introducing 
more unfroten material acting like insulation 
around  the  pipe. In the first of the Case 3 sim- 
ulations howaver, this in more than offset by the 
warmer initial ground temperatures when compared 
with Case 2. 

Case 3b (permafrost tablo initially 9m b R l W  
seabed. 1OOrm insulation) showed that only 1.2m 
o f  thaw had  taken  place after 5 years.  and none 
at  all was observed in Caso 3c when  the table wan 
dropped Po l4m. 

A typical cross-section of the thaw bulb  is 
given  in Figure 6 ,  showing the Case 3a results 
aftor 5 years. 

Unlike the cauaeway  analysis,  it is not  possi- 
ble to reach definite conclusions at this stage 
about the acceptability of the degree of thawing 
observed. In the worst CL80. even with lOOnm of 
pipeline inaulation. up  to 4.5m of permafrost was 
thawed beneath the pipe before  steady state was 
reached. Nevertheless it should be recognisrd 
that  from our erilting borehole data this 
repreaents unusual conditions fthat is. 
encountering "warm"  permafrost  only 6m below the 
seabed). For more typical conditions where the 
permafrost table is  10-15m into the soabed. 
ateady atate wan reached after 1-2m had been 
thawed.  Throughout. it should be recognised that 
consarvative assumptions about  heat Iosa t o  the 
ocean have  been  made,  in  that complete backfill- 
ing of the trench with uniform seabed material is 
as slrned . 
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F16URE B Case 3 thaw bulb  profilo. 

PIPKLINE SETTLEMENT 

Introductioq 

The prediction o f  the  sire of the  thaw bulb 
under a warm pipeline overlying  permafrost is a 
relatively ntraightfomard computation. providod 
accurate soils data are available. The settle- 
nont calculation on the other  hand  is mare com- 
plex  and there are reaaonn to believe that aim- 
plified models may be overly conservative, Three 
aspect8 of the problom will be di6CUsSed here: 

0 the computation of the deflected shape of 
the trench profile. 

t h e  intoraction of the pipe with the tronch 
and the determination of an acceptable pipe- 
line curvature. 

the statistical treatment of aoil variables. 

Settlpnent 

There are two aspects of this problem which 
any model mumt address. namely the computation of 
thaw strain and the influence of noil  arching. 

In a continuum model of a frozen soil. the 
total stress is shared between an effective 

atreas in the soil UkelRtOn aud an ice atress. 4 
aimple one-dimensional model of thaw consolida- 
tion is deacribod by Figuro 7, where the ares aro 
mtroas  and void. ratio.  and the continuous curve 
expresses the relation betwoen  mttess  and voids 
ratio obaerved in  a conventional consolidation 
tent  on unfrozen soil.  in which the effective 
mtress is increased  continuously,  and free and 
complete drainage of pore water is  allowed. If 
the moil  is frozen at voids ratio eo. and then 
mubjectod to a total stresa 81. the effective 
stroma is no and the ice  stream 81-so. If 
now the soil thaws. the voids ratio decrea8es to 
I y i / y  ,,)eO. where Y i and Y ,, are the den- 
sities of ice  and  wator.  and the effective ntr4.m 
increases to sA. Since  the total streaa is 
still 81, a  pore preomure s1-m; is 
induced. If draina8e in not pemittod, this por- 
tion of the total stream can continue to be  car- 
rigd by the pore water, and no settlement will 
occur. If drainage can occur, the pore pressure 
falls, and the total atreas is progressivaly 
transferrod away from the pore water. so thrt the 
effective stress increases to 8 1  and the voids 
ratio falls to el; the corresponding thaw 
strain is  (eo-el)/(l+oo). In m o m  soila 
witb selregated ice. so is alumat zero. while 
in  coarne-grained soile, the conmolidation curve 
in almoat parallel to  the stress axia. so that 
thaw strain is almo6t  independent of '1. Only 
then does it make sense to  speak of thaw strain 
as a material property,  and usually it will 
depend on the final stress level, 

Korgmmtern's theory of one-dimensional  con- 
solidation introduces the concept of thaw- 
consolidation ratio. a measure of the extent to 
which pere pressures  in the thawed region can 
dissipate in rolation to tbe Speed o f  advance o f  
the  thaw front. Like  all  idealizationa, it 
leaves out  Eactora  that may sometimes be  impor- 
tant: for example. it takes no rccount o f  
unfrozen water in  the frozen aoil, or of partial 
saturation, or. like our own thermal model, no 
account of thotmal diffuaion or convective inter- 
action  botwuen the diffusion of beat  and  water. 

The atreas field under a pipeline is obviously 
more CompliCatOd than in one-dimensional  consoli- 
dation. In soma areas. deformation may be domi- 
nated by shear strains, which do not imply volume 
change, do not require pore water to diffuse,  and 
tharefore can occur as an immediate reaponse t o  
stroma change. A complox progressive interaction 
deVOlOpS during thaw con6olidation. as pore pren- 
mutes diffuse and the  relative magnitudes of 
shear and volumetric strain alter.  both with t i m  
and with position within the stresm field. 

Thawing under a clubmarine pipeline induces a 
complox three-dimensional  mituntion.  but many of 
the feature6 of t h e  simple model petoimt. 
Firmtly.  aottlement  induced by large volumetric 
strains implies drainage, and thetefOC9 will not 
occur at  once.  but  only after times of order 
L2/cvc, where L is the drainage path  length 

would still be tho came even if thawing were 
instantanooum.  and drainage rather than  thaw  rate 

VOIDS 
RATIO 

e 

E O  ." .".".. 

, .  and cvc the coefficient of consolidation: tbim 
8 ,  

: !  
, I  

, .  - STRESS will often determine the rate of development of 
so s'o SI Chaw settlements.  Secondly. the extent of thaw 

FIGURE 7 Voids Ratio versus Stress. 



strain depende on the stress field:  if stress 
redistribution durine thawing reduces the 
increasos  in effective stress that would occur 
otherwise. the  thaw strains and settlements will 
be correspondingly reduced. 

Figure 8 is a SchematiC transverse and  longi- 
tudinal section of a submarine pipeline in a 
backfilled trench in srabed soil containing a 
mass of ice-rich material subject to large thaw 
atraina. When the pipeline goes into operation, 
tho ice-rich mnterial begins to thaw, and  consol- 
idation begins  immediately  beneath the pipe.  at 

(and therefore reduce the thaw strain) by  radia- 
tribution of the vertical compresaive stress lat- 
erally, away from the "softer" area of thaw 
strain. so that the stcasr is  increased an either 
side at a and c , To a lesser extent,  arching 
also redistributes load longitudfnrlly. A second 
effect results ftom tho flexural stiffness of the 
pipaline, which resists bonding  and tries to 
bridge the aces of thaw settlement. so that 
inataad of being carried by soil underneath. the 
weight of the pipe  and  ita contents (and some o f  
the overburden) is transmitted longitudinally by 
shear forces in the pipe to areas g and 0. 
Finally.  arching  also occurs in the backfill 
above the pipe, so that its weight is  partially 
redistributed. 

- a. Arching will  reduce tho effective stress at 
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(piJ\ 
TUAWED 

SEA 

LONGITUDINAL 
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x x X f R L k i  x x X 
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FIGURE 8 Pipeline schematic. 

A11 o f  the above effect6 serve t o  reduce soil 
deflections under the p i p  and  if  ignored. there 
is a serious risk that an analysis may be  excea- 
siwely conservative. 

Behavlour of the PiDeline 

It can  be seen from Figure 8 that the effect 
of thawing  parmafrost under a pipe depends on the 
horizontal extent of the permafrost  feature. 
This will determine the importance of tho aeching 
effects  described above and will directly influ- 
ence the behaviour of the pipeline. since the 
allowable deflection i s  clearly a function of the 
span length ovcw which it is observed. 

It is not hard to show that a critical span 
length land  hence  permafrost feature longth) 
exists for any  given  vertical soil deflection. 
such  that the pipeline curvature ia marimised. 
This geometric conaideration offers the potential 
for a reduction in the amount of analysis 
required, since only critical spans need be 
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addressed. 
A realistic model for determining allownble 

pipeline curvatures (and hence settlement) takes 
as its  limiting condition the onset of a condi- 
tion which threatens environmental damage or the 
continuing operation of the pipeline. by the ini- 
tiation of buckling  of the pipe wall and the pos- 
sibility of excessivr local strains leadinl: to 
crack initiation and rupture. 

The pipeline is a robust 6tCUCtUPe and can be 
bent a long  way. far beyond yield. before  any 
damage that significantly affects  its  operation 
will occur. A land pipeline i s  relatively thin: 
the Alaska pipeline has a diweter/thickness 
ratio of 96, but even so has  been found to with- 
stand very large curvatures before  rupturing. A 
submarine pipeline is comparatively thick; typi- 
cally the pipelines considered in the thermal 
analysis have a diameter of 406m and a Wall 
thickness of 13m. giving a diameter thickness 
ratio of 32 and a buckling curwature o f  
0.082m-1,  corresponding to a radius of curva- 
ture o f  l a .  It follows that a realistic a6sess- 
ment of the risk of pipeline damnge associated 
with  thaw settlement need not be  based  on an 
allowable atress concept.  but  can allow  much 
larger bending strains based on an allowable per- 
centago of the strain to cause buckling. In this 
it follows the recent development o f  code 
requirements for submarine pipelines. 

Statistical Analysis 

There are two altarnative approacbes to  the 
problem of  interpreting site information about 
the horizontal  variability of ice content and 
thaw strain. In one approach,  previously 
described by Palmer (1972). tho variability of 
settlement from point to point i s  represented by 
a probability density distribution,  and the 
horizontal variability  is represented by an 
autocorrelation runction. The autocorrelation 
and the distribution are inputs to a statistical 
simulation of a trench bottom settlement profile, 
and the response of the pipeline to the simulated 
profile is determined by structural analysis. 
The alternative approach is to use statiatical 
methods to estimate an extreme (probable worst 
case) ice feature, and then to determine the 
response of the pipa to thnt  feature. For the 
reasons explained above, the length of the fea- 
ture is  important.  and calculation of the extrme 
feature must take account of pipe  rosponse. This 
method is analogous to  the "design wave" approach 
to hydrodynamic analysis of forces on ofrshore 
structures. 

rt is  important to understand Chat  both 
approachas  are statiatical, and that the differ- 
ence between them lies in logical sequence rather 
than in  using statistics in one instance  and  not 
in the other. 

CONCLUSIONS 

o To predict accurately the effect of bringing 
a warm pipeline into  contact with subsea 
permafrost.  it  is essential that good soils 
data be obtained from  the field. Parametera 
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such as soil salinity. moisture content. 
soil type. initial temperature distribution 
and occurrence of ice-bonded material will 
substantially affect the results. 

o In  the particular cases analyaod, it was 
apparent that a causeway provides an  ade- 
quate solution to the problem of thaw set- 
tlement. 

o When seabed tFenchos wore considered. it was 
clear that the occurrence of warm permafrost 
featuros 5-6m from the surface in "deep" 
water conditions presents a granter poten- 
tial for thawing than the existence of cold 
permafrost at tho level of the seabed ikself 
i n  "shallow" water conditions. 

o From considerations of thaw strain and the 
influence of soil arching. it  is concluded 
that simplified models that fail to ade- 
quately account for these affecta may seri- 
ously overestimato the magnitude of the thaw 
settlement. 

o Compared with most land pipelinoa, typical 
submarine pipelines have substantial 
buckling cesiataace and can tolerate 
considerable settlements. Criteria to 
determine "allowable" settlement ahould not 
be limited to elastic bebaviour. 

o A statistical analysis of variability of 
soil and permafrost conditiona along a pipe- 
line route is required to determine an 
acceptable design. 
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T U L E  1 Soils data modeled in cases 1 and 2. 

DEPTH MATERIAL ML WATER  DRY DENSITY FREEZING QUARTZ  CLAY  PORE  THERMAL CONDUCTlVlTY SPECIFIC HEAT LATENT HEAT 
BELOU SOIL  DESCRIPTION CONTENT  TEMPERATURE  CONTENT FRACTION WATER 
SEABED FROZEN  UNFROZEN 

SOIL AT 
SALINITY FROZEN  UNFROZEN  FROZEN  UNFROZEN  TEMPERATURE 

( m )  x Mg/m3 "C % x PPt  Wm'C kJ/kg'C -8'C 

A t  -5'C A t  -5'C ~ / n 3  

0 . 0 - 2 . 1   S i l t y  Sand (SM) 33  1.43  1.51  -1.7 80 5 30 2.92 2.01 1.26 1.59 119 

2.1-7.6 S i l t y  Sand (SM)  31 1.47 1.55 -0.4 80 5 8  3.43 2.09 1.13 1.55  135 

7.6-10.7  Sand (SP) 25 1.60 1.68 -0.8 90 0 15 3.79 2 .63  1.09 1.42  117 

1 0 . 7 - 1 3 . 7   S i l t y  Sand (94) 2 2  1.68 1.76 -0.3 80 5 6 3.68 2.53 1.05 1.34 111 

,13.7  Gravely Sand (SP1 1 2  2.05 2.15 -0.4 90 0 1 4.88 4.05 0.92 1.09  74 

Gravel f i l l  
above w a t e r  3 2.10  2.10 0.0 90 0 0 1.83  2.58  0.75 0.84 21 

Gravel f i l l  
below  water  12 2.05 2.05 -1.9 90 0 35  4.50 3.63 0.96 1.09 60 

Pipe I n s u l a t i o n  
above water  " 0.06 0.06 " " -+ 0.02  0.02 0.92 0.92 " 

. .. . . . - . . . . . . . . . 



EROSION IN A PERMAFROST-DOMINATED  DELTA 
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F ie ld   t r i p s   t o   t he   Co lv i l l e   R ive r   de l t a   have   p rov ided   t he   oppor tun i ty   t o   r epea ted -  
l y  examine  and  monitor  the  types and. r a t e s   o f   e ros ion   occu r r ing  a t  a number of  lo- 
cations.  Field  measurements  have  been made in severa l   d i s t inc t   envi ronmenta l  s i t-  
uations,   including  high  banks composed o f  Gubik materials, peat  banks in l oca t ions  
of   lake  tapping,  a p ingo   and   ad jacent   l ake   f i l l ,   and   the   head  of a mid-channel 
ba r .   I n  a l l  cases  permafrost  is involved,   and  in  some, i c e  wedges are important. 
Rates of  retreat are var iab le .   Dur ing   the   pas t  30 years  a number of  banks  have 
been  eroding a t  average rates of  between 1 and 3 m per   year ;  rates tha t   have  a 
h igh   annua l   va r i ab i l i t y .  A t  times of   b lock   co l lapse ,   re t rea ts  of  up t o . 1 2  m may 
be  a lmost   instantaneous.  However, in areas of   block  col lapse  the  average  annual  
rates of  erosion are usua l ly  similar to   those  e lsewhere  because  col lapsed  blocks 
serve as b u f f e r s   t o   f u r t h e r  retreat f o r  I t o  4 years .  

INTRODUCTION 

I n  1961 a long-term  research  project  on t h e  
hydrology,  geomorphology,  climatology,  and  near- 
shore  oceanography of t h e   C o l v i l l e   R i v e r   d e l t a  i n  
Arctic  Alaska was i n i t i a t e d ,  Between  1961  and 
1982, 10 f i e ld   s easons  made poss ib l e   t he   co l l ec -  
t ion   o f   da ta  on the  types  and rates of e ros ion  a t  
a number o f d e l t a i c l o c a t i o n s .   S e v e r a l   r e p o r t s  
have   been   i s sued   dea l ing   wi th   d i f fe ren t   aspec ts  of 
the  river  channels  and  banks  (Ritchie  and  Walker 
1974,  Walker  1969,  Walker 1978, Walker 1983, 
Walker  and  Arnborg  1963,  and  Walker  and Morgan 
1964).  None has   concentrated on rates of  erosion, 
which is the  emphasis  of  this  paper.  

THE DELTA: RIVERBANKS AND EROSION  FACTORS 

The C o l v i l l e   R i v e r   d e l t a ,   t h e   l a r g e s t   d e l t a  in 
Arct ic   Alaska,  is s i t u a t e d   i n   t h e  zone of continu- 
ous  permafrost. Two of its many d i s t r i b u t a r i e s ,  
t h e  Main Channel  (about 4 5  km long)  and  the Neche- 
l i c   o r  West Channel  (about 40 km long)   car ry   near ly  
a l l  (90% during  breakup  and 99% during  normal  flow) 
of   the water. Their  banks are composed of va r ious  
materials, including  gravels ,   sands,  s i l ts ,  p e a t ,  
and  ice.   Genetically  and  morphologically  they are 
equal ly  as va r i ed .   Pa r t  of the  Nechelic  Channel 
borders   the  Gubik Formation,  which is  more than 
50,000  years  old a t   t h i s  s i t e  (Hopkins,  personal 
communication,  1980).  The  other  banks are much 
younger  (probably  none more than  4,000 yea r s   o ld )  
and  include  such  forms as sand  dunes,   interdune 
swales, o ld   l ake   beds ,  mid-channel  and  point  bars, 
mud f l a t s ,   i c e  wedges,  and  pingos. A charac te r i s -  
t i c  they a l l  have in common is permafrost .  

F i e l d   d a t a   c o l l e c t e d   i n  1971 show t h a t  59% of 
the  banks are eros iona l ,  35% deposi t ional ,   and 6% 
neutral  (Ritchie  and  Walker  1974).  Erosion domi- 
nates   a long  r ight   banks ( 7 2 % ) ,  whereas  deposftion 
is  most common a l o n g   l e f t  banks (54%), 

The p o s s i b i l i t y  of b a n k   e r o s i o n   i n   t h e   C o l v i l l e  
River   de l ta  is l imi ted   to   about  4 months per   year .  

During  the  other 8 months  most r iverbanks are pro- 
t ec t ed  by i c e ,  snow,  and frozen  ground.  In some 
s i t u a t i o n s  snow d r i f t s  become t h i c k  enough t o  las t  
well in to   the   f lood   season .  

Some of t h e  water i n   t h e   c h a n n e l s  is s u f f i c i e n t -  
l y   d e e p ,  so t h a t  i t  does  not   f reeze  to   the  bot tom. 
Such subaqueous  banks,  even  though  permafrost  free, 
are not   subjec ted   to   e ros ion   dur ing   win ter   because  
water flow is  minimal. I n   t h e  main channels ,   r iver  
water is replaced by seawater and water tempera- 
tures   beneath  the  ice   drop  below O°C. 

r iver   bars   and   banks ,  most modifications are 
caused by the  mechanical  and  thermal  energy of 
moving water  and  the  thermal  energy  from  the a i r  
and so la r   r ad ia t ion .   These  two processes  have  been 
referred  to  as  "thermal  abrasion"  and  "thermal  ero- 
s ion" by Ar6 (1978). 

In  the   ca se  of  t h e  CoLvilLe  River  delta,   these 
processes  are u s u a l l y   i n i t i a t e d   i n  May a t  t h e  time 
t h e  melt season  begins.  Snow mel t ing ,   r iver - ice  
breakup,  and  active  layer  thaw are a l l  important 
and  once  ini t ia ted,   proceed  rapidly.   Extreme 
flooding,  which  ranges  from less than 1 m a t  t h e  
f r o n t  of t h e   d e l t a   t o   o v e r  5 m a t  i ts  head,  nor- 
mally lasts from 2 t o  3 weeks.  During t h i s   s h o r t  
per iod  of  time much of the  annual   erosion  occurs ,  

ing  erosion  are   thermal   abrasion  and  thermal   ero-  
s i o n ,   t h e r e  are a number of o t h e r   f a c t o r s   t h a t  
a f f e c t  i t s  charac te r   and  rate. Type, t e x t u r e ,   i c e  
con ten t ,   he igh t ,   and   o r i en ta t ion  of t h e  bank; 
d i rec t ion ,   f requency ,   and   in tens i ty  of  the  wind, 
e spec ia l ly  as t hey   a f f ec t  wave action;  and  dura- 
t i o n   o f  water contac t   wi th   the   r iverbank are a l l  
impor t an t   va r i ab le s .  

Although  wind  does  have some e r o s i v e   e f f e c t  on 

Although  the  dominant dynamic processes   a f fec t -  

RIVERBANKS AND EROSIONAL RATES 

S i x  s i t e s   r e p r e s e n t i n g   d i f f e r e n t   b a n k   t y p e s ,  
o r i e n t a t i o n s ,   a n d   r a t e s  of  erosion  have  been se- 
lec ted   for   ana lys i s .   These   inc lude   banks   repre-  
sen t ing  (1) t h e  Gubik Formation; ( 2 )  thick,   dense 
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pea t ;  (3 )  an  old  lake  bed  and  pingo; (4  and 5) 
tapped  lake  entrances;   and  (6)   the  head of a mid- 
channel  island  with  duneswales  (see  Figure 1). 

FIGURI3, 1 Map of the  ColviLle  River  delta  showing 
the  location  of  erosion-monitoring sites. 

- The Gubik  Formation (S i t e   1 )  

The Gubik  Formation,  which  borders  part  of  the 
l e f t  bank  of  Nechelic  Channel, is be ing   rap id ly  
eroded a t  two cutbank  locat ions,  A t  these  loca-  
t i o n s   t h e  bank rises some 8 m above  normal  r iver 
s tage  and is never  overtopped by floodwater,  The 
Gubik is composed o f  grave ls ;   sands ;  s i l ts;  organ- 
i c  matter, including some large  forms,  such as 
mammoth tusks  and tree t runks;   and  ice   of   var ious 
types ,   e spec ia l ly   i ce  wedges. 

Floodwater,  which  begins t o  f low  before   r iver-  
i c e   b r e a k u p ,   f i r s t  melts t h e  snow a t  and  below t h e  
wa te r   su r f ace  and  then  begins  to  develop a thermo- 
erosional  niche  (Walker  and Arnborg  1963) t h a t  
deepens  and  widens as f looding  cont inues.  I n  t h e  
case of   the Gubik t h i s   n i c h e  may b e   c u t   i n t o   t h e  
bank by as much a s  10 m, leaving a massive  cornice 
hanging  above  (Figure 2 ) .  I n  some cases ,  depend- 
ing  mainly on f l u c t u a t i o n s  i n  s t age ,   mu l t ip l e  
niches may develop  (Figure 3 ) .  Overdeepening o f  
these   n iches   l eads   to   b lock   co l lapse   (F igures  4 
and 5 ) .  Normally  such  collapse  occurs  along  ice 
wedges.  Thus, individual   blocks  represent   por-  
t ions,   and in some cases nea r ly  a l l ,  o f   p a r t i c u l a r  
ice-wedge  polygons  (Figure  4).  If  collapse  does 
not  occur,  sloughing  from a r ap id ly  thawing  niche 
roof  and  oversteepened  bank seals of f   the   n iche  
(Figure 2 ) .  During summer, thaw and sloughing 
gradual ly   convert   the   col lapsed  blocks  into  pyra-  
mida l   p i les  and rees tab l i sh   the   angle   o f   repose  of 
t he   r i ve rbank   t ha t  was destroyed  during  f looding. 

This   p rocess   es tab l i shes  a new bank p o s i t i o n   t h a t  
w i l l  be   p reserved   un t i l   the   next   f lood   season ,  The 
pyramidal   pi les  serve as b u f f e r s  and help  reduce 
t h e   r a t e  of retreat of  the  bank  behind them. The 
two types  of’bank retreat, more rapid  block  col-  
l a p s e  and slower thaw  and s loughing ,   t end   to   o f f -  
set each  other   over  a per iod of yea r s ,  so t h a t   i n  
plan view  long-term retreat forms a bank  with a re- 
l a t i v e l y  smooth a rc   (F igure  4 ) .  

FIGURE 2 ~ ~ e K ~ o ~ r o ~ i ~ ~ a ~  niche, cornice,  and 
s loughing material i n  rhe Gubik ~ o ~ a t i o n =  

FIGURE 3 Two niches and eroding ice  wedge i n  rhe 
Gubik Formation. 

From 1949, when t h e   f i r s t  aerial  photographs 
were made of t h i s   p a r t  of t h e   d e l t a ,  t o  1982, t he  
maximum retreat along this bank  has  been  about 45  m 
for   an   average   o f   near ly  1 .4  m per   year   (Figures  
6, 7 ,  and 8).  However, during any  one  year a t  any 
p a r t i c u l a r   l o c a t i o n ,   t h e   a c t u a l  retreat has  been as 
much as 10 m. A t  t he   p re sen t  rate of e ros ion   a long  
the   no r the rn   ha l f   o f   t h i s  bank, t h e   r i v e r  w i l l  
sh i f t   abou t   one   r i ve r   w id th   i n  75 t o  100 yea r s  
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Thick, Dense Pea t   (S i r e  2)  

Most of the   r igh t   bank  o€ t h e  Main Channel  and 
portions  of  the  r ight  bank  of  the  Nechelic  Channel 
are composed of t h i ck   l aye r s   o f   dense   pea t   t ha t  
support  extensive  ice-wedge  polygon  systems  (see 
Figures  9 and 10)- 

than  along  the  perdominantly  mineral   banks,   such 
as t h o s e   i n   t h e  Gubik Formation.  Thermerosional 
niches do develop i n  peat  banks,   al though  they gen- 
e r a l l y  do not   develop  to  a depth  that   causes   block 
co l lapse   (F igure  10). Exceptions do occur ,  es- 
p e c i a l l y  when si l t  o r   s and   l aye r s  l i e  w i t h i n   o r  a t  
the   base  of t he   pea t   b locks ,   a s  was  the   case  of t h e  
example shown i n   F i g u r e  11. 

The rate of  e ros ion  of  i c e  wedges,  which may 
occupy as much as 20% of the  bank  face  (Figure l o ) ,  
is  f a s t e r   t h a n   t h a t   o f   t h e   s e p a r a t i n g   p e a t .  Such 
d i f f e r e n t i a l   r e t r e a t   r e s u l t s   i n  a serrated  bank,  a 
type   t ha t  is  t y p i c a l  of  most peat  banks i n  t h e  
delta.   Ice  gouging  and  shaving by blocks of i c e  
t ransported  during  breakup are s u f f i c i e n t l y  common 
along  peat  banks  that   these  banks  normally  have a 
r e l a t i v e l y  smooth s u r f a c e .  

Normally,  erosion  along  such  banks i s  slower 

FIGURE 11 Peat  block j u s t  before c o l l a p s e ,  The 
niche  developed i n  a basa l  sand l a y e r .  

I - 1949 - R 

50 100 

meters 

FIGURE 9 Map o f  s i te  2 a long   t he   r i gh t  bank  of  the Upper Nechelic  Channel. The serrated  edge  of  an erod- 
ing   l ake   sho re l ine  is a l so   dep ic t ed .  

FIGURE 10 Peat bank t y p i c a l  of s i t e  2 .  Note i c e  
wedge benea th   f lag .  

Al though  the   n iches   tha t   deve lop   in   th i s   type  
peat  bank are not  deep,  thawing  of  their  roofs 
causes  widening. The peat  shreds  and  clumps  that  
drop  from  the  roof  (Figure 10) are e a s i l y  removed 
during  high water. 

The rate of e ros ion   a long   the   sec t ion  of site 2 
averaged  between 0.8 and 0.9 m per   year   dur ing  a 
32-year  period.  This  particular  bank is subjec ted  
t o  ice  jams almost  every  year  and,  therefore,  prob- 
ab ly   has  a higher  average  erosion  rate  than  most 
peat  banks i n  t h e   d e l t a .  

Old  Lake Bed and  Pingo  (Sire 3) 

There are many loca t ions   w i th in   t he   de l t a   where  
t h e   r i v e r  i s  now curr ing   in to   o ld   l ake   beds .  Most 



of these   banks   a re  composed of   f ine   sands ,  s i l ts ,  
c l ays ,  and  organic matter. This material is  e a s i l y  
thawed  and  eroded  and i n  most i n s t ances  has rela- 
t i v e l y  small i c e  wedges. The l a k e  bed  represented 
a t   s i t e  3 is  a r i v e r  meander t h a t  was abandoned, 
conver ted   in to  a l ake ,   f i l l ed   w i th   s ed imen t ,  and 
eventually  rapped  (see  Figure 1 2 ) .  Since  tapping, 
the   r iver   cont inued  t o  c u t   i n t o   t h e   o l d   l a k e   b a s i n  
and by 1980 had  eroded more than  halfway  through. 
Accompanying erosion  has   been a cont inuing  bui ldup 
of  t h e   o l d   l a k e  bed  because  each  year 's   f lood 
b r ings  a new l a y e r  of sediment as the  bad is  over- 
topped. 

The p resen t  rate of e ros ion  of th i s   former   l ake  
bed is 1.8 m per   year ;  a rate t h a t  is uniform  along 
i t s  e n t i r e   l e n g t h .  A t  t h e   p r e s e n t   r a t e  of  e ros ion  
t h e   o l d   l a k e   b e d  w i l l  be  completely  breached by t h e  
year  2000. 

A t  t h e  time t h e  Long  oxbow l a k e  was tapped, a 
pingo  formed  near  the  middle  (Figure 1 2 ) .  This 
pingo  has  been  eroding a t  a rate s l i g h t l y  less 
than t h a t  of the  surrounding  lake  bed.  Sloughing 
from  the  pingo  face  during  erosion a t  w a t e r   l e v e l  
is su f f i c i en t   t o   keep   t he   i ce   co re   cove red .  A t  t h e  
p re sen t  rate of   cut t ing,   the   pingo w i l l  be  destroy- 
ed wi th in   about  50 yea r s .  

Tapped Lake Ent rances   (S i tes  4 and 5) 

One o f   t he  many r e s u l t s  of r i ve r   mig ra t ion  is  
the  f requent   tapping of de l ta   l akes .   Wi th in   the  
d e l t a ,   l a k e s   a t   v a r i o u s   s t a g e s   o f   t a p p i n g ,   f i l l i n g ,  
and  destruct ion are numerous  (Walker 1978).  S i t e  4 
(Lake Nanuk) and s i te  5 (unnamed l ake )   r ep resen t  
two r e l a t i v e l y   r e c e n t  examples.  Lake Nanuk (Figure 
13) was t apped   be fo re   t he   f i r s t  aerial photographs 
were t aken   o f   t he   Co lv i l l e   de l t a  (1948) ,  whereas 
t h e   l a k e  a t  s i te  5 was  tapped i n  1971. 

trance  channel is composed of dense   pea t ,   tha t  on 
the   no r th   s ide ,  of peat   over lying  sand.  The Nanuk 
en t r ance  is migrating  northward a t  about 1 m pe r  

The bank  on  the  south  side o f  t h e  Lake Nanuk en- 

yea r ,   a l t hough   i n  some years   the   e ros ion  is more 
( see   F igure  14) .  



A .t s i t e  5 there   has   been 
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l i t t l e  change i n   t h e  
entrance,   both  s ides   of   which are t h i c k   p e a t ,  be- 
tween t h e  time of  tapping  (1971)  and  the  present.  
One of   the   pea t   b locks   tha t   co l lapsed   in to   the  
channel a t  t h e  t i m e  of  tapping  had not been com- 
p l e t e ly   des t royed  by 1980. 

Mid-channel I s l and   (S i t e   6 )  

The l a s t  example is  the  head  of a mid-river 
i s l a n d   l o c a t e d   i n   t h e  Main Channel. The i s l a n d  is 
composed of  sand  dunes  and  interdune swales. These 
swales are mainly  sandy  peats   in   which small ice- 
wedges have  developed  (see  Figures  15  and  16). 
This   loca t ion   rece ives   the   b runt  of t he   r i ve r   f l ow 
during f lood and is impacted  heavily by i c e   d u r i n g  
breakup.  Although a thermoerosional  niche  deve- 
lops, i t  is  modif ied  rapidly by ice shove. The 
combination  of  thermal  abrasion,  thermal  erosion, 
and  ice  gouging are r e s p o n s i b l e   f o r   a n   e r o s i o n   r a t e  
of  about 2.2 m per   year  a t  the   head   of   the   i s land .  
Rapid retreat of t h e   i s l a n d  is  a l so   b r inging   about  
a gradual  change in shape.   Thir ty   years   ago  the 
i s l a n d  was much more pointed  than i t  is today. 

I 

- ' 9 4 9  d* - 1970 

\ I c :I m I 

0 50 I 

I -  ma,,,. 
FIGURE 15 Map o f   i s l and  a t  s i t e  7 .  

SUMMARY 

Monitoring  bank retreat a t  a number of cut-bank 
loca t ions   w i th in   t he   Co lv i l l e   R ive r   de l t a   has  shown 
tha t   e ros ion  rates vary  with  bank  composition,  bank 
height,   and  degree  of  exposure t o  erosional   and 
t ranspor ta t iona l   p rocesses .  Long-term annual  aver- 
age rates range  from much less than  1 m i n   t h i c k ,  
dense   pea t   to   over  2 m in   h ighly   minera l ized   banks  
such as those  formed i n   t h e  Gubik  Formation. 

Although th is   paper   has   concent ra ted  on eros ion  
o f   d e l t a i c   d i s t r i b u t a r y   b a n k s ,  i t  should  be  noted 
tha t   i n   gene ra l   t he   p rocesses   d i scussed  are a l s o  
operat ive  a long  the  margins   of   other   arct ic  water 
bodies .  For example,  high rates of   e ros ion   can  
occur   a long   the   shore l ines   o f   l akes ,   l agoons  (Lew- 
e l l e n  1970), and  the   Arc t ic  Ocean ( A d  1978 and 
McDonald and  Lewis  1973). 

16 P h ~ ~ ~ ~ r a p ~ l  of erosion at soutll end 
of the island a t  6 ,  
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SORTED  PATTERNED GROUND I N  PONDS AND L,AKES 
OF THE HIGH VALLEY/TANGLE LAKES REGION, CENTRAL  ALASKA 

James C.  Walters 

Department o f  Earth  Science,   Universi ty   of   Northern Iowa 
Cedar F a l l s ,  Iowa 50614 USA 

Well-developed so r t ed   pa t t e rned  ground i s  widespread on gent ly   s lop ing   shores   and  
bottoms  of  shallow  lakes  and  temporary  ponds i n   t h e  High  Valley/Tangle  Lakes 
region  of  the  Amphitheater  Mountains, on t h e   s o u t h   s i d e  of t he   cen t r a l   A laska  
Range, This  area i s  w i t h i n   t h e  zone of discontinuous  permafrost   and  has a mean 
annua l   a i r   t empera tu re   o f  -4OC. The  numerous lakes  and  ponds  occupy  depressions 
i n  middle t o  l a t e  Qua te rna ry   s i l t y  t i l l s  which b l anke t   t he   va l l eys .   So r t ed  
pa t t e rned  ground  forms  include  s tone  c i rc les ,   s tone  polygons,   s tone  pi ts ,   and 
s t o n e   s t r i p e s ,   w i t h   c i r c l e s  and  polygons  being  most common. A l l  pa t t e rned  ground 
s i tes ,   whether   present ly   underwater   or   subaerial ly   exposed,   occur  i n  s i t u a t i o n s  
of  f l u c t u a t i n g  water Levels. I t  i s  sugges t ed   t ha t   t he   f ea tu re s  formed by f r o s t  
so r t ing ,   f ro s t   heav ing ,  and mass displacement when lake   shores   and  pond bottoms 
were s u b a e r i a l l y  exposed  during  drier  periods.   Although  the  patterned  ground 
appears  to  have  developed a t  some time i n   t h e   p a s t ,  many sites show evidence of 
being a t  least  semi-active  today. 

INTRODUCTION 

Pa t t e rned  ground f e a t u r e s  sometimes  occur  sub- 
aqueously  (Conrad 1933, Lundqvist 1962, Mackay 
1967, Dionne  1974,  1978, S h i l t s  and Dean 1975). 
These f e a t u r e s  are commonly assumed to   have  or igin-  
a t e d   s u b a e r i a l l y  and t o  la ter  have  been  submerged. 
However, observat ions by Mackay ( 1 9 6 7 ) ,  S h i l t s   a n d  
Dean (1975),  and Washburn (1980,  p.  125)  suggest 
t h a t   i n  some s i t u a t i o n s   p a t t e r n e d  ground may form 
underwater,  Sorted  patterned  ground is widespread 
i n   s h a l l o w   l a k e s  and  ponds  of  the  High  Valley/ 
Tangle  Lakes  region of south-central   Alaska.   This 
paper  examines  rhe  sorted  patterned  ground  features 
i n   t h i s  area and   d i scusses   t he i r   poss ib l e   o r ig in .  

Over 300 l a k e s  and  ponds  containing  sorted 
pa t t e rned  ground  a long  their   gent ly   s loping  shores  
and  bottoms were iden t i f i ed   by   ae r i a l   r econna i s -  
sance,  a i r  pho to   i n t e rp re t a t ion ,  and f i e ld   obse r -  
vations.  The numerous l a k e s  and  ponds  occupy 
depressions i n   t h e   s i l r y  till which  blankets  the 
area. Underwater pa t t e rned  ground is found 
throughout  the  broad  valleys,  from the   l owes t  
elevations  (along  the  Tangle  Lakes)  of 870 m up t o  
t h e   h i g h e s t   e l e v a t i o n s  ( i n  High Valley)  of 1,200 m. 

DESCRIPTION OF THE  STUDY AREA 

Glac ia l  Geology 

Located on t h e   s o u t h   s i d e  of the   cen t ra l   Alaska  
Range, t h e  High  Valley  and  Tangle  Lakes areas exist  
as broad  valleys  within  the  Amphitheater  Mountains 
(Figure 1). These v a l l e y s  were g l a c i a t e d   f o u r  
times during  the  Quaternary (Pgw6 1961),   the 
g lac ie rs   advancing   in to   the  area from the  Alaska 
Range t o  the  north.  PiwC (1961) cons iders   the  
earliest g l ac i a l   advance   t o   be   ea r ly   t o   midd le  
Quaternary  age.  Although till from t h i s  advance i s  

n lot  expo sed  in t h e  area, t h e  i c e  must  have  over- 
r idden-  the 1.800 m peaks  of  the  Amphitheater 
Mountains as ev idenced   by   i so l a t ed   e r r a t i c s  found 
on   top   o f   an  unnamed p e a k   j u s t   t o   t h e  east o f  t h e  
upper  Tangle  Lakes in the   s tudy area. P6w’e (1961)  
r e p o r t s   e r r a t i c s  up t o  4.5 m i n  diameter on Khis 
peak  and a l s o  Paxson  Mountain,  approximately 12 km 
east of t he   s tudy  area. 

t o  l a te  quaternary  age (P’ewg 1961). It ev iden t ly  
did  not  override  the  Amphitheater  Mountains  but 
Le f t  a s i l t y  till in   t he   va l l eys   and  on the  lower 
s lopes  o f  the  Amphitheater  Mountains. 

The th i rd   and   four th   g lac ia l   advances   took  
p l ace  i n  l a t e  Quaternary rime and  have  been  grouped 
toge the r  and named the   Dena l i   g l ac i a t ion  by  P6de 
( 1 9 6 1 ) .  These two advances are c l o s e l y   r e l a t e d   i n  
e x t e n t   a s  well as   age .  They moved through  gaps i n  
the  Amphitheater  Mountains  and were jo ined  by l o c a l  
c i rque   i ce .   Depos i t s  of t hese   g l ac i e r s ,   e spec ia l ly  
the  l a t e  Denali  advance,  cover much of t h e   e a r l i e r  
g l a c i a l  material. The i c e  of  t h e  l a te  Denali  
advance  thinned  and  stagnated  during retreat, 
leav ing   ice-contac t   fea tures   such  as kames, k e t t l e s ,  
e s k e r s ,   c r e v a s s e   f i l l i n g s ,  and p i t t e d   s u r f a c e s .  
The Tangle  Lakes area is  a region of well-developed 
ice-stagnation  topography. 

Climate 

The second  glacial   advance i s  considered  middle 

The High  Valley/Tangle  takes  region is wi th in  
t h e  zone  of  discontinuous  permafrost  and  has a 
mean annual a i r  t ehpe ra tu re  o f  approximately -4’~ .  
The area experiences a continental   cl imate,   which 
can   be   genera l ly   charac te r ized  as dry  with  extreme 
summer and  win ter   t empera tures ,   l igh t   p rec ip i ta t ion ,  
and  l ight   surface  winds.   Local   weather   records 
k e p t   a t  Paxson  (approximately 17  km east o f  t h e  
study  area)  from 1969 t o  1973 give  the  fol lowing 
information: mean  maximum temperature 1 .  ~ O C ,  mean 
minimum temperature -12.2OC, record  high 29.4OC, 
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FIGUKE 1 Map of   the   s tudy  area. 

and record low -50.5OC. Mean a n n u a l   r a i n f a l l  
du r ing   t h i s   pe r iod  of time was 4 4 . 2  cm, and mean 
annual  snowfall was 278 cm (Mi l l e r  e t  a l .  1 9 7 6 ) .  

DESCRIPTION OF THE PATTERNS 

Lakes  and  ponds are  widespread i n   t h e   s t u d y  
area, and  sor ted  pat terned  ground  features  are 
a s soc ia t ed   w i th  many of them. Most of the  shal low 
ponds d i s p l a y   s o r t e d   p a t t e r n s   a l o n g   t h e i r   e n t i r e  
bottoms,  whereas i n  t h e   l a r g e r   l a k e s   t h e   p a t t e r n s  
are t y p i c a l l y   r e s t r i c t e d   t o   t h e   s h a l l o w e r   s h e l f  
areas along  the  lake  margins ,  The ponds  and 
smaller l akes  are s imply  ket t les   and  other   depres-  
s i o n s   i n  hummocky till; t h e   l a r g e r   l a k e s ,  
s p e c i f i c a l l y   G l a c i e r  Gap Lake and Landmark Gap 
Lake (see Figure l ) ,  occupy b a s i n s   c u t  by ice as 
glaciers   f lowed  southward  out  of the  Alaska Range. 

Sorted  patterned  ground  forms  include  stone 
circles,  s tone  polygons,   s tone  pi ts ,   and  s tone 
s t r i p e s   ( F i g u r e  2 ) .  Circles and  polygons are t h e  
most common forms and  vary i n  diameter  from  about 
0.4 - 2 m. These  types  of  patterns  are  found  on 
l e v e l   t o   v e r y   g e n t l y   s l o p i n g  (< 2') su r faces .  
S tone   p i t s  are less common and  occur i n  similar 
s i t u a t i o n s ,   b u t   s t o n e   s t r i p e s  are found  perpendic- 
u l a r  t o  shore l ines   on   s lopes  o f  3 - 10'. No 
p a t t e r n s  were observed  on  s lopes  greater   than 10' 
o r   i n   w a t e r   d e p t h s  of more than  about 2 m. 
Trenches  excavated  through  sor ted  c i rc les   revealed 
tha t   s tones   i n   t he   bo rde r   a r eas   t end   t o   have   t he i r  
long axes ver t ica l ,   and   sca t te red   pebbles   and  
cobb les   nea r   t he   su r f ace   i n   t he   cen t r a l   a r eas  show 
t h e  same tendency.  The  surfaces  of  the central  
areas are usua l ly  convex, w i th  as much as 20 cm of 
r e l i e f  between the   cen te r  and t h e   t o p s   o f   s t o n e s   i n  
a bordering  trough. 

The  fine-grained material a s soc ia t ed   w i th   t he  

p a t t e r n s  is  predominantly a loam o r  s i l t  loam. It 
is cha rac t e r i zed  by a low l i q u i d  limit (20 - 26%) 
and a very low p l a s t i c i t y   i n d e x  (1 - 5 % ) ,  con- 
d i t i o n s  common i n   s u b a e r i a l   n o n s o r t e d   c i r c l e s  
(mudboils)   and  sorted  circles.   During  the summer, 
t h i s   m a t e r i a l  is q u i t e   f l u i d   a n d   e a s i l y   f l o w s   i n  
r e s p o n s e   t o   a g i t a t i o n .   T h i s   t h i x o t r o p i c   e f f e c t  
makes t renching of p a t t e r n s  a v e r y   d i f f i c u l t   c h o r e ,  
but  i t  a l so   f avor s   t he   p rocesses   o f  mass displace-  
ment, f ro s t   so r t ing ,   and   f ros t   heav ing ,  which  can 
b e   i n i t i a t e d   b y   s l i g h t   i n c r e a s e s  i n  c r y o s t a t i c  
p re s su re   du r ing   f a l l   f r eezeup .  

The so r t ed   pa t t e rned  ground sires can  be 
grouped i n t o   t h r e e  manin categories:   those  which 
are   unvegetated  and  f requent ly   underyater ,   those 
par t ia l ly   vege ta ted   and   occas iona l ly   inundated ,  
and  those  almost  completely  vegetated,   with  evi-  
dence  of   inundat ion  only  rarely.  I n  si tes with 
pat terns   which are frequently  underwater,   boulders 
and  cobbles  making up the   bo rde r s   o f   t he   pa t t e rns  
are covered  with  greenish-black  s ta in ,   apparent ly  
biochemical i n   o r i g i n .   S t a i n i n g  is not   p resent   on  
those   s tones   o r   po r t ions  of s tone   su r f aces  which 
are buried i n  the   ad jacen t   f i nes   (F igu re  3 ) .  It i s  
also  absent   on  the  surfaces   of   large  boulders   where 
they  project  above water l e v e l .   S i t e s  which a r e  
of ten   subaer ia l ly   exposed  show a l e s s   i n t e n s e  
s t a i n i n g   o f   s t o n e   s u r f a c e s ,   a n d   i n   a d d i t i o n   t h e  
s t o n e s   t y p i c a l l y  have some lichen  growth  on them, 
It is no t  uncommon t o   f i n d   l i c h e n s  on rock  sur- 
f aces  now 10 - 25 cm underwater. 

A l l  pat terns ,   whether   present ly   underwater  or 
subae r i a l ly   exposed ,   occu r   i n   s i t ua t ions   o f   f l uc tu -  
a t i n g  water l eve l s .   F i e ld   obse rva t ions   ove r  a 2- 
year  period  and  examination  of a i r  photos  from  past  
yea r s  show t h a t  smaller lakes  and  ponds i n  which 
t h e   p a t t e r n s  exist  are occas iona l ly   subae r i a l ly  
exposed .   In   the   l a rger   l akes ,   the   pa t te rns  are 
u s u a l l y   r e s t r i c t e d   t o   t h e   s h a l l o w e r   s h e l f   a r e a s  
along  the  lake  margins  which are sometimes  emerged. 

t h r e e  tills found i n   t h e  area. A s  mentioned 
Pa t t e rned  ground i s  developed i n  each  of  the 
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FIGURE 2 (a)   Aerial   photograph of  so r t ed   pa t t e rned  
ground i n  a pond of  the  Tangle  Lakes area. Stone 
c i rc les ,   s tone   po lygons ,   s tone   p i t s ,   and   s tone  
s t r i p e s   a r e   p r e s e n t .  An off-road  vehicle  t ra i l  i n  
the  upper   r ight   corner   provides   scale .   Photo 
taken  July 26, 1982. (b) Aerial photograph of 
so r t ed   pa r t e rned  ground i n  a pond of  the  High 
Val ley  area.  A v a r i e t y  of p a t t e r n s  is p resen t ,  
bu t   t he re  is a l ack  of p a t t e r n s   i n   t h e   d e e p e r  water 
of t he  pond center ;   on ly  some s t o n e   p i t s  and in- 
d iv idua l   boulders  are found  here. The l a r g e  
boulder   project ing  above  the water su r face  on the  
r i g h t   s i d e  o f  t he  pond i s  about 1.5 m ac ross .  
Photo  taken  July 26,1982. 

e a r l i e r ,  till of t h e  earliest g l ac i a l   ep i sode  
(ear ly   to   middle   Quaternary  age)  i s  n o t  known i n  
the  area,   the   advance  being  recognized  only  by 
l a r g e   e r r a t i c s  found  on  peaks  on  the  Amphitheater 
Mountains.  Although a l l   s o r t e d   p a t t e r n e d  ground 
types   occu r   i n   each  of t he   t h ree  tills, they do 
vary somewhat depending on the   mater ia l   p resent .  

P a t t e r n s   i n  T i l l  of  Middle to  Late  Quaternary Ape  

I n  most of the   s tudy   a rea ,   depos i t s  of t h i s  
glacial   advance  have  been  covered by d r i f t  of 
la ter  g l a c i a l   a c t i v i t y .  However, much of t h e  High 
Valley  region  escaped la ter  g l a c i a t i o n  and  thus 
con ta ins  a r a t h e r   e x t e n s i v e  area o f  t h i s  earlier 
t i l l .  Underwater sor ted  pat terned  ground i s  not  as 
common i n   t h i s  till as i t  i s  i n  r h e   l a t e r  t i l ls ,  
and  only 32 pa t t e rned  ground si tes were examined. 
In   t he   sha l low  l akes   and  ponds, s o r t e d   p a t t e r n s  are 

FIGURE 3 A cobble,   which  had  been  partially embed- 
ded i n   f i n e s  of t h e   c e n t r a l  area of a s o r t e d  
circle,  removed t o  show t h e   e x t e n t  of s t a i n i n g  on 
its  upper   sur face .   S ta in ing  is no t   p re sen t  where 
i t  was embedded i n  the  f ine-grained material. The 
cobble i s  15 cm long on its Longest  axis.  Water 
depth is approximately 25 cm.  

found  a long   the i r   en t i re   bo t toms,   bu t   l a rger   and  
deepe r   l akes   d i sp l ay   pa t t e rns   on ly   a long   t he i r  
sha l lower   she l f   a reas .  The pebbles,  cobbles,  and 
boulders  making up the   bo rde r s  of t h e   p a t t e r n s  are 
mostly  subangular  to  subrounded  and 10 - 40 cm in 
diameter.  The f i n e  material i n   t h e   c e n t e r s  of t he  
p a t t e r n s  i s  b a s i c a l l y  a s i l t  loam. 

on o l d  emerged l ake   t e r r aces   bo rde r ing   t he   p re sen t  
l akes .  The terraces are no more than  about 0.5 m 
above  the  present   shorel ines   and are almost 
comple te ly   vege ta ted   wi th   Sa l ix   shrubs   and   grasses ,  
making t h e   p a t t e r n s   d i f f i c u l t   t o   r e c o g n i z e .  A 
t rench dug ac ross  a Vegeta ted   s tone   c i rc le  showed 
a moderately  well-developed s o i l   p r o f i l e   ( T a b l e  1, 
Figure 4 ) .  These  vegetated  pat terns  on  emerged 
te r races   appear   to   be   inac t ive .  

P a t t e r n s   i n  T i l l  of  Late  Quaternary Age 

I t  is common t o   f i n d   s o r t e d   p a t t e r n e d  ground 

T i l l  of t h i s   g l ac i a l   advance  is  found  along  the 
borders  of t h e  High  Valley area and i n   t h e   c e n t e r  
of  High  Valley  where  glacier  ice  f lowed  through 
Glac ie r  Gap. Moraines of th i s   advance   conta in  
numerous lakes  and  ponds,  and  subaqueous  patterned 
ground is as soc ia t ed   w i th  many of them, The 
pa t t e rned  ground i s  q u i t e  w e l l  developed,  and 165 
sites were examined. 

The pebbles,   cobbles,   and  boulders  along  the 
borders  of t h e   p a t t e r n s  are most ly   subangular   to  
subrounded (85 - 90%), with   on ly  a few being angu- 
l a r  o r  rounded (10 - 15%). These  border  stones 
show q u i t e  a range in   d iameter ,   bu t  15 - 40 cm i s  
common (Figure 5 ) .  The l a r g e r   s t o n e s   t y p i c a l l y  
occur   in   the  middle  o f  t h e   b o r d e r s   w i t h   t h e  smaller 
s tones  a t   the   margins ,   Trenches  excavated  across  
pa t te rns   subaer ia l ly   exposed  on lakeshores  and pond 
bottoms showed no  development of  s o i l   p r o f i l e s ,   b u t  
nea r -ve r t i ca l   mo t t l e   s t r eaks  are commonly found i n  
the   cen te r  of t h e   p a t t e r n s   ( F i g u r e  6 ) .  The t e x t u r e  
i n   t h e   a r e a  of t he   mo t t l e s  is a loam t o  a c l ay  
loam, j u s t  as i t  is fo r   t he   su r round ing   ma te r i a l ,  
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A 1  

B 2  

TABLE 1 S o i l   P r o f i l e  i n  the  Center of a Sorted 
Circle   on  an Emerged Lake Terrace. 

Cover:  Vegetation i n   t h e   c e n t e r   o f   t h e   p a t t e r n  
c o n s i s t s  of  grasses ,   forbs ,  mosses, and l i c h e n s  
with  clumps  of  Salix  to 0.5 m; some Ledum decumbens 
and  Vaccinium  uliginosum t o  15 cm. 

Horizon  Depth (cm) Descr ip t ion  

01 5-3 Undecomposed to p a r t i a l l y  de- 
composed organic  matter; 
mainly Sphagnum, grasses,   and 
l ichens  

m o i s t )   p a r t i a l l y   t o  well de- 
composed organic  matter; some 
s i l t ;  abrupt  smooth  boundary. 

3/2 moist) s i l t  loam; moderate 
f ine   g ranu la r   s t ruc tu re ;  
f r i a b l e ,   s l i g h t l y   s t i c k y ,  
s l i g h t l y   p l a s t i c ;   a b u n d a n t  
very   f ine   to  medium r o o t s ;  
some pebbles  poking up from 
below; c l e a r  wavy boundary. 

g rave l ly  loam; common d i s t i n c t  
dark brown (7.5 YR S f 4  moist) 
mot t les ;   mass ive   s t ruc ture ;  
f r i a b l e ,   s l i g h t l y   s t i c k y ,  
s l i g h t l y   p l a s t i c ;  common f i n e  
t o  medium roots ;   gradual  
boundary. 

very  gravelly  loam; some 
d i s r inc r   da rk  brown (7.5 YR 
4 1 3  moist)  mottles;  massive 
s t r u c t u r e ;   f r i a b l e ,   n o n s t i c k y ,  
s l i g h t l y   p l a s t i c ;   e n c o u n t e r e d  
water t a b l e  a t  29 cm. 

3- 0 Dark reddish brown ( 5  YR 312 

0-2 Very  dark  grayish brown (10 YR 

2- 7 Brown (10 YR 4 1 3  moist) 

7-27 Grayish brown ( 2 . 5  Y 511 moist)  

FIGURE 4 Cross-section of a s o r t e d   c i r c l e  on an 
o ld  emerged lake   t e r race .   See   Table  1 f o r  a 
d e s c r i p t i o n   o f   t h e   s o i l   p r o f i l e .  Smaller grave ls  
are not   inc luded   in   the   ske tch .  Drawn from f i e l d  
sketches  and  photographs. 

FIGUM 5 Sor t ed   s tone   c i r c l e s  on t h e   f l o o r  o f  an 
emerged  pond. The sur face  of t h e   c e n t r a l  area i s  
convex  and s l o p e s  toward the  coarse   borders .   Note  
the   l a rge r   s tones   i n   rhe   midd le  o f  the   border ing  
troughs  and  the smaller stones  along  the  margins.  
Note a l s o   t h a t   r h e  smaller s tones   a long   the   inner  
margins  and i n   t h e   c e n t r a l   a r e a s  of t h e   p a t t e r n s  
show unstained  surfaces.   These  stones  appear  to 
have  been  recently  exposed  and  have not  y e t  
developed   s ta in ing   on   the i r   sur faces .  

f rn01Il.. 

.UWDI.1 

FIGURE 6 Cross-section of a s o r t e d   c i r c l e  on t h e  
f loo r   o f   an  emerged pond. Sample 1 = dark  grayish 
brown (10 YR 4 1 2  mois t )   to  brown (10 YR 4 1 3  moist) 
g rave l ly  loam;  sample 2 = s t r o n g  brown (7.5 YR 415 
moist)   to  yellowish  red ( 5  YR 416 moist)  loam t o  
c lay  loam, 1.5 - 2 cm wide  mottle  streaks;  sample 
3 = brown (10 YR 4 1 3  moist)   sandy  clay loam.  Note 
the   ve r t i ca l   o r i en ta t ion   o f   s tones   i n   t he   t roughs .  
Smaller   gravels   are   not   included i n  the   ske tch .  
Drawn from f i e l d   s k e t c h e s  and  photugraphs. 

Samples  of  the  f ine material j u s t  below  the  coarser 
material in   the   t roughs  is  a sandy  clay loam. 
Color of t h e  mottles is s t r o n g  brown (7.5 YR 415 
moist) t o  yellowish  red ( 5  YR 416 moist) .   Color of 
the  surrounding material is dark   g ray ish  brown 
(10 YR 4 / 2  moist) t o   d u l l  brown (10 YR 4 / 3  m i s t ) .  

P a t t e r n s   i n  T i l l  of  Late Quaternary Age 
(Late  Denali  Advance) 

This  is t h e  most ex tens ive   g l ac i a l   depos i t  i n  
the  s tudy area. A l l  of the  Tangle  Lakes  area  and 
the   G lac i e r  Gap area  of  High  Valley are covered 



wi th  till of the  l a te  Denali  advance. Well- 
developed  patterned  ground is abundant,  and a 
t o t a l  of 125 sites were inves t iga t ed .  

In the  Tangle  Lakes sites the   borders  o f  t h e  
patterns  contain  cobbles  and  boulders  which are 
subrounded  to  rounded (80 - go%), wi th  some sub- 
angular  (5 - 15%) and some w e l l  rounded ( 5  - 10%). 
Diameters of  the  border  stones  range  from 15 t o  50 
cm, wi th  some  up t o  1 m (Figure 7). P a t t e r n s   i n  
t he  High  Valley area display  cobbles  and  boulders 
along  the  borders  which are mostly  subangular t o  
subrounded (80  - go%), wi th  some a n g u l a r   o r  rounded 
(10 - 20%). Diameters typically  range  from 10 t o  
35 cm (Figure 8).  
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F~~~~ 7 S o r t e d   s t o n e   c i r c l e s   i n  a pond of  t h e  
Tangle  Lakes area. X o t e  t h e  size and  degree of 
roundness of t h e  bou lde r s  making up t h e   p a t t e r n  
borders ,  The large, p a r t i a l l y  emerged boulder i n  
the  foreground is  a ~ p r o x i m a ~ ~ l ~  1 m long.  

F I G U S 3  8 S o r t e d   s t o n e   c i r c l e s   i n  a small pond of  
t he  High Valley  area.   Note  the smaller s i ze   and  
g r e a t e r   a n g u l a r i t y  of the   s tones  making up the  
pa t t e rn   bo rde r s  in t h i s  area as compared t o   t h e  
prev ious   f igure .  The pole  is i n  30.5 cm (1 foo t )  
d iv i s ions .  Water depth i s  about 10 cm a t  the   po le .  

Trenches  were dug a c r o s s  some p a t t e r n s  sub- 
aer ia l ly   exposed  a long  lakeshores .  They revealed 
condi t ions  very similar t o  those shown i n   t r e n c h e s  
excava ted   ac ross   pa t t e rns   occu r r ing   i n  till of   the  

ear ly   Denal i   advance.  No s o i l  development was 
apparent,  and  although small c i r c u l a r   m o t t l e s  
occur i n  some exposures, no m o t t l e   s t r e a k s  were 
observed. The t e x t u r e  of the  f ine-grained material 
i n   t h e   c e n t e r  o f  t h e   p a t t e r n s   v a r i e s  from a c l a y   t o  
a s i l t y   c l a y ,  and in co lo r  i t  v a r i e s  from  brown 
(10 YR 4 1 3  m o i s t ) ,  t o  dark  yel lowish brown (10 YR 
414 moist) ,  t o  weak r ed  ( 2 . 5  YR 5 1 3  moist) .  

FORMATION OF THE PATTERNS 

I t  i s  c lear   tha t   the   underwater   sor ted  
pa t t e rned  ground features   probably  form  subaerial ly  
ra ther   than  subaqueously,   as   evidenced  by  the  fact  
t h a t  a l l  pa t te rns   occur  i n  s i t ua t ions   o f   f l uc tua -  
t i n g  water l e v e l s .  The f e a t u r e s  are fundamentally 
no d i f f e r e n t  from s u b a e r i a l   s o r t e d   p a t t e r n e d  
ground  except   for   their   occurr ing  underwater .  The 
s i l t y  till i n  which  they  are  developed  has a low 
l i q u i d  limit and a low p la s t i c i ty   i ndex .  A s  s t a t e d  
earlier, t h e s e   c h a r a c t e r i s t i c s  are important 
f a c t o r s   i n   t h e   p r o c e s s e s  of mass displacement,  
f ros t   sor t ing ,   and   f ros t   heaving ,   p rocesses   respon-  
s ib l e   fo r   t he   fo rma t ion   o f   so r t ed   pa t t e rned  ground 
(Washburn 1980, p. 166-170). Although  these 
pe r ig l ac i a l   p rocesses  may vary   in   degree   o f  impor- 
t ance   fo r   d i f f e ren t   t ypes  o f  so r t ed   pa t t e rned  
ground f e a t u r e s  i n  the same area o r   f o r   t h e  same 
t y p e s   o f   f e a t u r e s   i n   d i f f e r e n t  areas, freeze-thaw 
and ice seg rega t ion  are the  underlying  causes .  
Over a per iod  of  time, coa r se r  material is forced 
t o   t h e   o u t s i d e  of  t h e   p a t t e r n  and the  f ine-grained 
material is concen t r a t ed   i n   t he   cen te r .   Dur ing  
w e t  yea r s   o r  w e t  po r t ions   o f   ce r t a in   yea r s ,   t he  
dep res s ions   i n  which t h e   p a t t e r n s   o c c u r  are f i l l e d  
wi th  water, bu t  a cover o f  water is n o t   e s s e n t i a l  
t o  the  formation  of   the  pat terned  ground.  

The High  Val leyITangle   Lakes  sor ted  pat terned 
ground has  been  observed  by T .  L .  P6wg over  a 
per iod   of   severa l   years ,   and   he  is i n c l i n e d   t o  
suggest  that   they  have  not formed  underwater  (T. L .  
P$w$, personal  communication, 1982). Dionne (1974, 
1978) has   descr ibed   very   s imi la r   fea tures  i n  sub- 
a r c t i c  Quebec and  concludes  that  they  formed  sub- 
a e r i a l l y   t h r o u g h   f r o s t   h e a v i n g   a n d   f r o s t   s o r t i n g   i n  
t h e   r e c e n t   p a s t .  The High  ValleyITangle  Lakes 
pa t t e rned  ground  appears to also  have formed a t  
some time in   t he   pas t ,   pe rhaps   du r ing   t he   ve ry  la te  
quaternary when g l a c i e r s   i n   t h e   A l a s k a  Range and 
sma l l   l oca l   g l ac i e r s   i n   t he   Amphi thea te r  Mountains 
advanced. 

a r e a  is probably  not  forming  today, as the   p resence  
of i nac t ive ,   vege ta t ed   pa t t e rns  on emerged Lake 
te r races   sugges ts ,   there  are some i n d i c a t i o n s   t h a t  
many sites are st i l l  somewhat a c t i v e  a t  p re sen t .  
Permafros t   s tud ies  show t h a t   f r o z e n  ground is o f t e n  
absent  in the   wel l -drained till r i d g e s   a n d   h i l l s ,  
but   f ine-grained  sediments   in   shal low  depressions 
are o f t e n   f r o z e n  below depths  of 0.5 - 1 m. The 
th ickness   o f   the   f rozen   layer  is unknown, bu t  i t  is 
probably on the   o rder   o f   severa l   meters .   Act ive  
nonsor ted   c i rc les   (mudboi l s ) ,   smal l   sor ted   c i rc les ,  
and s o r t e d   s t e p s  commonly e x i s t  in low spo t s ,  on 
r idges ,   and   r idge   s lopes ,   respec t ive ly , in   the  
immediate v ic in i ty   o f   the   underwater   pa t te rned  
ground s i t e s .   D e p t h   t o   t h e   f r o s t   t a b l e   i n   t h e s e  
s i tua t ions   dur ing   rhe  month of   Ju ly  1982 was 

Although  sor ted  pat terned  ground  in  the  s tudy 



measured a t  24 - 55 cm. The pres ence o f  ac  
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t i v e  
p e r i g l a c i a l   f e a t u r e s   a n d  a f a i r l y   s h a l l o w   a c t i v e  
layer   immediately  adjacent   to  ponds  and l a k e s   w i t h  
underwater  patterned  ground,  suggests  that   frozen 
ground underl ies   the  shal low  water-f i l led  depres-  
s i o n s  as w e l l .  I t  a l s o   s u g g e s t s   t h a t   p e r i g l a c i a l  
processes   might   be  present ly   act ive on the   shores  
and  bottoms  of  the  lakes  and  ponds when they are 
subaerial ly   exposed.  

Although  long-term  studies are necessary   to  
d e t e r m i n e   i f   t h e   p a t t e r n s  are s t i l l  ac t ive ,   obser -  
va t ions   over  a 2-year p e r i o d   i n d i c a t e   t h a t  s o m e  
f r o s t   a c t i o n  and movement is tak ing   p lace .  
Boulders  along  the  margins  of  patterns are some- 
times found  which   have   been   sp l i t   o r   f rac tured ,  
apparent ly   by  f rost   act ion.   Cobbles   and  pebbles  
w i t h   u n s t a i n e d   s u r f a c e s   o r   p o r t i o n s  of  t h e i r   s u r -  
faces   uns ta ined  are of ten  found  a long  the  inner  
margins   o f   the   pa t te rns  as well as in t h e   c e n t r a l  
areas a long   w i th   t he   f i nes   (F igu re  5 ) .  These 
stones  have  been  recently  exposed  and  have  not  yet  
developed  s ta ining on t h e i r   s u r f a c e s .  

CONCLUSIONS 

The depress ions   in   which   sor ted   pa t te rned  
ground  occurs i n   t h e  High  ValleyfTangle  Lakes 
region are i d e a l l y   s u i t e d   f o r   t h e  development  of 
such   fea tures .  The s i l t y  t i l l ,  with its l o w  l i q u i d  
limits and low p la s t i c i ty   i ndexes ,   p romotes   f ros t  
sor t ing ,   f ros t   heaving ,   and  mass displacement, 
p rocesses   respons ib le   for   the   format ion  of  s o r t e d  
pa t t e rned  ground. T t  is sugges ted   tha t   the  
p a t t e r n s  formed  through  such  periglacial   processes 
when lake  shores   and pond bottoms were s u b a e r i a l l y  
exposed  during  dr ier   per iods.  The f a c t   t h a t   t h e  
p a t t e r n s  are of ten  covered  with water is apparent ly  
n o t   e s s e n t i a l  t o  t h e   o r i g i n  of t he   f ea tu re s ,   excep t  
that ext ra   mois ture  is a v a i l a b l e   i n   t h e s e  sites and 
the   pe r iod ic   cove r  of water i n h i b i t s   v e g e t a t i v e  
growth. The l ack  of v e g e t a t i v e   c o v e r   i n   f r e q u e n t l y  
inundated  patterned  ground sites causes them t o  
resemble  act ive  pat terned  ground.  Most sites are 
probably  inact ive,   but  many areas of   pa t te rned  
ground  appear to   be  experiencing some f r o s t   a c t i o n  
and movement a t   p r e s e n t .  
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ABSTRACT 

Very l i t t l e   i n f o r m a t i o n  is a v a i l a b l e  on p e r i g l a c i a l   f e a t u r e s  and a c t i v i t y  on t h e   s u b a n t a r c t i c  
i s l ands .  From measurements on South  Georgia   gel i f luct ion is observable   to  a depth of 12 cm a t  very 
a c t i v e  sites but most sites show  movement only t o  8 cm. For small scale s t r i p e s   s o r t i n g  is  gene ra l ly  
5-6 cm deep  with  the  majority of s o r t i n g   a c t i v i t y   i n  autumn. Al t i t ude   appea r s   t o   a f f ec t   so r t ing   t h rough  
the   i nc idence  of freeze-thaw  cycles,   with  east   facing sites showing most a c t i v i t y .   S t r i p e   o r i e n t a t i o n  
is  not r e l a t e d   t o  wind d i r ec t ion .  The rate of c l a s t  movement downslope was l i n e a r l y   r e l a t e d   t o   c l a s t  
length and s i t e  slope.  

INTRODUCTION 

Although a recent  bibliography on a n t a r c t i c  
s o i l s  and p e r i g l a c i a l   f e a t u r e s   l i s t e d  386 r e fe r -  
ences  (Walton  1980),  relatively few of t hese  
relate t o   p e r i g l a c i a l   a c t i v i t y .  Unt i l  r ecen t ly ,  
on the   suban ta rc t i c   i s l ands   on ly  one i n v e s t i -  
gation  has  been  completed  on  the rates of per i -  
glacial   processes  (Smith 1960). An unpublished 
survey (Thom 1980) of t h e   v a r i e t y  and extent of 
pat terned ground on South  Georgia ( l a t i t u d e  
54-55'$, l ong i tude  36-38OW) i d e n t i f i e d   t h i s   l a c k  
of process  data as a n   i m p o r t a n t   u n f i l l e d   l i n k   i n  
descr ibing  the  genesis  o f  t h e   p e r i g l a c i a l  
f ea tu re s .  

South  Georgia  (Figure 1 )  is a heav i ly  
g lac ie r ized   i s land   wi th  a cold,  moist  sub- 
a n t a r c t i c   c l i m a t e  (Smith  and  Walton  1975).  The 
bedrock is mainly  f ine-grained  tuffs  and  grey- 
wackes (Stone 1980)  and is h igh ly   f i s s i l e .   La rge  
a reas  of g l a c i a l  till of varying  ages are exposed 
i n  summer (Clapperton  1971).   Studies  were 
car r ied   ou t  on the  north  coast   near Cumberland 
Bay t o  e s t a b l i s h  rates of downslope movement i n  
sor ted   s tone   s t r ipes   wi th   respec t  t o  aspect ,  
a l t i t u d e ,   s l o p e ,  and  season. A recent  paper 
(Heilbronn  and Walcon 1983)   descr ibes   the 
morphology of t h e s e  and o t h e r   p e r i g l a c i a l  
f e a t u r e s  i n  d e t a i l .  

METHODS 

A series of sites with small s c a l e   s t o n e  
s t r i p e s  and a 14O slope,  a l l  i n   t h e   v i c i n i t y  of 
Cumberland Bay, were se l ec t ed   t o   cove r  a range of 
a l t i t u d e s  and the   fou r   ca rd ina l   a spec t s  
(Table  1). Twenty cm strings of 1 cm long wooden 
dowels and 10 cm s t r i n g s  of 2 cm long  metal 
roller bearings w e r e   i n s e r t e d   v e r t i c a l l y   i n t o   t h e  
s o i l  and excavated  af ter  1 and 2 years  t o  measure 
downslope movement of a vert ical  s e c t i o n  of t h e  
p r o f i l e .  A t  s e v e r a l   o t h e r  s i tes  of d i f f e r e n t  
slopes,   regular  photographs  were  taken o f  11 
f ixed  50 x 50 cm quadrats.  From these,  measure- 
ments were made of downslope movement of 8-21 
n a t i v e   c l a s t s   i n  each  quadrat  with a length   ax is  

38'00'W 
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FALIt4ND 15LANPS DEPENDENCIES 

0 IO 20 10km 

37.00'W 
I 1 1 I I 1 I I 1 1 

FIGURE 1 Map showing t h e   p o s i t i o n  of South 
Georgia, and the   research  sites. 

TABLE 1 Charac te r i s t i c s  of S i t e s  Used f o r  Dowel 
and R o l l e r   S t r i n g s  

S i t e s  Aspect A l t i t u d e  S t r ings  

Mv @as t 75 r o l l e r  

RR northwest 83 roller 

TR south 120 r o l l e r  

DM southwest 190 r o l l e r  

ZB southwest 225 roller 

N north 125  dowel 

S south 120 dowel 

E ea6 t 125 dowel 

W west 140  dowel 

1356 
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FIGURE 2 Downslope movement of the soil prof i l e   in  sorted  stripes at four s i t e s  of different  aspects, 
using wooden  dowel strings, after one (1) and two (ii) years. Site deta i l s   in  Table 1. 
Figures are mu movement. 
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from 7 t o  85 mm. The da ta   fo r  downslope movement 
f o r  up t o  21 c l a s t s   i n  each  fixed  quadrat were 
regressed  against  clast s i ze ,   g iv ing  a mean 
movement rate per   un i t  clast l eng th   fo r  each 
site. To i n v e s t i g a t e   t h e   r e l a t i o n s h i p  between 
movement and angle  of s i t e ,   t h e   s l o p e  of each 
r e g r e s s i o n   l i n e  (downslope movement f a c t o r )  was 
p l o t t e d   a g a i n s t   t h e   s l o p e  of each s i t e  and a 
l i nea r   r eg res s ion   f i t t ed .   These   da t a  comp- 
lemented a long term study  over 6 years  (1975- 
1981) of  the annual  downslo e movement of 34 
introduced clasts on a 6-1 og s lope  of SW aspect .  

RESULTS 
Activi ty   with Depth 

except   c lose   to  the sur face .  A l l  t h e  dowel 
(Figure 2) and r o l l e r   s t r i n g s   ( F i g u r e  3) showed 
major movement and,  occasionally,  complete  loss 
of the top  one  or two u n i t s  from the s t r i n g .  
Loss was a t t r i b u t e d   t o   n e e d l e  ice  formation and 
the   subsequent   gravi ta t ional   displacement  down- 
h i l l  when the ice c rys t a l s   co l l apsed .  

A t  a l l  sites except ZB (Figure 3) ,  year-by- 
year movement  of the top   ro l l e r  was similar, with 
t h e   d i s t a n c e   i n   y e a r  2 about twice t h a t   i n   y e a r  
1. Movement i n   t h e  rest of the p r o f i l e  was less 
p red ic t ab le   ove r   t he  2 years  with TR showing 
least movement and DM most. Even a f t e r  2 years ,  
t h e r e  was l i t t l e  evidence of movement below 8 cm 
at any of t h e   r o l l e r  sites. Evidence  from  the 
dowel s i t e s   ( F i g u r e  2)  supported  these  obser- 
vations,   al though at  W s i t e  s l i g h t  movement was 
detected down t o  12 cm a f t e r  2 years. The lower 
p a r t  of t h e  6ec01-d s t r i n g  at E unfor tuna te ly  
entered a s o i l   c a v i t y ,  and its movements a r e  
the re fo re   suspec t .  

Act iv i ty  with Aspect  and A l t i t u d e  

showed the deepest movement and the   south   fac ing  
the least o v e r a l l  movement. A t  the   nor th   fac ing  
site, s l i g h t l y  more movement was ev iden t   a f t e r  
t h e  f irst  year t h a n   a f t e r  2 years.  For most 
dowel s t r ings ,   need le   i ce   fo rma t ion   i n   t he  f irst  
year  was suf f ic ien t   to   heave   ou t  at least the   top  
dowel. 

t o p   r o l l e r  was p r i n c i p a l l y  due to   needle  ice  
formation,  downslope  displacement of the   top  
ro l le r   bear ing  showed a p o s i t i v e   r e l a t i o n s h i p  
wi th   a l t i tude   (F igure  4 )  at  a l l  except  the MV 
site. Using the s t a n d a r d   a d i a b a t i c   l a p s e   r a t e  
(0.6°C/100 m) the  temperature  gradient  between RR 
and ZB would have  been -0.85OC, l i k e l y   t o   h a v e  
caused  an  increased  frequency of needle   i ce  
formation  which  would  have  enhanced  downslope 
surf  ace movement. 

at  t he   h ighes t  sites is  not an   aspec t   e f fec t  
since both ZB and DM face  southwest and RR faces  
northwest, a much more f avourab le   a spec t   i n  terns 
of t h e   r a d i a t i o n  environment  and  yet  producing 
only 12% of t h e  movement measured a t  ZB. The 
s i m i l a r i t y   i n   r e s u l t s  between RR and TR (south 
aspec t )   a l so   suppor ts  the r e l a t i o n s h i p  between 
a l t i t u d e  and movement, ra ther   than   aspec t  and 
movement €or   sur face  material. 

Downslope movement at a l l   t h e  sites was slow, 

Amongst t h e  dowel sites t h e  west facing  one 

Assuming t h a t  movement of the   top  dowel and 

It is  considered  that  the enhanced movement 

1 

TR 

DM 

2 

2 

1 
U 

Scale C-I 
1 cm 

2 

FIGURF. 3 Downslope movement of t h e   s o i l   p r o f i l e  
i n   s o r t e d   s t o n e   s t r i p e s   a t   f i v e  sites of 
d i f f e r e n t   a l t i t u d e s ,  using metal r o l l e r  
b e a r i n g s ,   a f t e r  one (1) and two ( 2 )  
y e a r s .   S i t e   d e t a i l s  i n  Table I. 
Drawings are h a l f   l i f e   s i z e .  





material. Movement downslope var ied from z e r o   t o  
19 cm wi th in  1 year ,  and f o r   i n d i v i d u a l  clasts 
t h e r e  were considerable  between-year va r i a t ions .  
After  the f i r s t   y e a r   t h e  mean annual rate of 
clast movement g e n e r a l l y   f i t s   t h e   r e g r e s s i o n   l i n e  
q u i t e  w e l l .  This is interest ing,   because  over  
th i s   per iod   cons iderable   d i f fe rences  were 
observed  yearly in both snow depth  and  duration 
and  presumably t h e r e f o r e   i n   t h e  rumber of f reeze-  
thaw cycles.  Detailed  examination of the annual 
rates shows t h a t   w i t h i n   t h e   f i r s t   y e a r ,  movanent 
(98 cm) was much less than in the  immediately 
following  yeers ( 264 an), while f o r  1980, 
movement slowed t o  135 cm, inc reas ing   aga in   i n  
t h e   f i n a l   y e a r   t o  210 cm. Records  from t h e  
meteoro logica l   s ta t ion  2 km away at King  Edward 
Point   suggest   that  snow l i e  d i f f e red  between 
years ,   wi th   the  winter  snow i n  1976 and 1980 
per s i s t i ng   fo r   l onge r   t han  in t he   w in te r s  of 
1977-1979. A t  t h i s  s i t e  t h e  mean clast movement 
per  year  over 6 years was 58 my with a range of 
annual means from 29 t o  78 mm. Measurement  made 
on a s t eepe r  (14') and wetter s i t e  i n  Sphagnum 
Valley  from  January 1981 to   January  1982 gave a n  
annual mean  movement of 177 rum. Although in i t i a l  
movements of tracer clasts are sometimes much 
h igher   than   those  of na t ive  clasts (Caine 19811, 
it  seems l i k e l y   t h a t  much  of t he   d i f f e rence  
occurred  because of a longer  period of s o l i -  
f l u c t i o n   i n  Sphagnum Valley  caused by continued 
d ra inage   i n to   t he  s i te  throughout much  of t h e  
summer period. 

TABLE 2 M@an Monthly Temperatures at  South 
Georgia 

1958  1980  1981 

J 

F 

M 

A 

M 

J 

J 

A 

S 

0 

N 

D 
I 

X 

5.4 

3.2 

3.6 

2.7 

-0.8 

-1.2 

-2.4 

0.5 

1.6 

2.4 

4.2 

3.4 

1.9 

5.2 

5.9 

3.7 

3.1 

0.9 

0.0 

-3.6 

-3.3 

-0.7 

2.6 

3.2 

3.9 

1.7 

5.8 

7.4 

3 - 2  

3.5 

0.5 

-0.7 

-0.6 

0.4 

0.8 

0.6 

5.1 

5.2 

2.6 
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DISCUSSION 

I n   t h e  only previous  paper   to  examine per i -  
g lac ia l   ac t iv i ty   on   South   Georgia ,  Smith (1960) 
reported on t h e  movement of sur face   s tones  and 
stakes .  On a 21' slope,  Smith  found, i n  1956, 
mean su r face  downslope movement of 470 m f o r  
twenty 10 m marked stones.   Although  this was 
measured  over  only 7 months, t h i s   co r re sponds   t o  
an  annual movement because  during  the  remaining 5 
months t h e  ground was frozen and snow covered. 

study, a 200 slope,  and wi th   the   l a rges t  clasts 
used (70 uon long),  annual movement was only  about 
60 mm. With the exception of t h e  Sphagnum 
Valley s i te ,  downslope movement  of 80 m clasts 
did  not  exceed 105 mm at any site. Recent 
de t a i l ed   s tud ie s  by Caine (1981) of t h e  movement 
o f  introduced clasts has shown t h a t  an over- 
es t imat ion of up t o  300% in t h e  rates of su r face  
movement is possible   immediately  fol lowing  the 
in t roduc t ion  of t h e  tracer clasts. Smith  used 
l a r g e  clasts, which exacerbate the problem, 
because  they  take  longer   to   incorporate   into the 
su r face   l aye r ,  and no s e t t l i n g   p e r i o d  was allowed 
before   s tar t ing  his   measurements .  Smith's data  
f o r   s u r f a c e  movement are l i k e l y   t o  be  consider- 
able   overest imates ,  even i f   h i s  s i t e  was a very 
w e t  one. I n t e r e s t i n g l y ,   i n   t h e   f i r s t   y e a r ,  
movement a t  the Bore Valley s i t e  w a s  lower  than 
i n  any of the  fol lowing  years ,  in di rec t   cont ra -  
d i c t i o n   t o  Caine's f indings.  

Smith a l so   assessed  a component of mass 
wast ing ,   ge l i f luc t ion ,  by us ing   s takes  buried t o  
various  depths. He considered that mass flow 
took place down t o  25 cm on a s i t e  with a 21O 
slope. A t  none of the   p resent  sites used t o  
s tudy   ac t iv i ty   wi th   depth  was mass flow  observed 
below 12 cm even a f t e r  2 years.  Two explanations 
seen poss ib le   here .  First, it  is p o s s i b l e   t h a t  
Smith 's   s take s i t e  was much wetter than any of 
those  in present  use,  and t h i s  would great ly   have 
a s s i s t e d  mass flow.  Second, a comparison of snow 
durat ion between h i s  s i t e  i n  1957 and our sites 
i n  1980-1982 shows t h a t  h i s  s i t e  did not gain 
s i g n i f i c a n t  snow cove r   un t i l   e a r ly   Ju ly ,   a lmos t  2 
months later than at our sites. His si te  would 
therefore  almost  certainly  have  been exposed t o  
both  lower  tanperatures and more  autumnal 
freeze-thaw  cycles  than  ours. A comparison of 
mean monthly  temperatures f o r  the 3 years  (Table 
2) shows tha t   a l though  the  mean annual 
temperature was lowest i n  1980, t h e  cr i t ical  
pe r iod   i n   Apr i l ,  May, and June was appreciably 
c o l d e r   i n  1958 t han  i n  1980 and 1981. 

a c t i v i t y  at t h e  west f ac ing  si te,  t h e  most 
pronounced s u r f a c e   a c t i v i t y ,  i .e . ,  that 
a t t r i b u t a b l e   t o   n e e d l e  ice, was at t h e  east 
facing site. This  agrees with Maclcay and 
Matthews (1974), who found t h a t   d i f f e r e n t i a l  thaw 
of needle ice  in s t r i p e d  ground was concentrated 
i n   t h e   p e r i o d  when the sun was l y i n g   i n   t h e  
sou theas t   ( equ iva len t   t o   no r theas t   i n   t he  
Southern  Hanisphere). 

On t h e   s t e e p e s t  s i te  examined i n   t h e   p r e s e n t  

Although  the dowel s t r i n g  showed deepest 

values are i n  OC 



1361 

This   ind i rec t   ev idence   for   the   e f fec t  of 
i n s o l a t i o n   i n  the production of s t r i p e d  ground  on 
South  Georgia is i n   d i r e c t   c o n t r a s t   t o   t h e  
conclusions  reached by Hall (1979)  for  Marion 
Is land and Iles Kerguelen  (Hall,  1983). Hall 
found t h a t   s t r i p e s  on  Marion I s l and  were almost 
always  aligned  northwest,   parallel   with  the 
wind.  Although  on  Kerguelen t h e   r e l a t i o n s h i p  was 
not q u i t e  as clear, Hall did  f ind  evidence for a 
cor re la t ion   be tween  ka taba t ic  winds and s t r i p e  
alignment, and he cons ide red   t ha t   s t r i pe  
development was general ly  most  marked  on sites 
exposed t o  wind.  Although he  could  not  provide 
an   explana t ion   for   th i s ,   he   d i smissed   d i rec t iona l  
melting by i n s o l a t i o n  as being of minor s i g n i f i -  
came due to   h igh  and pers is tent   c loud  cover   over  
t h e   s u b a n t a r c t i c   i s l a n d s .  Bellair (1969),  on the 
other  hand,  suggested  that  freeze-thaw  cycles 
were less s ign i f i can t   t han  wet-dry c y c l e s   i n  
p roduc ing   so r t ed   s tone   s t r ipes   pa ra l l e l   t o   t he  
major wind d i r e c t i o n  on Iles Kerguelen and Iles 
Crozet. On South  Georgia  there i s  no evidence 
f o r   s t r i p e   a l i g n m e n t   p a r a l l e l   t o   e i t h e r   t h e  
genera l   d i rec t ion  of p reva i l i ng  winds o r   l o c a l  
k a t a b a t i c  winds. I n s o l a t i o n  is however much 
higher  than on Marion  Island and it is p o s s i b l e  
t h a t  wind is only  an  important  formative  factor 
under  continuously  cloudy  conditions. 

m a t e r i a l   c r e a t e s   a n   u n s t a b l e   s u b s t r a t e   f o r   p l a n t  
growth.  Heilbronn and  Walton ( in   p re s s )   have  
shown t h a t  on South  Georgia  l imited  colonization 
o f  so r t ed   s tone   s t r ipes  is  possible.  Although 
the  binding of the  roots  slows  plant movement 
downslope t o  less than 50% of tha t  shown by 
nat ive clasts o f  t h e  same s i ze ,   t he   p l an t s   appea r  
t o  be of l i t t l e  s i g n i f i c a n c e   i n   s t a b i l i z i n g   t h e  
g e l i f l u c t i o n   a c t i v i t y   u n t i l   t h e i r   r o o t s   r e a c h  
down t o  a t  least 10 cm. I n  agreement  with 
Washburn (1979) ,   there  is  no clear evidence  on 
South Georgia   that   p lant-bound  gel i f luct ion 
material is  t h e   p r i n c i p a l   c a u s e  of the  product ion 
o f  benches  and  lobes. 

The constant downslope movement  of su r f ace  

coNcLusIoNs 

Measurements of  downslope movement in small- 
scale so r t ed   s tone   s t r ipes  on South  Georgia 
suggest that g e l i f l u c t i o n  is  the  major  process,  
observable down t o  12 cm at very   ac t ive  sites 
but with most sites only  showing movement  down t o  

8 cm. Al t i tude  exerts a s i g n l f i c a n t   e f f e c t  on 
surface  sor t ing  through  an  increased  f requency of 
needle ice formation,  with east facing  s lopes 
showing  most a c t i v i t y .   S o r t i n g  i n  t h e s e   s t r i p e s  
i s  general ly  only 5-6 cm deep. The rate of  down- 
slope movement was l i n e a r l y   r e l a t e d   t o  clast  
length and t o   t h e   s l o p e  of t h e  site. Mean annual 
movement rate f o r  34 clasts over  6 years at one 
s i t e  was r e l a t ed  t o  the   dura t ion  of snow lie. 
S t r i p e   o r i e n t a t i o n  was not r e l a t e d   t o  wind 
d i r e c t i o n  as on o ther   subantarc t ic   i s lands .  
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IMPACT OF FREEZE-THAW OF SWAMP ON AGRICULTURAL PRODUCTION 
IN THE: SANJIANG PLAIN OF CHINA 

Wang Chunhe 

Changchun I n s t i t u t e  of Geography, Academia S in i ca  
People's  Republic of China 

The Sanj iang   P la in  i n  nor theas t  China is  r i c h  i n  water and so i l   r e sources ,   bu t   a s  
a r e s u l t  of t h e   i n t e r a c t i o n  of severa l   na tura l   fac tors ,   about  2 mil l ion   hec t a re s  
of cu l t i va t ed  and uncultivated  land  are  subject  to  the  development of swamps, 
which r e s u l t s  from the hydrogeological  and  thermal  properties of 8011s, rhe  dis-  
t r i b u t i o n  of r a i n f a l l ,  and ,   e spec ia l ly ,   t he   cha rac t e r i s t i c s  of the  freeze-thaw 
process. Swamps and f r o z e n   s o i l  are Interdependent  and  promote  each  other. The 
soils a r e  silty with a permeabili ty  ranging from 0.0013 t o  0.635 cm/day, so they 
a r e  poorly drained;  the  thermal  conductivity of humic  and peaty  layers   covering 
the   sur face  is only 0.0011-0.0023 cal/cm sec deg, and its hea t   capac i ty  is only 
0.4-0.5 cal/cm3 deg, R a i n f a l l  is concentrated i n  the  period before t he   f r eez ing  
season, so seasonal ly   f rozen  ground is  usua l ly   s a tu ra t ed  and the  thawing  process 
during  spr ing is very slow. Spring  meltwater does not  drain well v e r t i c a l l y  
because of t he  poor permeabi l i ty  of the   i ce- r ich  unthawed ac t ive   l ayer .   This  
reduces  the  harvest ,   inEluences  t ransportat ion,  and  damages engineering  conetruc- 
tlon. Through pract ice ,   valuable   experience  has  been gained in   us ing   bu l ldozers  
t o  promote  thawing, d r i l l i ng   t h rough   t he   f rozen   l aye r s   t o   a l l ow water to   d ra in , -  
and u t i l i z ing   the   f reeze- thaw  ac t ion  i n  drought   years   to   preserve soil moisture. 

UEOQRAPHIC  CONDITIONS 

The S a n j l a n g   a l l u v i a l   p l a i n ,  a wide t r a c t  of  
t he   conf luence  p l a in  of t h r e e   r i v e r s ,   t h e  Hei- 
longj iang ,   the   Swnghuaj iang  and the  WusuLijiang 
in t h o   n o r t h e a s t e r n   p a r t  o f  China, covers an a r e a  
of over  42,500 s q u a r e   k i l o m s t e s s ,   r i c h   i n   f e r t i l e  
soil and water r e souces ,  and is one o f  t h e  impor- 
t a n t  commodity g r a i n   b a s e s  sf China, Because t h e  
p l a i n ,  in t ec tonios ,   be longed  t o  the   Hs j i ang  in -  
t e r i o r  fau l t  b a s i n ,  i t  has   exper ienced   d i f fe ren-  
t i a l  wide   subs idence   s ince   the   Mesozoic ,  w i t h  low 
and  smooth relief,  g r a d i e n t  rat io  e f  1/10,000 t o  
'5/10,000, and gwnerally 50-60 metars  above sea 
l e v e l .  The surface layer o f  t h e   e a s t  plain i s  a 
3-17 m layer of c l a y e y   s o i l ,   w h i l e   i n   t h e   w e s t  
plain t he  soil i s  sandy loam and f i n e   s e n d .  Below 
t h e  surface l a y e r  is a un i f i ed   wa te r -bea r ing  la-  
y e r   w i t h  5-10 m @$ f ine   sand   and  50-200 m e f  gra- 
ve l .  Below t h a t   a x e   l a c u s t r i n e  mud s tone  with 
gravel and sand, c o n t i n e n t a l   c o a l - s e r i e s  stratum, 
and n e u t r a l  and a c i d i c   v o l c a n i c  and  sedimentary 
rmck o f  the  Mesazoic and the  Cenozoic.  

The a r e a   h a s  8 humid c l i m a t e ,  w i t h  annual 
mean a i r  temperature   of  1.4-3,OoC. The tempera- 
t u r e  in the  c o l d e s t  months is -19 t o  -21 "c, the 
extreme loweet   t empera ture  is -42 'C and t h e   f r e e -  
zing seasen lasts 7 t o  0 months  with B f r e e z i n g  
depth  of  1.5 t o  2.5 m. Annual p r e c i p i t a t i a n  is 
500 t a  700 mm, but   non-uni formly   d i s t r ibu ted .  It  
o f t e n   r a i n s  i n  autumn, and f r eez ing   occu ra  before 
d i scha rge  of flood water .  AB B r e s u l t  sf t h e  
e f f e c t s  o f  t h e s e   n a t u r a l   f a c t o r s ,  swamps develop.  
There are c u r r e n t l y  mere than  29,000,000 mu of 
swamp lanU and swampy wi lde rness ,  amcrunting to 
45.74$ of t h e  total a r e a  of the   whole   p la in ,  
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RELATIONSHIP BETWEEN FREEZE-THAW AND SWAMP 

The s u r f a c e   l a y e r  o f  t h e  eastern part s f  the 
p l a i n   c o n s i s t s   m o s t l y  of c l a y e y   s o i l ,  formed by 
glimmerton,  srnali te and a s k a n i t e .  The s p e c i f i c  

p/cm3, and dry u n i t  weight AB 1.47-1 ''72 gm/cd . g r a v i t y  i s  2.67-2.72, wet u n i t  weight i s  1.7-2.6 

Bercauss t h e  soil i a   f i n e ,  the t e x t u r e  is heavy 
and more than 60s is powdery s o i l   w i t h   p a r t i c a l  
s i z e   d i a m e t e r s  0.05-0.005 mm (Figure 1 ) .  The 
c o e f f i c i e n t  raf p r m e e b i l i t y  i s  g e n e r a l l y  0.0013- 
0.635 om/dsy. The thermal   conduct iv i ty  of 10-20 
cm o f  grass r o o t  and p e a t  layer on the s u r f a c e  

I 
L.C. - Li thologlca l   Charac te rs  
C.O.P. - Coef f i c i en t  of Permeabi l i ty  

Figure 1. Clay  property of swamp land on Qiangin 
Farm. 
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layer i s  0.0011-0.0023 cal/cm.sec.bsg, 2-4 times 
smaller  than  normal soil and rocks. The heat ca- 
pacity is 0.4-0.5 cal/cm.deg (swamp Dept. 1981) 
Because of dense  swamp  veg&t&tboq,thick  snow 
accumulation, stagnant water  in the  swamp,  and  a 
great  quantity of latent heat  released  while  fre- 
eeing, freezing rate  is slower than  farmland, 
soil and rocks, and frezing  surface is rather 
stable. While freezing, influenced by temperature 
gradient and by the comprehensive action . o f  
various stresses  such 61s adsorption capacity  of 
ice crystals, differences ~f films, chemicaLZg 
potential  differences,  capillary force etc, water 
migrates to form ice-rich layer; the  water  con- 
tent of  soil Increases by 10-19$ over  its  value 
before freezing as water move3 towards  freezing 
frant (Figure 2 ) .  Phis redistribution and enrich- 
ment of soil water contributes to the  development 

Since the  pcrosity  of the grass roots  and  peat 
of swamp. 

layer l a  72-93$, being  just like  a  sponge, the 
water retention i s  high,  generally 149-5524&, aad 
saturation  water  retention i s  up to 830-1030$ 
(Swamp Dept, 1976),  10-20 times  higher  than  mi- 
neral soil and bedrock. The water capacity of 
saturated froewn grass roots and  peat layer is 
very  high. While  thawing,  much  heat i s  cansumed 
t o  slow thawing rate. Thawing depth  in  swamp  land 
is 0.5-1.0 m  less than on farmland.  Generally 
the date of complete thawing o f  the frozen  active 
layer 1s 30-50 days later than dry farmland, 
this is favourable, of course, to the  preserva- 
tion @f frozen soil. Because @f sunshade,  reflec- 
tion  and  transpiration of thick  swamp  vegetation 
in mmmer, and  the  consumption of heat in evaporo- 
tlng  atagnant  water,  the  ground  temperature in 
swamp is 6 4 %  lower than  meadow  and  U-lJ°C lower 
than bare farmland. Daily variation of tempera- 
ture is  small, vertical gradient is great,  the 
frozen soil is protected. Since a large amount o f  
heat  energy i s  received  and '.OQnSUmed in  ground 
Ice melting,  the frozen  active  layer can  not bs 
thawed  quickly. Precipitatisn and meltwater rf 
ice and snow do not  penetrate  well  through such a 
frozen layer, bu* remain on  the  surface and in 
the upper layers of soil, and freeze In the autum. 
AB a result,  excessively  wet  swamp farms. These 
distinctive  tksrnodynamic  and  hydrogeologic 
propertias of swamp  slow  thawing rate, protect 
the frozen layer  in the  soil,  and  promote  the 
genesis and development of swamp. 

f (  
I 

( 4  

Figure 2.  Curves of water contents  before  freezing 
and after thawing. 

IMPACT OF FREEZE-THAW ON 
AGRICULTURAL PRODUCTION 

Spring  Waterlagging Caused by Autumn 
Flood Water 

Preoipitatien In the area is only 500-700 mm, 
but  it is unseasonably  distributed during the 
year, being  highly  concentrated  in autumn. Rain- 
fall in September and October is generally  abcut 
20% of the total  annual  precipitation; In some 
years it i s  36-40% of the total. There were 14 
years of autumn watarlogging among  the  last 26 
years of observation. Autumn flood  water freezes 
on the  surface and upper  part o f  the soil layer, 
which not  anly  interferes with autumn  harvest, 
but  also causes  spring waterlogging  the  next 
year. Over-vet s o i l  and thick snpw cause the  sail 
to freaze slowly  and f o r m  an ice-rlch layer, in- 
tensifying  spring  waterlogging,  Next  spring, the 
meltwater ai ice,  snow and the  ice-rich layer 
itself  can  mot  permeate through  frozen  layer, but 
remain on  the surface to cause serious  spring 
waterlogging (Figure 5 ) .  Spring sewing i s  ds- 
laysd, and  crop  output  is  reduced  greatly. In the 
most  serious cases,  spring sowing can not be done 
at a l l .  According to the Jiansanjiang  State Farm 
Authority, serioua spring waterlogging in  1957, 
1960, 1963$ 197'7 and 1982 was caused by autumn 
f l o o d  water  in  the previous years. So a bitter 
lesson was learned, "Autumn flood water cause 
spring waterlogging and such a spring waterlog- 
ging will l a s t  two years." 

Figure 3. Water regime in soil o f  swampy wilderness. 
(Based on data of Test Station  for Draining Water- 
logging of Survey Designing Inst i tute  o f  Northeast 
General Agricultural Reclamation  Bureau,) 
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 POW ,Calamity 

The snowfa l l  of t h e   p l a i n  is g e n e r a l l y  40- 
70 mm. There are, 120-140 days   annual ly   wi th  snow 
on  the  ground . Maximum observed snow th i ckneas  
was 40-6s CD,  and on some roads   be tween   fo re s t s  
t h e  snow was more  than one mbter t h i c k .  On t h e  
r o a d s i d e s   n e a r   f o r e s t s ,  wind  blew snow t o  f o r m  
snow d r i f t s .   T h i s   r e s u l t e d   i n  Snow b l o c k i n g , r o a d s  
and d i f f i c u l t   t r a n s p o r t a t i o n  i n  win te r .  Snow 
meltwater  i n  Tongjiang-Buyuan d i s t r i c t  i s  15-2046 
of  runoff   (The  Off ice   of   Leading Group 1976).  In 
s m e  p l a c e s  anow meltwater   caused  over-wet   soi l  
t o   i n t e n a i f y   s p r i n g   w a t e r l o g g i n g  and i n f l u e n c e  
spring s a w i n g .   I n   c e r t a i n   y e a r s   t h e  first snow 
covered  crops.  For example, i t  snowed 40 QUI on 
October 1 1 ,  1972,  covering a cons ide rab le  WtWUIt 
of cutdown  soybean,   which was ha rves t ed   w i th  
d i f f i c u l   t y  

Freeze Hazards 

Freeee- thaw  great ly  damaged bui ld ings   and  
o t h e r   a t r u c t u r e a .  When the   ground  around  poles  
become over -wet   ana   the   pos t   ho les  f i l l  w i th  
water ,   poles   have  been  f rozen  out  o f  ground i n  
w i n t e r ,  and a l so   have   subs idmd  and   t i l t ed   i n  
s p r i n g ;  some have even f a l l e n  or been uprooted.  
S a t u r a t e d   s o f t  muok and sllt i~ swamp d e p o s i t a  
swe l l   on   f r eez ing ,  and s u b s i d e  or buckle  on tha- 
wing. This has c a u s e d   c r e v i c e s   i n  walls o f  houaea, 
doors  and windows  which a re   tw i s t ed   a skew,  ga- 
b les   i nc l ined   ou twards  and sunk  inwards,  hwaved 
o r  sunken   te r races ,   and   even  the c o l l a p s e  o f  
some houses.  Because of unreasonable   expansion 
whi le   f reez ing   and   subs idence   whi le   thawing ,   cu l -  
v e r t   p i p e s   w e r e   a p t  t o  CQme apart .   Freeze-thaw 
can   a l so   de fo rm  b r idges ,   causa   cana l   pe rco la t ion ,  

c k i n g   t r a f f i c .  
and s e r i o u s l y   d i s t o r t  roads and r a i lways ,   b lo -  

PRBYWTION, CONTROL A\M) 
UTLLIZATION OF FREEZE-THAW 

In   deve lop ing   and   con t ro l l i ng  $vamps, people  
have  gained much use fu l l   exge renca  and l e a r n e d  
c o s t l y  lessons on u t i l i z ing   f r eeze - thaw,   and  
p reven t ing   f r eeze   and  snow c a l a m i t i e s .  

Use af  Machines an Prpzen Boi l  of Swamp 

I n   d i g g i n g  115 km of  main  channel  of  the  Bie- 
lakong Rive r  and c o n s t r u c t i n g  226 km ef r a i lway  
from F u l i t u n  t@ Q i a n j i n ,  good methods  have  been 
developed   for   working  on f r o z e n  swamp l and  Soil 
by mechine. 

S h o v e l l i n g  thawed l a y e r a   p r o p e r l y .  Prom t h e  
second  ten  days of March, s@me dozens m f  bul ldo-  
zers began   t o  rwmove  anow to c o n t r i b u t e   t o   t h e  
thawing  of   the  surface Bad. A t  tha t .   t ime  the  
h ighes t   g round  tempera ture  waa 7.9 C, and the 
l owes t  was -21.6 "C ( su rvey   Des ign ing   In s t i t u t e  
1990).  The s u r f a c e  was thawed i n   d a y t i m e ,   b u t  
f r o z e n  a t  n i g h t .  BuLLddzers can   push   a s ide   t he  

l a y e r   b e i n g  thawed.  After  removing a l l  thawed 
mud and  sod, @ne can   cons t ruc t   on   hard   Boi l  
below 1 .O m. 

thtm away  by machines. When the f r o z e n   l a y e r  was 
less than 50  cm t h i c k ,   t h e   f r o z e n  sei1 can  be Cut 
i n t o  2.0~ 1.2 m or 1.0 X 1 . 0  m pieces,  and  these 
i r o e e n  soil c lods   can  be t aken  away, then oene- 
t r u c t i o n  work can procewd  on d r y  s o u  d i r e c t l y .  

Uaing ice as a w a l l  t o   i n t e r c e p t   f l o w .  T i  
a oona t ruc t ion  sitm Is needed ,   t he   f rozen  layer 
around it can be  uncovered  and a d i t c h  30-50 om 
wide  can be dug. If the d i t o h  is f i l l e d   w i t h  ice, 
t h e  i c e  can  be  used as a wall t o  i n t e r c e p t   f l o w  
o n t o   t h e   s i t e .  

There a r e   a l s o  some addi t ional   methods:  for 
example,  uailag P dam t o   d i v e r t ' m e l t w a t e r ,   i o l l a -  
wed by the removal o f  i c e  away a f t e r   f r e e z i n g .  

Drill ing Through Fraesn  Layers  t. Allow Drainage 

If sp r ing   me l twa te r  m i  i c e  and @POW and pre-  

Sawing i c e   i n t o  small p i s o e s  and t a k i n g  

a i p i t a t i m   c a n   n o t   i n f i l t r a t e   t h r o u g h   f r o z e n  
l a y e r s  n w  d r a i n  away because @f l ow and f l a t  
r e l i e f ,  t h i s  w i l l  cause   spr ing   Water logging  
which   se r ious ly   de lays   spr ing   a?wing .  In the  west 
p a r t  of t h e   p l a i n ,  there is O@,?,J.O m o f  under- 
g round   wa te r   s ec t ion   i n   wa te r -bea r ing   s t r a t a .  One 
can blast or d r i l l  t h r o u g h   t h e   f r o z e n   l a y e r   i n  
low ca t chmen t   a r eas   t o  make me l twa te r   f l ow  in to  
the   underground  water -bear ing   s t ra ta ,  This r e -  
move8 the   s t and ing   wa te r ,   ensu r ing   t ime ly   sp r ing  
sowing. 

Thinning  Surface Snow to  promote  thawing 

Snow cev,pr in   the   a rea   a lways   thaws   a lewly .  
M e l t w a t e r   o f t e n   c a w e d   a t a g n a n t   w a t e r   l o c a l l y ,  
hampering  apr ing  sowing  and  t ransportat ion.  These 
problems can be  overcome by u a i n g   d i f f e r e n t  ma- 
c h i n e s   i n   t h e   s p r i n g   t o   s p r e a d   a n d   t h i n  anow en 
t h e   s u r f a c e ,   o r  by r o l l i n g  and  mixing 9nQW and 
mil. Because d i r t y   m e w   c a n   a b s o r b  more h e a t  
than  white  snow, t h e   t h a w i n g   r a t e  i a  speeded  and 
spr ing  sowIng  can be c a r r i e d   o u t   p r o p e r l y   t o  
ensure a bumper ha rves t .  

P r e d i c t i n g  Spring Drought 

Wea the r   fo recas t s  and a g r i c u l t u r a l   p r o d u c t i o n  
records   have   been   used   to   p red ic t   spr ing   drought  
t h e   f o l l o w i n g   y e a r .  When drought  i a  a n t i c i p a t e d ,  
the  fol lowing  proosedure  can  be  used.   After  
h a r v e s t  in autumn,  aoybeen  stubble is not   har -  
rowed  and f i e l d s   a r e   n o t  plowed. This enhances 
t h e   c a p t u r e  of wind-blown snow in t h e   f i e l d s .  The 
f r s w z i n g   r a t s  of t h e   s o i l  i s  thus  slowed t o  pro- 
mate  water migratim w h i l e   f r e e z i n g ,   c a u s i n g  an 
i c e - r i c h   l a y e r   t o  form. Next  ywar,  LeveLing %he 
f i e l d  and  spr ing  sowing  properly,   us ing  water  
from the   thawing  of t h e   i c e - r i c h   l s y e r ,  and 
packing   the   g round  f i rmly   to   p reserve   a011 moi- 
a t u r e  will r e d u c e   t h e   e f f a o t  ef drought  and per- 
m i t  a good h a r v e s t .  
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PROPERTIES OF FROZEN AND THAWED SOIL AND EARTH DAM CONSTRUCTION I N  WINTER 

Wang Li ang, Xu Bomeng, and Wu Zhi j i n  

Water Power Research  Inst i tute ,   Northeast   Design  Inst i tute  
Minis t ry  of Water Resources  and  Electric Power 

People's  Republic of China 

To solve  problems of win ter   cons t ruc t ion  of e a r t h  dams, we conducted  an  experi- 
mental   study on paving  sloping  clay  core,  making f rozen   c lay   b lanket ,  and laying 
sloping  weathered  sand  core  for  cofferdam  in  winter,  and made an  extensive  inves- 
t i g a t i o n  on the   cons t ruc t ion  of medium and  small-sized  earth dams. We found that 
the  pace of winter   construct ion  can be  speeded up while s t i l l  maintaining  qual i ty  
on t h e  basis of the   fo l lowing   cha rac t e r i s t i c s  of f rozen and thawed s o i l :  (1) The 
compact ib i l i ty  of f i l l e d  s o i l  under  negative  temperature  can be as good as that 
under  posit ive  temperature when s o i l  is in   the   supercooled  state. ( 2 )  The perme- 
a b i l i t y  of thawed s o i l  is  higher   than  that  of unf rozen   so i l ,   the   consol ida t ion  
process is f a s t e r ,  and t h e r e  are no s ign i f i can t   d i f f e rences  between the  quick 
shear s t r e n g t h s  of t h e  two so i l s .  Therefore ,   the   mechanical   propert im of t h e  
c l a y   s o i l   w i t h  water con ten t   c lo se   t o   t he   p l a s t i c  limit shows no s i g n i f i c a n t  
change a f t e r  compacting  and  freezing. (3)  When it is  submerged i n  water, f rozen  
c l a y e y   s o i l  thaws and  crumbles  quickly on i t s  s u r f a c e ,   f i l l i n g   i n   v o i d s  between 
frozen masses and  increasing its densi ty .  It can be used for   cons t ruc t ion .  (4) 
Roughening has no notab le   in f luence  on the compress ib i l i ty  and permeabi l i ty  of t h e  
binding  layers  and on t he i r   shea r ing   s t r eng th ;  it can be omitted  for  binding 
layers .  

The filling  construction of earth  dams is made 
difficult by tho freezing of soil, especially 
when  the  compactibility of filled soil in  winter 
arid the impzirment to engineering due to  the 
change  in the properties of  soil during  freezing 
and  thawing are not   exac t ly  known. F i l l i n g  con- 
s t r u c t i o n  i n  w i n t e r   w i t h   c l a y e y   s o i l  is genera l ly  
suspended  prolonging  the  period of construction, 
increasing costs, and subsequently  delaying  the 
efficient use of  the engineering works. 

Considering  the  requirements of practical eng- 
ineering  construction,  we first carried  out  the 
experimental  study on pevin$ sloping  clay c0r.e in 
winter,  making  frozen  clay .blanket, laying S l o p -  
ing  weathered s m d  core f a r  cofferdam  in  winter, 
etc. At the  same tirrle, we a l so  mnde an extensive 
investigation on the construction o f  modium  and 
small-size earth  dzms in winter'. This paper  in- 
troduces some results in experiments on the f r e -  
ezing  and thawing  properties ok soil and their 
application %o the  construction of earth  dams in 
winter. 

COMPACTIBILITY OF SOIL IN 
LOW TENPERATUKE 

For the  cementation power of ice, frozen soil 
has  high  ability to counter  outside load. There- 
fore, in w i n t e r  construction, fillirlg  entirely 
with f r o z e n  soil is unadvisable, But if  the f r o -  
zen soil mass i s  surrounded by warm soil, the 
compactibility  will not be Ereatly affected.  Be- 
sides, t h e  warm soil will melt  part of the frozen 
s o i l  and a l l e v i a t e  the bad e f f e c t  o f  f rozen  s o i l .  
So a d e f i n i t e  amount of f rozen  soil might  be  mixed 
i n   f i l l i n g ,  and  general ly  not exceeding 30% 
is recognized 88 suit:tble, But the  allowable  con- 
tent o f  frozen soil is  related  to  the  properties 
of soil, its moisture content, the  amhient  tem- 
pemture, t h e  method o r  rollina an8 the process 

of construction, etc. Figure 1 showa a curve o f  
compressive  properties of soil (Table 1 )  at Bai- 
shan  coffercam. 

It indicates  that a higher  frozen  soil  content 
(aver 30%) i s  allowable. 

In the  process  of  winter  construction,  the 
freezing of filled  soil is r e l evan t  to  the dura- 
tion of construction,  the  thickness of filled 
so i l ,   t he   supe r   coo l ing  of soil, etc. As shown i n  
Figure 2 ,  the  temperature  variation  after soil 
filling  indicates  that  when  air  temperature is 
-1 1 OC the  temperature of clayey  soil  (moisture 
content  being 1796, equivalent t o  elahtic limit) 
a t  a depth of 5 cm  under  the  effect of heat prs-  
servation of the  aoil layer merely  drops to 0°C 
after. 4 hours. 

FIGURE 1 Relation curve 
between frosen s o i l  
content and drJr den- 
a l t y  (Clayey sand8 

e f for t :  8.62kg.crn/cm' ) 
Y bJEn6-1Mr Compactday; 

FIGURE 2 Ralation curve 
between a o i l  temper- 
akwe and time, 

soil temp, a:5cm deep 
air temp, -%lE 

b:lOcm deep 

Time (hr.) 
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It i s  known t h a t   s o i l s   o f   d i f f e r e n t   t y p e s   w i t h  
different moisture contents have different  freez- 
ing temperatures. In general,  the  stable  freez- 
ing  temperature of clayey soil is lower  than 
O'C, Moreover  because o f  t he   supe rcoo l ing   na tu re  
of s o i l ,   b e f o r e   i c e   c r y s t a l s   a r e   f o r m e d , t h e   s o i l  
temperature  will be even  lower  than i ts  s t a b l e  
f r eez ing   t empera tu re ,   and  l a s t s  R c e r t a i n  p e r i o d  
of time. The super   cool ing   so i l .  s t i l l  has a h igher  
compress ib i l i t y   t han  warm s o i l ,  For example, t h e  
clayey s o i l  a t  Qinghe   r e se rvo i r   ( s ee   Tab le  1 f o r  
its p h y s i c a l   p r o p e r t i e s ) ,  when i t s  moisture  con- 
t e n t  is 21.5$, has a s u p e r   c o o l i n g   t e m p e r a t u r e   a t  
-2% t o  -3'C under  an  ambient  temperature o f  -5°C 
t o  -6V, and  the   dura t ion  o f  super   cool ing  comes 
up t o   s e v e r a l   t e n s  of minutes  (Figure 3 ) .  

Though the   t ime is q u i t e   s h o r t ,   y e t   i n   t h e  
f i g h t  f o r  c o m p a c t i b i l i t y  o f  s o i l ,  i t  is s t i l l  
v e r y   p r o f i t a b l o  and p r e f e r a b l e .  From the  above 
experiment i t  is s u f f i c i e n t   t o   u n d e r s t a n d   t h a t ,  
i n  w i n t e r   c o n s t r u c t i o n ,  as s u i t a b l e   h e a t   p r e s e r -  
vation  mea3ures f o r  t h e   c l a y e y   s o i l  of t h e   e a r t h  
embankment a r e   t a k e n ,  and  proper  arrangement Pox 
cons t ruc t ion   p rocedure  t o  erhorten t h o  t i m e   f o r  
l oad ing ,   t r anspor t ing ,   l ay ing   and   compress ing  
soil i s  a f f e c t e d ,   s u f f i c i e n t   u t i l i x a t i o n  of t h e  
same q u a l i t y  of c o m p a c t i b i l i t y   o f   f i l l i n g  s o i l  as 
t h a t  i n  the   cons t ruc t ion   unde r   o rd ina ry  tempern- 
t u rp   cou ld   be   a t t a ined .  

TABLE 1 P h y s i c a l   p r o p e r t i e s  o f  s e v e r a l  
k i n d s  o f  s o i l  

O r a d a t i o n   P l a s t i c i t y  
Loca t ion  0.05 0.05 o.Qo5 ~~ 

0.005 WP I p  

s o i l  mass i n t o  many small c o l l e c t i y e   b o d i e s ,  
i n c r e a s e s   t h e  volume of  s o i l  and  diminishes  i ts  
d e n s l t y ,  on the   one   hand ,and   the   mois ture   conten t  
of these  col lect ive  bodies   decreases   and  the  den-  
s i t y   i n c r e a s e s  on the   o ther   hand ,  The new s t r u c -  
t u r e  of Boi l   d iv ided  and cemented by  many i c e  l a -  
minated l aye r s  br ings  about   very  complicated  chan-  
gos i n   t h e   n a t u r e  o f  s o i l  a f t e r  i ts thawing. Mor- 
eover,   such  changes  vary w i t h  t h e   s t a t e  and  pro- 
c e s s   o f   t h e   s o i l   n f t e r   t h a w i n & .  
Permeability  of  Freezing-Thawing Soil 

Clayey  soil with different  freezing  structures 
at the  beginning stage of thawing  can  have  its 
moisture  quickly  drained  through  the  crevices  between 
between the  mineral  collective bodies, therefore 
its  permeability  is  higher  that  that  of  unfrozen 
s o i l .   I n   T a b l e   2 ,   f r o m  a group of experimental  
rosults a t  Qinghe   reservoi r ,  we can   s ee  t h a t  when 
t h e   s o i l   b e g i n s  t o  thaw, i t s  permeabi l i ty   coef -  
f i c i e n t  i s  about  50 times t h a t  of the   unf rozen  
s o i l  i n   a v e r a g e .  

TABLE 2 P e s m e a b i l i t y   c o e f f i c i e n t  of 
f reezing-thawing  and  non-frozen  soi l  

Non-frozen s o i l  I thawin$ 3011 Freezing  and 
of sample 

Along with the  increase  in moisture content, 
the ice laminated  layers  or  crevices will also 
increase  and  thicken,  rhus  greatly  raising  the  per- 
meability  coefffcient of the  freezing and thawing 
soil.  For  example,  under  the  same  dry  density, 
w h i l e   t h e   m o i s t u r e   c o n t e n t   i n c r e a s e s  from 18% t o  
21$, t h e   p e r m e a b i l i t y   c o e f f i c i e n t   i n c r e a s e s   a b o u t  
2 t o  5 t imes.  

A f t o r  t hawing   o f   t he   so i l ,   unde r   t he   ac t ion  of 
Ambient temperature l oad ,   t he   c r ev ices   fo rmed  by the   i ce- lamina ted  

t l  =f -6.4.C; l a y e r a   g r a d u a l l y   c l o s e  up a n d   t h e   f i l l e d   s o i l  
t2 = -5,o"c. will be   g radua l ly   d ra ined   and   conso l ida t ed ,   wh i l e  

the  collective bodies take  in moisture and  swell. 
Eventually,  the  structure of soil gradually 
bocomos homogeneous, t h e   p e r m e a b i l i t y   c o e f f i c i e n t  
of  s o i l   d i m i n i s h e s , a n d   t h e   a . b i l i t y  o f  seepage 
prevent ion  of the s o i l  is improved,The result o f  
experiment   with frozerr s o i l  o f  Qinghe   ear lh  dam 
shows thlt a t  a d r y   d e n s i t y  o f  1 ,68g/cm~the   per -  

under a pressure of 0.5-1 .Qkg/cm: the   pe rmeab i l i t y  

Time (minute) 

- b -  m e a b i l i t y   c o e f f i c i e n t  is 1 .64X10-ycm/sec. ,whi le  

FIOURE 3 Freez ing   procesn  of Qinghe s o i l  s ample   Coef f i c i en t   r educes   t o  3.9XlQ-'cm/sec. 

PERNEABILITY AND MECHANICAL 
PROPERTIES OF FREJiZING-THAWING SOIL 

I n   t h e   p r o c e s s  of f reezing  and  thawing,  s o i l  
undergoes a series of complicated  changes,  Under 
t h e   a c t i o n  of nega t ive   t empera tu re ,   t he   c l ayey  
s o i l  mass w i t h  c e r t a i n   m o i s t u r e   c o n t e n t  is ex- 
pec ted   to   have   mols ture   migra t ion   and   phase  
equi l ibr ium  changes   wi th in  i t  . Simultaneously,  
f o r  t h e   h e t e r o g e n e i t y  of t e m p e r a t u r e ,   f r e e z i n g  
form a n d   s t r u c t u r e   i n  i t ,  t h e  s o i l  will form i c e  
lamina ted  layers i n  horizontal, v e r t i c a l  and 
i n c l i n i n e   d i r e c t i o n   w i t h   d i f f e r e a t   t h i c k n e s s  
making the   so i l   s t ruc tu re   l aye red   and   ne t -ve ined .  
The format ion  of  i c e   l a m i n a t e d   l a y e r s   d i v i d e s   t h e  

compressibility  of  Freezing-Thawing Soil 

lective  body  encircled  by  ice  laminated  layers 
rakes in water and  swells,  this  process  is  com- 
paratively  slow, while the  ice  laminated  layer 
between t h e   c o l l e c t i v e   b o d i e s  will f i r s t  mel,$ up 
and  the  melted  wnter will d r a i n   q u i c k l y ,  making 
t h e   c o l l e c t i v e   b o d i e s   g e t   c l o s e r   t o g e t h e r   a n d   t h e  
s o i l  mass more compact. O f  t h e  two p rocesses   t he  
l a t t e r  i s  dominant.  Moreover,  such  compacting  of 
s o i l  c a n   b e   e f f e c t e d   u n d w   t h e   a c t i o n  of i ts  own 
weight. Thus ,   f reez ing  arid thawing s a i l  has a 
quioger  process of consol ida t ion   and  a g r e a t e r  
compac t ib i l i t y .   F igu re  4 shows a group o f  r e s u l t s  
of compress ive   t e s t s  on  Qinghe clay s o i l .  

When frozen  soil  thaws,  though the  mineral col- 
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l l  
--non-frozen s o i l  
"freezing  and 
thawing soil 
a-W:-24.0$, 

I. k , . \ b  191 =I .56g/cd 
b-W=Tg.O$. 

IS 7y =?I .69g/Cd 
I 4  24 8.0 4 4  

P(ky;/cm* 1 
FIQUHE 4 Compressibility o f  freezing  and  thawing 
s o l 1  and non-frozen  soil 

From  curve(s)  in  the figure we  can  see  that 
when  moisture  content is 24% and  the  load  is 
o - 1kg/cm2its  compression  coefficient is two 
times  that o f  unfrozen soil. This  indicates  that 
soil  with a higher  moisture  content  after  freez- 
ing - thawing  may  give  excessive  great  settlement, 
bringing  detrimental  effects to engineering 
works.  When  the  moisture  content  in  soil  corres- 
ponds to plastic limit, its  compreasibility  af- 
ter freezing and  thawing  has  nearly  no  difference 
as compared  with  that of unfrozen  aoil (Figure 4 
b).This is  because  the soil under  this  moisture 
content  in  the  process of freezing  has no pro- 
minent  phenomenon of moisture mip-ation and  ice 
segregation, its  volume  undergoes  no fl'03t heav- 
ing,'its freezing  structure  is  in a perfect en- 
tity,  and  after  thawing  its  property  has o n l y  a 
very  small  change  compared  with  the  original 
unfrozen soil. 
Shear  StsenKth of Freezinn and  ThawindE  Soil 

The drainage  condition o f  s o i l  i s  an  impor- 
tant  factor  in  the shear strength  of  freezing- 
thawing  soil.  Though  the  initial  moisture  content 
of  soil 13 relatively  hish,  under  certain  load 
and drainage  conditions the freezing-thawing 
soil  has a greater  compressibility,  thus  increas- 
ing  its  dry density,  sometimes  even to such an 
extent  that  it  would be higher  than  that  before 
freezing and  consequently  enlarging  its  shearing 
strength. As shown  in  the  curve  of  Figure 5, at 
a moisture  content of 245, the consolidated  quick 
shearing  streneth of freezing and  thawing  soil 
is even  hifiher  than  that of unfrozen. 

o --non-fronen sox1 
I --freezing  and 

s--V=44$ 
thawing s o i l  

~ ' d  - 1, .bOg/cru', 
b--W=19.0$, 

Y rl = I  .6$g/d 

strength  in  freezing and thawing soil. Many re- 
ports a t  home  and abroad expound that the quick 
shearing  otrength  of  freezing and thawing s o i l  i s  
lower than that of unfrozen, about half of the un- 
frozen s o i l .  A t  the  initial.  stage o€ thawing, 
these  loose  collective  bodies always peel  off  on 
the slope  surface  layer by layer with  the  melted 
aatar  flowing.  When  there i s  a water flow'passing 
freezing and thawing  eroaion follows. Sometimes, 
though  there is no  peeling o f f  on  the surface, 
with  the deepening of melted layer,  the aoil a t  
the upper  layer may gradually  coneolidats due  to 
better  drainage  condition  and  the  permeability 
coefficient a l s o  lessens, making  water  in the 
just  thawing  layer  difficult to  drain  and  causing 
prominent  lowering of strength on the  thawing 
surface. As 8. result, the slope becomes unstable, 
and  with  the  deepening of thawing layer, the 
range of sliding slope also  enlarges. In north 
China regions, the destruction of side  slope from 
above mentioned reason could  often be aeen. 
Therefore, to  the s i d e  slope  with  exit  of ground 
water o r  relative  high  moisture  content,  appro- 
priate  measures  must be taken  to  prevent  such 
slope slipping,  which  often  happens  in  the  time 
of thawing. 

From  Figure 5b it c o u l d  be seen  that,  when  the 
moisture  content  in soil approaches  plastic  limit, 
the  consolidated  quick  shearing  strength of  the 
freezing and  thawing s o i l ,  just as in the case of 
its compressibility, is  not  different from that 
of unfrozen soil. 

and  thawing soil, we can see that  when  the moi- 
sture  content of soil is at plastic Limit, no 
prominent  change  will  occur  in the atructure  and 
other  properties  in  the  freezing  and  thawing s o i l .  

Using  unfrozen  soil  with a plastic limit moi- 
ssure content  in quick  construction  at  negative 
temperature  one  can  get the same good quality of 
compactness as at  positive  temperature  and  the 
quality of  the filled s o i l  will  not be affected 
by freezing and thawing  action. 

From  above  mentioned  properties of freezing 

THE COMPACTLBILITY OF LAYERED FROZEN 
SOIL MASSES A F T W  SUBMERGED IN 

WATER AND THAWING. 

Grumbling Nature of Frozen Soil. Mass in  Water 
Tests on the crumbling of frozen s o i l  i n  water 

show that  frozen  clayey soil wirh a  def inite  
moisture  content,  when  submerged  in  water,  thaws 
and crumbles with a much  higher  speed and a much 
larger  amount  than  that of warm soil. Figure 6 is 
the results of crumbling  tests of a group of cla- 
yey soil (CI), the curves in  which  show  that  ge- 
nerally  the  amount of crumbling of frozen  soil i s  
over 80%. while  that o f  warm  soil  not  over 40%: 
and  that'for frozen  soil  put  into  water  after 
thawing,  its  amount o f  crumbling  between  those of 
frozen 3011 and  Warm  soil.  With  the lengthening 
of the  time  of thawing,  the  degree of cementation 

. .  
FIGURE 5 Consolidnted  quick  shear pltrength b f  
freezing-thawing soil and  non-frozen soil 
(consolidate 3 hr.) 
Under certain  conditions,  this  property  of impro- among  those collective.bodies increase, its 
ving  strength at the later  stage of filling could mount of crumbling  in  water  will go down  close 
be properly  utilized in practical  engineering. to that of  warm soil, 

However, if drainage i s  poor and  the  water  in  This  favourable  property of crumbling of fro- 
soil coUd not be drained  quickly,  then  under the zen  soil  comes  mainly  from  the  following  facti 
action  of  load  there would be greater pore  water when  the  frozen  soil  cut  into  many  small  collec- 
pressure, which greatly  lowers  the shearing tive  bodies  by  the  ice  laminated layers  is  sub- 
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merged i n  warm w a t e r ,   t h e   i c e   l a m i n a t e d   l a y e r s  
quickly thaw  and the  collective  bodies  subject 
t o   p e e l i n g   o f f   l a y e r  by l a y e r   i n  small p i e c e s .  
The   h i$her   the   wntar   t empera ture ,   the   g rea te r  
t he   speed  o f  crumbling.  Moreover,  the  crumbled 
s o i l  bod ie s   o f   t he   f rozen   c l ayey  s o i l  is d i f -  
f e r e n t   f r o m   t h a t  of  t h e  warm s o i l ,   f o r   t h e   m i g r a -  
t i o n  of  m o i s t u r e   d u r i n g   f r e e z i n g ,   t h e   m o i s t u r e  
c o n t e n t   d e c r e a s e s  and i t s  d e n s i t y   i n c r e a s e s   i n  
the c o l l e c t i v e  bodies. (Table  3) 

I t  is  clear from above, freezing improves the 
crumbling property  of   c layey s o i l ,  making t h e  
method of  pour ing   t he  earth i n t o  wates a d a p t a b l e  
f o r  c o n s t r u c t i o n ,  

TABLE 3 P r o p e r t i e s  o f  s o i l  mass col lapsed  
i n  water  

Condi t ion  of  Frozen soil Collapsed 
sample soil mass 

Y 
n 

w i l l  be greater than the  natural  density.  Since 
those  capable  to keep equal to  or larger than the 
natural  density  often occupy an important part, 
t h e   a v e r a g e   d e n s i t y  of t h e   l a y e r e d   f r o z e n  soil 
masses a f t e r   s e t t l e m e n t  and compacting approache3 
t he   na tu ra l   dens i ty .Wi th   t he   i nc rease  of t h e  size 
of t h e  f rozen  moil masses and t h e  improvement of  
g r a d i n g   d i s t r i b u t i o n ,   t h e i r   d e n s i t y  will st i l l  
increase.The above   p rocess   cou ld   be   f i n i shed   i n  a 
quite  short time and  was proved by a large amount 
of  experimental results both i n  laboratory and on 
f i e ld .  Figure 7 shows  an experiment o f s e t t l e m e n t  
and  compacting of stacked-up body of   f rozen  s o i l  
i n  thawing w i t h  a t h i c k n e s s  of 1.28m. 

11 I '  10 
L 

S - T  
""""" 

. - T  

a 

Time (day) 
FIGURE 7 Thawing  process   o f   p i l ing   f rozen  s o i l  
ma38 dur ing   submers ion   i n  water 

The testing;  sample is t aken  from the  Longftng- 
F rozen   so i l : ( so i l   t empera tu re  - l e t )  shan   reservoi r   (Table  l), t he   mo i s tu re   con ten t  

a: k18.546,  water  temperature t =5-6'C; of   t ha   f rozen  mass is  24%. p o r o s i t y  of large 
b: W=18,25k, " I, ** t =0-0.5%; pores.is 28.7$, the   water   t empera ture  f o r  t e s t i n $  
C: W=25.0$, " 91 " t =4.0%; i s  3 - ? % , t h e  initial d e n s i t y   a f t e r   s t a c k i n g   u p  

Warm s o i l :  e--W-24.0%, 6 = I  .,60 g/cd: m e n t l y  f i n i s h e d   i n  5 - 6 days ,nnd   the   dens i ty  a t -  
Freezing  and thewing soil:f,g--w?25.5-25.7~ t a i n e d  i s  1.55 g/cnr'.Later,  under i t s  own weight 

a; w=.?6,5$, 11 *' t =I.O.C; is 1.24 g/cm',settlernont and compacting i s  funda- 

FIUUHE 6 R e l a t i o n  of co l l apse   pe rcen tage  of  soil 
in water  and time 
Thaw-Subsidence  and  Consolidation  Process og 
&wered Frozen Soil .  Masse% 

masses i n  water, first, quick thawing happens 
on t h e   s u r f a c e   o f   t h e   f r o k e n  mas883 and a t  t h e  
p o i n t s  of c o n t a c t ,   a n d   t h e   c o l l e c t i v e   l a y e r s  of 
the soil crumbled down  and peeled  off f i l l  up 
t he   po res   and   c r ev ices .  A t  t h e  same  time r e l a t i v e  
displacement  and  squeezing among t h e   f r o z e n  mas- 
sea occura.These make t h e  b i g  pores and   c r ev ices  
a8 the  layered  frozen soil masses (about 30%) 
shrink.The process of  thawing  and  peeling off de- 
velops c o n t i n u o u s l y   u n t i l  t h e  s h r i n k i n g  pores and 
c r e v i c e s  among t h e   f r o z e n  masses are e n t i r e l y  
f i l l e d  up. The soil b o d i e s   f i l l e d   i n   t h e  pores 
and  c rev ices   under  the a c t i o n  o f  o v e r l y i n g   l o a d  
quick ly  increase t h e i r   d e n s i t y ,  however s t i l l  
sma l l e r   t han   t he   na tu ra l   dens l ty .Then ,   t he   f rozen  
Soil masses cont inuous ly  thaw, b u t   t h e   c o l l e c t i v e  
bod ies   a l r eady  s t o p  crumbling.melt   water   quickly 
drains, making the  collective bodies get even 
closer  together. The density  of  this  part  of  soil 

After   the  submergence of l a y e r e d   f r o z e n  s o i l  

and the  pressure  of  permeability, i t  continues 
the   p rocess   o f   se t t lement   and   compact ing   on   one  
hand,   and   the   co l lec t ive   bodies   wi th   lbwer   water  
c o n t e n t   t a k e   i n  water. from the   c r ev ices   and   swe l l  
on t h e   o t h e r .  A t  t h i s   t i m e ,   t h e   i n c r e a s e   i n   d e n -  
s i t y  of t h e   f i l l i n g  body is no t  grea t ,  but t h e  
s t r u c t u r e   t e n d s   t o   b e  more hornogeneous.The per-  
m e a b i l i t y  o f  water changes f rom  passage  a long  the 
concen t r a t ed   c r ev ices   t o   pas sage   t h rough   t he  
homogeneous  pores.The f i g u r e  shows t h a t  on the 
t e n t h   d a y   t h e   p e r m e a b i l i t y   c o e f f i c i e n t  i s  
l X I O d  cmjsec, w h i l e   a f t e r  100 days i t  r e d u c e s   t o  
1 .1X16sscm/sec. Dur ing   t h i s   pe r iod ,   t he   dens i ty  o f  
s o i l   h a s  l i t t l e  change, 

after its thawing, then the mass  body is dispersed 
into a loosely  stacked  collective body which w i l l  
take in water and lower its density, thus making 
the  settlement compacting body have a smaller 
density and larger  permeability. 

The above  mentioned  property of f r o z e n   s o i l  
makes i t  p o s s i b l e   t o  use t he  soil of higher   v i -  
s c o s i t y  i n  t h e   c o n s t r u c t i o n  of ho r i zon ta l   s eepage  
p reven t ion   b l anke t  by t h e  method of dumping 
e a r t h   i n t o   w a t e r  o r  submergence i n  water. 

If frozen s o i l  mass is  submerged i n  water 
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CONSTNWCTION  OF ROLLED EARTH DAM IN 
WINTfiR 

With  the  knowledge of above  mentioned  freezing 
and  thawing  properties o f  frozen soil, if  proper 
measures  are  taken,  the  successful  construction 
of  earth  dam in winter  is  perfectly  possible. For  
large size construction  since  the  considerably 
strict  requirements of engineering  quality, es- 
sentially  warm  soil  should  be  used f o r  construc- 
tion,  the  moisture  content of soil  materials 
should near the  plastic limit 90 as to keep the 
soil temperature as high as possibls,successive 
working procedures should  be  connected t o  each  orher 
as close as possible,  the  methods of high-spedd 
construction  are to b e  adopted,the super cooling 
temperature  of  the 3oiL should  be  sufficiently 
utilized, and the soil compacting  should be  per- 
formed  before it freezes.Thus the  slmilar  effect 
o f  compactibility  under  positive  tomperature is 
also  obtainable  under  negative  temperature. 

Province, which is 39.4 m  high  with  sand  gravel 
shell, a  clayey  sloping  core  was ba.iLt, The  main 
soil  material  used is medium  plastic  clayey soil 
( C I ). It was  at  the  beginning of the  winter 
season, the  air  temperature  was  not  below - IO'C, 
and  the  method of high-speed construction WRS 
adopted.With  sheep-foot roller, it could  be  com- 
pressed to the  designed  density (1.66 g/cd). I f  
the  temperature i s  still lower, the  guaranteed 
rate of compnctibility  would  be lowered, so a 
simple warm shed  house  provision  was  used. A warm 
shed is wind-proof  and can increase  soil  tempera- 
ture,  but it is difficult to mise the  tempera- 
ture. When  the  outside  temperature is -20°C ,  the 
tempernture on the  soil  surface in the  wArm  shed 
is -12'C. I f  unfrozen  soil (a little freezing in 
the process of transportation  and  compressing) is 
used in construction,  the  quality  requirements 
can generally be satisfied. 

under Low temperature in open air, tests  with 
heavy tamping  plate (2.2 ton) have  been carried 
out.  It i s  a round iron tamper  with 7 sheep-feet. 
In experiments,  tho  height o f  drop i s  2.5 -3.0 m, 
and different  beating  conditions  are  applied. The 
result of  tests shows  that  with a filling  thic- 
kness of 70 - 80 cm, tamping 5 - 8 strokes, air 
temperature at -12 'C, the  temperature of soil 
higher -2.5 'c and frozen Soil  mass  content at 
20$, the  density of minimum  compactness of all 
satisfies  the  requirements o f  engineering design. 
Even at air  temperature -28.4'C, with aome fre- 
ezing  in the  surface layer, the  compactness of 
designed  density is also  reached.  But  if  after 
filling, tamping t o  required  compactness  has  not 
been  executed In time, soil materials are frozen 
o r  frozen masses  are  concentrated in the  bottom 
part, the filling  soil c o u l d  not be tamped  to 
required compactness  even  when  the  thickness of 
filling  is  reduced  to 50 cm and the  tarnping  stro- 
kes increased t o  24 times. 

Generally if rolling is applied  in  construc- 
tion, before filling, the  compressed layer should 
be  roughened first t o  facilitate the  binding  be- 
tween  the  two layers, But roughening in Winter 
construction is not  only  difficult  but a l s o  takes 
time,  thus  further lowers the soil tempera$ure 

At  the maxth oant of Qinghe  reservoir,  Liaoning 

In order  to  solve  the  problem of constr*uction 

and ie not  favourat .l inK. - Large amoun t 
of  experimental  study  show  whether  roughening or 
not has no notable  influence  both  on  the comgrss- 
aibllity  and  permeability of the  binding layers, 
and on their  shearing  strength.The on ly  effect i s  
the  increase o f  shearing  defprmation st maximum 
shearing  Strength,  which  would  not  give  damage 
to  -the  construction. fherefore,the  process of 
roughening for the binding layer could be  omitted, 
so that  the labour for roughenin$  could be saved, 
%he  construction be speeded up, and  the quality 
of winter  filling  be improved. In the  construction 
of earth darns a t  Qinghe, etc.In ordinary  seasons, 
this  process of roughening had been  cancelled,and 
in the  period of their  long-term  running,no  ques- 
tion has revealed. 

In the construction of cofferdam at the Bai- 
shan water-power  station,  the  height o f  the  dam 
being 25 m, the  weathered  sand waD used  to make 
seepage  prevention  body, Before winter,  the  me- 
thod of filling  soil  into  water  was applied, 
utilizing the  property of soil material in water, 
i.s. ita  quick  dispersing,  settling and compac- 
ting, the  dry  density  reached 1.6 g/cm3and par- 
meability  coefficient K = AX10'4 - 10"cm/sec. 
While in winter, f o r  the  construction of the  part 
above water, the content of froeen soil  before 
rolling and  compresaing was controlled lower than 
505, compressed  density is 1.7 g/cm: at this 
monent, K 5 AX104 - cm/aec. m i n e  the  cons- 
truction of the cofferdam, heavy  truck  (total 
weight about 40 ton)  used in transporting soil d i d  
the work of rolling and  compressing  and  the  cons- 
truction  advanced  successfully. But due t o  the 
very low temperature in winter  conatruction, it 
was  difficult for some Very  particular  part i n  
the  filling t o  parfedt ly  meet  the  requirement. So 
attention was paid to the quality of the filter. 
In the course of running, though  particular  part 
o f  filling ahowed insufficiency  in  compactness 
and  presented  the  phenomenon of Concentrated SEI- 
epage flow, yet the soil particles  dispersed 
while  getting in touch  with  water had not  been 
carried  away by neepaging water flow, and  were 
still  settled  and compressed gradually,  exhibit- 
ing  the  ability t o  resist  permeation. In the 
course of operation for several years, the  cof- 
ferdam $3 in  perfect  condition. 

To the  small  size  earth darn generally  below 
10 m high, if  the  construction i s  to  be mads in 
the open air, usually a  mixture of frozen  soil 
and  warm  soil i s  used  in the building  of dam body 
and a certain process of  cornpreasing  and compact- 
ing is to be done. So far as there is no perfora- 
ting  through  hole  in  the  dam  body  giving  place  to 
concentrated  seepage,  generally  speaking safe 
running is ensured. But the tnPiBtUse content in 
the soil material  should not be' t o o  high, other- 
wise, in the process of thawing,  slope  slipping 
may occur at some part of the  dam body, 

In winter  construotion,  it is perfectly yos- 
sible to  excavate unfrozen  soil  from some com- 
paratively  deep layer f o r  concentrated  usage as a 
part o f  soil material  in  building  the d m  body so 
that  the dam may have  better  ability to resist 
seepage and  the  safety of the  dam be warranted. 
In the  course of impoundment,  some  part of the 
foreslope o f  the  dam  with poor compactness of fil- 
ling may also get  settling and compacting in the 
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submerging  water  and  gradually  exert  its  ability 
to prevent  seepage.  But  for its low strength, the 
s l o p e  on  the  upper reaches  side should be made 
gentler. 

CONSTHUCTION OF FROZEN SOIL 
BLANKET IN YIN'P,k$R 

Based  on  the  characteristic  of  settling  and 
compacting o f  layered  frozen  soil  masses  in  water 
while  thawing,  successful  experience had  been 
obtained  first in utilszing  frozen soil for cons- 
truction of blanket  at  Longfengshan  reservoir in 
Heilongjiang. The height of  the dam is 27 m, its 
Length 716 m ,  the length of the  blanket  is 70 - 
90 m, the  dam  foundation is a Quaternary  alluvial 
sand  gravel layer, and its  thickness is 10 - 27m. 

The frozen soil mwses used in  building blan- 
ket were  taken  from  the  field o f  explosion,  with 
various sizes,  generally 30 - 50 cm, larger  one3 
reaching 70 cm. In the  course of construction, 
frozen masses were directly  thrown I n t o  water, 
and in  ceratin  sections the frozen soil masses 
were  first  stacked up and  then  water  was filled, 
and f r o z e n   s o i l  masses underwent  thawing, s e t t l i n g  
and  compre3sing.  The  dry  density  of  frozen  soil 
was  about 1.55  g/cm: and f o r  the  blanket  after 
thawing,  settling  and  compressing,  even if the 
Jamples taken  between  the  frozen  masses  had  their 
dry density  (except  in  the 50 cm  surface  layer) 
reaching  over 1,50  g/cm?  and  their permeability 
coefficient  reaching AX1 O-= - AX 1 0-6cm/sec,  having 
certain  ability to prevent  seepage.FtwthQr  higher 
density in the blanket cou ld  be  o'btained  by using 
frozen  soil of better  grading SO as to reduce the 
amount of large size  pores  in  the  stacked  up body. 

If the  method o f  construction by first ntack- 
ing  up  the frozen  soil  masse8 and $hen f d l l i n g  
rater to melt  them is used, the  filling  of  water. 
should be done 89 soon as possible so as to make 
the  frozen soil. masses  thaw and settle  in  water 
(not  to let the frozen soil masses  melt  before 
t h e  water is filled),  While filling  water,  its 
level should be kept  under  the  surface o f  the 
stacked up body at a certain  heieht so that  the 
stack  can  sufficient exert,the action of its own 
weight in the thawing,  settling  and compressing 
of frozen soil. 

of f r o z e n   s o i l   i n  water i s  a l so   u sed   i n  some 
re se rvo i r s ,   t o   cons t ruc t   t he   b l anke t  by breaking 
ice on  the  surface  of   the  reservoir   and  pouring 
frozen s o i l  i n t o   t h e  water. 

I n  the  construction of blanket from frozen 
soil, the construction  psocedure  is simple,  the 
operation  is easy ,  a good way  to overcome  the 
difficulties in attaining  required  compacthess 
in>filling in winter. It is significant i n  early 
exhibition of engineering  effectiveness,  and 
lowering  the  engineer ing  cost .  The f r o z e n   s o i l  
blanket  at the Longfengshan  reservoir had  been 
built  more  than 20 years ago, and is running  nor- 
mally.  This method  is a l s o  applied in the  cons- 
truction o f  other  reaervoirs,  such a8 East Is Bed 
in Heilongjiang,  Yinhe, etc. and good  lffects  are 
obtained,  indicating that using  frozen soil i n  
the construction of blanket i s  a successful 
method. 

Besides, the  characteristic of  easy collapsing 

CONCLUSION 

1. Under t h e   a c t i o n  of nega t ive   t empera ture   the  
water  migration  will occur  in  clayey  soil  with a 
certain  moisture  content  and  the  soil will form 
i c e - l a m i n a t e d   l a y e r s ,   d i v i d i n g   t h e   s o i l  mass i n t o  
many small  collective 'bodies.  The collective bo- 
dies  have lower moisture  content  and  higher  den- 
sity  than  the  original  soil mass before  freezing, 
When thawing  the  moisture  can be quickly  drained 
through  the  crevices  between  the  mineral  col- 
l e c t i v e   b o d i e s ,   t h e r e f o r e  compared wi th   the  
unf rozen   so i l ,   the   f rozen   so i l   has   h igher   per -  
meabi l i ty ,   g rea te r   consol ida t ion   coef f ic ien t   and  
set t lement ,   lower   quick-shear   s t rength  and  higher  
consolidation  quick-shear  strength,  better  crum- 
bling  property  in  water. 

2. High-speed filling  construction of the 
clayey soil with  moisture  content  close to plas- 
tic limit  makes  it  possible to utilize  upper- 
cool ing   tempera ture   o f   the   so i l .  In  t h i s  way 
t h e  same compacted q u a l i t y  would be  obtained 
as a t  posi t ive  temperature .  The mechanical 
proper t ies   o f   the   so i l   could   remain   unvar ied  
i n   t h e  main be fo re   f r eez ing  and af ter  thawing 
and engineering works w i l l  n o t  b e  impaired. 

3. The blanket   constructed by  dumping 
f r o z e n   s o i l  masses or  submergence  of  the 
l aye red   f rozen   so i l  masses i n  water would 
have a dens i ty   c lose  t o  t h e   n a t u r a l   s o i l  
and certain  impermeability.  These  methods 
can  a lso  be  used t o  s t rengthen   b lankets .  

4 .  The seepage  prevention body o f  cofferdam 
made  by using  weathered  sand  with loam with cer- 
t a in   con ten t   o f   f rozen   so i l s  in winter  can meet 
the  requirements of engineering when t h e  heavy 
t rucks  are used   fo r   ro l l i ng  and  compressing.  But 
i t  is necessary   to  pay a t t e n t i o n   t o   t h e   q u a l i t y  
of the f i l t e r  back  the  seepage  prevention body 
to   p revent  from f a i l u r e  a t  p a r t i c u l a r   p a r t  by 
seepaglng water flow. 

In   conc lus ion   p rov ided   t he   cha rac t e r i s t i c s   o f  
f r o z e n   s o i l   a n d   t h e   f r e e z i n g  and  thawing s o i l  are 
correctly  used  and  proper  measures are t aken   fo r  
d i f fe ren t   engineer ing   condi t ions ,   f i l l ing   cons-  
t ruc t ion   w i th   c l ayey   so i l   i n   w in te r   can   gua ran tee  
the  qual i ty   of   engineer ing  works.  The long-term 
operat ion  of   the  engineer ing works i n d i c a t e s   t h a t  
f i l l i n g   c o n s t r u c t i o n  of e a r t h  darns i n   w i n t e r  is 
appl icable .  

REFERENCES 

Ministry of water resources  and electric power, 
p'.R.C., 1958, The r u l e s   f o r   c o n s t r u c t i o n   o f  
r o l l e d   e a r t h  dam ( in   Chinese) ,  p. 22-24. 

Shenyang Hydraul ic   Research   Ins t i tu te ,  1959, 
Construction of r o l l e d   e a r t h  dam i n   w i n t e r  
( in   Chinese) ,  Press o f  Water Codservancy, 
p. 8-14. 

Tetsuaki  Nagasawa, Yusuharu Umeda, Inf luences of 
freezing  and  thawing  processes  on  soil  
s t r e n g t h  no. 60, Proceedings   o f   agr icu l tura l  
engineer ing  society,   Japan,  p. 19-23. 

Tsytovich, N. A., 1975, Thaw s e t t l i n g  of f rozen 
ground,  the  Mechanics o f  Frozen Ground, 
Washington, D.C., p. 215-218. 



PALSAS AND  CONTINUOUS PERMAFROST 
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This  report  describes  peaty  mounds  in  continuous  permafrost,  especially  near  Reso- 
lute,  Cornwallis  Island,  Arctic  Canada.  Dome-shaped  permafrost  mounds  here  are  up 
t o  about 60 cm  high  and 8 m  in  diameter.  They  are  covered  with  tundra  vegetation, 
have  an  active  layer  some 20 cm  thick,  and  are  characterized  by  a  permafrost  core 
of icy  peat  and/or  silt.  Some  mounds  also  occur as similarly  low but more  irregu- 
lar  forms,  others as parts of low plateaulike  rises  up  to  1,600 m2 i n  area.  Most 
o f  the  observed  mounds  are  in or near  present  or  former  drainage  lines  that  remain 
moist  much of the  summer.  Field  relations  suggest  that  the  ice of some  mounds is 
primarily  segregation ice, that  the  ice of others  may  include  injection  ice,  and 
that  some  mounds  are  related to disintegration o f  plateaulike  rises. It is  con- 
cluded  that  most  of  the  peaty  Resolute  mounds  that  are  some 50 cm  or  more  high  and 
2  m  or  more  in  diameter  should  be  regarded as palsas. 

INTRODUCTION 

The  term  palsa  originally  designated "... a  hum- 
mock  rising  out  of  a  bog with a core  of  ice"  (Sep- 
pBll  1972).  Although  there  are  now a variety of 
usages of the  term,  all  pertain  to  perennial 
mounds,  mostly  in  discontinuous  permafrost.  How- 
ever,  palsas  or  palsalike  forms  are  also  becoming 
known  from  the zone of  continuous  permafrost, as 
reviewed  below,  including  occurrences  in  the  vici- 
nity of Resolute,  Cornwallis  Island,  Arctic  Canada. 

EARLIER  OBSERVATIONS 

Palsas  or  palsalike  features  within  the  zone  of 
continuous  permafrost  have  been  reported  from  Sval- 
bard,  the  Soviet  Union,  Arctic  Canada,  and  Alaska. 

I n  Nordaustlandet,  Salvigsen  (1977)  observed 
peat  mounds  in  two  areas,  the  largest  mounds  having 
a  height o f  1.1 m  and  diameters  of  3-4  m.  One  mound 
was  characterized  by  ice  up  to  70  cm  thick  beneath 
a  peaty  cover  some 30 cm  thick, of which  11-12  cm 
consisted of a  sand  layer.  Salvigsen  questioned 
whether  the  term  palsa  should  be  applied  to  these 
forms. 

In  Spitsbergen,  Federoff (1966 p. 172-173)  re- 
ported  "palses"  at  Sassendal.  They  were  ellipti- 
cal, had  a  median  height  of 50 cm  and  short 
diameters  of  2-3 m, and were  associated  with  or- 
ganic  soil. At Kapp  LinnB, herman (1973)  and  Jahn 
observed  palsalike  mounds  that  were ''...up  to 1.5 m 
high,  built  of  segregation  ice  and  occur i n  the 
area  of  polar  moors"  (Jahn  1975,  footnote, p. 99); 
Akermaa  (1980 p. 79,  1982 p. 47-48)  described  the 
same  mounds as palsas. 

In the  Soviet  Union,  palsas  in  continuous  perma- 
frost  occur  in the southern  part  of  the  Yamal  and 
Taymyr  peninsulas  and i n  Siberia,  judging  from  Gri- 
goriew's  (1925 p. 346-348)  discussioa of peat-earth 
mounds  (Torf-ErdhiiRel)  in  Siberia  (some  of  which, 
however,  were  seasonal  frost  mounds),  and  compari- 
son  of  Freneel's  (1959,  Abb. 15, p. 1028)  map  of 
palsa  bogs  and  flat  hilly  bogs  (Palsmoore  and 
Flachhiigelmoore)  with  Soviet  maps  of  permafrost 

distribution  (cf.  Washburn 1979,  Figure 3 . 3 ,  p. 25; 
Figures  3.9-3.10, p. 31-32). More  specifically, 
continuous  permafrost  palsas,  0.5-3.5  m  high  and 
rarely  exceeding 15 m  in  diameter  (exceptionally  up 
to 100 m), occur  in  the  vicinity  of  the  Viljui  hy- 
droelectric  power  station  in  western  Yakutia (her- 
man  1982 p. 45-46). 

I n  Arctic  Canada,  Jankovska  and  Bliss  (1972, 
1977)  described  peat  mounds  1-2  m  high  and  5-15  m 
in  diameter,  with  peat  1.5-2.0  m  thick,  occurring 
as  high-center  polygons  on  the  north  coast of Devon 
Island. W. Barr's  report  of  "Peat  mounds,  2-3  m 
high  containing  30-cm  thick  layers of ice . . . . I '  on 
Devon  Island  (in  R.  J. E. Brown  1973 p. 29)  refers 
to  the  same  area. 

On Bathurst  Island,  Blake  (1974 p. 235,  239)  in- 
vestigated  two  peat  mounds.  The  largest  was %1.4 m 
high  and 3.7 m  in  diameter  and was frozen  below a 
depth  of 40 cm  on  August  11,  1963.  The mound con- 
sisted  of  peat  and  ice  lenses  to  a  depth  of  1.3.3  m. 
Below  this,  ice  extended  to  the  bottom of the  core 
hole  at  a  depth  of 5.0 m.  The  other  mound  was  fro- 
zen  below  a  depth  of 21 cm on July 2, 1963.  Peat 
extended  to  a  depth o f  2.6 m, below  which  was  sand. 

On northern  Ellesmere  Island,  Flugel  and  MBus- 
bacher (1981) described  two  peat  mounds.  The  lar- 
gest was 40 cm  high, %5.5 m  in  diameter,  and  had  a 
frozen  core  in  early  August.  King  (1981)  described 
three  types of peat  mounds  in  the  same  area, some 
up to 2 m  high  and as much as 20 m  in  diameter. 

reported  palsas,  which  he  described as 
On Amund  Ringnes  Island,  Hodgson  (1982 p. 28) 

Small  ice-cored  mounds, 1 to  5  m i n  diameter 
and  up  to 1 m  high ... in  some  level  and  poor- 
ly  drained  fine  grained  deposits  insulated 
by  a  complete  moss/lichen  cover.... A 75 
cm-high  mound  that  was  cored ... comprised a 
20 cm  organic-rich  active  layer, 60 cm  of 
icy  fines  and  sand,  and  35  cm of pure  ice, 
underlain  by  fines  having  low  ice-content. 

The  mounds  were  commonly 50 cm  high,  and  beneath 
some  there was  as  much  as 1 m  of  ice  (Hodgson  1982 
p.  21). 

1372 
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Bird  (1967 p. 203)  describ ed  ice-cored  pe at 
mounds,  oval  to  elongate  and  1-2  m  high  and 15 m  or 
more  long,  from  several  places i n  continuous  perma- 
frost  in  Arctic  Canada.  Although  perennial,  the 
mounds were apparently  short-lived forms whose  core 
consisted  entirely  of  massive  clear  ice.  Somewhat 
similar  but  much  smaller forms less  than 50 cm  high 
were  described  from  Banks  Island  by  French  (1971). 

In  northern  Alaska,  Nelson  and  Outcalt  (1982 p. 
39-43)  observed  palsas  or  palsalike  mounds  adjacent 
to  the  trans-Alaska  pipeline  where  road  construc- 
tion  had  interfered  with  the  natural  drainage. 
They  believed  that  "Palsas  can  no  longer  be  charac- 
terized as geographically  restricted  to  the  equa- 
torward  permafrost  boundary,  or  even  to  the  discon- 
tinuous  zone"  (Nelson  and  Outcalt  1982 p. 43). 

PEATY  MOUNDS  IN THE RESOLUTE  AREA, 
CORNWALLIS  ISLAND 

Peaty  mounds  in  a  variety  of  forms  occur  in  the 
immediate  vicinity  of  Resolute  (latitude  74"43'N, 
longitude 94'57'W) (Figures 1 and 2). The  bedrock 
is  exclusively  dolomite  and  limestone  (Thorsreins- 
son and  Kerr 1968). The  region  has  been  glaciated, 
and  much of it  was  formerly  submerged.  Deposits 
due  to  glacial,  marine,  slope,  and  weathering  pro- 
cesses  (Cruickshank  1971)  provide  a  general  debris 
cover.  Frost-wedged  bedrock  is  everywhere  near  the 
surface  and  is  locally  exposed  over  considerable 
distances.  Much of the  Quaternary  history  is  still 
obscure,  but  areas  below 1.100 m  emerged  from  the 
sea  less  than 10,000 years  ago. 

air  temperature  and  precipitation  at  Resolute 
(1951-1980)  are -16.6'C and 131 mm. Permafrost  is 
Q400 m (1,300 ft)  thick  (R. J. E. Brown 1970, Table 
1, p.  10) and, depending on the  nature  of  the  sur- 
face  cover  and soil, the  active  layer  ranges  from 
some 20 to 80 cm  thick,  and  possibly  up  to 100 cm 
in  places.  Because  of  the  climate  and  carbonate 
bedrock,  vegetation  is  sparse,  some  areas  being 
almost  completely  barren  except  in  depressions  and 
downslope  from  long-lasting  snowdrifts. In areas 
remaining  wet  for  considerable  periods,  sedge-moss 
meadow  communities  prevail  (Edlund 1982). The 
soils  involved  have  been  mapped as tundra  and  bog 
soils  (Cruickshank 1971, Figure 2, p. 199). The 
mounds  are  restricted  to  these  soils  but  are  much 
less  widely  distributed. 

Several low peaty  mounds  are  well  developed on 
the  south  side of Five-Mile  Lake  (Figure 2 ) .  The 
surface  in  their  vicinity  is  flat  and  essentially 
horizontal.  Except  for  occasional  patches  of  bare 
ground,  there is a  general  but  commonly  thin  vege- 
tation mat,  some  5-10  cm  thick,  overlying  stony 
silty  sand. Tur€ hummocks 10-15 cm  high  and  10-30 
cm  across  are  present,  along  with  comparably  low 
but  irregular  turf  ridges  up  to  2  m  long. A 60- 
cm-high  peat  mound  with  marginal  cracks  (Figure 3)  
was  cored to a  depth  of $125 cm with  a  modified 
CRREL  3-in.  (7.2-cm)  core  barrel.  The  core  sec- 
tions,  which  were  various  shades of brown,  revealed 
the  stratigraphy  and  plant  remains  indicated  in 
Tables 1 and  2. 

An area  of  low  mounds  occurs  at  the  north  base 
of  "Airport  Ridge"  (Figure 2). The  mounds  are so 
low  they  could  easily  escape  norice,  being  only 
some 20 cm  high  (Figure 4). They  lie  amid  vegeta- 

The  climate  is  cold  and  arid.  The  mean  annual 

ted s t  Si1 t and  are  charac :terized  by a mossy 
cover,  whose  surface  vegetation  was  dying  in  places 
as shown  by  a  grayish  tinge. On August 2, 1981, 
the  frost  table  lay  at  a  depth  of  %20 cm except  in 
bare  spots,  whereas  beyond  the  mounds  it was at  a 
depth of ' ~ 3 0  cm i n  mossy  vegetated  areas  and 1.40 cm 
in bare  gravelly  areas.  The  mounds  were  present 
throughout  the 1981 and  1982  thaw  seasons.  Coring 
of  a  mound  to  a  depth  of 47 cm on July 15, 1982, 
revealed  the  stratigraphy  indicated  in  Table 3, as 
recorded  in  the  field  by B. Hallet, C.  Gregory,  and 
R. Anderson, 

Slightly  farther  east  an  east-draining  shallow 
depression  is  bordered  by  an  irregular,  low  longi- 
tudinal  peaty  mound  some 50 cm or more  high  (Figure 
5) .  lying  parallel  to  the  depression  but  divided 
i n t o  sections,  in  part  by  vehicle  tracks.  The 
mound is perennially  frozen  beneath a thin  active 
layer. 

A  few,  more  prominent  mounds  occur  between  Mc- 
Master  River  and  the low hills  to  the  north  (Figure 
2). Some  of  these  mounds  comprise a plateaulike 
rise  in  the  drainage  depression  of  a  small  stream; 
the  rise  is  1-2 m high, $1,600 m2 i n  area, and  may 
be,  in  part, an erosion  remnant  left by the  stream. 
The  highest  mound  stands  prominently  above  the  rise 
(Figure 6). Other  mounds  here  are  lower,  are  less 
prominently  dome  shaped,  and  are  separated  by  poly- 
gonal  depressions.  Some  of  these  lower  mounds  show 
shell-bearing  silt  patches  at  their  crest. 

ORIGIN 

It  is  generally  agreed  that  palsas  in  discontin- 
uous permafrost  are  due  to  frost  heaving  and  that 
in  many  places  they  originate  by  differential  heav- 
ing  where  snow  cover  is  especially  thin  or  lacking 
( S e p p a l a  1982). The  heaving  of  palsas  is  usually 
ascribed  to  segregation  ice  but  has  also  been  re- 
ported as due t o  injection  ice.  Additionally,  pal- 
sas  have  been  ascribed to the  disintegration o€ a 
peaty  plateau.3  A  summary  of  these  various  con- 
cepts is presented  elsewhere  (Washburn  1983). 

the  Resolute  mounds  occur  were  formerly  submerged, 
and  near-surface  permafrost  would  not  have  devel- 
oped  unci1  emergence.  Thus  growth  of  segregation 
ice  from  upward-drawn  water  would  have  been  possi- 
ble as the  surface  sediments  froze  downward.  How- 
ever,  this  source f o r  the  mound  ice  seems  improba- 
ble,  considering  the  time  needed  for  peat  develop- 
ment and for  mound  inception  and  growth.  Possibly 
general  thinning of a  thicker  active  layer  may  have 
permitted  gradual  growth of segregation  ice. In 
any  event,  movement of unfrozen  water  within  perma- 
frost,  a  process  that  is  becoming  increasingly 
widely  recognized  (Cheng 1982, Mackay  1983),  would 
have  permitted  this  as  peat  accumulated  and  the  ac- 
tive  layer  thinned  locally  because  of  increased  in- 
sulation  provided  by  the  peat. A s  the  permafrost 
table  rose  locally,  such  ice  could  build up by  wa- 
ter  moving  downward  as  well as upward.  The  mounds 
on the  south  side  of  Five-Mile  Lake  appear  to  con- 
form  to  this model, because  their  topographic  posi- 
tion  does  not  favor  the  availability  of  water  under 
hydraulic  pressure  and  development of injection  ice. 

On the  other  hand,  water  under  hydraulic  pres- 
sure between  a  downward-freezing  active  layer  and 
the  permafrost  table  would  be  favored  at  the  base 

With  respect  to  segregation  ice,  the  areas  where 
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of  a  slope.  This  situation  could  lead  to  injection 
ice as  well  as  segregation  ice  beneath  and  within  a 
peaty  layer.  To  the  extent  that  the  ice  delayed 
thawing,  aided  by  lower  temperatures  because of a 
thinner  snow  cover  accompanying  mound  growth,  the 
ice  content  and  mounding  might  become  perennial. 
Because  of  their  topographic  position  and  clear  ice 
layers  with  vertical  bubble  trains,  the  low  mounds 
at  the  north  base  of  "Airport  Ridge"  may  be  such 
embryonic  forms  involving  both  injection  ice  and 
segregation  ice. 

The low mounds  on  the  small  plateaulike  rise  be- 
tween  McMaster  River  and  the  hills  to  the  north  are 
probably  due  to  permafrost  cracking  and  separation 
of peaty  centers,  and  are  more  appropriately  re- 
garded as high-center,  nonsorted  polygons  than  in- 
cipient  palsas.  However,  the  highest  mound  here 
and  another  nearby  are  more  isolated,  much  more 
palsalike,  and  may  be  aggradation  forms  rather  than 
owing  their  origin t o  permafrost  cracking. 

Are  palsalike  mounds in continuous  permafrost 
really  significantly  different  from  palsas i n  dis- 
continuous  permafrost?  The  term  palsa has been 
used  in  a  variety  of ways, and  in  an  attempt to 
clarify  the  question  of Vhar is a palsa?"  the  fol- 
lowing  broad  definition,  which  encompasses  most  of 
the  usages,  has  been  suggested  (Washburn,  1983): 

Palsas  are  peaty  permafrost  mounds,  ranging 
from  c. 0.5 to  c. 10 m  in  height  and  ex- 
ceeding c, 2  m  in  average  diameter,  comprising 
(1) aggradation  forms  due  to  permafrost  ag- 
gradation  at  an  active-layer/permafrost 
contact zone, and  (2)  similar-appearing 
degradation  forms  due  to  disintegration  of 
an  extensive  peaty  deposit. [ ' t l  

Thus  defined,  palsa  is  a  useful  general  term.  It 
can  be  made  specific  by  modifiers,  as  needed,  de- 
scribing (1) morphology  (dome-shaped, etc.),  (2) 
occurrence  (discontinuous or continuous pena- 
frost), ( 3 )  constitution  (mainly  organic  or  mainly 
mineral soil), (4) ice  type  (segregation-,  injec- 
tion-, or mixed-ice),  and (5) origin  (aggradation 
or  degradation forms) .  

Accordingly,  the  Resolute  and  other  perennial 
peaty  mounds  described  above as exceeding  %50  cm 
in height  and  2  m  in  diameter  are  here  accepted  as 
continuous-permafrost  palsas.  Also,  more  specifi- 
cally,  the  Five-Mile  Lake  mound  would  be  a  segrega- 
!ion-ice (? )  organic  palsa.  This  work  supports 
Akerman's  (1982)  view  and  earlier  suggestions  that 
palsas  occur  in  continuous as  well  as  in  discontin- 
uous  permafrost. 

NOTES 

l1  am  most  grateful  to  the  Director, G, Hobson, 
and  the  staff  of  the  Polar  Continental  Shelf  Pro- 
ject of the  Canadian  Department  of  Energy,  Mines 
and  Resources  for  excellent  support. I am also  in- 
debted t o  J. ikerman, J. Brown, M. Eronen, H. 
French, E. Hallet, R. Mackay, F, Nelson, S .  Out- 
calt, A. Pissart, M. Seppiila, C.  Tarnocai,  and s. 
Zoltai  for  helpful  discussions--views on palsas 
differ,  and  responsibility €or conclusions  is  mine 
alone;  also  to  E.  B.  Leopold, E. M. Tucker, D. 
Vitt,  and D. Clemens  €or  determining  plant  remains 
in  the  palsa  core  from  Five-Mile  Lake,  and to M. 

Sruiver  for  radiocarbon  dating of the  palsa  core 
and  the  marine  shells. 

'Marine shells  from  an  altitude  of 102  m  on 
"Airport  Ridge"  show  a  radiocarbon  age of 9610 2 40 
years  B.P.  (University  of  Washington  Quaternary 
Isotope  Laboratory  No.  QL-1612).  "Airport  Ridge," 
so named  for  the  purposes of this  report,  is  the 
north-south  trending  ridge  on  the  east  side of the 
Resolute  Airport. 

3Not necessarily  a  peat  plateau  in  the  sense of 
a  pearland  requiring  more  than 40 cm  pear  accumula- 
tion  (National  Wetland  Working  Group  1981). 

%here high-center  peaty  polygon  forms  can  be 
identified  with  certainty,  they  should  be so desig- 
nated  and  not  termed  palsas. 

5High-center  polygons  excluded  (see  Note 4 ) .  
6ikerman's  (1982)  article was received  after 

submission  of  the  present  paper.  I  am  grateful to 
the  editor  for  permizsion  to  make  some  changes  and 
insert  reference to  Akerman's  article  and  to  the 
National  Wetland  Working  Group's  (1981)  report. 
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TABLE 1 Core  Stratigraphy  of  Peat  Mound  on  South  Side  of  Five-Mile Lake.' 

Depth (cm) 

0-5 1. Mossy  surface  vegetation 
5-20 2. Fibrous  peat--grading  down  to 
20-35  3.  Icy  fibrous  peat,  fibers  have  dominantly  horizontal  orientation,  ice  disseminated,  ice 

content*  (20-25  cm) = 566%--grading  down  to 

tion,  ice  disseminated,  ice  content  (61-71.5  cm) = 707X"grading down  to 

massesf--grading  down  to 
99.5-111.5 6. Icy  pebbly  silt,  minor  content o f  peat  fibers  but  many  nearly  vertical;  irregular  clear 

ice  masses  dominant,  some  measuring  up to  %2 x 4 x 7  cm--grading  down  to 
111.5-124.5  7.  Increasingly  pebbly  silt  similar  to 6 but  with  fewer  peat  fibers,  contains  shell  frag- 

ments,  ice  content#  (111.5-118.5  cm) = 228%,  (118.5-124.5  cm) = 42%. 

+Radiocarbon  dating  at  the  University  of  Washington  Quaternary  Isotope  Laboratory  provided  peat  ages  as 
follows:  Depth  20-25 cm, 1680 k 60 years B.P. (QL-1739);  depth  61-71.5  cm,  2430 t 60 years B.P.  (QL-1740); 
depth  111.5-124.5  cm,  5410 k 50 years B.P, (QL-1741). 
*Ice  content  given as (wW/ws) * 100. 

?The  clear  ice  masses  from  here  to  depth  124.5  cm  contained  isolated  spherical  bubbles  irregularly  distrib- 
uted, also  (in  the  larger  ice  masses)  dominantly  vertical  bubbles  up t o  2  cm  long  and  a  fraction  of  a  mil- 
limeter  in  diameter. No bubble  trains  noted. 
#Because  of  the  greater  dry  density of gravel  than  peat,  comparison of ice  contents on a  percent  weight 
basis  can  be  misleading  and  even  opposite  on  a  volumetric  basis. 

35-86 4 .  Icy  fibrous  pear  like  3  but  fibers  have  dominantly wavy, in  places  flamelike,  orienta- 

86-99.5  5.  Icy  fibrous  peat,  more  ice  than i n  4, ice  both  disseminated  and  in  irregular  clear  ice 
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It Remains  in  Core  from  Feat  Mound on South  Side of Five-Mil e  Lak e.  Spot  checks  by E. B. Leo- 
pold  and D. Clemens  (pollen  and  spores)  and E.  M. Tucker  (mosses)--Department of Botany,  University  of 
Washington;  surface  sample  determined by D. Vitt--Department  of  Botany,  University  of  Alberta. 

Depth (cm) 

Surface 
18-20 
44-46 
59-61 

71.5-73.5 

86-88 
99.5-101.5 
101.5-103.5 

Brachythecium  turgidum 
Rare moss spores; 1 Caryophyllaceae  pollen  grain 
Orthothecium  chryseum  (Schwaegr.) B.S.G.; abundant  moss  spores;  abundant  Rhizopods 
Drepanocladus sp.; abundant moss spores;  Rhizopods  very  abundant;  also  present:  resting 
cysts  of  dinoflagellate  algae, 1 Selaginella  spore 
Cratoneuron  sp.;  moss  spores  very  abundant;  also  present:  Khizopods,  resting  cysts of 
dinoflagellate  algae,  Selaginella  sp.  megaspores 
Cratoneuron  sp.; moss spores  common;  also  present:  Rhizopods,  rare  fern  spores 
Abundant moss spores;  also  present:  Pediastrum-type  green  colonial  algae, 1 fern  spore 
Small  moss  spores;  also  present:  Rhizopods, 1 Pinus pollen  grain, 1 trilete  spore 

Note:  The moss genera  are  characteristic  of  wet  environments;  Drepanocladus  grows  in  water.  From  59-61  cm 
downward  there  is  a  decrease  in  Rhizopods  and  algae,  both of which  require  moist  environments.  The  Sela- 
ginella  and  fern  spores  suggest  the  presence of vascular  plants, 

TABLE 3 Core  Stratigraphy of Low Mound  at  North  Base  of  "Airport  Ridge." 

Depth (cm) 

0-1.5 
1.5-4 

4-8 

8-11 
11-16.5 

16.5-21 

21-28 

28-29.5 
29.5-31.5 
31.5-32.5 
32.5-35 
35-38 
38-47 

1. 
2. 

3. 

4. 
5. 

6, 

7. 

a .  
9. 
10. 
11. 
12 * 
13 .  

Mossy  cover 
Single  ice  lens  (vertical  crystals 1-10 mm long, 0.5-nun diameter) with vertical  bubble 
cylinders  (3-4 mm long,  2-4 mm apart)  becoming  spherical  downward 
Icy  silt  in  subhorizontal,  approximately  equal  layers  (up  to  5 mm thick) of ice  and  silt, 
some  ice  lenses  clear,  some  bubbly 
Ice, largely  sediment  free.  Clear  ice  contained  cylindrical  bubbles 
Icy  silt,  3-4  subhorizontal  and  5-6  subvertical,  interconnected  ice  bodies,  lowest  ice 
lens (1 cm  thick)  had  cylindrical  bubbles  in  bottom  2-3  cm--grading  down  to 
Icy  silt, 3 irregular  subhorizontal  ice  lenses (3-4 mm thick) with a few near-vertical  ice 
veins, 4 soil  layers (6-10 mm thick)--grading  down  to 
Icy  silt,  thin  ice  lenses (1-6 mm thick  except  near  27 to 28-cm  depth  where  ice  bodies 
were  nearly  equidimensional),  soil  Layers  quite  variable  (2-10 nun thick) 
Icy silt  with  finely  dispersed  ice  and  a few vertical  ice  veins 
Icy  silt  with  bubbly  ice  lenses 
Icy  silt,  soil  with  ice  lenses 
Icy  peat  with  finely  dispersed  ice 
Icy  peat  with  thin  ice  lenses--grading  down  to 
Icy silt, ice  lenses  (0.5-1.4  cm  thick)  with  a  few  bubble  zones 

a b 
CORNWALLIS 

GRlFFlTH 

'".cr\ BARROW STRAIT 

FIGURE 1 (a) Location of Cornwallis  Island,  (b)  Cornwqllis  Island  shoving  location o f  Resolute  area. 
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FIGURE 2 Resolute area. 

FIGURE 3b Sketch map of peat mound on south s i d e  
of Five-Mile  Lake, 

5" 
" , " / I  

10 """""" - - - -  
15 """ --" 

""" 

.- I5 ""- ""- 
"- - 20 

FIGURE 4 Sketch map of low mound a t  north base of 
"Airport Ridge." 

FIGURE 5 Eroded 1 o ~ g ~ " t u d ~ n ~ l  psaCy mound bordering 
drainage d e ~ r e s s i ~ ~  east of low mound in Figure 4 .  

FIGURE 6 Peaty mound on small p l a ~ ~ a ~ ~ i ~ ~  rise i n  
d r ~ i n ~ g e   ~ e ~ r e s ~ ~ o n  between ~ ~ ~ ~ ~ t ~ r  River and low 
hil ls  t o  north.  



PALE0CLIMATI.C INFERENCES FROM RELICT  CRYOGENIC FEATURES I N  ALPINE  REGIONS 

William J. Wayne 

Department of Geology,  University of Nebraska,  Lincoln,  Nebraska  68588 0340 USA 

Features   ind ica t ive   o f   in tens ive   f ros t   ac t ionandof   permafrosr   observed   in theRuby,  
Schell  Creek,  and  Snake  ranges of Nevada and t h e  Cord& d e l   P l a t a   o f   t h e  Mendozan 
Andes,  which  include  lobate  and small linguoid  ( ice-cemented)  rock  glaciers,   sorted 
c i r c l e s  and s t r i p e s ,   g a r l a n d s ,  andstone-bankedlobes,permita r econs t ruc t ionof  some 
o f t h e p a l e o c l i m a t i c   c o n d i t i o n s   a d j a c e n t   t o t h e   i c e   i n a l p i n e   a r e a s   t h a t  were g lac i a t ed  
dur ing   the   P le i s tocene .  The dis t r ibut ion  of   paleocryogenic   forms on surfaces  where 
snow cover i s  minimal   sugges ts   tha t   the  mean annual  air   temperature  above  and  adja- 
c e n t   t o   t h e   v a l l e y   g l a c i e r s   i n   t h e s e   d e s e r t   m o u n t a i n   r a n g e s   i n   b o t h   h e m i s p h e r e s  
dur ing   the  last P le i s tocene   g l ac i a t ion  would  have  been 5"-6"C lower   t han thepresen t  
ones ar t h e  same a l t i t udes .   Dur ing  rhe Holocene  neoglaciarions,   the  lowering of 
temperature  probably was 1.5"-2"C. 

INTRODUCTION 

Temperature   anomalies   during  the  Pleis tocene 
g l a c i a l  maxima var ied  widely.  Many inves t iga to r s  
( e . p .   F l i n t  1971, p. 725) i n d i c a t e   t h a t   r h e  mean 
annual  a i r  t empera tu re   ove ra l l  was about 5°C lower 
than   t he   p re sen t .  The overa l l   average   t empera ture  
of  the  oceans 18,000 B.P. was only 2,3'C below 
tha t   today  (CZIYAP 1976), but  temperature as much 
as 18'C lower  than  the  present   have  been in te r -  
preted  from  paleocryogenic  features i n  c e n t r a l  
Europe,  and  anomalies  nearly  that   great  have  been 
r epor t ed   fo r   t he   a r eas   marg ina l   t o theNor th  A m e r i -  
c an   i ce   shee t  (Washburn 1980). I n   a l p i n e   r e g i o n s ,  
t he   r i dges   t ha t   s tood   above   va l l ey   g l ac i e r s  un- 
doubtedly  were  colder  than  they are today,  but  few 
s tudies   have   p rovided   da ta   wi th   which   to  estimate 
cond i t ions   t ha t   ex i s t ed   t he re  when ice   tongues  
were a t  t h e i r  maximum e x t e n t .  

Permafrost   should  have  been  widely  distributed 
above g l a c i a l   i c e   i n  many mountainous  regions,  and 
preserved  landforms  character is t ic   of   former  per-  
mafrost   should  provide a gu ide   t o  some of   the  
pa l eoc l ima t i c   cond i t ions   i n   t hose   r eg ions .  Cryo- 
genic  landforms  that   might  be  used  for  such  recon- 
s t r u c t i o n s  would  have  formed p r i m a r i l y   i n  sites 
where,  because o f  wind o r   o r i e n t a t i o n ,  snow cover 
was minfmal; s i tes t h a t   r e c e i v e d   g r e a t e r  amounts 
of moisture would have  been  protected so  t h a t  
cryogenic   features  would be uncommon and  those 
observed  probably would n o t   r e f l e c t   t h e  maximum 
changes i n  temperature (Brown 1969, Nicholson  and 
Granberg  1973, Harris and Brown 1978) .  Features  
r e p o r t e d   i n   t h i s   s t u d y  were observed i n   t h e  Ruby, 
East Humboldt, Schell  Creek,  and  Snake  Ranges  of 
Nevada, U . S . A .  (Figure 1); a few  observations made 
i n   t h e  Cord& d e l   P l a t a ,  Mendoza Province,  Argen- 
t i n a  are  included  for  comparison. The types  of 
a c t i v e ,   i n a c t i v e ,   a n d   r e l i c t   c r y o g e n i c   f e a t u r e s  
observed in   these  mountains   include  ice-cored  and 
ice-cemented  rock  glaciers;  stone-banked  and  turf- 
banked   lobes ;   sor ted   c i rc les ,   ne ts ,   and   s t r ipes ;  
and s t r i n g  bogs.  

summarized the  temperature ranges  that   have  been 
suggested  under  which some cryogenic  landforms 

Washburn  (1980,  p.  123)  and Harris (1982)  have 

develop  (Table 1) .  I c e  wedges  develop i n  f ine-  
grained  sediments a t  mean annual  temperatures  of 
-3'C t o  -5°C and  lower,  but some small   (diameter 
<2m) c i r c l e s   a n d   n e t s  seem to  formwith  temperarures  
between  t5"C  and -2' (Goldthwait 1976) .  Stone 
s t r i p e s  and  s tone-banked  gel i f luct ion  lobes  are  
comparable  forms on s t eep   s lopes .  Turf-banked 
g e l i f l u c t i o n   l o b e s  are common i n   r e g i o n s  of perma- 
f r o s t ,   b u t   a l s o  may form  where mean annual tempera- 
t u r e s   a r e   s l i g h t l y  above O'C. Str ing  bogs  do not  
r equ i r e   pe renn ia l ly   f rozen   g round   fo r   t he i r  
formation. 

FIGURE 1 Index map of Nevada 
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TABLE 1 Environmental  Conditions  Under Which 
Cryogenic  Features Commonly Observed I n  Dry 
Alpine  Regions Form (1) 

Temperature P rec ip i t a t ion   and lo r  
("C) Moisture  Conditions 

Ice wedges -6 t o  <-15 <600 mm 
Cryoplanation -12 t o  ? "" 

Large   so r t ed   c i r c l e s  
a n d   s t r i p e s  
( 2 m d i a , )  -3  t o  <-15 Satura t ion  

and s t r i p e s  
( 2 m. d i a . )  0 t o  -3 s a t u r a t i o n  

Rock g l a c i e r s ,  
ice-cemented -4 t o  <-IO >500mm, <1,5OOmm 

Rock g l a c i e r s ,  
ice-cored +I t o  c-10 

Gel i f luc t ion   l obes  +2 t o  <-lo Sa tura t ion  
Str ing  bogs +3 t o  -1 ( 7 )  Sa tura t ion  

S m a l l  s o r t e d  circles 

"" 

(1) Modified  from Washburn (1980, p .  123)  Reger 
and P6wG (1976),  Karris (1981b, 1982), and  based 
in p a r t  on d iscuss ions   wi th  A. E. Corte. 

The Ruby-East  Humboldt Mountains are i n   e a s t -  
c e n t r a l  Nevada,  between 40' and 41"N l a t i t u d e  
(Figure 1); to   the   southeas t ,   be tween  38'30' and 
40"N l a t i t u d e ,  are the  Schel l   Creek  and Snake 
Ranges. The crest of t h e  Ruby-East  Humboldt Range 
exceeds 3,400 m i n  some p l a c e s ,   t h a t  of t he   Sche l l  
Creeks i s  3,500 m, and  Wheeler  Peak,  the  highest 
point   of   the  Snake  Range, reaches  4,000 m i n  a l t i -  
t u d e .   P r e c i p i t a t i o n   i n  east c e n t r a l  Nevada,  most 
of  which f a l l s   i n   t h e   w i n t e r ,  i s  about 250 nun on 
t h e  piedmont  but  r ises  to  1,200 mm above 3,000 m. 
The a l t i t u d e   o f   t h e  mean annual. 0°C i s o t h e r m   i n t h e  
Ruby Nountains  has  been  calculated  to  be  3,500 m. 
I f   the   1501~1degree   l a t i tude   southward   r i se in the0"C 
isotherm  noted  for  Siberian  mountains  by  Nekrasov 
(1978) should   be   c lose   to   the   f igure   for  Nevada, 
t h e  0°C isotherm a t  Wheeler  Peak,  l"45'oE  latitude 
south of the  Lamoille s ta t ion in theRubyMounta ins ,  
would be  about 3,760 m,  o r  240 m below  the  peak. 
Records are inadequate  to  determine  whether 
inversions,   such as those  reported by Harris and 
Brown (1982) f o r   t h e  Rocky Koun'cains of Alber ta ,  
e x i s t  on these  mountains.  Shaded s lopes  are a t  
least 2"-3' co lde r   t han   t he  mean a i r  temperature 
a t   t h e  same a l t i t ude ,   Across  exposed s u r f a c e s ,  
wind v e l o c i t i e s  are great   throughout   the  year ,  so 
the   win ter  snow cover i s  t h i n  i n  many p laces .  

ACTIVE CRYOGENIC FORMS 

Act ive   c ryogenic   fea tures   in theNevadaKounta ins  
s tud ied  are few. A rock  glacier   occupies  a nor th  
facing  (shaded)  cirque  fl.ooronWheeler  Peak i n  t h e  
Snake Range, from  3,430-3,275 m, and  turf-banked 
lobes  are common on t h e  slopes above 3,600 m; most 
of the   sur faces   above  3 ,600  mwouldbes tbedescr ib-  
ed as block  slopes  (White  1976). A few  peaks i n  
the  Schell  Creek  Mountains  approach a zone of 
potent la l   permafrost ,   a l though no perennia l ly  
frozen  ground  has  been  recognized  in  the  range. 

The crest of the Schel l   Creek  Mountains ,   l ike   the 
no r the rn   pa r t  of t h e  Snake  Range, i s  dominantly 
qua r t z i t e   t ha t   has   been   sha t t e red  by f r o s t   a c t i o n .  
Foss i l   pa t t e rned  ground  extends as low as 2,800 m, 
but   the   on ly   ac t ive   c ryogenic   fea tures  seem t o  be 
block  slopes  and  block streams; n e i t h e r   r e q u i r e s  
permafrost   to  form. The highest   peaks of t h e  Ruby 
Mountains f a i l   t o   r e a c h   t h e   a l t i t u d e  of 0°C mean 
annual a i r  temperature,  and no permafrost  has  been 
found in   the   range .   Act ive   c ryogenic  forms inc lude  
block  streams a t  3,000 m and string  bogs  between 
2,750 and 3,000 m (Wayne 1982). 

In the   dry  Central  Andes of Mendoza Province, 
Argentina, small a c t i v e   g l a c i e r s   a r e   p r e s e n t  above 
4,000 m i n  many of the  c l rques.   Sporadic  perma- 
frost: i n  t h e  form of active  ice-cemented  rock 
g l a c i e r s  i s  present  i n  shaded  cirques  and  valley 
walls above  abour  3,500 m (Wayne 1981b).  Frozen 
ground w a s  encountered  below  an  active  layer  one m 
t h i c k  i n  la te   January ,   and  i s  a s s o c i a t e d w i t h s t o n e -  
banked ge l i f luc t ion   lobes ,   sor ted   and   nonsor ted  
s t r i p e s ,   s o r t e d   n e t s ,  and gut te rs   tha t :  may have 
formed  over ice wedges from  3,900-4,200 m. 

The ca lcu la ted  0 ° C  mean annual  isotherm i s  
3 ,300  m, t h e   a l t i t u d e  of the  lowest  o f  t h e   a c t i v e  
rock   g l ac l e r s .   These rock   g l ac i e r s  are the   t e rmin i  
of   small   debris-covered  glaciers  and  probably con- 
t a i n  some g l a c i a l  ice. Active  ice-cemented  rock 
g l a c i e r s ,  which are part: o f  t h e  body of a c t i v e  
discont inuous  permafrost   (Barsch  1978) ,arepresent  
only above 3,50Om,wherethecalculated mean annual 
a i r  temperature i s  about  -1.5"C.  Observed summer 
temperatures  along  the  shaded  slopes  and  cirques 
where  these  landforms  developareapproximately 3'C 
lower  than are the   a i r   t empera tu res  in more open 
areas, so it  i s  l ike ly   t ha t   t he   l oca l   t empera tu res  
needed f o r  development  of  ice-cemented  rock  gla- 
c i e r s   a r e   i n   t h e   r a n g e  of -3" t o  - 5 ° C  (Table 1). 

PLEISTOCENE-HOLOCENE GLACIAL ACTIVITY 

Each of  these  ranges  has  been  glaciated a t  l e a s t  
two times dur ing   the  later Pleis toceneandfrom  one 
t o   t h r e e   p h a s e s  of Neoglacial   act ivi ty   have  been 
recognized  (Corte 1957; Sharp  1938; Wayne 1981a; 
Wayne 1982; Wayne and  Corte  1983).  IntheRuby-East 
Humboldt Mounta ins ,   the   o ldes t   g lac ia l   depos i t s  
represent   the  Lamoil le   Glaciat ion,  which is being 
co r re l a t ed   w i th   Bu l l   Lake / I l l i no ian   depos i t s  
and Oxygen Isotope  Stage 6 (Wayne i n  p r e s s ) .  The 
younger  Angel  Lake  moraines are P i n e d a l e h i s c o n -  
s inan   equ iva len t s ,   and   a r e   co r re l a t ed   w i th  Oxygen 
Iso tope   S tage  2 .  No Neoglacial  ice tongues  formed, 
bu t   rock   g lac ie rs   have   been   ac t ive   a t  least two 
times during  the  Holocene,   the  most recent  probably 
dur ing   the  L i t t l e  I c e  Age. 

The glacial   chronology  of   the Snake  and Schel l  
Creek  Ranges  has  been  examined i n  less d e t a i l ;  
moraines  equivalent  to  the  Lamoille  and  Angel  Lake 
d e p o s i t s o f t h e  Ruby Mountains are present  in both,  
however, as are inac t ive   and   fo s s i l   r ock   g l ac i e r s  
of borh  Wisconsinan  and  Holocene  age. Two and 
poss ib ly   th ree   Holocene   rock   g lac ie r   o r   g lac ie r  
advances  are  recorded  in  the  post-Wisconsinan 
d e p o s i t s  a t  Wheeler Peak.   Unfortunately,noburied 
organic  matter  has  been  found, so radiocarbon 
da t ing  of t hese   depos i t s   has   no t   been   poss ib l e .  



DISTRIBUTTON OF CRYOGENIC FEATURES INDICATIVE 
OF FORMER  PERMAFROST 

During  the  Pleis tocene  glaciat ions,   both  lower 
temperatures   and  higher   precipi ta t ion  than  the  pre-  
sent  combinedto form o r   g r e a t l y  expand g l a c i e r s   i n  
these  dry  mountain  ranges.  Where snow cover was 
su f f i c i en t ly   t h in   t o   a l l ow  the   l owered  a i r  tempera- 
t u r e   t o   a f f e c t   t h e   g r o u n d ,   s e v e r a l   k i n d s  of  land- 
forms   charac te r i s t ic   o f ,   a l though  no t   necessar i ly  
r e s t r i c t e d  t o  permafrost  regions  developed  during 
t h e   g l a c i a t i o n s .  Relict forms  recognized in t h e  
f i e ld   i nc lude   rock   g l ac i e r s ,   bo th   i ce -co red   and  
ice-cemented,   sor ted  c i rc les   and  nets ,   debris  
i s lands ,   sor ted   s t r ipes ,   s tone-banked   and   tu r f -  
banked  lobes,   and  surfaces   that  may have  formed  by 
cryoplanat ion.  

a r e a s  of t h e  Ruby-East Humboldt Range where t h e  
crest exceeds 3,000 m. One group of two i s  south 
of Pearl Peak a t  4Oo13'N l a t i t u d e .  A second  group, 
numbering 13, is in   t he   no r the rn   pa r t  of t h e  Ruby 
Fountains  between  40"25'   and  40°40' ,   in  the  region 
where glacier   tongues were longest .  The t h i r d  
group  of  seven i s  i n  t h e  East-Eumboldt  Mountains a t  
the   no r th  end of the  range,  between 40'53' and 41' 
l a t i t u d e .  O f  t h e  2 2 ,  1 have  examined 11 i n   t h e  
f i e l d .  

that  undoubtedly  developed as a r e s u l t  of mobiliza- 
t i o n  of  frozen scree and  hence were pa r t   o f   t he  
permafrost  body when they formed  (Barsch 1978; 
Haeberl i  1978). F i f t e e n  of t h e  17  are or ien ted  
between N 30" W and N 45' E. None are or ien ted  
toward the  south.  

O f  t h e   f i v e   l i n g u o i d   r o c k   g l a c i e r s ,  one, t h e  
most souther ly  of t he   r ange ,   has   t he  form  of a 
col lapsed  debris-covered  glacier   that   developedthe 
s t r u c t u r e  of a rock   g l ac i e r ,   a s   have  many i n   t h e  
Mendozan Andes (Wayne 1981a). The o ther   four  
probably  formed  as   debris   fa l ls  on t h e  waning Angel 
Lake ice   tongues and became rock-glacier ized.  

Most of t h e  22 f e a t u r e s   i d e n t i f i e d  as f o s s i l  
rock   g l ac i e r s  were a c t i v e   d u r i n g   t h e  Angel  Lake 
g l ac i a t ion   and  show only a s ingle   phase  of develop- 
ment,  but 4 of the  lobate   ones  and 3 l inguoid  rock 
g l ac i e r s   have   been   ac t ive   a t  least twice,  most 
r ecen t ly   du r ing  one o r  more of   the  Neoglacial   cold 
per iods  (Figure 2 ) .  Those of Angel  Lake  age  range 
from  2,680 m nea r   t he   no r th  end of t he   r ange   ( l a t -  
i t u d e  41'N) through 2 ,780  m i n   t h e   c e n t r a l   p a r t  
( l a t i t u d e  40'35'N) and 2,870 f o r t h e m o s t   s o u t h e r l y  
in   t he   r ange   ( l a t i t ude   40°13 'N) .  Rock g l a c i e r s  
i d e n t i f i e d  as e a r l y  Holocene  reached 2,750 m i n  
t h e   c e n t r a l  East Humboldt Range and 3,000 m in t h e  
main s e c t i o n  of t h e  Ruby Mountains. One la te  
Holocene  rock  glacier   in   the Ruby Mountains  expand- 
ed t o  3,050 m,  and   another   tha t  may have  formed as 
a rock   f a l l   ove r   i ce   du r ing   t he  earlier Lamoil.le 
g l a c i a t i o n  is lower  than  the rest a t  2,700 m. 

Patterned  ground i s  well developed  in   the East 
Humboldt Range,  but  only small areas are present  
i n   t h e  Ruby Mountains t o   t h e   s o u t h .  With two 
e x c e p t i o n s ,   a l l  the patterned  ground is regarded 
t o  have  formed during  Angel Lake Glac ia t ion .  No 
t roughs   o r   gu t te rs   sugges t ive  of r e l i c t   i c e  wedges 
were recognized  in   any  of   the Nevada mountains. 
Most of the   pa t t e rned  ground  observed  consists of 
s o r t e d   c i r c l e s ,   s o r t e d   s t r i p e s ,  and  garlands, a l l  

Col lapsed  rock  glacier   debris  is p r e s e n t   i n t h r e e  

Elost (17) of t he   rock   g l ac i e r s  are lobate   forms 
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~~G~~ 2 Relict lohare rock  g l a c i e r  150 m w ~ d e ~ ~ ~  
340 m long   in  n o r t ~ ~ e ~ s ~ ~ ~ ~ c ~ n g  cirque,  Right Fork 
of Lamoille Creek, Ruby Mounrains; la te  Angel Lake 
with  Holocene reacrivatlan phase. 
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large,   but   on some s lopes   nonso r t ed   s t r i pepa t t e rns  
were seen. A few l a r g e   s o r t e d  circles o r   d e b r i s  
is lands  have formed on gent ly   s lop ing   sur faces  a t  
3,025 m above  Angel  Lake.  Stone s t r i p e s  are s t r i k -  
i n g   f e a t u r e s  on south-  and  west-facing  slopes of 
25"-33' (Figure 3) but  are absent  from  north-facing 
s lopes  i n  t h e  same v a l l e y s .  They are best develop- 
ed on medium gra ined   gran i to id   rocks ,   which   y ie ld  
l a rge   b locks ,  and t h e   s o i l   s t r i p e s  are dominantly 
s i l t .  Gutter  eo gut te r   d i s tances   average  15 m. 
Their  lower  margins, i n  many places  marked by 
garlands, seem t o   r e p r e s e n t   t h e  t r i m  l i n e  of t h e  
g lac ie r   a long   the   s lope .  In some v a l l e y s ,  3 o r  4 
l i n e s  of  b,oulder  accumulations show up above t h e  
lowest set, marking  successively  lower trim lines. 
The f a r t h e s t   s o u t h   t h a t   s t o n e   s t r i p e s  were  observed 
i s  on the   s lopes  of Wines Peak, a t  about 40'31'N 
l a t i t u d e ,  where  strongly  developed  stripes of Angel 
Lake aRe formed on a no r th - f ac ings lope .   Ind i s t inc t  - 
s t r i p e s ,   p o s s i b l y  of   Lamoil le   age,   are  on a smooth Greek ~ o ~ ~ t ~ , ~ ~ s .  
surface  above  the  cirques  from 3,125-3.175 m i n  
a l t i t u d e   ( F i g u r e  4). S t r i p e s  composed  of boulders  

" 

t h a t  are deeply  weathered  and may be Lamoil le   in  
age are a l s o   p r e s e n t  a t  2,700 m i n   t h e  lower  parr 
of  Lamoille Canyon. 

In   the  Schel l   Creek  Mountains ,   rock  glacier  
d e b r i s  of the Holocene  cold  periods is l i m i t e d   t o  
a l t i t udes   above  3,100 m (Figure 5 ) ,  but   those  of 
Wisconsinan  age are lower. A s o r t e d   n e t  of  l a te  
Wisconsinan  age was observed a t  one  place on a 
northwester ly-facing  s lope a t  3,000 m. Sorted 
s t r i p e s  on a south-facing  slope  terminate i n  
gar lands a t  2,750 m i n   a l t i t u d e .  

On Wheeler Peak,  Holocene  inactive  and relict 
rock-g lac ie r   debr i s   ex tends  beyond t h e   a c t i v e  
rock-g lac ie r   f ron t   to   about  3,230 m (Figure 6 ) ,  and 
some of the  late  Wisconsinan  topography as low as 
3,150 m probably  formed as a n   i c e - c o r e d r o c k g l a c i e r  
r a the r   t han  a moraine. Much of the  peak  above 
about 3,300 m i s  covered  with  f rost-r iven  debris  
and  would be b e s t   r e f e r r e d  to as   b lock   s loues  ~~ 

(Figure 7 ) .  Even though much of the f ros t - sha t te r -  
ing  undoubtedly  developed  during  the  Wisconsinan FIGURE 6 A C ~ ~ V Z ,  i n ~ ~ t i ~ ~ ,  and relict rock 
and,  perhaps, earlier g l a c i a t i o n s ,   t h e   p a r t  of t h e   g l a c i e r s  on Wheeler Peak, ~~~k~ Range. 
peak  higher  than 3,760 m is above the   ca l cu la t ed  
mean annual 0 ° C  isotherm  and  the  process   surely is 
a c t i v e  now. 

DISCUSSION 

I n   t h e  Ruby Mountains,  Nevada,  the  absence of 
ice-wedge phenomena and  the  pauci ty  of l a r g e s o r t e d  
c i r c l e s   s u g g e s t s   t h a t  ei ther t h e  snow cover 
exceeded 0.50 m over much o f  the   range  (Harr is  
1981a) o r   t h a t   t h e  mean annual a i r  temperature 
above 3,000 m probably  did  not  drop much lower  than 
- 5 O C .  Smooth up land   su r f aces   w i th   so r t ed   c i r c l e s  
and s t r i p e s  a t  3,200-3,300 m i n  the middle of t h e  
range,  which  surely were as wind-swept during  gla- 
c i a t i o n s  as they are now, t end   t o   co r robora t e   t h i s  
estimate. Presence of most s t o n e   s t r i p e s  on south- 
or   west-facing  s lopes and the i r   absence  on north- 
and   eas t - fac ing   s lopes   p robably   re f lec ts   the   th ick-  
n e s s  of winter snow cover as much as temperature. 
They do suggest,  though, that  temperatures  on the 
slopes  above the g lac ie rs   p robably  were no higher  
than  about -3°C a t  2,800 m i n   t h e   n o r t h   p a r t  of t h e  

P I G ~ E :  7 bheeler peak, Snake Range, block slopes 
and block streams;  active rock glacier shown in 
Figure 6 i s  halow ~ ~ ~ w b ~ n k  in cirque. 

range. Relict rock   g lac ie rs  of t h e  ice-cemented 
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type  are  almost  wholly  in  cirques that  face  between 
east  and  northwest. If these  locations  average 
4°C colder  than  the  mean  annual  air  temperature  at 
the  same  altitudes as observed In the  Cord&  del 
Plata, Argentina  (Wayne 1981b), the 0" mean  annual 
isotherm  at 41% latitude  at  the  time  they  formed, 
probably 12,000-13,000 years  ago,  would  have  been 
about 2,600 m, approximately 5'C colder  than  the 
present  mean  annual  temperature at that  altitude. 

Only  relict  rock  glaciers,  sorted  stripes,  and 
a  few  sorted  circles  in  the  Schell  Creek  Range 
provide  teasonably  reliable  guides t o  the  Pleis- 
tocene  temperatures  there. On the  slopes  of  South 
Schell  and  Taft  Peaks  (latitude 39'20'N), rock 
glaciers  reached 2,930 m, which  suggests  a  mean 
annual  air  temperature of -1°C KO -2"C,  again 
about 5'C lower  than  the  present  calculated  tem- 
perature  of +4,3'C. A similar  difference is sug- 
gested  by  the  altitudes o f  relict  cryogenic 
features on Wheeler  Peak  (latitude 39'N). 

For  comparison  in  the Cordo'n del  Plata  (latitude 
33"S), patterned  ground  on  wind-swept  surfaces  that 
protruded  above  the  Vallecitos  (=Wisconsinan) 
glaciers at 3,500 to  more  than 4,000 m  are  covered 
with  large  sorted  circles,  sorted  and  nonsorted 
stripes,  boulder  lobes,  and  trenches  that  suggest 
ice  wedge  development.  Such  features  at  and  above 
4,010 m in  bouldery  debris  derived  from  quartzites 
suggest  a  mean  annual  air  temperature  over  these 
surfaces  of  about -1O'C o r  lower.  This  would be a 
reduction  of  at  least 5'-6'C below  the  present  cal- 
culated  mean  annual  temperature of -4"C,  a  figure 
not  significantly  different  from  the 4.5'-5" lower- 
ing  calculated for 2,500 m i n  the  same  region  from 
the  distribution  of  relict  rock  glaciers  (Wayne 
198la). 

The  existence of Holocene  rock  glacier debrisin 
the  Ruby  and  Schell  Creek  Mountains  and itspresence 
well  below  the  present  active  rock  glacier on 
Wheeler Peak  indicates that  a  significant  reduction 
in temperature  did  take  place  in  these  mountains 
during  Neoglaciation,  probably  with  little  change 
i n  precipitation. In the  northern  part  of theRuby 
Mountains  older  Neoglacial  rock  glaciers  reached 
3,000 m; i n  the  same area, two  rock  glaciers were 
active  during  the  later  Neoglaciation  at 3,050 m. 
These  altitudes  suggest  a 2'-3"C reduction  in  mean 
air  temperature  during  the  two  Neoglaciations. 

On  Wheeler  Peak  an  earlier  Neoglacial  advance 
brought an active  rock  glacier  to 3,260 m. During 
a  somewhat  later  Holocene  glaciation,  a  glacier 
left  a  small  end  moraine  at 3,300 m. The  Little 
Ice  Age of  the  past few centuries  brought  the  rock- 
glacier  front  to 3,360 m, just  slightly  beyond  its 
present  position.  The  temperature  reduction on 
Wheeler Peak during  the  earliest  Neoglaciation 
would  have  been  about 2"C,  during  the  Little  Ice 
Age  about 1.5'C, based on the  position  of  the  rock 
glacier  fronts. 

In the  Cordo'n del Plataallthree Neoglaciations 
seem to have  accompanied  about  the  same  temperature 
reduction. Data from  rock-glacier  altitudes  and 
the  character  and  distribution  of  patterned  ground 
suggest  a  mean  annual  air  temperature on the  order 
of -1.5' to  -2.O"C at 3,300-3,500 m. 

The  use of  cryogenic  features providesamaximum 
figure  for  paleotemperatures. In  this  evaluation, 
temperatures  above  alpine  glaciers were at  least 
5"-7'C lower  than  the presentduringthe Wisconsinan 

glaciations.  These  temperatures  are  relatively 
close  to  the 5'C figure  that has been  suggested  by 
some  authors. 
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UNDERGROUND  CAVITIES  IN  ICE-RICH FROZEN GROUND 
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An analytical study of closure  behavior  and  stress  changes  surrounding  unlined  and 
lined  circular  openings  in warm,  ice-rich permafrost  has been  undertaken. The 
creep  law of polycrystalline  ice  has been used to describe the constitutive 
behavior of fine-grained,  ice-rich permafrost soils. The results  show  that  shallow 
openings  in  warm  permafrost  experience very large  strains  above  the  crown of 
opening. Placement  of  a  tunnel  liner  will  reduce the tunnel  closure to  an 
insignificant level.. A new  analysis  of  the  in  situ deformation  behavior  of the Fox 
Tunnel  near Fairbanks,  Alaska, has  shown  that the flow  law  for  polycrystalline ice 
does  not  yield  an  upper  bound  solution to the  observed room closure measurements. 
However, it is argued  that the  in situ  deformations  resulted  from  creep  and plastic 
yielding. 

INTRODUCTION 

Underqround  chambers  have been used 
extensively  for  civilian  and  military  purposes 
since  very early in history.  Military 
applications o f  underground  space  date back to 
mman times.  Traditionally, mining  operations 
have  made  extensive use of underground  space 
and  will  continue to do so in the future. The 
current  world energy situation has brought about 
an increased  awareness amongst the civilian 
population of the  tremendous  advantages  of 
utilizing  underground  space  as  a  means of 
conserving energy. 

The U.S. Army Cold Regions  Research and 
Engineering  faboratory  (USA  CRREL)  has 
investigated the use of underground  space  in 
frozen ground ao early as 1955. During the 
summers  of 1955-1957, the Lower  Tuto  Tunnel  was 
excavated  into the Greenland Ice  Cap  at  Camp 
Tuto, Greenland (&el  1961). "he  objective of 
this  tunnel  was  primarily to provide  a  research 
facility to study the deformation behavior of 
glacial  ice  and  assess the feasibility of 
excavating  tunnels  and  rooms  in  ice to utilize 
the space  for  storage of perishable  food, 
military equipnent, etc. With the experience 
gained  from the Lower Tuto Tunnel, the Upper 
Tuto  Tunnel was excavated the following two 
summers  near  the  original  tunnel as a  prototype 
shelter to house  a  25 man camp  and  related 
support  facilities  under ice. This facility was 
closed  down  during the summer of 1962 due to 
excessive  deformations of the  openings, 
attributed  primarily to warming of the 
surrounding  ice  medium  (Russel 196 1 ). 

third  tunnel  was  driven  into  cold  frozen  till 
near  camp Tuto,  Greenland. Personnel o f  USA 
CRREL report  that  this  tunnel is virtually the 
same size as it  was  when  it  was excavated. 

'Ihe Fox Tunnel,  near  Fairbanks,  Alaska, was 
excavated to evaluate the use  of  underground 
space  in  warm permafrost.  During the  winters  of 

During the summers  of 1959 and 1960, a 

1963-1965 USA CRREL  excavated  a near horizontal 
tunnel 100 m  long  into frozen,  ice-rich 
Fairbanks silt. During the winter  of 1968 to 
1969, in  a  cooperative study with the U.S. 
Bureau of Mines (USBM), an inclined  winze  was 
excavated off  of the main  adit to gain access to 
the gold-bearing gravel  deposit  underlying  the 
frozen silt. USA CRREL  and the USBM  excavated 
one room  each  at the end of the inclined winze. 
Each room had  frozen  gravel  walls  and the 
ceiling  was ice-rich Fairbanks silt.  In situ 
deformation,studies  carried  out  in  conjunction 
with both phases of this project revealed  that 
tunnel closure becomes  excessive  when the 
ambient air temperature in  the tunnel is  near 
the soil  temperature  of -10 to -2OC (Swinzow 
1970) 

CONSTITUTIVE  BEHAVIOR OF 
ICE-RICH FROZEN SOIL 

Ice is the most  important  component 
controlling the rate,  time, and  temperature 
dependent properties  which  characterize frozen 
soil. Ice  can  be  present both as  discrete 
segregated  structures  and  more unifonnly in the 
pore  spaces  of the soil mass. 

frozen  soil is dominated by the presence of 
segregated ice. Laboratory evidence of  Savigny 
(1980) shows  deformations  are  localized  along 
segregated  ice  in  natural  permafrost soils. 
Thus,  it would  seem  appropriate to use the creep 
behavior of ice as  an upper bound to  the time 
dependent deformations  in ice-rich fkozen soil. 

The constitutive  equation for steady  state 
creep  of  polycrystalline  ice  is  most commonly 
represented empirically  by a simple power  law of 
the  form 

"he load-deformation  behavior  of  ice-rich 

i = A o "  

where i denotes the strain  rate,u denotes the 
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stress and A and  n are  the experimentally 
derived  creep  modulus  and  creep  stress exponent, 
respectively. The  creep  modulus is constant  for 
a  given  ice type and temperature.  Considerable 
experimental  evidence is available to show  that 
the power  creep  law  represents  the steady state 
creep  data  in the low to intermediate  stress 
range  (sego 1980). 

data  was  carried  out by Morgenstern  et al. 
(1980).  Based on  this review, the authors 
presented the values  shown  in Table 1 for the 
parameters A and  n  in the power law. 

TABLE 1 Creep Parameters  for 
Polycrystalline  Ice 

An extensive  review of  the secondary  creep 

laboratory data  fall  within  a  narrow  band at 
stresses  exceeding 75 kPa. Thus, it can  be 
concluded  that the flow  law  for  ice  represents  a 
reasonable  upper bound to  the constitutive 
behavior o f  f ine-grained  ice-rich  permafrost. 

FINITE ELEMENT CREEP ANALYSIS 

The finite element method  is  now  widely 
used  in  geomechanics to determine the stress  and 
deformation states  in  a  nonlinear  viscous 
medium. An incremental, initial  strain  finite 
element  procedure  was  adopted to solve  steady 
state  creep  problems  in  frozen soil. Details  of 
developnent  of this  procedure  are given by 
Weerdenburg ( 1982 1 . 

The incremental  procedure  is based on 
Temperature ( OC) A (kPa-3 yr-l)  n Hoff's (1954) analog, which simply states  that 

the stresses  in  a  nonlinear  viscous  medium  can 
- 1  4.5 x 10'8 3.0 be obtained directly by solving  for  the  Stresses 
-2 2.0 x 10-8 3.0 in  a  nonlinear elastic body. The  following 
-5 - 1.0 x 10-8 3.0 assumptions  are  made  in  order to compute the 
-10 5.6 x 3.0 increments  of  creep strainr 

Creep data  for  undisturbed ice-rich 
permafrost  tested at the stress  and  temperature 
range  of  interest  in geotechnical practice  are 
scarce. Faggensack (1977), McFmberts  et al. 
(19781, and Savigny (1980)  tested fine-grained 
ice-rich permafrost  from the Mackenzie River 
valley. mese data are shown  in Figure 1. The 
flow  law  shown in Figure 1 i s  that  for 
polycrystalline  ice as proposed by Morgenstern 
et al. (1980).  With a  few exceptions, the 

4 

1. There is no  volume  change  associated 
with  creep strains. 

2. For an isotropic material, the 
principal  directions of strain  rate  and  stress 
tensors coincide. 

3. The creep  rate  is  independent of any 
superimposed  hydrostatic  state of stress. 

4. The generalization of  the  uniaxial 
creep laws to the  multiaxial  state of stress 
should  recover the uniaxial  relationship  for the 
case o f  a  uniaxial stress. 

I I I I I I ~ I ~  r I I I I I I ~ ~  I I 1 1 1 1 1 1  I I IIIIII, I I 1 1 1  

- 

LEGEND 

A McRoberts et al. (1978) T > -1 .O"C 
0 McRoberts et at. (1978) -2.5'C < T < -1 .O"C 

* .  

- 0 McRobertset at. (1978) T>-2.5'C - 
A Roggensack (1977) T > -1.O"C 

I .=  - - W Roggnesack (1977) -1.5" C G T  G -1 .O'C 
I - - - 

- Flow law of polycrystalline ice (Morgenstern et al. 1979) 6 = 2.0 X 10 -8 o3no - - - 

+ Savigny (1980) -1.5'C < T < -1.O"C - x (Superimposed)  Indicates sample failed - - 

MOTE: AI/ values corrected to a constant tesr temperature of-2.0'~ using E a ( 1 ~  T P  
0.1 I r 1 1 1 1 1 1 1  I r l l l l l l l  I I I I I I I I~ I I I I I I I I I  I I r r l 1 1 1 1  I I IIIIIII I I IIIIIII I I I I I I V  

0.00001 0.OM)I 0.001 0.01 0.1 I 10  100 1000 

STRAIN RATE ( v i ' )  
FIGURE 1 Steady-state creep data from ice-rich glaciolacustrine clay  from 
Various  locations  in the Mackenzie  River  Valley, N.W.T. (Savigny, 1980). 
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Major design  considerat ions of t u n n e l s   i n  
frozen  ground  are  stand-up time, change i n  
diameter o f  the   un l ined   opening   wi th   t ime,   and  
change i n   p r e s s u r e  on   a   tunnel   l iner   wi th  time. 
The f i r s t  two f a c t o r s  w i l l  i n f luence   t he  
decision  on  whether  or  not t o  suppor t   the  
underground  opening  with  a   tunnel   l iner .  The 
t h i r d   f a c t o r  w i l l  p rovide   gu ide l ines   for  
d imens ioning   the   tunnel   l iner .  A l i m i t e d  
parametr ic   s tudy o f  s h a l l o w   c i r c u l a r   t u n n e l s   i n  
permafrost  was c a r r i e d   o u t   t o   s t u d y   c l o s u r e  
phenomena a n d   t h e   s t r e s s   c h a n g e s   i n   t h e   f r o z e n  
soi l   surrounding  the  opening.  

c losure  behavior  of an   un l ined   c i rcu lar   opening  
excavated a t   v a r i o u s   d e p t h s   i n  warm i ce - r i ch  
permafrost. The he igh t   t o   d i ame te r  (H/D) r a t i o s  
of the   c i rcu lar   openings   var ied   f rom 1.5 t o  4.0. 
Warm ice-r ich  permafrost  was chosen a s   t h e   h o s t  
s o i l  medium a s  it would present   an  upper  bound 
s o l u t i o n   f o r   t h e   c l o s u r e   r a t e s .  

a l l  ana lyses .   Mater ia l   p roper t ies  were assigned 
on t h e   b a s i s   o f   d a t a   r e p o r t e d   i n   t h e   l i t e r a t u r e .  
The f low  l aw   chosen   fo r   t he   f rozen   so i l   u sed   i n  
t h i s   s t u d y  was 

The f i r s t   p a r t   o f   t h i s   s t u d y   d e a l s   w i t h   t h e  

A homogeneous s o i l   p r o f i l e  was assumed for 

k = 2 x 1 0 . 8  .3 ( 2 )  

where t h e   u n i t s   € o r   s t r e s s  and s t r a i n   r a t e   a r e  
kPa and yr”, r e spec t ive ly .  This flow  law 
i s  i d e n t i c a l   t o   t h e   f l o w  law f o r   i c e   a t  -2OC 
(Morgenstern e t  a l .  1980). 

o f  overburden  for   the crown, spr ingl ine ,   and  
i n v e r t  of t h e   t u n n e l  i s  shown in   F igu re  2. The 
dep th   o f   ove rburden   i n   t h i s   f i gu re  i s  expressed 
nondimensionally as t h e  H/D r a t i o .  For a l l  
t h r e e   p o i n t s   c o n s i d e r e d ,   t h e   c l o s u r e   r a t e  
increases   with  the  depth  of   overburden.  Also, 
t h e  downward movement o f   t he  cxown is g r e a t e r  
t h a n   t h e  upward movement of t h e   f l o o r ,   c r e a t i n g  
a   s a g   i n   t h e   r o o f .  Thus, t h e   i n i t i a l   c i r c u l a r  

A p l o t  of t he   c losu re   ve loc i ty   ve r sus   dep th  

,:”: 
Crown 

Sprlngllne 

Invert 

O !  1 
I 2 3 4 

H /  D 

FIGURE 2 Tunnel   c losure  veloci ty  versus depth 
of  overburden. 

opening  undergoes  a   t ransi t ion t o  a n   e l l i p t i c a l  
shape as t h e   f r o z e n   s o i l   c r e e p s  inward. A t  
g r e a t e r   d e p t h s ,   t h i s   t r a n s i t i o n  w i l l  be less 
pronounced  because  the  relative  change  in 
overburden   s t ress   f rom  the  crown t o   i n v e r t  w i l l  
be  smaller.   Based  on  these  preliminary  results,  
it would  appear   that   a   c i rcular   opening  located 
9-10 diameters   below  the  surface would  deform 
axisynnaetrically. T h i s  is somewhat deeper  than 
a   c i r c u l a r   o p e n i n g   i n   a n   e l a s t i c   s o i l   o r   r o c k .  

A vector   plot   depict ing  the  magni tude  and 
d i r e c t i o n  of ve loc i ty   th roughout   the   reg ion  
analyzed  for  a t u n n e l   a t  H/D = 2.0 i s  shown i n  
Figure 3. The r e l a t i v e  magnitude is given by 
the   l eng th  of t he   vec to r .  As expected,   the  
f rozen   so i l   f lows   in   toward   the   opening .  The 
l a r g e s t   v e l o c i t y  components  occur  along  the 
per iphery   o f   the   tunnel   wal l .  The transformed 
c ross   s ec t ion  is shown on a grossly  exaggerated 
s c a l e  by the   dashed   l ine   connec t ing   the   ve loc i ty  
vectors   around  the  tunnel   wal l .  

“3 
i 

/ 

I 
/ I 

/ 

4 

FIGURE 3 Veloc i ty   vec tors   for   un l ined   tunnel   a t  
H/D = 2.0. 

It was c l e a r  from the   fo rego ing   t ha t  
s h a l l o w   c i r c u l a r   c a v i t i e s   l o c a t e d   i n  warm, ice-  
r i c h  permafrost would u l t ima te ly  become uns tab le  
unless  some mit igat ive  measures  were undertaken 
t o  a r r e s t   t he   de fo rma t ions .  The second  par t  of 
t h i s   s t u d y   d e a l t   w i t h   t h e   c l o s u r e  o f  a   l i ned  
c i rcu lar   opening   in   permafros t .  Only one  tunnel 
l oca t ed  two diameters   below  the  surface was 
analyzed. A 100 nun t h i c k   c o n c r e t e   l i n e r   p l a c e d  
around the   per iphery   o f   the   tunnel  was 
considered. 

tunnel  is shown i n   F i g u r e  4. As shown i n   t h e  
The ve loc i ty   vec tor   d iagram  for   the   l ined  
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FIGURE 4 Veloc i ty   vec to r s   fo r   l i ned   t unne l  a t  
H/D = 2 , o .  
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f i g u r e ,   t h e   l i n e r   p l a y s  a s i g n i f i c a n t  role i n  
a l t e r i n g   t h e   v e l o c i t y   d i s t r i b u t i o n   i n   t h e   f r o z e n  
soil sur rounding   the   openinq .   In   the   v ic in i ty  
of the   t unne l ,   t he   c r eep ing   f rozen  so i l  i s  
d e f l e c t e d   a r o u n d   t h e   t u n c e l   l i n e r   s i n c e   t h e  
s t i f f n e s s  of t h e   c o n c r e t e  i s  much g r e a t e r   t h a n  
t h a t   o f   t h e   f r o z e n  soil. The t u n n e l   l i n e r  also 
s e r v e s  t o  d r a s t i c a l l y   r e d u c e   t h e  downward 
v e l o c i t y  of t h e  crown of t h e   t u n n e l .   I n   t h i s  
case, t h e  crown v e l o c i t y  is reduced  by  three 
orders   o f   magni tude   for   the  same tunne l   w i th  no 
l i n e r   p r e s e n t .  

I N  SITU CREEP AT THE FOX TUNNEL 

I n   s i t u   c r e e p  movements of t h e   i c e - r i c h  
Fairbanks silt were evaluated  independently by 
Thompson and  Gayles (1972)  and  Pett ibone 
(19731. 

Pet t ibone  (1973)  s t u d i e d   t h e   i n  s i tu  creep 
behavior   of   the  USBM room a t  t h e  Fox Tunnel. 
Af te r  37 months, a t o t a l  of  300 mm o f   f l o o r   t o  
roof  deformation was recorded. Vertical 
separation  and  expansion o f  t h e   i c e - r i c h  s i l t  
between t h e   c e i l i n g   a n d   t h e  1.8 m d e p t h   i n t o   t h e  
roof   accounted  for  20% o f   t h e   t o t a l  room 
closure.  

i n   t h e  USA C W L  room are shown i n   F i g u r e  5 
(Thompson and  Sayles  1972).  The v e r t i c a l  
c l o s u r e  rate i n c r e a s e d   r a p i d l y   d u r i n g   t h e   f i r s t  
year   o f   observa t ions  due t o  t h e   g e n e r a l  warming 
t rend  caused by i n s t a l l a t i o n   o f   t h e   i n s u l a t e d  

The ver t ica l   c losure   measurements   recorded  

t a m  
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FIGURE 5 Vertical c l o s u r e  of USA CRREL room i n  Fox Tunnel. 
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bulkheads. Following  removal  of the USBM 
bulkhead, the closure  rate decreased as  a 
consequence  of  cooler  permafrost temperatures. 
The same general  behavior  was  noted  in  the USBM 
room. The vertical  closure  rate  continued to 
attenuate  for the entire  period  that closure 
measurements  were recorded.  After 3 1/2 years 
of observations, 480 mm of  vertical  closure  had 
taken place. 

results  of  a  finite  element  simulation of the 
closure of the USA CRREf room. Laboratory 
samples  were  obtained  for  uniaxial  creep 
testing. The  authors  used  a  simple  power  law to 
predict the  in situ  behavior of the room  for the 
first  year of  observations.  They concluded  that 
the form of the flow  law  predicted  the  in  situ 
creep  behavior  quite well. However, the back- 
calculated  flow  law  predicted  a  creep  rate 3.3 
times  faster  than  had been established  in the 
laboratory on  the same  frozen silt. A few 
comments  can  be  made  regarding the analysis 
carried  out by Thompson  and Sayles  (1972). 

been  carried out. me purpose of this 
simulation  was to assess the validity of  the 
simple  power  law  for  ice as an  upper  bound 
solution  for the in situ  deformations  in the 
frozen  Fairbanks silt. 

The  creep  properties  of the silt  were 
assigned the values  of pure  ice at -2oC as given 
by Equation 2 (Morgenstern  et al.  1980). The 
frozen  gravel  walls  were  assumed to behave 
elastically  based on the fact  that  they  were 
very dense in situ  and  retained grain-to-grain 
contact  with no massive  ice forms present 
(Sellman 1972). 

The predicted  vertical steady state 
velocity using the simple power law given  by 
Equation 2 to model the creep  behavior of the 
frozen  silt  was 1 mm/yr.  In this case, the 
simple  power  law  for  ice  does  not  represent  a 
valid  upper  bound for  the  in situ  creep behavior 
of  the frozen silt.  However, an examination  of 
the vertical  closure data presented in Fiyure 5 
clearly shows  that steady state  conditions did 
not  exist  during the first  year  of  observations 
as assumed by Thompson  and  Sayles (1972). It is 
entirely  possible  that the overall  closure 
measurements  that  were  recorded  consisted  of 
both plastic  and  creep flow. Plastic  flow  in 
this  sense  refers to  time dependent failure  of 
the frozen soil. 

Excavation of the USA CRREL room  has 
decreased the vertical  stress at the ceiling 
from  overburden to zero. This  stress  release  is 
accompanied by a corresponding  increase  in the 
stresses  in the adjoining soil mass  above the 
gravel walls. Consider the  two elements  shown 
in  Figure 6. The  vertical  stress  in element A 
will  be  a  small  fraction of its initial  value 
before excavation. The vertical  stress  in 
element B will have to increase to maintain 
equilibrium. Assume  that the strength of frozen 
soil i s  given  by  a  linear Mohr  Coulomb failure 
envelope  and the vertical  stress  decrease  in 
element A is equal to  the stress  increase  in 
element E .  Plotting  these  stress  increments on 
a  simple vertical-horizontal principal  stress 

Thompson and Sayles ( 1972) reported the 

A  new  analysis of the USA CRREL room has 

"ORI IONt*LCRE9I  ,* ITREBBPATHB 

FIGURE 6 Stress paths  for  soil elements above 
an  underground opening. 

plot, as  shown  in  Figure 6, shows  that the 
stress  release in element A could  exceed the 
long termoH>aVfailure line. mwever, an  equal 
stress  increase  in element B lies  below the long 
termoV>uHfailure line. Although the actual 
stress  paths  followed by soil  elements 
surrounding a rectangular  opening are quite 
complex, this  simplified  approach  illustrates 
the interaction  between  strength  and deformation 
in  frozen soil. 

discrepancy between  the  in  situ  and  the 
laboratory flow  law is that  closure 
instrumentation  installed in the roof and floor 
could  not  discriminate  between the vertical 
deformations in the gravel walls  and the 
downward creep of the ice-rich silt. The strain 
rate  measured  in the laboratory on  the  frozen 
silt samples  was  independent of the vertical 
deformations  occurring  in the gravel walls. 

An  additional  factor  contributing to  the 

CONCLUSIONS 

The case  histories  of  cavities in frozen 
ground  reported  in the literature, while  limited 
in number, indicate  that  these  underground 
cavities  can  be  successfully completed. 
However, in  situ  deformation  studies carried  out 
to date  indicate  that  deformations  can  become 
severe when a  tunnel  is  excavated  in warm,  ice- 
rich permafrost. 

A comprehensive  review  of  the  constitutive 
behavior of ice  and ice-rich soil sugsests  that 
the  creep  law  of  polycrystalline  ice  constitutes 
a  reasonable  upper  bound to  the constitutive 
behavior  of fine-grained,  ice-rich permafrost 
soils 

indicate  that  shallow  openings  in warm 
permafrost experience  very  large  strains a'hve 
the crown  of  the opening. Placement of a 
concrete liner after  excavation  will  reduce the 
tunnel  closure to an  insignificant amount. 

A reanalysis of the  in  situ  deformation 
behavior of the USA CRREL room at the Fox Tunnel 
has  shown  that the flow  law  for  polycrystalline 
ice did  not yield  an  upper  bound  solution to the 
observed  room  closure measurements. More 

The  results of preliminary  analytical study 
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comprehensive  instrumentation is needed  in the 
future to discriminate  between  the  various 
deformation  processes  that  affect  closure of 
highly  stressed  underground  cavities  in  frozen 
ground. 
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DIURNAL FWEZE-THAW FREQUENCIES IN TlH HIGH LATITUDES: 
A  CLIMATOLOGICAL  GUIDE 

Ruth L. Wexler 

U.S. Army  Corps o f  Engineers 
U. S.  Army  Engineer  Topographic  Laboratories 

Fort  Belvoir,  Virginia  22060  USA 

This  study  provides  relatively  simple  climatological  models  for  determining 
the  incidence  of  frost  days  (minimum  daily  temperature < 0' C ) ,  ice  days 
(maximum  daily  temperature < 0' C)  and  freeze-thaw  days  (minimum  daily 
temperature C 0' C, maximum  daily  temperature > 0' C) throughout  Alaska, E. 
Siberia,  Iceland,  and  Greenland.  Both  area  and  station  models  yield  estimates 
of the  frequency  of  diurnal  freeze-thaw  cycles  per  month  or  year.  The  various 
models  demonstrate  the  relationships  between  daily  freezing  conditions  and  the 
different  temperature  regimes.  The  results  should  improve  understanding o f  
periglacial  activity  and  provide  a  means of predicting  possible  climatic 
effects  on  the  construction  of  buildings,  roads  and  airport  runways, 

INTRODUCTION 

The  impact of diurnal  freeze-thaw  cycles on 
soils,  rocks,  roadbeds,  and  construction  materials 
is of much  concern  to  the  agriculturist,  hydrolo- 
gist,  geologist, and  transportation or construc- 
tion  engineer. As noted  by  Troll  (1958)) such 
alternation of freezing  and  thawing  not  only 
affects  the  particular  size  structure  of  the  soil 
but  also  causes  erosion, runoff, or  flooding  and 
reduces  the  bearing  strength  of  the  surface  layer, 
The  vulnerability of  the  ground  depends,  among 
other  variables, on the  amount  of  available 
moisture  and  whether  the  ground  is  bare  or  is 
covered  with  vegetation,  ice,  or  snow. 

in  turn  is  largely  responsible  for  local  dif- 
ferences  in  extreme  temperatures,  that  is  the 
daily  maximum  and  minimum,  the  determining  factors 
o f  daily  freeze-'chaw.  Daily  freezing  conditions 
may be defined  as  consisting of frost  days 
(min < 0' C),  ice  days (max < 0' C),  and  freeze- 
thaw  days  (min < 0' C,  max > 0' C ) .  The  inter- 
relationship  among  these  three  variables  forms  the 
basis of this  study.  The  principal  question  is: 
What  incidence of  diurnal  freeze-thaw  cycles  may 
be expected  at  a  given  site  per  given  interval  of 
time 7 

This  paper  presents  information  on  daily 
freezing  conditions  in  the  permafrost  and  con- 
tiguous  regions of Alaska, E. Siberia,  Iceland, 
and  Greenland. Also included  are  several  German 
stations  representing  a  range of elevations  for 
the  comparison of the  effects of altitude  with 
those  of  latitude. As in  an  earlier  study by 
Wexler  (1982), a number  of  guides  are  offered for 
estimating  the  respective  frequencies of frost 
days,  ice  days,  and  freeze-thaw  days  per  month or 
year  for  any  given  site  from  routine  climato- 
logical  parameters. 

The  surEace  covering  affects  the  albedo  which 

BACKGROUND 

The  geographical  distribution of  the  annual 
number of diurnal  freeze-thaw  cycles has been 
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determined  for  various  countries  or  sections: 
United  States,  Canada,  Poland,  Japan,  the  Arctic, 
Europe, and  the U.S.S.R (Fraser  1959,  Hastings 
1961, Hershfield 1972, Pelko  1970,  Russell 1943, 
Shitara  1970,  Visher  1945,  Wexler  1982,  Williams 
1964).  Annual  or  monthly  frequencies of frost 
days,  ice  days,  and  freeze-thaw  days  have  been 
correlated  respectively  with  mean  daily  minimum 
temperatures,  mean  daily  maximum  temperatures,  and 
a  combination of  both  (Fraser  1959,  Hershfield 
1972, Shitara  1970,  Wexler 1982). 

DATA 

Frequencies of diurnal  freeze-thaw  cycles  are 
not  readily  available.  Many  climatic  summaries 
list  frost  days,  but  few  list  ice  days. In the 
past  information  on  freeze-thaw  cycles  has 
sometimes  been  simulated  (Hastings  1961,  Visher 
1945). In this  paper,  all  the  analyses  are  based 
on  actual  observations of frost  days  and  ice  days, 
the  data  for  which  were  obtained  from  a  variety of 
sources,  mainly:  the U.S. Department  of  Commerce 
(1980),  the  Danske  Meteorologiske  Institute  (1947- 
1965),  and U.S. Air  Force  Environmental  Technical 
Applications  Center (1978). All  the  temperatures 
referred t o  in this  paper  were  from  standard 
weather  shelters  at  1.5  to 1.8 m above  ground. 

FROST DAYS AND ICE DAYS 

For  a  network of stations in a  given  region 
observations  were  obtained of: The  mean  daily 
minimum  temperature, N, the  mean  daily  maximum 
temperature, M, the  number  of  frost  days, F,  and 
the  number  of  ice  days, I, per  month  and  year. 
From  these  observations,  simple  linear  regression 
models  were  determined  such  that F may  be  derived 
from N and I may be derived  from  M  for  any  site 
within  the  specified  region  per  given  interval of 
time.  Figure 1 gives  examples of  these  regression 
plots  for  annual  data  for  Alaska, E. Siberia, 
Iceland, and  Greenland.  Figure  2  contains  similar 
plots  for  monthly  data  for  May,  Greenland  and 
April  for  the  other  areas. All of the  days  of  the 



139 1 

f F  

i ICELAND 

TABLE 1 Constants a and b for Monthly and 
Annual Regression Equations 

F = a1 + blN I = a2 + b2M 

a1 bl a2  b2 

ALASKA 
JAN 21 .I -0.6 
FEB 

13.8 -1.4 
19.3  -0.7  11.9  -1.3 

MAR 20.2 -0.9 12.4  -1.9 
APR 14.9  -1.8 13.3 -1.4 
MAY 
SEP 

14.4 -3.1 
15.3  -2.6 

OCT 14.0  -1.8 
NOV 

15.8  -2.1 

DEC 
12.5 -1.5 

20.7 -0.7 
ANN 159  -9.7  166 -13.8 

13.0 -1.1 
15.9  -1.3 

E. SIBERIA 
MAR 
APR 

16.8  -1.5 
14.8  -1.7 

MAY 15.1  -1.9 
OCT 

14.6 -1.7 
14.7  -1.9 

NOV 
15.2  -1.5 
16.6 -2.1 

ANN 183 -5 -6 167  -6.1 

ICELAND 
JAN 19.'4  -1.6 
FEB 

15.6  -1.4 
16.7 -1.3 14.2 -2.2 

MAR 17.4  -1.4 16.0 -2.1 
APR 15.8 -2.1 15.9 -2.3 
MAY 15.6  -2.6  9.7  -1.0 
JUN 11.5 -1.7 
SEP 
OCT 

12.0  -1.8 
16.1 

NOV 
-3.0 13.9  -2.1 

DEC 
14.9  -1.8  14.1 
20.1 

-2.2 
-1.2 

ANN 
15.9  -2.1 

176  -20.2  180  -17.9 

GREENLAND 
JAN 23.5  -0.4 
FEB 
MAR 

17.0 -0.6 

APR 
18.4 -0.8 

MAY 
14.6  -1.5 

21.1 
JUN 

-1.4  14.6  -2.1 

JWL 
16.3 -2.7 
7.5  -1.4 

SEP 
OCT 

14.3  -2.5 

NOV 
16.2  -2.8 

DEC 
-1 e 3  

ANN 227  -5.3  168  -12.4 
21.2 -0.7 
18.7 
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month were usua l ly  below f r e e z i n g   i f   t h e  mean 
maximum temperature was < -6' C and  above f r eez ing  
i f   t h e  mean  minimum temperature was > 6' C. The 
corresponding  regression  equations are of t h e  
form: 

F - a l + b l N   ( l a )  

and 

I = a 2 + b Z M   ( I b )  

The parameters a and b depend on the da ta :  
They serve as cons t an t s   fo r  any da ta  set. Table 1 
lists values  of these  constants  for  monthly  and 
annual data f o r   t h e  above  regions. The coe f f i -  
c i e n t  of determination, r2, f o r  the var ious 
equat ions  ( implied  in   Table  1) ranged  from .50 t o  
.99 w i t h  few exceptions: .24 f o r  February, Green- 
1 nd and .36 for March, E. Siber ia .  (The value of 
r' i n d i c a t e s  the q u a l i t y  of f i t  between F and N o r  
I and M: 1.0 = e x c e l l e n t   f i t ,  0 = no f i t ) .  

S t a t i o n s  were chosen i n  a given area so as t o  
represent  as l a r g e  a range o f  temperature  as 
possible .  Each pa i r  of equations as ( l a )  and ( l b )  
i s  therefore   appl icable   throughout  the e n t i r e  
area, with only  the  parameters M and N changing 
from s t a t i o n   t o   s t a t i o n ,  

The parameters  (constants) a and b may vary a 
l i t t le  with  the  per iod of record.   If  the computa- 
t i o n s  are c a r r i e d   o u t   f o r  M and N i n   deg rees  
Cels ius  (as for   Table  l), then the value of a 
equals  160-185 days  for   the  annual   data  or 12-18 
days  for  the monthly  data. In o the r  words, F(1)  
equa l s  half the   days   per   in te rva l  of time i f   t h e  
minimum (maximum) temperature is  OOC. ~n 
exception is  f o r  the annual number of f ros t   days  
for  Greenland, w i t h  a = 227. For the  annual   data ,  
the  absolute   value of parameter b appears   to  
decrease   wi th   cont inenta l i ty ,   as  from 20 f o r  
Iceland,  a maritime climate, t o  6 f o r  E. S ibe r i a ,  
a highly   cont inenta l  climate. 

With respect  to  the  monthly data, the  value 
of a t ends   t o  be c l o s e s t   t o  15 f o r  the months of 
t h e  t r a n s i t i o n a l   s e a s o n s ,   t h e   s p r i n g   o r   t h e   f a l l ,  
when diurnal  freeze-thaw  cycles  are most f requent  
in this la t i tude  (See  Figure 3 ) .  Usually  the 
colder  the month the  higher  the  value of a, t h e  
warmer the month the lower the value of a, Those 
months f o r  which no constants  are given i n  Table 1 
are e i the r   t oo  warm (no Ice days   o r   f ros t   days)   o r  
too  cold ( a l l  days are f r o s t   o r   i c e ) ,   t h e r e f o r e  no 
l i n e a r   r e l a t i o n s h i p .   I n  the computations of the 
monthly da t a ,  the number of f ros t   ( i ce )   days  were 
l i m i t e d   t o  1 < F ( I )  < (n-1) where n - t o t a l  number 
of days  per month. 

A comparison  between the  observed and the  
estimated  annual numbers of f ros t   days   o r  of ice 
days   fo r  te t s t a t i o n s  i s  given in Table 2. 
Values o f  r' f o r  the q u a l i t y  of f i t  between the 
observed  and  estimated  frequencies were >.8 f o r  
each set of  s t a t i o n s .  

FREEZE-THAW DAYS 

The number of freeze-thaw  days, Z, per  given 
i n t e r v a l  of time, a parameter   not   avai lable   in  
climatic summaries, may be  found by a var ie ty   o f  
methods, as by direct counting (Williams 1964) o r  

by co r re l a t ion   w i th  AT (Fraser  1959, Vischer 
1945). In  the  case of jus t   the   c rossover  of the 
f r eez ing   l eve l ,  as i n   t h i s   s t u d y ,  Z is simply the 
d i f f e rence  between the  number of f ros t   days  and 
the number of ice days,   or  

Z - F - I  (2) 

For  each  area  under  consideration,  the 
ind iv idua l   equa t ions   for   annual  F and I were f i r s t  
obtained by means of the appropr i a t e   cons t an t s   i n  
Table 1. The annual Z may be  expressed as 
follows: 

Alaska 
Z = 14M - 10N - 7 (2a)  

E. S i b e r i a  
Z = 6(M-N) + 16 (2b) 

Iceland 
z - 1m - 20N - 4 ( 2 4  

Greenland 
2 = 12M - 5N + 59 (2d) 

A comparison  between the observed  and  the 
estimated  annual 2 (Table 2) shows somewhat 
grea te r   d i screpancies   than   in  the cases of F an 
I ,  t h e   f a c t o r s  on which Z depends.  Values of r , 
which i n d i c a t e   t h e   q u a l i t y  of f i t  between 
estimated Z and observed Z range  from .60 t o  .76 
compared t o  > .90 f o r  F and I (except   for   Iceland 
f o r  which r2 was .84). 

Equation  (2b)  implies that 2 may be corre- 
lated d i r ec t ly   w i th  (M-N) o r  AT f o r  E. Sibe r i a .  
F ra se r  (1959)  found a similar r e l a t i o n s h i p   f o r  
Canada, although the cycles   he  invest igated were 
f o r  a larger  temperature  span, -2O t o  1' C ,  rather 
than   jus t   across   the   f reez ing   leve l .  

4 

STATION  MDELS OF DIURNAL FREEZE-THAW  CYCLES 

S ta t ion  models of percent  days  per month with 
diurnal  freeze-thaw  cycles  from  January t o  
December are g i v e n   f o r   s e l e c t e d   s t a t i o n s   i n  
Greenland,  Alaska,  Iceland, the U.S.S.R, and 
Germany (See  Figure 3). For most o f  the high- 
l a t i t u d e   s t a t i o n s ,   e s p e c i a l l y   t h o s e   c l o s e   t o   t h e  
Arctic C i rc l e ,   t he  peak  incidence of d i u r n a l  
freeze-thaw  cycles  occurs  during  the  transit ional 
seasons of spr ing and f a l l .  The s t a t i o n s  are 
arranged so as t o  show a gradual  change i n   p a t t e r n  
from an  extremely  cold climate as Barrow, Nord, o r  
Po la r   S t a t ion  where diurnal  freeze-thaw  cycles 
p reva i l   on ly   i n  summer t o  the r e l a t i v e l y  warm 
s t a t i o n s  of Annette or Vladlvostok,  which  have 
r e l a t ive ly   l ong  summers with no f r eez ing  and t h e  
peak  frequencies of freeze-thaw  cycles  in  the 
winter .  The  German S ta t ions  from  Zugspirze  (2962 
m) t o  Munich (532 m) r e f l e c t  the e f f e c t  of 
a l t i t u d e  on the  incidence of diurnal  freeze-thaw 
cycles .  The s t a t i o n  model for  Zugspitze i s  
somewhat similar t o  t h a t   f o r  Barrow (or P o l a r  
S t a t ion ) .  The p l o t s  for the I c e l a n d i c   s t a t i o n s  
resemble that  of Fichtelberg  (or  Brocken). A t  
Vladivostok,  despite the low la t i tude ,   January  and 
December are too  cold  for  freeze-thaw,  whereas  in 
Iceland,  freeze-thaw  occurs a l l  winter.  
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TABLE 2 Estimated  and  Observed  Annual  Numbers  of  Frost  Days,  Ice  Days,  and  Freeze-Thaw  Days. 

Station 

Alaska 
Barter Is. 
Summit wso 
Fairbanks 
Gambell Is. 
Anlak 
Naknek 
Anchorage 
Cordova 
Seward 
Sitka 

_I_ 

E. Siberia 
0. Chetyrekhstolbovoy 
Dzhardzhan 
Zyryanka 
Ust  Yvdoma 
Guga 
Nogliki 
Sukhanovka 
Poronaysk 
Grosserichi 
Dolinsk 
Sarychevo 
Bukhta  Preobrazhenlya 

Iceland 
Modhrudalur 
Rauf  arhof  n 
Blonduos 
Egilsstadhir 
Saudharkrokur 
Akureyri 
Haell 
Lof tsalir 

Greenland 
Thule 
Upernavik 
Jakobshavn 
Umanak 
Godthaab 
Ivgtut 
Narssag 

Dlurn 
Air Temp 
Temp  Range 
OC ATOC 

-12.2 5.9 
-3.9 8.2 
-3.6 11.4 
-3.4 5.6 
-2.2 9.5 
1.5 8.6 
1.6 9.2 
3.1 8.6 
4.0 6.6 
5.7 7.3 

-13.6  5.0 
-12.5 7.2 
-11.4 8.3 
-9.2 11.7 
-3.6 17.2 
-2.0 10.5 
-0.6 10.0 
0.0 8.8 
1.2 7.7 
2.3 9.9 
2.5 5.0 
4.2  10.5 

0.0 6.6 
2.5 3.8 
3.4 4.5 
3.4 6.7 
3.6 5.0 
3.9 5.6 
4.2 6.1 
5.9 3.9 

-11.1 8.4 
-7.3 6.7 
-4.5 6.7 
-2.8 5.6 
-0.9 6.1 
0.8 7.2 
1.7 6.7 

Estimated  Number 

Frost 
Days 

310 
239 
252 
221 
2 28 
187 
189 
171 
152 
I39 

269 
269 
266 
265 
247 
219 
210 
204 
194 
194 
179 
185 

243 
164 
155 
176 
154 
154 
154 
97 

342 
292 
264 
242 
225 
214 
203 

Ice 
Days 

292 
163 
137 
174 
130 
86 
80 
64 
65 
38 

240 
226 
215 
189 
134 
145 
138 
138 
134 
119 
134 
105 

121 
98 
76 
56 
67 
56 
47 
40 

253 
210 
173 
159 
130 
102 
94 

Freeze- 
thaw  Days 

18 
76 
115 
47 
98 
101 
109 
107 
87 
101 

29 
43 
51 
76 
113 
74 
72 
66 
60 
75 
45 
80 

122 
66 
79 
120 
87 
98 
107 
57 

89 
82 
91 
83 
95 
112 
109 

Observed  Number 

Frost 
Days 

318 
25 1 
237 
256 
226 
20 4 
208 
184 
160 
140 

288 
26 1 
253 
252 
239 
220 
211 
196 
188 
192 
189 
161 

247 
177 
166 
178 
143 
158 
170 
80 

314 
284 
250 
25 3 
254 
22 1 
222 

Ice 
Days 

260 
177 
157 
197 
142 
99 
110 
53 
62 
21 

242 
220 
213 
18 1 
145 
154 
149 
136 
128 
119 
110 
79 

139 
88 
71 
72 
63 
73 
58 
33 

242 
210 
183 
185 
141 
105 
96 

Freeze- 
thaw  Days 

52 
74 
80 
59 
84 
105 
98 
131 
98 
119 

46 
41 
40 
71 
94 
66 
62 
60 
60 
73 
79 

, 82 

108 
89 
95 
106 
80 
85 
112 
47 

72 
74 
67 
67 
113 
116 
126 

Another  set of station  models  is  shown  in 
Figure 4 .  This  time  the  abscissa is the  mean 
monthly  temperature,  however,  the  ordinate  is  the 
same  as  that of Figure 3, namely  the  average  per- 
cent  days  per  month  with  freeze-thaw. In general, 
for  a  given  station  the  daily  freeze-thaw  cycles 
per  month  tend t o  Increase  as  the  mean  monthly 
temperature  approaches 0' C.   he frequencies  per 
given  temperature  vary  from  one  station  to 
another.  Nevertheless,  certain  of  the  models  may 
sometimes  serve  several  stations  or  groups  of 
stations. 

In  particular  each  model  shows  the  tempera- 
ture  limits  for  its  freeze-thaw  regime.  These 
limits,  as  well  as  the  peak  amplitudes,  are 
climate  dependent. 

obtained  for  numerous  other  stations  in  the  high 
and  mid-latitudes. A few  of  these  models,  as  well 
as an equation  which  approximates  the  manual plots  
in  Figure 4, has been given  previously  (Wexler 
1982). See  Appendix  for  the  equation.  For  a 
highly  continental  station, as Verkhoyansk  (not 
shown),  the  freeze-thaw  temperature  regime  extends 

Station  models of this  type  have  also  been 



1394 

Norne 6490 '  Blonduos 66O40 VerkhoYansk 

t n ,  67O33' ~ ~ ~ $ %  

FIGURE 3 Percent  days per month  with  freeze-thaw 

- 1  9 5 I O  

Nautabu.  lcaland 

Grimsstadhir.  lceland 

Mean.monthly  temperature 'C 

FIGURE 4 Percent days per month with freeze-thaw 
vs. mean monthly  temperature. 
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from  about  +16  to -16' C  with  an  amplitude  of 
about 68% at  about Oo C. Most  stations  in  Iceland 
have an amplitude of about 40% to 50% with  a 
positive  temperature  range  of  about 10' C, Cold 
Bay,  Kodiak,  and  Annette  in  Alaska  have  freeze- 
thaw  regimes  similar  to  stations  in  Iceland. On 
the  other  hand,  interior  stations in Alaska  have 
much  higher  amplitudes,  about 70% to 80% as  Fair- 
banks,  McGrath,  and  Gulkana,  with  temperature 
ranges from 12' C to -16' C, For a number of 
stations  in  Greenland  the  plots  (not  given)  show 
much  greater  irregularities of pattern  than  for 
Iceland  or  Alaska,  possibly  because  of  the 
relatively  short  periods  of  records. 

SUMMARY 

Several  mathematical  and  graphical  models 
were  presented  for  estimating  the  frequencies of 
frost  days , ice  days,  and  freeze-thaw  days  per 
month or year  for  stations  in  Alaska, E. Siberia, 
Iceland,  and  Greenland.  Once  linear  regression 
equations  are  determined for the  derivation of 
frost  days  and  ice  days,  respectively,  per  given 
situation,  these  equations  are  then  applicable  to 
any  site  within  the  area,  given  only M and N  for 
the  site.  The  frequencies  of  diurnal  freeze-thaw 
cycles  then  may be readily  obtained  from  the 
difference  between  the  frequencies  of  the  frost 
days  and  the  ice  days. 

Two types of station  models  were  provided, 
the  first  the  conventional  annual  cycle of monthly 
freeze-thaw  and  the  second,  the  same  data  plotted 
per  mean  monthly  temperature. The percent  freeze- 
thaw fo r  a  given  temperature  varies  from  one 
station  to  another.  Although  the  models  tend  to 
be  distinctive,  each  depending  on  latitude  (solar 
elevation),  altitude,  continentality,  and  local 
conditions  nevertheless  certain of  the  models  may 
be used to represent  groups of stations. 

The  study  shows  that  diurnal  freeze-thaw 
cycles  may  not be derived  from  mean  temperatures 
alone:  Essential  parameters  are  the  mean  daily 
minimum  and  mean  daily  maximum  temperatures.  The 
latter  yield  definitive  information  concerning 
frost  days,  ice  days,  and  freeze-thaw  days.  The 
results  indicate  that  periglacial  activity  might 
be better  correlated  with  the  mean  minimum  and/or 
mean  maximum  daily  temperatures per year  or  month 
rather  than  mean  temperatures. 
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APPENQIX 

An  equation  which  roughly  approximates  the 
manual  plots  in  Figure 4 is  given  by: 

Y 

where 

- 

Y "  

a P 

Q -  

b =  

Ty-a 

=y-0 = 

T -  

a  sin Q (3 )  

X days  per  month  with  freeze-thaw 

arnplitude of curve  (peak % monthly 
freeze-thaw) 

1.57 (T + b)/b 
Ty-a - Ty=o 
temperature  at  peak X (usually 
OOC) 

temperature  at  which  freeze-thaw 
is  nil = cut-off  temperature 

mean  monthly  temperature (OC> 

NOTE: If  the  peak X frequency  is  not  at 0' C,  let 
d = departure from 0' C  and  substitute T-d fo r  T. 
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T k  two main models of rock g l a c i e r   c a n p i t i o n ,  ice-rcck mixture and g lac ie r  ice 
cores, are briefly examined. It is argued that there seem to be no evidence which 
suggests that ta lus  can nonmlly becane a rock glacier   just  by the  addition of ice. 
T a l u s  exists a t  high slope angles  but shows no signs of g l a c i e r - l i k  movement. A l l  
t ha t  appears necessary for a rock glacier to form is relict glacier ice and 
suf f ic ien t  debris cover to preserve the core for long periods. As they are such 
th in ,  bodies of ice, they can  flow m l y  slowly; t h i s  is suf f ic ien t  to explain  their  
behavior  and distribution. Although permafrost can be present in an area of rock 
glaciers and m y  prolong the  existence of the ice m e ,  it is not necessary for 
the i r  formation. 

 TION ON 

R o c k  glaciers have been phenaneoa of in te res t  
and wntrwersy  since  they *re described  in the 
early part of this century.  Despite much recent 
wrk   (Washkn  1979) , mny aspects of rock glacier '  
behavia,  fonnatim, and f L w  mechanism are still 
unknown and the pper by Wahrhaftig and Ccmr (1959 ) 
still holds considerable svay, even though saw of 
its conclmions have been questioned. There are 
problens bemuse of the the d i f f i cu l t i e s  of 
examining rock glac ie rs   in   de ta i l  and much m u s t  be 
inferred fran visual i n s p t i m .  Tautologically,  if 
it looks l i k e  a rock glacier then he m y  all it 
so, kt q u a l i f i c a t i m  may be necessary if sawthing 
specific is known, e.g., a glacier ice core. This  
paper is concerned  mainly  with valley or cirque 
f l m r   r w k   g l a c i e r s  (Outcalt and Benedict  1965) 
rather than the valley wall type, a d  the simple 
term 'rock  glacier'  alone will be used to identify 
than.  This pper is not  primarily concerned with 
flow mxhanigms Lxlt discusses  poblems  relating to  
the occurrence and preservaticn of ice i n  rcck 
glaciers. 

DISTRIBUTION OF R X K  GIACIERS 

Rock glaciers are predrminantly  alpine 
Fhenanena; in Europe, mny  ex i s t  i n  the Alps  (e.g. 
Barsch 1977, msch et &L 1979, Haeberli 1975 , 
1978)  although  they  appear to  k very  infrequent  in 
Norway (Whalley 1976, Griffey and  Whalley 1979). 
In  Scandinavia d i f f i cu l t i e s  in tenninology have 
arisen with respect t o  "rock  glaciers" and "ice- 
cored  mraines" (Barsch  1971, @stran 1971).  In 
Sweden, t rans i t iona l  forms between the tvm exist 
( Whd1ey  1974 ) and in  Iceland, several vies of 
rock glaciers have bem found  (Whalley  1974, Eyles 
1978). T k  range a€ environmnts  in  mich rock 
glaciers are fourd i n  North America is reviewed in 
Washkn (1979 and in  White (1976) and of examples 
in  South America by C o r k  ( 1976, 1978). 

It is usually  considered  that  rock  glaciers 
indicate the presence of permafrost (Ears& et a1 
1979, H a e b e r l i  1978). Thm , 

The climtic snow Line  and the 1mr limit d 
active rcck  glaciers do not run parallel but 
diverge fran oceanic to mntinental  environ- 
m e n t s ,  The general  conditions  far the form- 
a t ion  d rcck  glaciers are an adequate  supply 
with coarse &iris, a favourable  topography, 
and last kt not least a climate cold enough 
to produce alpine  permafrost. (H6llefmann 1980) 

T k  wxk of Wahrhaftig and C m  (1959 ) is taken by 
saw authors to be the  definitive  framwork  within 
which to study  rock  glaciers (Bars& 1971,  1977, 
Barsch 1978,  White 1976). Thus i n  this   interpret-  
ation the  presence of an ac t ive  rock glacier is a 
d e f i n i t e  indicatar of permfrost .  To use the 
presence of rock g lac ie rs   in   th i s  way &pen& upon 
the i r  haviq been formed fran ice-rcck mixtures 
(Barsch  1978). Sane authors  (e.g. Washburn 1979) 
acknowledge that there may be several types of rock 
glac ie r  mhanics and basic structures to be found: 
an interstitial ice-rock mixture and a dehris- 
covered rgnnant glac ie r  (sandwich are the tw main 
models used. 

W. B. Whalley  (1974 has suggested that there are 
diff  icultieg in accepting the mixture .m l  on 
mechanical grounds. In  essence, he argued that an 
i c e r o c k  mixture has too high a 'yield  strength' to 
flow  plastically under the stresses h i c h  vmuld be 
apec ted   f r an  their topography.  Conversely, a very 
thin  glacier  ice core, potected fran melting by 
overlying dehris, wnuld shm f l m  velocit ies 
canwnsurate with those found for  rock glaciers.  

It is d i f f i c u l t  to envisage  valley  floar  rcck 
glaciers being hilt up by f i l l i n g  the interstices 
of talus sl- w i t h  ice as s- have suggested 
(Barsch  1969) Ta lus  slopes,  aften  bearing snow 
patches are usually quite dis t inc t   f run  active rock 
g l a c i e r s ,   h i c h  flow at right  angles to than. 
There is a substantial  difference  in  angle of the 
surface a€ these features; talus slopes are 
generally a t  35' - 40° whilst the general  rock 
glacier  surface is rarely  greater  than 10' . w 
notions arise fran  this.  why, i f  roelting snw 
percolates into the talus slopes and then 
refreezes, does tal= not form valley  side  rock 
glaciers? With an  angle of twice (at  least) that of 
the valley  floclr rock glacier,  the  shear stresses 
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in talus might be expected to allw the ice in the upcn C l h t i C  factors. 0stra-n (1959,  1964)  and 
interstices of the mixture to flow. This rarely L d s  (1970)  give h a t  few data there  are on this 
sem to be the case. Conversely, it is the rather problem. Figure 1 shows their curves as ell as 
lov-angled  rock glaciers vhich m e .  Thus the one for  Feegletscher  (Switzerland), which at 2,100 
latter m u s t  develcp a much lower basal shear stress m lis Well belw any  perrrrafrost. L m l  climate 
than  the tal= slopes. and debris  thickness are primarily  responsible for 

The assurrption m u s t  be t ha t  rock glaciers aan the preservation of ice cores. I f   suff ic ient   delxis  
move because in  fact   they are still glaciers a d  can accumulate over an ice core and ablation  cut to 
possess thin ice mes ai& are grotected €ran a minimum then the core can be preserved  for  great 
melting by accumulated debris. Tbe ice core lengths d time (@stran 1959, 1964 1. Geotheml  
deforms according to the  flow h w  for ice and heat f l w  w i l l ,  in the absence of permfrost ,  allm 
actual rcck  glaciers show close agreanent w i t h  s m  ice to mlt a t  the base uf the core kt t h i s  
Fedictions €run the flow l a w  (Whalley 1974). W i l l  be rather mall, of the or& of a few mn per 
Although d r i l l i ng  (e.g. Ears& et al 1979)  has (Paterson 1981) and muld  Fobably  not 
found  ice-rock mixtures t h i s  does not s h m  that the approach the munt of surfaoe  melting.  Melting due 
whole thickness of the rock g l a c i a  is an i e r o c k  to t h e   f r i c t i o m l  flow of ice is l ike ly  to be 
mixture. In   the sandwich model, rock glaciers are negligible because  rodc glacier fldw rates are very 
viewed as being different  fran  ordinary  glaciers low. -re i s  a general  lack of data at rock 
mly  i n  the amount of surface debris mrried and, glacier S i t e s  to indicate the  munt of melting 
consequently, i n  their responge to climatic although several authors have reported s t r e a m  changes. This  last factor includes the mss balance -girg f ran  the snouts of rock glaciers (Carte 
of the original  glacier and debris-induced 1978, Jahnson 1981 1. 
m i f i c a t i o n s .  There is a gradual transit ion 
between active glaciers,  canposed ent i re ly  of ice 
and with no debris cover, through glaciers  with a EFFECT aF ClEBRIS CN GmXERs 
heavy debris load to rock glaciers. T k  f ina l  
stage is a stagnant rock  glacier  fran hi& the A debris cover suddenly cm the ablation 
o n e p r e s e n t  ice core has melted. This v i v i n t  area of a g lac ie r  reduces the ablation rate and, 
is much simpler  than  the  possible  origins propasel for a given glacier i n  a steady state, this mans 
by J.P.Johnson (1973) or P.G.Johnsan (1980) as it that the ablation area will no longer be effective 
suppses  that substantially all the ice h i c h  is i n  balancing  the  accmnulaticn. The extensicn of a 
responsible  for r d  glacier f l w  is of true glac ie r  to mnpensate for such an apparent kes of 
glacial   origin.  It is m l o n g s  a gobla to a b l a t i m  area is seen in s a  glaciers   in  the A l p s  
explain the origin of the ice although  the way in ( R e n a u d  1964) as wll as in m e  northerly 
h i c h  the ice is ~eserved does need explanation. latitudes (Bull and  Marangunic 1968). 

Debris f a l l i ng  in  the accumulation area of a 
glacier  ultimately emerges in the a b l a t i m  area 

I = InfallsglaciArsn (0mtrem 1959) mmoothed data polntm and m y  reduce ice ablation as just described. Snow 
(Loomlm r o t o )  smoolhed d a t a  Doma input m u s t  greatly exceed any debris  input so that 

with data polnta an i c e r a c k  mixture muld  not be formed in this 
M Y .  

Debris accumulates at a glacier  snout,  producing 
clean ice length mean 
ablation  ablation annual  a slw response of the glacier  with respect to 
at snout season a1r temp. modified  ablation rates. Any glacier  extension will 

lalltude (cm day”) (days) ( O c )  &pnd upm the  climatic cont ro l  of a b l a t i m  rates 
as ~ 1 1  as upon dmnges in  accumulation and the 
debris thickness.  If w consider a glacier which 
i s  losing mss ( i.e., a negative ice mss balance) 
but whose snout is advancing  due to an increase in 
debris a v e r ,  then a steady state may be achieved 
very  rapidly. Fa. an uncovered glacier  there wuld 
be a continued retreat, dqendent cn the  length of 
time  durirg h i c h  the mass k l a n c e  is negative. 
Fa? two identical   glaciers,  both with the same 
negative  net mass balance but one free  f ran dehris 
and the other heavily  charged a t  the snout, the 

longer than the  clean  glacier-=tirely due to the 
reduction of snout ablat im.   In   pract ice ,   there  
will h mny  variables v a t i n g  over time: 

FIGURE 1 Curves showing relations between a b l a t i m  however, no cdlparisohs of t h i s  type have been 
and debris mer for  three glaciers at various done. Generally, the mre debris the lower 
lati tudes.  downMlley the  snout  position w i l l  be. If im 

discharge is res t r ic ted  or debris  supply very great 
then the hehavia is modified a d  a rock glacier 

There w i l l  caw a t h  when the im supply is  
Debris cover  fer an ice surface protects the   t o t a l ly   cu t  off fran  the  glacier ice below the 

ice below; the munt of pxotection depends  mainly debris due to the  dispar i ty  of a b l a t i m  rates. 

0 2 4 6 8 10  12 14 10 18 20 22 24 20 28 30 32 latter will keep its snout positicn very much 
Debris thlcknes$ tcm) 

PRFSERVATION OF ICE CORES m y  form (Whalley  1976, Griffey and Wi-alley 1979). 
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Before t h i s  happens there will be a thinning of the  
exposed ice: t h i s  is the  reason for  the spoon- 
shaped  hollow noted by mny  authors a d  is 
s o m e t h  achowledged as such (Potter 1972 1. In 
an ex t rem case, a suf f ic ien t  cover of debris over 
a considerable  glacier area cvuld  result in a 
glacier advance  even  though the glaciers in the 
area are generally  retreating. Such a case is 
described by Michaud and Cailleux ( 1950) and is 
camonly seen in the rock glaciers   in   the H i n d u  
Kush muntains (Whalley,  unpublished data). 

I n  rmny cases of glacier retreat the  debris 
cover i s  too thin a d  the ice discharge too great 
to pride any reduction of the ablation rate in  
the ablation a r e a ;  hence the thinning i s  rapid. 
Hmver ,  if debris accumulation at the snout is 
substantial  cn: the ice discharge is reduced then 
the effect of the debris on the glacier dynamics 
w i l l  becrrrre increasingly  important. AS l o q  as 
there is contiguity between accumulation area ice 
arid the debris-covered ice of the core, then the 
system will behave in a wedictable  my,  very 
similar to a glacier w i t h  little or no debris 
(Griffey and whalley  1979). I f  a glacier does get 
cut off fran its a c m u l a t i c n  area, then it may 
exis t   for  a long  time,  dependent upon the thermal 
conditions, but will eventually decay  (Whalley 
1979 , Griffey and whalley  1979). 

WFEC'IS AT THE Rwc Ql?+CIER ShnwT 

Active  rock glaciers are usually so-called 
kuse of the fresh  appearance of the debis at 
the  snout, i.e., occasional  rockfalls and an 
unstable surface inclined  approximately at  the 
resting  angle of the mterial. If  the snout is not 
fresh,  then the rock glacier is usually  considered 
to be inactive. 

Yearly mwements of the debris at the front af 
an active rock glacier  represent,  according to the 
i n t e r s t i t i a l  ice rodel, the m u n t  of debris 
dischargirq  through the system. Io a steady state 
ice-crored rock  glacier this is also t rue  ht 
frontal   mvment is a func t im of both debris 
discharge and the amunt of ablation of the ice 
core. If   extra ice arrives at  the snout (which 
then advances , due to a positive mss balance or 
reducticn in ablaticn) , then an exaggerated debris 
discharge  muld be calculated. Such an  advance i s  a 
no& consquence of glacier movement. The exact 
relationship between ablation, the forward mvment  
of the ice, and the debris quantity is uncertain 
without  detailed  msurements of ice core m l t i n g  
characteristics. It has been assumed (Barsch 1977) 
that the volw of a rmk  glacier  represents the 
quantity of debris removed fran cliffs abwe. 
H c b ~ e v e r ,  t h i s  is cnly  true  if the debris-ice 
mixture model applies and it is not so i f  there is 
a glacier ice axe. Similarly,  calculation o€ 
annual debris discharge a t  an advancing  snout m l d  
&so sean to be in error if  the in te rs t i t i a l - ice  
model is used. Reactivated  rock glaciers 
(Wahrhaftig and C m  1959) show fresh,  steep,  snouts 
though there may b 1x1 apparent movement of the  
rock glacier.  Clearly, the apparance of the rmk 
glacier  front is not a g o d  qui& tn &at is 
happening to the system as a &ole. 

Figure 2 illustrates three poss ib i l i t i es  of 

f ronta l  change with the  glacier ice core model. In 
Figure 2a the ablation hlances the ice incare and 
the  net  p i t i o n  of the snout is static. A t  the 
very  front however, surface  debris does move f ran  
stable to unstable w i t i o n s  due to s l igh t  seasonal 
variation of p i t i m .  I f  the ice f l w  is weak and 
the ice thin,  then  mvamnt abut the man ice 
front  positicn is mall and the face  ul t imately  my 
becane relatively  stable  with  very little rrmrement 
of the  surface  delxis. 

In  Figure 2b there is a decreasing ice input  for 
a given  climate and this gives a general  surface 
lowering. Hmever, debris  is still added to the 
snout  if the ice ramins active. Decreasing 
surface velocity oan still give a fresh  snout 
appearance. Increasing  debris  thickness a t  the 
snout  gives  increased  protection to the  ice so t ha t  
there may bz a return to qui l ibr ium and, 
ultimately, a low-angled  and stable  snout. 

A 
Q.LAClER IN STEADY STATE 

b s u m m s r  I 

0 
GLACIER WITH NEGATIVE  MASS  BALANCE 

continuous 
I 
a 

C 
GLACIER  WITH POSITIVE MASS BALANCE 

It front 
debris 

FIGURE 2 Changes at the front3 of rock glaciers 
with  changing mass balances. See text fox details. 

In  Figure 2c any l i f t i n g  of the ice surface 
through a positive ice mss talance is mt 
pronounced a t  the snout and the ice velocity 
increases.  Debris dhurping is accelerated but thins 
the protective debris layer  relative to its volume; 
thus ice ablation  increases. This ultimately  gives 
increasirq  s tabi l i ty  as debris covering the ice toe 
thickens  again, 
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what these  three  basic regimes do not shaw is 
the -lex way i n  vhich the nature of any 
individual  rock  glacier may alter due to changes in 
the  ice mss balance ar &his input. Which 
balance b i n a t e s  depends upcn factors such as 
debris  supply and glacier  length. For instance, a 
kinematic wave bringing down 'extra' ice w i l l  not 
~ r r y  a corresponding debris supply;  conversely, a 
rockfall w i l l  produce a sbbstantial debris 
increment. 

A variety af situations d s t  relat ing  the 
protective nature of a debris cover to the ice mass 
balance. There is aonsiderable  mnplexity c6 
dynamics as well as tcpography for rock glaciers 
but it w u l d  m r  tha t   the  sandwich d e l  m l y  
needs changes in two basic parameters-debris and 
ice supplies--to  acctmnodate them. We do not need 
to imply gross changes of climate  for the formation 
of a rock glacier ht rather adjustments betwen 
the tm supplies. 

Ti@ ROLE OF PEXMWRET 

The presence of p e m f r m t  could  almost 
p e m e n t l y  Fotect an ice me .  In  such cases it 
is possible  that  the glacier ice core m y  move 
very slowly m i l l  under its am weight plus t ha t  
of the overburden debris. It is p s i b l e   t h a t  a 
variety of forms such as protalw lobes and the 
lobate  rock  glacier of Wahrhaftig and C a  (1959) 
could be fonned in   th i s   my.  The ice mss could be 
glac ia l  (Brown 1925) or snmbank (Outcalt and 
Bgledict 1965) ; it wuld  =rely have to be 
suff ic ient ly   thick to flaw and be protected by a 
debris aver .  

In W.F.ThanFon's (1962) discussion of 
mlch   ven t i l a t im ,  the idea of add i t im  of ice to a 
glacier  surface  through  covering debris i s  not 
prped but there is no reasm why melting snow on 
the surface of the  debris  should not elt, 
percolate through the  rocks,  freeze m top of the 
glacier ice and be weserved by the Balch 
mechanism. I n  this way it w l d  be possible to 
build up Mxis encased  in ice near the  equilibrium 
line. Such superimposed ice d d  be very similar 

origin to that found on polar  glaciers (Miiller 
1962)  and m l d  act in  the  same way, lomirq the  
q u i l i b r i u m   l i n e  to below the  vis ible  snow line.   In 
the ablation a r a ,  m l t i n g  of the true glacier ice 
below the  debris / ice   mntle   wuld k further 
reduced as t h i s  "superimp06~ ice is melted 
instead. This is one l ink  Hnth the interstitial 
ice hypothesis; various authors have reported an 
ice-rock  mixture above glacier ice (Brown 1925, 
Outcalt and Benedict  1965). I n  the main hypothesis 
cd the sandwich model this is m e l y  an addition, 
possible where there are permafrost ar near 
permafrost  conditions, tmt it i s  not the msin 
d r i v i q  force of the rock  glacier.  If interstitial 
ice and rock debris are found cn a rock glacier: 
the  likelihood is that glacier ice exists belcw. 
In  discussing the rock glaciers at  Grubengletscher, 
Whallq (1979)  has  found and intexpreta a glacier 
ice axe whilst Barsch et al ( 1979) have found 
i n t e r s t i t i a l  ice. It is probable that t h i s  is an 
example of interstitial ( s u p e r i m p o s e d )  ice 
overlying a glacier ice core. 

If   the  ablation area of a rock  glacier-ice 

g lac ie r  system is v~ll-owered  with &his, then 
even a very small debris-free  accmnulaticn area 
(and  net  accumulation) will be suf f ic ien t   for  ice 
replenishment, both conventiomlly and by 
superimposed ice within the rock debris. 

CORRlE GLACIERS AND R a  GLAC- 

Proponents of the i n t e r s t i t i a l  ice d e l  €OK 
rock glacier flow do not consider that the  
proximity of a t rue  mrrie glacier  indicates a 
connectim  betwen the tw , e i ther  a t  present or 
in   the past. This idea s e ~ ~ 1 s  untenable,  not  only 
-use the mechanics demand a solid, though thin, 
ice layer which mn remain there ( d u e  to its 
protective cover) but also buse of t he  
relationship of ice and debris ~ S S  balances. 

Far a  given  climatic  regime, a rock glacier is 
most likely to form where the Carrie glacier is 
-11 rather  than large ( Whalley 1974 ) . The 
Eonnation is due to the l a r g e   m u n t  of rock debris 
fal l ing  onto the ablaticn a r e  in re la t icn  to the 
ac t iv i ty  af the  glacier in rmoving it, This effect 
can be seen in a ccmpariscn of the rock glaciers 
and wrrie glaciers of the  Colorado  Front Range 
(WhalZey  1974 1. 

Rock glaciers in  northern Iceland show close 
relati- of corrie glaciers to the mass balances 
of debris and ice (wballey 1974). The debris  input 
f ran  the  dis integrat ing  c l i f fs  is s d f i c i e n t  to 
keep the  glaciers covered, even though the ice 
discharge is high. In  variow examples examined by 
the author no superimposd ice vas seen,  although 
in  one case glacier ice could be t racd all  the   my  
f r a n   t h e   d g e  of the  debris  covered zone to the 
snout.  Althugh  there is p len t i fu l  evidence of 
sporadic permafrost in Iceland  (Priesnitz and 
Schunke  1978) there i s  no evidence related i n  any 
way to the rock glaciers found in  the Akureyri 
region ar to the exarnple described by Eyles (1978). 
The rock glaciers descend to around 800 m, the only 
explanaticn being that  they are intimately related 
to mrrie glaciers and not to the pesence  of 
permafrost. 

mELusI0Ns 

There is evidence far  the  existence of rock 
glaciers   in   mny parts of the   mxld;   they  my cccur 
in  regions of sporadic, discontinuous or continuous 
permafrost. Tkis lbes not necessarily m n  that 
there is any implicit connec'cicn betwen them. It 
has been argued that man annual tanperatures near 
zero may favor  refreezing of snowwlt.  This adds 
to the ice supply of ice-cored rock glaciers   in  a 
way analogous to superimposed ice found c r ~  many 
northern  glaciers. 

There is opportunity  for rock glac ie rs  to  form 
di rec t ly  fran talus but t h i s  is rarely, if ever, 
the  mse. They can form (to give lobate or valley- 
side fonrs) where the debris supply is great and 
&ere it s p i l l s  anto a mall glacier ,   g lacieret te  
or large  snmpatch (Whalley 19791. There is 
evidence that rock glaciers are closely  related to 
corrie glaciers,  even i f   t he  f o m  have nbw ceased 
to aist. It is mual ly   s ta ted  that  the 
evidence for  lack of glaciers (but presence of 
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p i g l a c i a l  conditions) in the  Pleistocene is lack 
of mraines  . Ccnversely, it c3an be argued that  
sock glaciers  actually are the moraines and t ha t  
this i s  h t  would be expected kause of the  close 
relationship between rock debris a d  ice tmss 
balances in their fornration.  Terminal mraines ,  
rock glaciers,  and protalus ramparts are related 
forms , only  differing in  topography. 

The canplar a d  varied form of rock glaciers  
are often assured (e.g., Johnson 1974 ) to indicate 
the cperaticn of a mher of mechanism. A much 
sinpler explanation is achieved i f  the sandwich 
model, based upcn glacier ice presenratim, is 
accepted. Much still needs to be -plain&  about 
rock glaciers  and t he i r  relatim to climate. It 
wuld appr  that they are not good indicators a€ 
climatic conditions and may exist   in  their   present 
form substantially unchanged for  long periods. 
Just h w  l O q  & p l d S  Such factors  aS local 
climate (-an air temperature and radiation),  
debris cover  thickness and any contiguity  with an 
ice accmuht ion  area. Thus they are also 
insensitive in their relationship to permafrost of 
*atever type. The presence of permafrost m y  help 
to preserve a rock glacier k t  does not cause it. - 

I thank various people wbo have assisted with 
f i e l d  mrk or discussion a t  various times:  Peter 
B i r k e l a r d ,  Jack I-, G u n n a r  @stran, Helgi 
Bjansson , Malcolm Clark, Tcny E s c r i t t ,  and Nigel 
Griffey. Jim McGreevy and a revi- made valuable 
suggestions a b u t  the paper. 
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COLD-MIX ASPBALT STABILIZATION W COfJ) RKGIONS 
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Problems  arising  with  unbound  aggregate  runways  in  the  northern  environment  are 
identified  and  arctic  paving  experience  briefly  reviewed.  Following  consideration of 
a  range  of  possible  stabilizing  agents,  cut-back  bitumen  was  identified  as  being  the 
most  promising  for  conditions  in  the  high  arctic.  A  modified  Marshall  method  of mix 
design f o r  cold-mix  stabilization  of  northern  aggregates  near  to  0°C  is  described. 
Laboratory  and  field  test  results  are  presented  and  the  effects,  on  ground 
temperature,  of  unbound,  stabilized  and  white  painted  stabilized  pavements  are 
reported. It is  concluded  that  cold-mix  stabilization,  at  temperatures  little  above 
freezing,  is  feasible  using  the  method  described. 

INTRODUCTION 

All  of  Canada's  major  population  centres  are 
found  close  to  its  southern  border.  These  are 
served  by  transportation  links  which  run 
essentially  along  an  east-west  axis.  However,  the 
great  land  mass  of  Canada  lies to the  north  of 
this  populated  region  and  extends  almost to the 
North  Pole.  This  vast  area  has  a  very  low 
population  but  contains  increasingly  important 
mineral  and  energy  reserves.  The  provision  of 
amenities  to  the  population,  the  development of 
the  resources  and  the  exercise of sovereignty  can 
only  be  assured  if  a  reliable  transportation 
system  exists  throughout  the  region. 

The  principal  means of transportation  in  the 
region  is  the  aircraft.  Unbound  aggregate  runways 
form  by  far  the  most  common  landing  sites.  These 
runways  may,  depending on the  quality of local 
aggregate,  suffer  from  the  following  problems 
during  the  warm  season: 

- rutting  of  the  surface - formation  of  dust  clouds  causing  poor 
- flying  stones  with  the  potential  to  damage 

- imperfect  drainage  due to deterioration of 

In view  of  the  importance  of  such  runways  to 
the  communities  they  serve, it  would  be  desirable 
to  develop  a  cost  effective  form  of  surface 
stabilization to  alleviate  these  common  problems. 
The  stabilization  methods  must  be  applicable  under 
the  local  climatic  conditions  and  with  the  local 
aggregates. 

visibility  and loss of fines 

aircraft 

the  profile 

ARCTIC  PAVING  EXPERIENCE 

A number  of  runways  in  the  North  have 
successful,  conventional,  hot-mix  asphalt 
pavements.  These  include  Inuvik,  Frobisher  Bay, 
Whitehorse  and  also mule in  Greenland.  One 
problem  considered  in  design  has  to  be  the  effect 
on  the  ground  thermal  regime of imposing  a  heat 
absorbing  black  surface. In Thule  this  problem 

was  avoided  by  painting  the  asphalt  surface  white 
to  prevent  thawing  of  unstable  soils  lying  beneath 
the  runway.  However,  for  most  small  communities  a 
full  hot-mix  asphalt  pavement  is  not  economically 
justifiable.  One  therefore  turns  to  less 
demanding  methods.  Transport  Canada  is  believed 
to  have  laid  trial  sections  of  cold-mix  asphalt  at 
Rankine  Inlet  to  observe  its  effect  on  the  thermal 
behaviour.  No  results  have  been  published, 
however.  The  main  street of Inuvik  was 
successfully  stabilized  using a mix-in-place 
asphalt  stabilization  method. An MC250  cut  back 
bitumen  was  used  at  between 5 and 6 percent  by 
mass o f  aggregate.  In  this  installation, 
insulation  was  placed  beneath  the  pavement  system 
where  thaw-unstable  soils  were  present.  This  case 
is  the  only  major  northern  use  of coldmix 
stabilization  known  to  the  authors.  One  probable 
reason  for  this  is  the  Asphalt  Institute's (1977) 
guideline  that  cold-mix  not  be  used  below  about 
10°C. 

In the  work  reported  in  this  paper,  various 
possibilities  for  stabilization  in  the  Arctic 
region  were  considered  and  the  specific  case  of  a 
gravel  runway  at  Canadian  Forces  Station  Alert on 
Ellesmere  Island  was  studied  in  detail. 
details  of  the work have  been  given  by 
(1982) .  

CHOICE OF STABILIZER 

The  stabilizers  and  dust  palli 
considered  in  general  were: 

Full 
Wojcik 

at  ives 

Fuel  or  &ad  Oils  which  can be used  as  short 
term  dust  palliatives  but  require  frequent  renewal 
as  they  have  low  residual  bitumen  after 
evaporation  and  may  be  washed  out  by  rainfall. 

Lime  stabilization  requires  more  fines  than 
were  present  in  the  aggregate  at  the  specific  site 
considered,  but  also  in  general,  the  full 
development  of  the  cementing  action  intrinsic  to 
lime  stabilization  requires  higher  temperatures 
than  prevail  in  the  north. 

The use  of  Portland  cement  to form 
soil-cement  is  feasible.  This  was  shown  by 
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construct ion  of  a s m a l l   t r i a l   s e c t i o n   a t  Alert. 
However, i t s  long t e rm  durabi l i ty  is not known and 
fears  have  been  expressed  concerning  maintenance 
d i f f i c u l t i e s   s h o u l d   t h e   h a r d ,   b r i t t l e ,  cement- 
s tab i l ized   mater ia l   begin   to   b reak  up under  the 
thermal  regime of t he   h igh   a r c t i c .  

Lignosulphonates  are  chemical  by-products  of 
the  pulp and paper  industry  that  have  been  used  as 
d u s t   p a l l i a t i v e s ,  They are  water  soluble and so 
are   p rone   to   l eaching   f rom  the   s tab i l ized  
mater ia l .  However, under   the   re la t ive ly   d ry  
condi t ions common i n  many a r c t i c   a r e a s ,   t h i s  may 
not  be a severe  problem.  Certainly  laboratory and 
small s c a l e   f i e l d   t r i a l s  conducted  during  this 
p r o j e c t  show t h i s  method t o  be  of   potent ia l  
i n t e r e s t  and worthy  of  further  study. 

Bituminous  emulsions w i l l  work a t  low 
temperatures.  This  again was  shown i n  a small 
s c a l e   f i e l d   t r i a l   a t  Alert. However, bituminous 
emulsions  break down i f   s u b j e c t   t o   f r e e z i n g .  
Log i s t i ca l ly ,  it is d i f f i c u l t   t o   g u a r a n t e e   t h a t  
the  material. would not  be  subjected t o  f reez ing  
during  shipment   to   the  north.   This  form of 
bitumen was therefore  discounted. 

Cut-back  bitumen was considered t o  o f f e r   t h e  
most   p romise   espec ia l ly   for   the   h igh   a rc t ic  
locat ion  under   considerat ion.  A t  t h e   s i t e   t h e  
mean dai ly   temperature  is  above  freezing  only 
during  July and  August and only   in   Ju ly  i s  the  
mean  minimum dai ly   temperature   above  f reezing.  
The construct ion  season  therefore  las ts  only  about 
s i x  weeks with  the mean temperature  between O'C 
and 4 ' C .  F u r t h e r   d e t a i l s  of the  c l imate  and 
ground  thermal  regime  have  been  given by Taylor 
e t   a l ,  (1982)  for  that  period.  Because of these 
low temperatures ,   only low viscosi ty   cutbacks  were 
considered. The resu l t s   p resented  from laboratory 
and f i e l d  t r ia l s  deal   with a Gulf O i l  RC-30 
cutback and a Primer. The products   are   s imilar  
but   have  the  fol lowing  s l ight   di f ferences:  

Property  Primer RC-30 

Kinematic  Viscosity 26.2  33 .O 
a t  6 0 ' C ,  c s  

Minimum Residue  60 .O 65.0 
by volume, % 

Solvent  type Gasoline Heavy 
Reformate 

MODIFIED MARSHALL MIX DESIGN 

No widely  accepted method i s  ava i lab le   for  
the  design  of  cold-mix  asphalt  pavements. 
Lefebvre  (1966) and Head (1974) used  modifications 
of  the  Marshall method commonly used  for  hot-mix 
design,  A similar approach was adopted  for   this  
study.  Marshall  samples  were compacted using 75 
hammer blows  per  face,  then  cured and t e s t e d  i n  a 
cold room mainta ined   a t  4 ' C ,  Wojcik (1982).  This 
temperature was s e l e c t e d  t o  r ep resen t   t he  mean 
da i ly   t empera ture   a t  Alert in   Ju ly .  The grading 
of  the  crushed  rock  aggregate  used a t  Aler t  and i n  
these  mixes i s  given  in   Figure 1. 

PARTICLE SIZE (mm) ~ 

I red ilt lcwrsel fine I scmd I q:g8ydg, ' c o a r ~ c o b b l e ~  
med lcoorsa I tine I 

FIGURE 1 Typica l   g ra in   s i ze   d i s t r ibu t ion   fo r  
aggregate from CFS Aler t   crusher .  

The d e s i g n   a i r c r a f t  is the  Lockhead Hercules 
t r a n s p o r t ,   o p e r a t i n g   a t  a t i r e  pressure i n  the  
range 0.55 t o  0.69 MPa and having a maximum 
take-off mass  of 70,400 kg.  For  design  purposes, 
t h i s   a i r c r a f t   f a l l s   w i t h i n   l o a d   c l a s s i f i c a t i o n  
group IV. Cons idera t ion   of   these   charac te r i s t ics  
and of   va lues   typ ica l ly   c i ted   for   ho t -mix   asphal t  
t e s t e d   a t  60'C l ed   to   the   fo l lowing   ta rge t   va lues  
for   the  cold-mix  design:  

Minimum s t a b i l i t y  4000 N 
Maximum flow 4 m n  
Voids in   the  mineral   aggregate  14% 
A i r  voids  3-5% 

From the   resu l t s   ob ta ined   wi th   b inder  
contents  varying  between 3 and  6 percent by weight 
of aggregate it appears   that  5 percent   binder  
content  i s  optimal  in  meeting  these  design 
c r i t e r i a .  The fo l lowing   a r e   t he   r e su l t s   a t   t ha t  
percentage: 

Property RC-30 Primer 

Bulk density  (kg/m3) 2330 2360 
Air voids ( X )  4.1 4 . 2  
VMA (%I 12.2  12.3 
M a r s h a l l   s t a b i l i t y  (N) 5900 5800 
( 3  day cur ing)  
Marshall  flow (mm) 5.3 4.0 

Samples prepared  over  the same range  of 
bitumen  contents were a l so   subjec ted  t o  f reeze-  
thaw  cycling.  Whilst no c r i t e r i a   a r e   a v a i l a b l e  
with which t o  compare r e s u l t s   c e r t a i n l y   t h o s e  
samples  with 4 percent  or less were inadequately 
bound  and  showed s igns  of wear a f t e r  12 cycles .  

LABORATORY TESTING  PROGRAM 

Having decided on an optimum mix, a 
l abora to ry   t e s t ing  program was i n s t i t u t e d  t o  s tudy 
the   e f fec ts   o f   var ia t ion   o f   the   mix ing  and 



compaction  temperatures  and to study  the  rate of 
curing.  Sets of identical  Marshall  samples  were 
prepared  and  compacted  at  temperatures of O'C, 4 ' C  
and 1O'C. They  were  weighed  and  then  cured  at 4 ° C  
€or  periods  of  up  to  sixty  days.  Periodically 
samples  were  reweighed  and  the  Marshall  test 
performed.  Results o f  stability  and  solvent loss 
against  curing  time  are  shown in Figure 2 for  the 
case of the  Primer  mixed at 4'C. These results 

1" I 

CURING TIME - DAYS 

FIGURE 2 Solvent  loss  and  Marshall  stability 
versus  curing  time for  Primer-aggregate  specimens 
prepared  at 4°C. 

are  typical  of  all  series  for  both  the  binders 
used  and  show  the  expected  parallel  development  of 
strength  with  solvent  loss. In general  the  rate 
and  extent of curing  is  slower  than  that 
experienced  at  higher  temperatures  but  is  still 
thought  to  be  adequate  to  allow  construction of a 
useable  pavement.  Mixing  temperature  did  not 
markedly  affect  the  results.  Stabilities  were 
perhaps 10 percent  higher  and  mixing  easier  at 
10°C  compared to O ' C .  Indeed  at O'C with  the  more 
viscous RC-30, hand  mixing  was  difficult  and some 
cases of incomplete  coating  were  noted. No 
consistent  variation  in  compacted  density  was 
obtained  over  the  range of temperature 
investigated. 

FIELD TRIALS 

In the  summer of 1980, a  series  of  prelimi- 
nary  small  trial  sections 10 m  long  by 5 m  were 
constructed  on  a  road  at  Alert.  These  included 
Lignosol,  soil  cement,  bituminous  emulsion,  fuel 
oil,  chip  seal  and  control  sections.  Mixing  was 
achieved  using  a  grader  to  turn  windrows  of 
aggregate on which  the  stabilizer  had  been  sprayed 
and  placed, From these  trials  and  the  results of 
the  laboratory  testing  program,  it  was  decided 
that  cold  mixing  at  low  temperature  was  both 
possible  and  potentially  a  useful  method of 
stabilization.  Therefore  in  July 1981, a  series 
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of  larger  test  sections  was  constructed  on  the 
turning  circle  at  the  end of the  runway i n  Alert. 

In brief,  an 8 cm  thick  pad of compacted 
crushed  rock  aggregate  was  laid  over  an  area of 
approximately 20 m  by 60 m. The  aggregate  was 
compacted  at  its  optimum  moisture  content of 
6 percent.  Four  lanes,  each 3 . 8  m wide,  were  laid 
out on this  pad  using 5 cm  by  10  cm  timbers  as 
dividers.  Stabilized  aggregate  was  then  prepared 
using  a  Cedarapids  pug  mill  with  a 700 tonne  per 
hour  capacity.  For  the  small  trial  sections 
constructed,  this  machine  was  operated  for  only 
brief  periods at  it  slowest  production  rate,  This 
fact,  combined  with  problems  in  calibrating  the 
bitumen  flow  rate  and  the  limited  quantity of 
bitumen  available  on  site,  led  to  mixes  that  were 
not  proportioned  exactly  as  originally  intended. 
However,  mixes  were  prepared  over  a  wide  range of 
bitumen  contents.  These  mixes  were  then  laid  in 
the  lanes  on  the  compacted  pad,  screeded and raked 
flat  using  the  timbers  as  a  guide  and  compacted 
using  a 9 tonne  vibrating  roller. The as-built 
sections  with  their  various  bitumen  contents,  as 
determined  by  bitumen  extraction  tests,  are  shown 
i n  Figure 3. The  construction  was  carried  out 
over a period  of 3 days  during  which  time  the  mean 
temperature  was  approximately 3 . 4 ' ~ .  The 
aggregate  temperature  was  between O'C and 1 ' C .  
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FIGURE 3 Layout of field  trial  sections  as  built. 
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The  following  construction  details  are  of 
significance:  The  mixes  looked  good  with  an  even 
distribution  of  the  bitumen  over  the  particles. 
Even  the  more  viscous RC-30 mixed  well.  This  was 
attributed  to  the  fact  that  the  pug  mill  imparts 
more  energy  to  the  mixing  than  could  be  achieved 
by  hand  in  the  laboratory.  Compaction  of  all 
sections  was  monitored  using  a  nuclear-density 
gauge  and  confirmatory  sand-cone  tests.  Density 
was  measured  after  each  double  pass  of  the 
roller. A comparison  of  the  field  densities  after 
six  roller  passes  and  the  laboratory  densities 
from the  Marshall  test  is  given  in  Figure 4 .  This 
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FIGURE 4 Laboratory  and  field  bulk  densities  for 
RC30 cutback-aggregate  mixtures. 

indicates  that  approximately 97 percent  of 
laboratory  compaction  was  achieved  in  the  field. 
Vibration  was  observed t o  be of definite  benefit. 
Bleeding  occurred  in  the  sections  with  high 
bitumen  contents (8 .7% and 8.6% RC-30, 6.4% 
Primer). 

After  compaction,  field  CBR  tests  were  made 
on each  section  as  a  measure  of  the  strength.  It 
was  realized  that  CBR  is  not  a  normal  test  for 
asphaltic  materials,  but  under  the  circumstances 
it  was  the  only  test  practically  possible. The 
rate  of  strength  gain  with  time  was  studied  by 
periodically  repeating  the  field CBR tests. 
Typical  results  for  three  of  the  RC-30  sections 
are  shown  in  Figure  5.  These  results  are  felt  to 
be  representative.  The  scatter  is  attributed  to 
variations  in  temperature of the  surface  with  time 
and  the  size of aggregate  compared  to  the  CBR 
plunger  as  well  as  normal  variation  attributable 
t o  non-homogeneity. The trends  shown  were, 
however,  consistent.  The  sections  with  a  high 
bitumen  content ( 8 . 6 %  and 8.7% RC-30)  were  very 
soft and  clearly  contained  excessive  bitumen. 
Also,  they  were  not  curing  very  rapidly,  The  low 
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FIGURE 5 Corrected  field CBR values  versus  curing 
time  for  RC30  cutback-aggregate  trial  sections. 

bitumen  content  specimens  (3.5%  and 4.1% RC-30) 
were  the  strongest,  as  they  were  in  the 
laboratory.  However,  there  was  insufficient 
bitumen  present  in  these  sections  to  coat  the 
particles  fully.  This  affects  the  permeability  of 
the  stabilized  material  and  in  the long term  its 
durability  also.  In  September  when  the  fifty  day 
CBR  measurements  were  made,  ice  crystals  were 
observed  within  the  fabric  of  these  sections.  The 
ice  may  have  been  a  factor  in  the  relatively  high 
strength  measured  but  would  certainly  also 
represent  the  first  stage  in a break  down 
process.  The  sections  with  bitumen  contents  close 
to 5 percent  represented  the  "design"  condition. 
The  degree  of  compaction  achieved  in  the  field  was 
good  and  yet  the  strength  values  were  rather  lower 
than  expected,  with  some  early  softness  noticed  in 
subjective  judgment of the  sections. From 
Figure 5, it  is  seen  that  the CBR was 30 percent 
after  one  day  and  about 45 percent  after 4 days. 
The  curing  rate  then  slowed  considerably. A 
correlation  was  attempted  in  the  laboratory 
between  Marshall  Stability  in  Newtons  and  CBR. 
For stabilities  between 4000 and 6500,  the 
following  relationship  held  with  a  correlation 
coefficient  of 0.94:  

Marshall  Stability = 36.5  CBR + 1925 

For a  CBR o f  45 percent,  by  extrapolation 
this  gives  a  stability  of  3568 N which  is  rather 
less  than  the  desired  minimum  and  considerably 
less than  the  equivalent  stability  obtained  in  the 
laboratory.  This  may  be  due  to  a  combination  of  a 
slower  rate  of  curing  in  the  field  and  variability 
between  the  field  and  laboratory  methods  of 
measuring CBR. This  latter  point  is  considered 
the  most  probable. 

It was  also  decided t o  investigate  the  effect 
of the  paving  on  the  ground  thermal  regime. To 
provide  a  wider  range of information,  part  of  the 
paved  area  was  painted  white.  "Deep"  strings  of 
thermistors  were  installed  every 30 cm to depths 
of  approximately 1.5 m.  In  addition,  thermistors 
were  placed  within  the  stabilized  layer  and also 
in  the  compacted  base  course.  "Shallow" 
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thermistors  were  placed  only  in  the  asphalt  and 
base  courses.  The  thermistor  locations  and  the 
painted  area  are  shown  in  Figure 3 .  An additional 
deep  string of thermistors  was  placed  at  the  edge 
of the  runway. 

Readings  were  taken  from  the  time of 
construction  until  freeze-up  in  September. 
Figure 6 ,  compiled  from  these  results,  shows  the 
variation  with  time  of  the  depth  to  the  freezing 
plane.  This  indicates  a  significant  increase  in 
the  depth  of  thaw  beneath  the  black  paved  section 

I 
----- Paved surface 

.......... 

I . . . , .  . . . . . .  @ # I  
IO la 20 25 5 IO 15 20 25 5 IO 

JULY AUGUST SEPT 

TIME OF YEAR 

FIGURE 6 Depth  of  thaw  under  the  unpaved  runway, 
the  unpainted  pavement  and  the  white  painted 
pavement. 

and  a  decreased  depth  of  thaw  beneath  the  white 
painted  section  as  as  compared  to  that  beneath  the 
gravel  runway  which  is  grey-brown  in  colour. 
Comparison of the  air  temperature  with  that of the 
pavement  surface  showed  that  the  temperature of 
the  white  painted  section  was  close  to or less 
than  the  air  temperature  whereas  the  black  section 
was  considerably  warmer  than  air  temperature  for 
most of the  time. It should  be  noted  that  these 
results  repreuent  only  a  portion  of  the  thawing 
season  and so should  not  be  considered  indicative 
of a  full  season's  thaw  depth. 

1. 

2. 

3 .  

CONCLUSIONS 

It  proved  possible to mix,  lay  and  compact 
cold-mix  asphalt  under  arctic  conditions  with 
operational  temperatures  close to O'c. 

The  modified  Marshall  method of mix  design 
yielded  a  bitumen  content  which  proved 
sarifactory  in  field  construction  and 
reliably  predicted  achieved  field  densities. 

The overall  results  verified  the  viability of 
cut-back  bitumen  for  construction of a 
stabilized  pavement  under  arctic  conditions. 
Further  observations  will  be  required  to 
determine  the  long-term  performance o f  the 
stabilized  pavement. 
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BASIN WATER BALANCE I N  A CONTINUOUS  PERMAFROST  ENVIRONMENT 

Ming-ko woo, P h i l i p  Marsh,  and Pe te r   S t ee r  

Department of Geography, McMaster University,   Hamilton,  Ontario,  Canada L8S 4 K 1  

The hydrology  of a bas in   in   the   cont inuous   permafros t   reg ion   of  Canada was s t u d i e d   f o r  
6 years   to   es tab l i sh   seasonal   and   annual  water balances. Emphases were placed upon 
the   spa t ia l   and   tempora l   var ia t ions   o f   snowmel t ,   ra infa l l ,   evapora t ion ,   s t reamflow  and  
ac t ive   l ayer   s torage   capac i ty .   Spr ing  m e l t  re leased  considerable  meltwater which could 
not   be accommodated by a t h i n l y  thawed ac t ive   l aye r .  High runoff  resulted.   Evaporat-  
ion was ac t ive   concurren t ly   bu t  from t h e  snowGfree p o r t i o n o f t h e   b a s i n .  Summer r a i n -  
f a l l  was o f t en   o f  low in tens i ty .   S torage   capac i ty   increased   as   the   f ros t   t ab le   receded  
and much of the   ra in   could   be   he ld   in   the   ac t ive   l ayer  t o  maintain  evaporation  and  base- 
flow.  Over  the  years,   snowfall   consti tuted  about  three-quarters  of  annual  precipita- 
t ion ,   about  80% of which was c o n s i s t e n t l y  removed by  runoff. Annual evaporat ion w a s  
small   and  net   change  in   s t roage  for   the 6 year   per iod  was a l s o  of l o w  magnitude. 

INTRODUCTION STUDY AREA AND METHOD 

The water ba lance   for   an   a rc t ic   d ra inage   bas in  
i s  

M + R - E - Q = ds /d t ,  (1) 

where M is snow and  ice  melt, R i s  r a i n f a l l ,  E i s  
evaporat ion,  Q i s  runoff,   and  ds/dt  is change i n  
s torage .  Dingman (1973) regarded  the  water  ba- 
l ance   t o   be  a fundamental  environmental  charac- 
t e r i z a t i o n  of a geographic  region.  Yet,   for  the 
a r c t i c ,   t h e   p a u c i t y  and the  inaccuracy  of  tho hy- 
drometeorologic  data  render  water  balance computa- 
t i o n s   d i f f i c u l t .  One consequence i s  t h a t  most 
a t tempts  were r e s t r i c t e d   t o   i n d i v i d u a l  components 
of the   water   ba lance .  

Another  problem i s  the   l ack  of s p a t i a l l y   d i s -  
t r ibuted  information.  Most s t u d i e s  made use  of 
s i n g l e   p o i n t  measurements t o   r ep resen t   bas in   ga ins  
or   losses .   This  is inadequate  because  topographic 
va r i a t ions   o f t en   cause  uneven d i s t r i b u t i o n   o f  snow 
or   ra infa l l .   S imi la r ly ,   evapora t ion   de te rmined  
f o r  a s t a t ion   canno t   be   subs t i t u t ed   fo r   bas in  
evaporat ion  without   account ing  for   the  dai ly  
changing  basin snow cover (Woo e t  a l .  1981). Fur- 
t h e r ,  a l l  water balance  studies  have  ignored  the 
presence of permafrost a t  shallow  depths. A 
t h i n l y  thawed ac t ive   l aye r   p rov ides   l imi t ed   s to r -  
age  capacity  and  encourages  runoff (Woo and  Steer  
1982), and a deepening of t h e   f r o s t   t a b l e  con- 
sumes energy  for  thawing  which  otherwise i s  used 
t o  w a r m  t h e  ground o r  t o  increase  evaporat ion.  

This  study  recognizes  the  need to  consider  a l l  
the  components  of  equation (1) i n   a t t e m p t i n g  a 
bas in   water   ba lance ;   to   dea l   wi th   the   a rea l   var i -  
a t i o n s  of hydrometeorologic   var iables;   and  to  
cont inue  the  research  over   several   years   to   ensure 
representa t iveness   o f   resu l t s .  Our o b j e c t i v e s   a r e  
the re fo re   t o   e s t ab l i sh   t he   s easona l  and  annual 
water   balance  for  a sma l l   bas in   i n   t he  High Arc t ic ,  
and t o  relate the  water   balance  to   the  hydrologic  
condi t ions o f  the  continuous  permafrost   region. 
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The McMaster River   basin  (area 3 3  km2) was se- 
l ec t ed   fo r   t h i s   s tudy   because  i t  is c e n t r a l l y  lo- 
c a t e d   i n   t h e  Canadian Arctic archipelago and i s  
c lose   t o  a weather   s ta t ion a t  Resolute ( 7 4 ' 4 5 ' N ,  
94"50'W). The basin  has a rol l ing  topography,  
with  elevation  ranging  between 85 and 200 m a.s.1. 
(Figure 1). The dominant  surface  materials are 
gravel  and loam with  only  patches  of  tundra  vege- 
ta t ion   sca t te red   over   an   o therwise   bar ren   l and-  
scape. The weather   s ta t ion   repor t s  a January 
mean  minimum of -36'C and a mean Ju ly  maximum of 
7OC. Continuous  permafrost is maintained,  usually 
a t  0.2-0.7 m below t h e  ground  surface. The  snow 
cove r   l a s t s   fo r   abou t  9 months  each  year,  and 
such   hydro logic   ac t iv i t ies  as evaporation  and  run- 
off  are  confined  between late June  and  early 
September. 

7495 'N  

Catchement 8 Lake 0 Government 
Meteorological 
Station 

/Boundary 

FIGURE: 1 Topography of McMaster bas in   wi th  con- 
t o u r s   a t  50' i n t e r v a l s .  



This  study was c a r r i e d   o u t  between  1976  and 
1981. Emphases were placed upon t h e   s p a t i a l   v a r i -  
a t ion   o f   hydrometeoro logic   quant i t ies   in   the   bas in .  
Extensive snow surveys were conducted i n   l a t e  win- 
ter  (May o r  June)  using a method descr ibed by Woo 
and Marsh (1978).  In  SUIILIIber, a network  of 5-15 
gages was d e p l o y e d   t o   e s t a b l i s h   t h e   s p a t i a l   v a r i -  
a t ion   o f   r a in fa l l .   Resu l t s   o f   t hese  measurements 
were used t o  a d j u s t   t h e   p r e c i p i t a t i o n   d a t a   r e p o r t e d  
by the Resolute   weather   s ta t ion.  

Snowmelt w a s  determined a t  a   cen t r a l  s i t e  using 
the  energy  balance  approach (Woo e t  a l .  1981). In  
extending  the  computation to  o t h e r   p a r t s  of t h e  
b a s i n ,   c o r r e c t i o n s  were made for temperature  and 
vapor   p ressure   d i f fe rences   (Brutsaer t   1975) .  To  
ob ta in  mean m e l t  r a t e   f o r   t h e   b a s i n ,   n   t e r r a i n  
u n i t s  were f i r s t   r ecogn ized ,   and   t he  mean premelt  
snow s torage   he ld   in   each  unit was determined  by 
t h e   l a t e   w i n t e r  snow survey. When melt began, 
basin snowmelt (M) on day t i s  

k n 

where  k  of  the  n  units  remains snow covered on day 
t, m i  i s  melt rate f o r   t e r r a i n   u n i t  i c a l c u l a t e d  
by the  energy  balance  approach, a i  i s  t h e  area 
occupied  by  unit  i, and  there  were  n = 2 4  u n i t s  
f o r  McMaster basin.  The amount of  snow remaining 
a t   u n i t  i was updated  dai ly  by 

where p s i ( t )  i s  t h e  snow s t o r e d  a t  u n i t  i on day t, 
and p . ( t )  i s  new dai ly   snowfal l .  When p s i  = 0 ,  
t e r r a l n   u n i t  i becomes snow f ree   and   the   bare  
ground  would  be  incremented  by a , .  

and  Taylor (1972) approach, 

1 

Evaporation w a s  computed  usin; t h e   P r i e s t l e y  

(4) 

where e i s  evaporat ion,  A is the   s lope   o f   the  
temperature-saturated  vapor  pressure  curve,   calcu- 
l a t e d  as func t ion   of   a i r   t empera ture   (Di l ley  19681, 
y i s  the  psychrometr ic   constant ,  Q* i s  ne t   rad ia-  
t i o n ,  Q, is ground  heat   f lux,  Lv is t h e   l a t e n t  
hea t   o f   vapor iza t ion ,  p,! is water   densi ty ,   and a 
is an   empi r i ca l   coe f f i c l en t  which var ies   wi th   sur -  
f ace   so i l   mo i s tu re  (Marsh e t  al .  1981). N e t  radia-  
t i o n  was measured  with a Swissteco  net  radiometer.  
Ground h e a t   f l u x  was es t imated  by (Rouse  1982) 

aT  az 
Q, = ~ o ~ - d d z , + L p I - r  a t  f w a t  f 

z=o 

where z is the  depth a t  which the   annua l   so i l  
tempera?ure  amplitude  equals  zero, c i s  s o i l   h e a t  
capac i ty ,  T i s  so i l   t empera ture ,  Lf is t h e   l a t e n t  
h e a t  of fusion,  I i s  the   f r ac t iona l   i ce   con ten t ,  
and zf i s  the   dep th   o f   t he   f ros t   t ab l e .   F i e ld  
evidence showed t h a t   t h e   h e a t   t h a t  warms the  ground 
( f i r s t  term on the   r ight-hand  s ide)   can  be neg- 
lected  because i ts  magnitude is small compared with 
the   hea t   r equ i r ed  to  thaw the   ac t ive   l ayer   ( second 
term). The thaw  depth (2,) T days  af ter   ground 
thaw  began,  can  be  obtained as (Woo 1976) 
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zf(T) = B& I (6) 

where B is a   coe f f i c i en t ,   empi r i ca l ly  found t o  be 
0.1 for g r a v e l   s o i l s   i n   t h e   R e s o l u t e   a r e a .   F i e l d  
observat ion showed tha t   t he   so i l   poxes   immedia t e ly  
below t h e   f r o s t   t a b l e  were u s u a l l y   f i l l e d   w i t h  
i n f i l t r a t e d  meltwater which  subsequently  refroze 
(Woo and Heron 1981). The ice   conten t   can   there-  
fore  be  approximated  by  the soil poros i ty  ( E )  

which  averages 0 . 3 7  for   the   s tudy   bas in .  Then, 

Q, z [zf(T) - z (T - 1) 1 LfPwE . 
Evaporat ion  occurs   only  in   the  snow-free  areas ,  
and   da i ly   evapora t ion   for   the   bas in  (E) i s  

E ( t )  = 1 e i ( t )  a , / . ?  a .  

where m t e r r a i n   u n i t s   a r e  snow f r e e  on  day t. 
Discharge w a s  measured twice da i ly   us ing   the  

veloci ty-area method dur ing   spr ing  when t h e  chan- 
n e l  was n o t   y e t   s t a b i l i z e d  (Woo and   Saur io l  1980) .  
When a   s table   channel  was e s t a b l i s h e d ,   r i v e r   s t a g e  
was recorded by a Leupold-Stevens Type F recorder  
and   the   s tage  was converted  into  discharge  using 
empir ica l ly   der ived   ra t ing   curves .  

f ( 7 )  

m 

i=l 1 J=l J ' ( 8 )  

RESULTS 

Water  Balance  During Melt Per iod 

Snow is uneven ly   d i s t r ibu ted   a t   t he   end  o f  winter .  
Figure 2 gives  an  example of snow s t o r a g e   i n  
McMaster bas in  a t  the  end o f  May 1978. In a typi -  
cal  year ,  areas with l i t t l e  snow i n c l u d e d   h i l l t o p s  
and  exposed f l a t   a r eas ,   bu t   t opograph ic   dep res s ions  
such   as   va l leys   and   gu l l ies   had   cons iderable  snow. 
Snowmelt o f t e n  began i n  June  and  progressed 
quickly,   f ragmenting  the snow cover  where  the  pack 
was thin.   Several   processes   then  occurred  s imul-  
taneously. The snow-covered areas yielded  mel t -  
water, while  the  bare  ground  experienced  evapora- 
t ion .  The shallow  thawed  zone of the   ba re   a r eas  
had l i t t l e  s torage  capaci ty ,   and  the  excess   water  
moved rapidly  downslope  as  surface  f low (Woo and 
S t e e r  1982).  Upon reaching  the  deep  val ley snow- 
packs,   the  bulk  of  the  f low was absorbed as l i q u i d  
water   s torage .  I t  was when these  deep  packs were 
pa r t ly   s a tu ra t ed   t ha t   channe l s  were i n i t i a t e d   w i t h -  
i n ,   a b o v e ,   o r  below  the snow b a r r i e r   t o  convey t h e  
f i r s t  streamflow (Woo and   Saur io l   1980) .  

Being   cont ro l led  by the  above  processes ,   the  
water  balance  provides a quan t i t a t ive   expres s ion  
of the  hydrologic   condi t ions.   Figure 3 i s  an 
example drawn from 1979. When t h e  snow cover was 
extensive,   mel twater  was re leased  from  almost  the 
e n t i r e   b a s i n  and the  weighted  basin m e l t  contr ibu-  
t i o n  was high.  Gradually,   a  shrinking snow cover 
diminished  the  water  supply,  accompanied by increa- 
s ing   bas in   evapora t ion   due   to   the   en la rged   bare  
area. The combined  magnitude of snowmelt  and  the 
o c c a s i o n a l   r a i n f a l l ,  however,  overwhelmed t h e  
evaporat ion loss. 

Meltwater can  be  held  in   deep snowpacks o r   i n  
the thawed  zone  of t h e   a c t i v e   l a y e r .  On any  day t 
a f t e r   t h e   i n i t i a t i o n   o f  melt, the  amount of  water 
s torage  ( s  ) is t 
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FIGURE 2 (Top) Snow d i s t r i b u t i o n  by t e r r a i n   u n i t s  
immediately  before  snowmelt i n  1978. 
(Bottom)  Total. r a i n f a l l   i n  mm f o r  August 
19 78. 
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FIGURE 3 Water  balance of t h e  snowmelt per iod ,  
1979. 

t 
s = C (M. + R. - Q. - Ei), t i=l L 1 1 (9) 

where M, R ,  Q ,  E are da i ly   me l t ,   r a in fa l l ,   r unof f ,  
and  evaporation  from  the  basin. The storage  ca- 
p a c i t y  of t h e   a c t i v e   l a y e r  a t  any p o i n t   i n   t h e  
bas in  on day t (SCt) i s  

SCt = Zf  ( t) E ,  (10) 

where  zf i s  depth of t h e   f r o s t   t a b l e ,   o b t a i n e d  by 
equation ( 6 ) ,  and E is s o i l   p o r o s i t y .  The mean 
basin  s torage  capaci ty   can  be  obtained by weighting 
aga ins t   t he   f r ac t iona l   snow- f ree   a r ea   i n   t he   bas in .  
Figure 3 shows t h a t   i n  1979, S > SC u n t i l   J u l y  9 ,  
i nd ica t ing   t ha t   t he   excess   wa te r  was probably 
s t o r e d   i n   t h e  snowpack. F ie ld   observa t ion  con- 
firmed a g radua l   hydros t a t i c  water l e v e l   r i s e   i n  
t h e   v a l l e y  snowpack un t i l   f l ow began in   channels  
carved  through  the snow (Figure 4 ) .  Once begun, 
streamflow removed the   bu lk   o f   the   s torage .  Sirnul- 
taneous ly ,   the   ac t ive   l ayer   s torage   capac i ty  
i n c r e a s e d   a s   t h e   f r o s t  table receded.  Surface  flow 
ceased  gradual ly   as  SC > S. The melt season  ended 
with a deplet ion of t h e  snow cover  and a s teady 
drying of the  ground. 
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FIGURE 4 I n i t i a t - i o n  of streamflow i n  a s n o w - f i l k d  
channel a f t e r  the deep pack was saturated. 

Sumer  Water Balance 

Although  snowfall  can  occur  any time dur ing   the  
y e a r ,   r a i n f a l l  i s  more common i n   J u l y  and  August. 
Most events   are   of  low magnitude  and  sometimes  can- 
not  be  measured  by  conventional means. Such t r a c e  
r a i n f a l l  was o f  importance i n   c e r t a i n   y e a r s  (Woo 
and S t e e r   1 9 7 9 ) .   S p a t i a l l y ,   r a i n f a l l   d i s t r i b u t i o n  
var ied  from  storm to  s torm.   Orographic   effect  was 
not   not iceable   because o f  t h e  low b a s i n   r e l i e f .  
Over t h e   e n t i r e  summer, mean r a i n f a l l   f o r  McMaster 
bas in  was o f t e n  similar t o   t h e   v a l u e   r e c o r d e d   a t t h e  
government  weather  station  (Figure 2 ) .  

Cont inued  thawing  of   the  act ive  layer   increased 
i t s  s torage   capac i ty  which was able to  absorb  most 
of t h e  low ra infa l l   wi thout   y ie ld ing   immedia te ' run-  
o f f .  Only occasional   high  ra infal l   produced  s igni-  
f ican t   increase   in   f low.  A n  example  of  the summer 
water  balance is given  as  Figure 5. After   the  

1978 

FIGURE 5 Water  balance  before,  during,  and  after 
a rainstorm,  1978. 

sp r ing   o f  1978,  the  basin became snow f ree   except  
a long   s t eep   va l l ey  walls. Streamflow w a s  low on 
most  nonrainy  days.  Despite  the  extensive  bare 
sur faces ,   evapora t ion  w a s  l i m i t e d  by low r a d i a t i o n  
energy  for   high  la t i tudes  and by the  drying  ground. 
The rainstorm  of  August 2-3 deposited  17 mm of  
r a in ,   14  mm o f  which was taken up by ac t ive   l aye r  
s torage.  Most of   the  remaining  ra inwater   went   to  
streamflow.  Unliked  the melt season,  such  high 
flow was shor t   l i ved   and  i ts  magnitude w a s  lower 
than   the   spr ing   f loods .  

age was depleted by evaporation  and  by  continuous 
low flow.  Streambeds w e r e  o f t en   d ry  when winter  
a r r i v e d ,   o f f e r i n g  l i t t l e  chance  for i ce  formation. 
The low l eve l   o f   s to rage   a l so   p reven ted   au fe i s  
format ion .   In   th i s   regard ,   r ivers   o f   the  High 
Arctic behave d i f f e r e n t l y  from those  of  the  sub- 
Arc t ic   (e .g . ,  Kane e t   a l .   1 9 7 3 ) .  

Annual Water  Balance 

A t  the  beginning o f  September,  most of t h e   s t o r -  

The annual  water  balance  computation  considers 
t h e  water yea r   t o   span   be tween   t he   f i r s t   s ign i f i -  
cant  snowfall   in  September (when the  snow would 
remain   for   the   win ter ) ,   and   the   a r r iva l  of snow- 
f a l l   i n   t he   fo l lowing   Sep tember .  I n  t h e  6 years  
of study,   annual   precipi ta t ion  ranged from 120 - 
273 mm (Table 11, about  three-quarters  of which 
was snowfal l ,   suggest ing a preponderant  influence 

TABLE 1 Water  Balance  of McMaster Basin (mm/yr.) 

P r e c i p i t a t i o n  Run- Evaporation Storage o f f  Change 

1975-1976 191 161  31 
1976-1977 120 155  31 

-1 
-66 

1977-1978 2 73 213 38 2 3  
1978-1979 178 143 30 5 
1979-1980 165 130 51 -16 
1980-1981 2 1 5  1 4 8  47 2 1  

Mean 190 158 38 Total-34 

of  snowmelt upon the  hydrologic  cycle.  Streamflow 
accounted  for 80% of  annual w a t e r  loss, most of 
which was during  the  mel t   season.  A h igh   r a t io   o f  
r u n o f f   t o   p r e c i p i t a t i o n  is t y p i c a l  of impermeable 
areas which, i n   o u r  cases, i s  the  permafrost .  With 
considerable   runoff ,   only a small  amount i s  a v a i l -  
ab le   for   evapora t ion .  

The ac t ive   l aye r   s to rage   capac i ty  was highly 
dynamic,   being  very  l imited  during  spring  but 
i nc reas ing   s t ead i ly  as the   ba re   a r eas  thawed. From 
middle t o  la te  summer, ac t ive   l aye r   s to rage  sus -  
tained  evaporation  and  baseflow,  and  by  September 
the   r e s idua l   s to rage  was low. . Water  balance 
conf i rms   t ha t   t he   yea r   t o   yea r  change i n   b a s i n  
s torage  was usua l ly   l e s s   t han  10% of p r e c i p i t a t i o n  
(Table 1). An exception was 1977  which was a dry 
year  with a l a r g e   s t o r a g e   d e f i c i t .  One p o s s i b l e  
reason  for  such a l a r g e   d e f i c i t  i s  an underest i -  
mation  of  precipitation  due t o  many t r a c e   r a i n f a l l  
events  (Woo and  Steer  1979).  
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CONCLUSION 

The major  conclusions of th i s   paper   axe  

1. Spa t i a l   va r i a t ion   o f   hydro log ic   quan t i t i e s  
p lays  a major   ro le   in   the   water   ba lance  of p o l a r  
dra inage   bas ins .   o f   par t icu lar   impor tance  i s  t h e  
melt season when snowmelt  and  evaporation  occur 
simultaneously  but a t  d i f f e r e n t   p a r t s  of the   bas in .  

2. Snowfa l l   cons t i tu tes  a l a rge   po r t ion   o f  
annual   p rec ip i ta t ion   and  most  of the  annual   runoff  
i s  generated by snowmelt.  Such  hydrologic  promi- 
nence  of snow quan t i t a t ive ly   ve r i f i e s   Church ' s  
(1974)   conclusion  that   r ivers   such  as   the McMaster 
manifest  a d i s t i n c t   a r c t i c   n i v a l   r e g i m e .  

3.   Hydrologic  effect  of permafrost  is t r a n s -  
mit ted  through  the dynamic ac t ive   l aye r   s to rage  
capac i ty .  A sha l low  ac t ive   l aye r   i n   sp r ing  en- 
hances  rapid  runoff .  A s  t h e   f r o s t  table recedes, 
s torage  capaci ty   increases   and much of t h e  summer 
rain  can  be  stored  to  maintain  evaporation and t o  
s u s t a i n  low discharge.  
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The generat ion of  runoff i n  areas underlain by permafrost i s  similar t o   t h a t  of 
temperate  regions,   but i s  dis t inguished by the  seasonal   changes  in   the  extent ,  
shape, and thickness  of t h e  areas generating  runoff as w e l l  as the   s to rage  and 
t r a n s f e r  of small amounts o f  water by f ros t - r e l a t ed  mechanisms. Studies  con- 
duc ted   near   Schef ferv i l le ,  Quebec have shown tha t   t hese  mechanisms can s ign i f -  
i c a n t l y  alter the  development o f  t h e   a c t i v e   l a y e r .  The development of t h e  
a c t i v e   l a y e r   p a r t i a l l y   c o n t r o l s   t h e   d i s t r i b u t i o n  of s a t u r a t e d   s u r f a c e s   i n  a given 
catchment,  and  thus i ts  hydrologic  response t o  runoff-generating  events.   This 
phenomenon is similar to   t he   va r i ab le - source  area runoff  generating mechanism 
of temperate  regions,   except that t h e   r a t i o  of stormflow  to  baseflow is a l s o  
p a r t i a l l y   c o n t r o l l e d  by the   dep th  and ex ten t   o f   t he   ac t ive   l aye r .  A d e t a i l e d  
study  of a small catchment a t  Schef ferv i l le   has   demonst ra ted   tha t   cons idera t ion  
of t hese   e f f ec t s   can   i nc rease   t he   p rec i s ion  of  models o f  runoff-generation 
from  such  catchments. 

INTRODUCTION 

The movement of  mo i s tu re   w i tk in   t he   ac t ive  layer 
i s  an  important component  of both the moisture  and 
thermal   ba lances   in   nor thern   reg ions .  The rate of 
moisture movement th rough   t he   ac t ive  Layer l a r g e l y  
c o n t r o l s   t h e   d i s t r i b u t i o n  of s a t u r a t e d   s u r f a c e s   i n  
a given  catchment ,   which  inturn,   controls   the rate 
a t  which  runoff  leaves  the  catchment. A t  t h e  same 
time, t h e  ver t ical  and ho r i zon ta l   f l uxes  of moisture  
wi th in   t he   ac t ive   l aye r   t r ans fe r   bo th   s ens ib l e  and 
l a t e n t   h e a t ,   t h e r e b y   i n f l u e n c h g  the rate and depth 
of thaw. There is  t he re fo re  a degree  of  feedback 
between  the rate of  runoff  generation and the rate 
of active  layer  development.   This  paper w i l l  pre- 
s e n t  some observat ions of the processes of a c t i v e  
layer  development a t   S c h e f f e r v i l l e ,  and d i scuss  the 
implicat ions of those  processes  for  modelling sub- 
a rc t ic   water   ba lances .  

The r e su l t s   p re sen ted  in t h i s   pape r  are only a 
p a r t  of the  information  obtained in a s tudy   ca r r i ed  
ou t   nea r   Sche f fe rv i l l e ,  Quebec during  the  per iod 
1976-1979.  The primary  goal  of  the  project  was t h e  
accura te   representa t ion  of t h e  water balance of a 
l i chen   t undra   unde r l a in   by   pe rmaf ros t .   I n   l i ne  with 
t h a t   p r o j e c t ,  some d a t a  were col lected  about  the 
ground  thermal  regime. The r e s u l t s   o f   t h e  water 
balance  invest igat ions  have  been  reported  e lsewhere 
(Wright  1981,1982).  This  paper w i l l  p r e s e n t ,   i n  
more d e t a i l ,  some observat ions of the  development of 
t h e   a c t i v e   l a y e r  and the   genera t ion  of runoff .  

ACTIVE LAYER DEVELOPMENT 

The s tudy 's   pr imary  object ive was accurate   char-  
a c t e r i z a t i o n   o f   t h e  water balance,   but   data   about  
the ground  thermal  regime were requi red   for   the   ac-  
cura te   es t imat ion  o f  t h e  amount of  suprapermafrost  

groundwater. It was i n i t i a l l y   t h o u g h t   t h a t   p o i n t  
determinations of the  depth o f  t h e   a c t i v e   l a y e r  
could  be made from i n t e r p o l a t i o n  of t h e   d i s c r e t e  
temperature  measurements  along a thermocable  while 
the a r e a l  estimates of the   depth  of t h e   a c t i v e   l a y e r  
could  be  achieved by applying a known r e l a t i o n s h i p  
between maximum a c t i v e   l a y e r   d e p t h  and t h e   d i s t r i -  
but ion of vege ta t ion  a t  the  surface  (Nicholson  1978).  
Significant  problems were encountered,  however,  dhe 
t o  the  importance of l a t en t   ene rgy   t r ans fe r ,  which 
had  been impl ic i t ly   ignored  i n  the  es t imat ion  pro-  
cedures.  

The t r a n s f e r  of sensible   and  hKent   energy  can 
r e s u l t  from moisture movement i n  e i t h e r   t h e   l i q u i d  
or  gaseous  phases.  The t r a n s f e r  of s ens ib l e   hea t  
by water vapor is probably o f  l i t t l e  importance i n  
cold  regions,  but t h e   t r a n s f e r  of s ens ib l e   hea t  by 
l i q u i d  water movement appears t o  be  of  considerable 
importance.  Although i t  can  be shown t h a t   t h e   v e r t -  
i c a l   t r a n s f e r  of s e n s i b l e   h e a t  is of l i t t l e  moment, 
Lewisr (1977) study a t  Timmins 4 i n d i c a t e s   t h a t   t h e  
lateral concentrat ion  into  the  very  permeable  w e t -  
l i n e s  (areas of s l ight   to   moderate   topographic  de- 
p re s s ion  and concentrated  subsurface  flow) o f  t he  
l a t e n t  and sens ib le   hea t   assoc ia ted   wi th   supraperma-  
f ros t   g roundwater   can   l ead   to   ac t ive   l ayers  up to  
10  m deep.  Nicholson  (1978)  improved  the  accuracy 
o f   h i s  model of   permafros t   d i s t r ibu t ion  i n  t h e  
S c h e f f e n r i l l e  area by adding a groundwater  flow 
component. 

The problem  of  adequately  explaining  the  physics 
o f   l a t e n t   h e a t   t r a n s f e r   w i t h i n  a pa r t i a l ly - f rozen  
s o i l  is o n e   t h a t   h a s   a t t r a c t e d   c o n s i d e r a b l e   a t t e n t i o n  
i n  recent   years .  Much of   the   a t ten t ion   has   been  
focussed on accurately  model ing  the phenomenon i n  
the   l abora tory   and ,   whi le   cons iderable   success   has  
been  achieved  (e.g., Jame and Norum 1980), i t  is not  
clear  whether  such  models are appl icable   under   the 
range o f  conditions  normally  found in t h e   f i e l d .  

14 12 
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One o f   t he   e f f ec t s   a s soc ia t ed   w i th   l a t en t   ene rgy  
t r a n s f e r  is t h e  well-known "zero-curtain",  where a 
s i g n i f i c a n t   p o r t i o n  of the  f reezing  or   thawing ac- 
t i v e   l a y e r  assumes temperatures a t  the   f r eez ing  
poin t   due   to   the   l a rge  amount  of l a t en t   ene rgy   i n -  
volved i n   t h e   f u s i o n  of water. The near-zero temp- 
eratures  produced  during  the  phase  change of t h e  
soil water ref lects   condi t ions  under   which water 
e x i s t s   i n  two phases. Under those  condi t ions,  i t  
is d i f f i cu l t   t o   accu ra t e ly   de t e rmine   t he   t he rma l  
and hydraulic  properties  of  the  ground. 

The re la t ive   changes   in   mois ture   conten t  and 
phase  over  the  depth of t he   ac t ive   l aye r   a l so   i n -  
f l uence   t he  rate and depth  of thaw.  The magnitudes 
of   the  thermal   conduct ivi ty   and  apparent   specif ic  
hea t  w i l l  vary   over   the   depth   o f   the   so i l  column 
according  to  changes  in  the  composition and s t ruc -  
t u re   o f   t he   i no rgan ic   ma t r ix ,   t he  amount  and d i s t r i -  
bution  of  organic matter, and the  proport ions and 
d i s t r i b u t i o n  of frozen  and  unfrozen water within 
the s o i l  column. S ince   the   var ia t ion   o f   so i l   mois t -  
ure   content  is  a funct ion  of   both  depth and t h e ,  
t h e  rate and  depth  of  thaw i s  a func t ion   no t   on ly  
of t he   hea t   f l ux  a t  the   su r f ace ,   bu t  i s  a l s o  a 
f u n c t i o n   o f   t h e   d i s t r i b u t i o n  and s ta te  of water 
wi th in   the  active l aye r .  

In  general ,   models  of  active  layer  development 
(e.g. Nakano and Brown 1972,  Smith  1975, McGaw et 
a1 1978)  have  assumed t h a t   s o i l   t h e r m a l   p r o p e r t i e s  
are double-valued; i.e. one  value would hold i n  the 
' f rozen '  state and another   value would hold i n  t h e  
'thawed' state. The t r a n s i t i o n  between  the two 
states was presumed to   be   ins tan taneous ,   occur r ing  
when the   so i l   t empera tu re   pas sed   t h rough the   f r eez -  
ing  point .  The d a t a   c o l l e c t e d   i n   t h i s   s t u d y  
c l e a r l y   d e m o n s t r a t e s   t h a t   h e a t   t r a n s f e r  is not   so le -  
l y  by conduct ion  and  that   the   act ive  layer  is no t  
sharply  demarcated  into  frozen and unfrozen  zones. 

THE FIELD AREA 

The bu lk   o f   t he   r e su l t s   p re sen ted   i n   t h i s   pape r  
were co l l ec t ed   nea r   Sche f fe rv i l l e ,  Quebec (54051tN, 
67OOl'W,; 520 m a .s .1 . ) .   Located  within  the  Labra-  
dor Trough i n  c e n t r a l  Ungava, t h e  area is composed 
l a rge ly   o f   Po te rozo ic  metamorphosed  rocks  (Figure 
I). The region is  cha rac t e r i zed  by broad, perma- 
frost-free  valleys  and  long,  narrow  ridges  under- 
Lain by extensive  permafrost .  The valley  bottoms 
are largely  covered by spruce woodlands  and lakes, 
whi le   the   r idge tops  are dominantly  l ichen  tundra.  
Mean annual a i r  temperature a t  T h i n s  4 is - 6 . 2 O C .  
Mean annual   p rec ip i ta t ion  a t  t h e   S c h e f f e r v i l l e  
townsite  (15 km SE o f  t he   ma in   r e sea rch   s i t e )  i s  
785 m, of which 407 ~IML f a l l s  as r a i n  and t h e  rest 
f a l l s  as snow (Barr  and  Wright  1981). 

The main  research s i te  (Hematite,   Figure 2) is at 
a n   a l t i t u d e  of 685 m a.s.1. The area is t y p i c a l  
of   l ichen-heath  tundra  in   central  Ungava.  The sur-  
face   over  80% of t h e  s i te  is a 5-10 cm t h i c k  
l i c h e n  mat (predominantly  Cladonia  and  Cladina  spp.) 
w i th   s ca t t e r ed  dwarf birch  (Betula   glandulosa) .  
The remaining 20% of   the   sur face  is ba re ,   f ro s t -  
scar red   g round,   par t ia l ly  paved wi th   f ros t - sha t t e red  
debr i s .  The bedrock,  which is t y p i c a l l y   o v e r l a i n  
by  1-2 m of  very  stony till, i s  weakly  metamorphosed 
sediments .   Permafrost   underl ies   the  ent i re  s i te 
to  a depth  of a t  least 30 m. The annual  depth  of 
thaw ranges  from 2 . 0  m under   th ick   l i chen  m a t  t o  

FIGURE 1 Locat ion   of   Schef ferv i l le   and   the   s tudy  
sites. 

3.0 m under   bare   surfaces .  Twa areas of s p e c i a l  
i n t e r e s t  a t  Hematite are l o c a t i o n s  One and Two. 
Both are l o c a t e d   i n   a n  area of l ichen-heath  tundra,  
bu t   the   sur face  of One is s l i g h t l y  convex  and i s  
s t r ipped  of   vegetat ion.   Locat ion Two is r e l a t i v e l y  
f l a t  and has an  undis turbed  l ichen mat. 

Data were c o l l e c t e d  a t  t h e  main si te from Decem- 
ber  1976  through  August  1979,  though  the  frequency 
o f  observa t ion   var ied   f rom  da i ly   dur ing   the  summers 
of 1977  and  1978 t o  monthly or  bimonthly  during  the 
win te r .   I n t ens ive   da t a   co l l ec t ion  was c a r r i e d   o u t  
from May through  September i n  1977  and  1978 as w e l l  
as frequent   observat ions  during  the  f reeze-up  of  
1977.  Daily  observations  (during  the thaw season) 
included air  temperature  and  humidity a t  sc reen  
height,   ground  temperatures,   incoming  and  net  radia- 
t ion,   evapotranspirat ion,  and ra infa l l   (Wright   1981) .  
In   add i t ion ,   so i l   mo i s tu re   con ten t s  were monitored 
with a neutron  moisture  probe  through  the  freeze-up 
of 1977  and t h e  summer oE 1978. 

Observations' a t  the  main si te i n  1978 were para- 
l l e l e d  by observat ions  of   the water budget of a 
small   basin  adjacent   to   the  main s i t e  (Bazilchuk 
1979). The bas in  is, l i k e  most   of   the   Scheffervi l le  
reg ion ,   s t rongly   cont ro l led  by the  underlying  geol-  
ogy.  Permafrost is est imated  to   underl ie   approxi-  
mately 80%  of the  basin,   being  absent   beneath  the 
lake  and  possibly  the  lower  reaches of the   c reek .  
.The d i s t r i b u t i o n  of v e g e t a t i o n   i n   t h e   b a s i n  is con- 
t r o l l e d  by aspect ,   exposure,  and drainage. Low- 
ly ing ,   o f ten-sa tura ted  areas are dominated by birch-  
wi l low  scrub   whi le   be t te r  sites are dominated by 
l ichen-heath  tundra.  



1414 

L E G E N D  

RAINGAUW 

wEwsrnn CAME 

N E W W  lloIE I U Y  

W A T E R  WELL 

ANt*IOMElER 

Sll!VfW XCILtN 

L * I I U E I I  

6 M L  -FILE PI1 

nrOGurnv 
metres 

V E G E I A I I W  COVER 

per cent 
bare 

-10 REHlLNCE POIN1 
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RESULTS 

Freeze-up 

I n  the   Sche f fe rv i l l e   r eg ion ,  when the   su r f ace   o f  
t h e   m i n e r a l   s o i l   f r e e z e s ,   a n   e s s e n t i a l l y  impermeable 
b a r r i e r  is formed  between  the  atmosphere  and  the 
a c t i v e   l a y e r .  The development of a wel l -def ined 
zero-curtain was  observed at  a l l  cables  a t  Hematite 
i n  1977.  Zero-curtain  temperatures  observed  during 
freeze-up  ranged  from  -0.02'to -0.08' C with t h e  
most  frequently  observed  value  being -0.06O C.  

The magnitude of the   f reez ing   po in t   depress ion  
increases  as the   so lu t e   con ten t  of the s o i l  water 
i n c r e a s e s   a n d   a s   t h e   g r a i n   s i z e  of t he   ma t r ix  de- 
c reases .  It can  be shown that ( in   t he   ac t ive   Laye r )  
t h e   e f f e c t  of  s o l u t e s   i n  the pore water is t r i v i a l ,  
but  it is d i f f i c u l t   t o   a c c u r a t e l y   c h a r a c t e r i z e   t h e  
e f f e c t  o f  a g i v e n   g r a i n   s i z e   d i s t r i b u t i o n .  The 
values  observed a t  Hematite are s l igh t ly   lower   than  
the  values   observed a t  Timmins 4 (Nicholson  197&), 
b u t   t h e   s l i g h t   d i f f e r e n c e  i s  probably  due  to   instru-  
mental   error,   though it may a l s o   b e   p a r t i a l l y  at tr i" 
butab le  t o  the   deeper ,   f iner-grained r i l l  cover a t  
Hematite. 

l y  a t  o r  n e a r   f i e l d   c a p a c i t y  a t  the  beginning o f  
freeze-up  because  that   period  tends  to  be  cool  and 
m o i s t   i n   c e n t r a l  Ungava. In a d d i t i o n ,   l a t e   s e a s o n  
r a i n f a l l  is usua l ly  augmented by the   mel t ing  o f  an 
e a r l y  snowpack and t h a t  may l e a d   t o  a l a r g e   s o i l  
moisture content  as freeze-up commences. It seems 

The unsa tura ted   par t  of t h e   a c t i v e   l a y e r  is usual- 

u n l i k e l y ,  however, that  freeze-up  could  be  complet- 
ed with s o i l   m o i s t u r e s   i n   e x c e s s   o f   f i e l d   c a p a c i t y  
unless   the   d ra inage  of t h e   s o i l  were poor o r  non- 
e x i s t e n t .  For example, the  complete  melting of a 
15 cm snowpack and  heavy ra infa l l   (approximate ly  
20 mm) i n  l a t e  October  1977  produced a s a t u r a t e d  
zone  up t o  2 m t h i c k  a t  Hemat i te ,   bu t ,   desp i te  
a relat ively  rapid  f reeze-up,   the   saturated  zone 
quickly  disappeared.  

The reduct ion  of  the s a t u r a t e d  zone  during 
freeze-up is Largely  due  to  suprapermafrost  ground- 
water f low,   bu t   there  is a l s o  a minor amount of 
mois ture   t ranspor t   f rom  the   lower   par t   o f   the   ac-  
rive layer   towards  the  surface.  The upwards t rans-  
p o r t   r e s u l t  from the water p o t e n t i a l   g r a d i e n t  set 
up by the   f r eez ing   p rocess  i tself .  The gradien t  
i s  caused by t h e  attenuation of the i n t e r f a c i a l  
l i q u i d   f i l m s   o n   t h e  s o i l  p a r t i c l e s  as t h e  ice crys- 
ta ls  forming  within  the  pores   abstract   the  less 
t ight ly-held s o i l  water (Dirksen  and Miller 19661, 
It fo l lows   t ha t  a f i n i t e  amount of  moisture  trans- 
por t   should   t ake   p lace   wi th in  a f r e e z i n g   s o i l ;   s u c h  
t ranspor t   has   been   de tec ted   in   the   l abora tory   (e .g .  
Hoekstra  1967, Jame and Norum 1980),   but  only l i m -  
i t e d   f i e l d   o b s e r v a t i o n s  are ava i lab le   (e .g .  Woo and 
Heron  1981). 

Field  data   demonstrat ing  these phenomena are 
shown i n  Figure 3 ,  which dep ic t s   t he   mo i s tu re  and 
tempera ture   da ta   co l lec ted  a t  Hematite from Novem- 
ber  1977  to  February  1978. The p r e c i s i o n  of t h e  
temperature  measurements i s  qui te   h igh  ( f 0.03'C), 
bu t   t he   i n t e rpo la t ions   be tween   t he   d i sc re t e  
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temperature  measurement  points are approxfmate, 
particularly in the  vicinity  of  the  freezing  front. 
The  changes  in  moisture  contents,  though  relatively 
small,  show  quite  clearly  thar  the  moisture  trans- 
port is correlated  with  changes  in  the  ground  ther- 
mal  regime.  The  large  tracsfers  took  place  between 
12 November  and 5 December  and  between 12 and 29 
December.  Both  of  those  periods  were  characterized 
by  rapidly  decreasing  air  and  surface  temperatures, 
leading  to  strong  temperature  gradients  toward  the 
surface. 

The  data  clearly  demonstrate  that  there is de- 
tectable  moisture  transport  during  freeze-up  and 
that  those  changes  are  closely  associated  with  the 
ground  temperature  field  within  the  active  layer. 
The  changes  in  moisture  content  are  presumably  the 
result  of  the  unsaturated flow induced  by  the  in- 
creased  soil  matrix  suction  developed  during  the 
freezing  process.  However,  attempts  by  the  author 
to numerically  model  the  presumed  relationships  be- 
tween  soil  moisture  contents  and  the  temperature 
field  have  been  unsatisfactory,  primarily  because 
of an inability t o  adequately  characterize  the 
properties  of  the  active  layer  during  the  freezing 
process. 

Thaw  Season 

It  was  initially  thought  that  soon  after  the 
ground  began to thaw  there  were  three  zones  within 
the  active  layer  that  possessed  significantly  dif- 
ferent  thermal  and  hydraulic  properties:  unsaturat- 
ed unfrozen,  saturated  unfrozen,  and  Unsaturated 
frozen.  The  difference  in  thermal  properties  be- 
tween  the  saturated  and  unsaturated  unfrozen  mate- 
rials  is  probably  not  very  Large  because of the 
genrally  low  porosity  of  the  till  and  bedrock  in 
the  Schefferville  area,  but  the  higher  thermal 
conductivity  and  lower  specific  heat of the  frozen 
ground  should  give  it a significantly  higher  ther- 
mal  diffusivity  with  respect to the  unfrozen  mate- 
rials. IC follows  that  the  temperature wave should 
be  strongly  attenuated  with  depth,  especially  in 
the  frozen  material.  That  conclusion is based,  how- 
ever, on the  assumption  that  the  transfer of heat 
is  solely  by  conduction  and  that  there  is  no sig- 
nificant  transfer of heat  by  moisture  transport. 
The  data  collected  at  Hematite  during  June  and July 
of 1978 clearly  demonstrate  that  those  assumtions 
are  not  warranted. 

Although  the  phenomena  indicating  latent  heat 
transfer  were  observed  at  all  main  thermistor  cables 
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during  1977,  1978, and 1979,   the  fol lowing  discus-  
s ion  is based  on  the  data  from  Locations One and 
Two during  1978  s ince  those sites and  periods  have 
t h e  most  complete  data  records. 

Following  the  completion  of  freeze-up  in  1977, 
so i l   mois ture   conten ts   remained   essent ia l ly   cons tan t  
u n t i l  the fol lowing  spr ing.  Ground temperature 
pa t te rns   observed   dur ing   the   spr ing   of  1978 were 
charac te r ized  by decreasing  ampli tude  of   the temp- 
e r a t u r e  wave wi th   dep th ,   i nd ica t ing   t ha t   hea t   t r ans -  
f e r  was primarily  conductive.  

were approximately 35 cm and  completely  saturated,  
abrupt   and   subs tan t ia l   increases   in   t empera ture  were 
observed a t  Location Two. Those  temperature  in- 
creases coinc ided   wi th   increases   in   mois ture  con- 
t e n t   o f   t h e   s t i l l - f r o z e n   p a r t  of t h e  active l a y e r .  
A week la te r ,  a very similar sequence  of  events w a s  
observed a t  Location One, when percolation  from a 
th i ck   s a tu ra t ed   zone   l ed   t o   l a rge   mo i s tu re   i nc reases  
i n   t h e   s t i l l - f r o z e n  ground  and  those  moisture 
changes were co inc ident   wi th   sharp   t empera ture  
i n c r e a s e s   i n  the s t i l l - f rozen   ground.  The  amount 
of  percolated water was q u i t e   l a r g e ,   e q u i v a l e n t  up 
t o  30 mm of water a t  Location One. The magnitude 
of the   temperature   increase was not   a t tenuated   wi th  
depth,   but  was i n s t e a d  a func t ion  of t h e   i n i t i a l  
temperature   with  respect  O°C (Figure 4) * The 
c l o s e r   r h e   i n i t i a l   t e m p e r a t u r e   t o   t h e   f r e e z i n g   p o i n t ,  
t h e  smaller was the  temperature   increase.  This is 
a t t r i b u t e d   t o  the s h a r p   i n c r e a s e   i n  the apparent  
spec i f i c   hea t   o f   f rozen  materials as t h e   f r e e z i n g  
poin t  is approached  (Williams  1967). 

cur ta in   throughout   the thaw  season. Its presence 
w a s  ind ica ted  by a pause   ( a t  -0.02'to -0.08OC) i n  
the  passage  of  each  temperature  measurement  point 
th rough  the   f reez ing   po in t .  The t r a n s i t i o n  was f r e -  
quent ly   observed  to   coincide  with  the  occurrence o f  
a th i ck   s a tu ra t ed   zone   i n  the thawed p o r t i o n  of the 
a c t i v e   l a y e r .  I n  per iods  when the sa tura ted   zone  
w a s  t h in   o r   absen t ,   t he   ze ro -cu r t a in   appea red   t o  
descend  slowly. The zero-curtains  were observed a t  
every  thermocable,   al though  the  duration of a par- 
ticular  temperature  measurement  point a t  t he   f r eez -  
ing   po in t   var ied .  

can t   pene t ra t ion  o f  suprapermaErost  groundwater 
i n t o   t h e   s t i l l - f r o z e n   p a r t s   o f   t h e  active l a y e r .  
When t h e  amounts of water are l a r g e ,  the zero- 
c u r t a i n  is well developed,  but when the  pore  pres-  
s u r e s  a t  the   thawing   f ront  are small o r   nega t ive ,  
only a very small amount of water p e n e t r a t e s  the 
s t i l l - f r o z e n  material. Presumably,   such  percolation 
i s  se l f - l imi t ing ,   s ince   t he   pene t r a t ion  and re- 
f r e e z i n g  of t he   wa te r  would  rend  to  reduce  the ef- 
f e c t i v e   p e r m e a b i l i t y   o f   t h e   s o i l .  

I n   ea r ly   June ,  however, when a c t i v e  Layer  depths 

A r e l a t e d  phenomenon was the   ex is tence   o f  a zero- 

These phenomena i n d i c a t e   t h a t   t h e r e  i s  s i g n i f b  

DISCUSSION 

I t  i s  clear t h a t   h e a t   t r a n s f e r   i n  a t  least  some 
f r o z e n   s o i l s  i s  n o t   s o l e l y  by  conduction  and  that 
t he   t r ad i t i ona l   v i ew o f  t h e   a c t i v e   l a y e r  i s  not  al- 
ways adequate;   the   t ransi t ion  f rom  frozen  ground to 
unfrozen is shown t o   b e   g r a d a t i o n a l   i n   n a t u r e   b o t h  
thermally and hydraul ica l ly .  It fo l lows ,   then ,   tha t  
s imple,models   of   act ive  layer   development  w i l l  not  
g i v e   a c c u r a t e   r e s u l t s   u n l e s s   l a t e n t   h e a t   t r a n s f e r  

LOCATlOh U Y t  

dates in 
June 

a; 

::i 
0 "  - - -  """"""""""""""" 

Flguse 4 (a)   Temperature   and  soi l   moisture   prof i les  
observed a t  Locat ion One during  June  1978. 
(b)  Temperature  patterns  through time a t  
Location One during  June  1978. 

is somehow inh ib i t ed   ( e .g . ,   t he   f rozen  material i s  
effect ively  impermeable) .  Heat budget  models  based 
upon  time-dependent  heat  storage w i l l  give  adequate 
r e s u l t s   o n l y  i f  the   zero-cur ta in  zone  and the   va r -  
i a t ion   i n   mo i s tu re   s to rage   can   be   accu ra t e ly  ap- 
p rox ima ted   o r   i f   t he  time i n t e r v a l  is s u f f i c i e n t l y  
long   tha t   those   e f fec ts   can   be   neglec ted .  

For example, in   non-wet l ine   a reas   ( i . e .   thohe  
areas t h a t  are l i t t l e  a f f e c t e d  by suprapermafrost 
groundwater  flow),  there i s  a good c o r r e l a t i o n  be- 
tween the   percentage  of  b a r e  ground i n  a given area 
and t h e  maximum ac t ive   l ayer   depth   (Nicholson  19781, 
which  indicates   that   conduct ion o f  su r face   hea t  i s  
t h e  dominant mode of hea t   t r anspor t   ove r   an   en t i r e  
thaw  season. On the   other   hand,   in   the  low-lying 
w e t l i n e  areas t h e   s a t u r a t e d  zone tends  to   be much 
t h i c k e r ,  so the   pore   p ressures  a t  the   thawing   f ront  
are much higher   than  on  adjacent   s lopes.  The higher  
pore   p ressures ,   in   conjunct ion   wi th   the   h igher   per -  
meab i l i t i e s   o f   t he   we t l ines ,   l eads   t o   s ign i f i can t  
amounts of  suprapremafrost  groundwater  percolating 
t o   r e l a t i v e l y   g r e a t   d e p t h s   w i t h i n   t h e   s t i l l - f r o z e n  
ground. The in f luence   o f   l a t en t   hea t   t r ans fe r  
therefore   ex tends  w e l l  below t h e  zone i n  which 
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conductive  transfer is dominant  and  the  magnitude 
of  the  latent  heat  transfer  probably  exceeds  that 
of conduction.  It i s  for  these  reasons  that  the 
active  layer  depths  in  the  wetlines  do  not  corre- 
spond  to  the  vegetation  distribution  at  the  surface. 
Accurate  prediction  of  active  layer  depths  along 
the  wetlines  requires  some  measure  of  the  magnitude 
of  the  latent  heat  transfer,  either  through a budget 
type of procedure  (e.g.,  Lewis  1977,  Wright  1981) 
or  through  actual  knowledge  of  the  pore  pressure 
distribution  within  the  wetline. 
There  are  two  main  areas  in  which the development 

of  the  active  layer  can  strongly  influence  the  gen- 
eration  of  runoff  in  subarctic  areas.  First  and 
most  important  is  in  controlling  the  effective 
depth to which  percolating  water  can  penetrate. 
The  depth  of  the  effectively  permeable  portion o f  
the  active  layer  strongly  controls  the  distribution 
of  saturated  surfaces  within a given  catchment  and 
that, i n  turn,  controls  the  rate  at  which  runoff 
reaches  the  outlet o f  the  catchment.  Thus,  the 
rate  and  depth of thaw  in a given  area  can  influence 
the  response  time  of  that  area  to a given  runoff- 
generating  event. 
The  second  area i n  which  development  of  the  ac- 

tive  layer  affects the water  balance is through 
the  percolation of suprapermafrost  groundwater  into 
the  still-frozen  part  of  the  active  layer. Ae 
noted  above,  the  amounts  percolated  at  Location  One 
equalled  up to 30 mm of water.  If  the  same  proces- 
ses  take  place  along  the  wetlines,  the  amount of 
abstracted  water  could  be  quite  significant.  That 
such  percolation  does  take  place is indicated  by 
the  very  deep  wetlines  themselves.  Water  stored i n  
this  fashion  would  presumably  be  released  only  when 
the  depth  of  thaw  had  reached  the  depth  of  the  per- 
colation.  Attempts to incorporate  such  an  effect 
in  subarctic  water  balance  aodels  have  been  part- 
ially  successful  (Wright 1982). Good  correlation 
is  achieved  between  observed  and  predicted  runoff 
volumes,  but  few  data  are  available  on  subsurface 
moisture  storage  over  the  course  of a thaw  season, 
so it  is  difficult  to  assess  the  realism o f  such a 
model. 

CONCLUSION 

The  results  presented  hereconstitute  strong  qual- 
itative  evidence of the  importance o f  latent  hear 
transfer  to  the  development o f  the  active  layer. 
It  is  clear  that  such  effects  can  significantly af- 
fect  the  rate  and  depth  of  thaw and, indirectly, 
the  rate  of  runoff  generation.  The  rate  and  depth 
of  thaw  control  the  rate  at  which  runoff is genera- 
ted and,  in  turn,  patterns of moisture  flow  and  sto- 
rage  influence  the  thermal  behavior  of  the  ground. 

These  results  represent only the  first  step in 
quantifying  the  thermal  and  hydrologic  behavior of 
the  active  layer.  The  prime  needs  at  this  time are 
for a more  detailed  picture  of of the  distrlbution 
of  heat  and  moisture  within a wetline  over an entire 
thaw  season  and  the  development  of a model  which 
can  adequately  describe  the  three-dimensional  flow 
of  heat  and  moisture  within a partially  thawed 
active  layer. It may  well  be  that  the  presenr 
numerical  models  of  these  processes  can  be  adapted 
to  the  far  less  homogeneous  conditions of the  field. 
That  will  certainly  require a more  complete  descrip- 
tion  of  the  temperature  and  moisture  distributions 

within a wetline, a project  which  the  author  has 
recently  begun  in  central  Ungava. 
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A STUDY OF THERMAL CRACKS I N  FROZEN GROUND 

Xi a Zhao jun 
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The formation of thermal cracks damages roads  and  hydraulic  construction and 
causes  seepage  and  other  problems.  Thermal  cracks  usually  occur i n   e a r l y   w i n t e r ,  
when the  snow cover is s t i l l  t h i n  and the   su r f ace   t empera tu re   f a l l s   r ap id ly   t o  
-2O'C or  lower,  and  they may reach 1.5 m in   depth  and 10 t o  16 an i n  width. The 
par t ic le   composi t ion,  water content ,   temperature   gradient ,   f reezing  depth,  and 
f reez ing   pene t ra t ion  rate of s o i l  as well as the snow cover  and  vegetation a l l  
affect   crack  formation.  Thermal cracks occur when he maximum cont rac t iona l  
Stress om x reaches  the ultimate t e n s i l e   s t r e n g t h  2 &f t h e   s o i l .  The 
distance  fetween  cracks is  d i r e c t l y   p r o p o r t i o n a l   t o  uo and inversely  proport ional  
t o  the temperature  gradient and l i nea r   con t r ac t iona l   coe f f i c i en t  of f rozen   so i l .  
The width of the   c rack  is  proport ional   to   the  dis tance  between cracks and t o  the 
temperature  gradient.  The depth of the  crack  during one  freeze-thaw  cycle i s  
proport ional   to   the  f reezing  depth,   and is r e l a t e d   t o   t h e  minimum temperature  and 
the temperature when the  crack  occurs .  The main stresses can be determined and 
used to   predlct   crack  formation.  

For  s m a l l - s c a l e   h y d r a u l i c   e n g i n e e r i n g  
f a c i l i t i e s ,   s u c h  as POOXS and r e s e r v o i r s ,  
e l e v a t e d  canals a n d   d i t c h e s ,  or embank- 
m e n t s ,   f r o s t   c r a c k s   c a n  be t h e   c a u s e  o f  
problems  such as s p r i n g   s e e p a g e ,   s c o u r i n g ,  
so i l .  f lows ,  and  p i p i n g .   T h i s  is e s p e c i a l l y  
o b v i o u s   i n   t h e  case o f  i r r i g a t i o n  and 
d r a i n a g e   s y s t e m s ,   a t   t h e   l e v e l  o f  d i t c h  
c r o s s i n g   o r   o f   c u l v e r t s   u n d e r   e l e v a t e d  
d i t c h e s ,   w h e r e   t h e   i n c r e a s e   i n   a o n t a c t  
p lane  reduces the cross-section area of 
t h e   u p p e r   s t r u c t u r e ,   t h e   p G s s i b i L i t y  o f  
f r o s t   c r a c k   f o r m i n g  at t h e  t o p  o f  t h e  
l o w e r   s t r u c t u r e   i n c r e a s e s   a n d   s u b s e q u e n t  
r i s k s  o f  l eakage  o r  e v e n   c o l l a p s e  a l s o  
i n c r e a s e .   T h e r e f o r e ,   t h e   s t u d y   a n d   a n a l y s i s  
o f   f r o s t  cracks i s  n e c e s s a r y   t o   h e l p  US 
a c q u i r e   t h e   t h e o r e t i c d l  and p r a c t i c a l  
knowledge f o r  p r e d e t e r m i n a t i o n ,   d e t e c t i o n ,  
and   p reven t ion .   On ly   on   t h i s  basis can 
concre te   measures  be d e v e l o p e d ,   i n c l u d i n g  
s e l e c t i o n  o f  l e s s - s u s c e p t i b l e ,   e n v i r o n m e n t -  
c o m p a t i b l e   b u i l d i n g   m a t e r i a l s ,   c o n t r o l   o f  
p r e - f r o s t   w a t e r   c o n t e u t ,  and  loca l .   thermal  
i n s u l a t i o n  t o  reduce   thermal  and rnechani- 
c e l  f r o s t - p e r i o d   f a c t o r s .  The o b j e c t i v e  o f  
t h i s   r e s e a r c h  is t h e r e f o r e   t o   l e s s e n   f r o s t  
damage a n d   t o   e n s u r e   t h e   s a f e   o p e r a t i o n  o f  
c i v i l   s t r u c t u r e s   u n d e r   s e v e r e   c l i m a t i c  
c o n d i t i o n s .  

CHAF?NCTERISTICS OF CRACK FORMATION 

I n   t h e   w i n t e r ,   u n d e r   t h e   i n f l u e n c e  
o f   s u b z e r o   t e m p e r a t u r e s ,  a p o r t i o n  o f  
t h e  water i n  t h e   g r o u n d   t u r n s  into ice, 
w h i c h   c a u s e s   a n   i n c r e a s e   i n  volume and 
f r o s t  heave phenomena. A f t e r   t h e   c o m p l e t i o n  
o f   t h i s   p h a s e - c h a n g e ,   i . e .  when t h e  
unf rozen   ground has t u r n e d  i n t o  f r o z e n  
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ground,  if t h e  a i r  t e m p e r a t u r e   c o n t i n u e s  
t o  fall, t h e  ground will be a f f e c t e d  by 
unhomogeneous   cont rac t iona l   deformat ions  
a d  contractional stresses, which will be 
l a r g e s t  at t h e  s o i l  s u r f a c e .  

When s u r f i c i a l  s t r e s ses  a r e   h i g h e r  
t h a n   t h e   t e n s i l e   s t r e n g t h   o f   t h e   f z o z e n  
g r o u n d ,   t h e   g r o u n d   s u r f a c e  i s  p u l l e d   a p a r t  
and c r a c k s  appear .  We c a l l   s u c h   c r a c k s  
t * f r o s t  c r acks" ,  o r  Itcracks", as t h e y  will 
b e   r e f e r r e d   t o   i n   t h i s   p a p e r .  

l a t i o n s h i p   b e t w e e n   t h e   c o n t r a c t i o n a l  
stresses i n   f r o z e n   g r o u n d  a n d  t h e  d e p t h  o f  
f r e e z i n g .  Fo r  e a s e   o f   a n a l y s i s   a n d   c . a l c u -  
l a t i o n ,  we can i n  a f i r s t  s t e p  r e d u c e   t h i s  
r e l a t i o n s h i p   t o  a p r imary  s t r a i g h t - l i n e  
func t ion .   The   curve  a 6 0  show6 t h a t  t h e  
d i s t r i b u t i o n   o f  t h e  c o n t r a c t i o n a l  stress as 

The cu rve  i n  F i g u r e  1 shows  the re- 

l H  
FIGURE 1 C o n t r a c t i o n a l   s t r e o s   d i s t r i b u -  

t i o n   a l o n g   d e p t h .  
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a f u n c t i o n   o f   d e p t h  o f  f r e e z i n g  takes t h e  
form ofi a t r i a n g l e   w i t h  its apex do-, the 
COntraGt iQlId  stress being   zero  on t h e  
f r e e z i n g   p l a n e  in t h e  ground and r e a c h i n g  
i t s  h i g h e s t   v d u e  at t he   g round   su r f ace .  

I n   a r e a s  o f  s e a s o n a l l y   f r o z e n  ground, 
f r o s t  c r a c k s   o c a u r   m o s t l y   i n   t h e   b e g i n n i n g  
o f  w i n t e r ,  when t h e  6noW cover  i s  t h i n  and 
ground  tempera ture  fdlls r a p i d l y   t o  -2QOC' 
t o  - 2 5 O C .  They can reach 1.5 m i n   d e p t h ,  
10 t o  16 em i n   w i d t h ,  and t h e y   a r e  wedge- 
shaped ,   w i th   t he   open ing   w ide r   t han   t he  
bottom,  They  occur more f r e q u e n t l y   o n  
roads and  runway€ and around canals, dams, 
and embankments,  whereas  they are  r a r - e l y  
found  under   th ick   mow c-owere. 

In homogeneous ground, when t h e  boun- 
d a r y   c o n d i t i o n s  make f r o s t   p e n e t r a t i o r f  
u n i d i r e c t i o n a l  in half s p a c e ,   i n t e r s e c t i n g ,  
f r o s t  cracks a re  u s u a l l y  at r i g h t  OF 
c l o s e - t o - r i g h t   a n g l e s .  4s t he   subze ro  
t e m p e r a t u r e s   k e e p   f a l l i n g , ,  and the. number,. 
depth ,  and l e n g t h  o f  the c r a c k s   i n c r e a s e s ,  
and t h e   s o i l   s u r f a c e   m i g h t  b.e h a c k e d   i n t o  
b l o c k s  with i r r e g u l a r   s i d e s .  

Cracks i n   s e a s o n a l l y   f r o z e n   g r o u a d  
a r e   n o t  as f r e q u e n t  and t h e i r  develop" 
ment, i n   t e r m s   o f  b o t h  s i z e   a n d   c o n t i n u i t y ,  
i s  n o t  as complete as i n   p e r m a n e n t l y  
f rozen   ground where, due t o  Longer: 
f r e e z i n g   c y c l e s  and g r e a t e r   t e m p e r a t u r e  
g r a d i e n t s ,  cracks appear  i n -  l a rgex  numbers, 
a r e   d e e p e r  and wLder, and form more  dev-e- 
Loped  networks.   This i s  e s p e c i a l l y   e v i d e n t .  
i n   moun ta inous   a r eas   where ,  i n  a d d i t i o n  t o  
v e r t i c a l  cracks, one can alsb obse rve  hori- 
z o n t a l ,  or s l a n t i n g   c r a c k s ;   t h e   i n t e r s e c -  
t i o n   o f .   t h e s e   c . r a c k ~   o f t e n   c r e a t e s  fauou- 
r a b l e   c 0 n d i t i o n . s  f o r  ava lanches  and 
l a n d s l i d e s ,   e s p e c i a l l y   d u r i n g   m e l t - w a t e n  
r u n s  i n  t h e   s p r i n g .   E a e n   i n   f l a t   t e r r . a i n ,  
however, frozen ground c r a c k s  can damage 
roads. highways,  and a i rpo r t   runways ,  o r  
t o  the p i n t s  a.f m n n e c t i o m  with the ground 
o f   h y d r a u l i c   e n g i n e e r i n g   b u i l . d i n t g s ,  a6 wall 
as t o  canal,s, dams, ernbai%kmen.ts, and 
buried p i p e l i n e s .  

FIGURE 2 Crack spacing m.d width  
c a l c u l a t i o n s  

CRACK SPACING, WIDTH, AND 
DEPTH CALCULATION 

With  t h e  GDntinUOu6 f a l l i n g  o f  subzepo 
t e m p e r a t u r e s ,   c o n t r a c t i o n a l  stress iaa- 
r e a s e s   i n   t h e   s u p e r f i c i a l   g r o u n d   l . @ e r .  
When t h e  main e o n . t r a c . t i o n a l   s t r e s s   r e a c h e s  
t h e   u n i d i r e c t i o n a l   t e n s i l q   s t r e n g t h  limit 
1-6: 1 o € t h e   f r o z e n  ground, these i s  a 

p o s s i b i l i t y  O f  cracking. When the 
former. becomes h i g h e r   t h e n  the l a t t e r ,  
c r a c k s  must o c c u r .   A f t e r   t h e  crucks have 
been  formed,  due t o  t h e  stress concentra- 
t i o n  ae well a s  t o  t h e  incp'ewse o f  t h e  
frost contack p lane  and i ts  t h e r m i c   e f f e c t s ,  
t h e r e  i s  a a .  a c e e l e r a t i o n  of  tho d i r e c t i o n a l  
development o f  t h e   c r a c k s  both i n   d e p t h  
and i n  width. 

Crack Spacing C a l m l a t i o n  

Let  us assume a. i d e a l   s t r i p  o f  homo- 
g e n - e o u s   g r o u n d   e l o n g a t e d   i n   t h e   d i r e c t i o n  
o f  t h e  main stress, s u b j e c t e d  t o  normal 
motion l imitations by t h e   f r i c t i o n   b e t w e e n  
frozen.  and un.froz.en 60116, and w i t h  a 
c r o s s - s e c t i o n   e q u a l  t o  1 unit. We sample 
a segmen.t o f  minute   l ength .  $8. When- t h e  
t e m p e r a t u r e   g r a d i e n t   r e a c h e s  grad( t )  , the 
c o n t r a c t i o n a l   s t r e s s  is 0- and, i n .   t h e  whoLs 
s t x i p ,  t h e  accumulated c o n t r a c t i o n a l  
stress is: 

m..ax- j cr- ds = s*s c 1.) 
0 

When ~ h x > > w ~ ] s u p e r f . i c i a l  ground breaks '  
and cracks oclcur. Let us n o w  take  t h e  
critical s t a t e  Wmmx= [ Si] 

From th.e above, we can deduce the 
basic f o r m u l a   t o   c a l c u l a t e   t h e  d i g t a n -  
between two cracks; 

wh.ere s is t h e   d i s t a n c e  between 
two c r a c k s ;  

f o r  s o i l   t y p e ,  waker con- 
tent #, v e g e t a t i o n  a d  snow 
aover .  Though Lts w d u e  is 

n is t h e   m o d i f y i n g   f a c t o r  



II L 1 ,  assume a v a l u e  n = 1 
for rough.  czalcuI,ation.s; 

factor  o f  f r o z e n   s o i l ;  

s i l e   s t r e n g t h  L i m i t  o f  t h e  

S 
frozen ground;  
i s  t h e  %sack s p a c i n g  

g rad (  t )  is t h e   t e m p e r a t u r e   g r a d i e n t .  

ot i s  t h e  linear c o n t r a c t i o n  

Ed1 is t h e   u n i d i i r e c t i o n a l  t en-  

We can also o b t a i n ;  

whera h, i s  t h e   d e p t h  o f  the crack 
of   f rozen   ground;  

limit of   t he   f rozen   g round .  
CZJ is t h e   s h e a r i n g   s t r e n g t h  

ma& Width   Calcu la t ion .  

By miidtli, o r   w i d t h  o f  opening,  we 
d e s i g n a t e   t h e   L o n g e s t   d i s t a n c e  between 
the two s i d e s   o f  ~ a e  f ros t   c r ack   measu red  
at t h e   s u r f a c e .  To any one  crack,  i t  i s  a 
Sunct ion of  t h e   t e m p e r a t u r e   g r a d i e n t ;  if 
t h e  temperature  gradient is a constant, the 
crack   wid th  is a c o n s t a n t  as well. When 
t h e  distance between two  cracks i s  
known, t he   w id th  o f  t he   open ing  c-an b.e 
ob ta ined   f rom  the  following formula: 

where A L ~ ~  i s  t h e  maximum width. at 

L 
t h e  ground s u r f a c e  ; 
is the   dis t -once  between.  
two csacks.  

(Back Dep th   Ca lcu la t ion  

I n  t h e   w i n t e r , .   w i t h   t h e   c o n t i n u o u s  
dec rease   o f   subze ro   t empera tu res ,   t he re  is 
a l s o  a con t inuous   deepen ing  o f  f r o s t   c r a c k s  

FIGURE 5 Crack d e p t h   c a l c u l a t i o a  

1 

FIGURE 4. S t r e s s e s   a c t i n g  on element .  

and at a c . e r t a in   dep th   f rom  g round   su r f ace ,  
the tempera tu re  o f  t h e   f r o z e n  ground l a y e r  
keeps   dec reas ing ,   wh ich   cauaes  new t e n s i l e  
s t r e s s e s .  Wh-en t h i s  layer r e a c h e s   t h e  
b reak ing   t empera tu re  o f  t h e   s o i l  SUrfaCe, 
i t  i s  s u b j e c t e d  t o  t h e  aame c r a c k i n g  and 
t h u s  t h e  c r a c k s   k e e p   d e v e l o p i n g   i n   d e p t h .  

o f   c r ack   dep th , ,  we hava f i r s t  d r a m  a 
g r a p h   t o  show., f o r  a n a l y t i c a l   p u r p o s e s ,  
t h e   c o r r e l a t i o n   b e t w e e n   t h e   a v e r a g e   d e p t h  
off t h e   a c t i v e  layer c a l c u l a t e d  ov.er y e a r s  
auld t empera tu re   (F ig .  3 ) .  

In the case  when such a graph i s  
drawn f o r  ~ l l l  a r e a  o f  seasonally f r o z e n  
ground, we have first i n d i c a t e d  on t h e  
g r a p h   t h e   t e m p e r a t u r e   q f   c r a c k i n g  -Sa,  r e  
have  drawn a v e r t i c a l  l i n e  which  meets at 
M the o b l i , q u e   l i n k i n g   p o i n t  -T t o  h , 
T h e r e f o r e ,  the l e n g t h  of.  tho l i n e  fFom -t, 
t.o M is t h e  maximum dep th  o f  t h e  crack. 
From Figure  3*  we can o b t a i n :  

In o r d e r  t o  s t u d y   f u r t h e r   t h e   q u e s t i o n  

whera- h. -@ 
-t, 

ho 

where K 

i s  t h e  dep th  o f  t h e  crack; 
is t h e   l o w e s t   t e m p e r a t u r e ;  
is t he   t empena tu re  at 
which   c racks   occur ;  
i s  t h e   d e p t h  o f  t h e   w i n t e r  
f rozen  layer,  

i s  t h e  ha.& conduc t ion  
c o e f f i c i e n - t  o l  € r e e z i n g  
ground;  
i s  t h e   t e m p e r a t u r e  at 
which the   g round  SUrfaGa. 
f r e e z e s ;  
is t h e   l o n g e s t   f r o s t  
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p e r i o d ;  
is  the  phase--change 
temperature . .  QL 

The  above r e l a t i o n s h i p  CBFL a l s o  b e   w r i t t e n  

TO s i m p l i f y ,  we can  use 6 = +- 
and write the   above   fo rmula  as f o l l o w s :  

B i s  t h e   m o d i f y i n g c o e f f i c i e n t  
f o r  which we can assume a 
v a l u e  B = 1 f o r   r o u g h  
c a l c u l a t i o n s .  

MECBANICAZ ANALYSIS OF FROST CRACKS 

The w i d t h ,   d e p t h ,  and spacing.  O f  
f r o s t   c r a c k s   a r e   r e l a t e d   t o   t h e   i n t e w i t y  
o f  t he rma l   p ropaga t ion ,   i , . e .   t he rma l  
c u r r e n t s   i n t e r s e c t i n g   i s o t h e r m s  a t  n i g h t .  
a n g l e s .  we t a k s  a small cub ic   s ample   un i t  
at t h e   g r o u n d   s u r f a c e ,   w i t h  i ts  s ides  
p a r a l l e l   t o   t h e   t h e r m a l   c u r r e n t s  and t o  
t h e   i s o t h e r m s .  The s t r e s s e s   t o  which  the 
s a m p l e   u n i t  is s u b m i t t e d   d u r i n g   t h e  
p r o c e s s  o f  g round   su r f ace   f r eez ing   a r e  
shown i n  F i g u r e  4. 
d i s t a n c e   t o   t h e   s u r f a c e  and t o   t e m p e r a t u r e  
as well as t o  s o i l  c o n d i t i o n s .   I n   f i g u r e  
4 ,  we can also s e e   t h a t   t h e   s t r e s s e s   a r e  
o r i e n t e d  a l o n g  two pe rpend icu la r   axes .  
There   a re  2 groups o f   p u l l i n g   s t r e s s e s  
( cyx and ry ) and 2 groups o f  s h e a r i n g  
s t r e s s e s  ( r c X  and "Cy ) ,  w i t h 2 ,  = Z y .  

I n   s u c h   c o n d i t i o n s ,  stress i n t e n s i t y  
can be o b t a i n e d  by t h e   m e t h o d   i l l u s t r a t e d  
i n   F i g u r e  5 ( s t r e s s   r o u n d   c a l c u l a t i o n  
method). From F i g u r e  5, we can o b t a i n  

These   s t r e s ses   va ry   ac . co rd ing  t o  t h e  

The  angle   between  the main s t r e s s e s  0; 
and g is  

(. 1 5 1. 

where r is t h e   f i r s t  main 

6 2  
s t r e s s ;  
is  t h e  second main 
s t r e s e .  

As t o   t h e   v a l u e  o €  g, and , i t  
s u f f i c e s  t o  m e a s u r e   a r b i t r a r i l y  ?wo 
perpend ieu la r   g round  surface C Q n t r a C t i O n d  
s t r e s s e s ,  G d l i n g  one & and t h e   o t h e r  Q 
( U s u a l l y   t h e   g r e a t e r   o f   t h e  two Fs c a l l e d  

above  method and formulas, caiculate 
t h e   p o s i t i o n ,   o r i e n t a t i o n ,  and i n t e n s i t y  
of t h e  maximum and minimum s t r e s s e s .  
Then, by mmparing, tke maximum s t r e s s  
t h u s   o b t a i n e d  aad the maimum t e m s i l e  
s t r e n g t h   u n d e r  t h e  same temperature .  
c o n d i t i o n s ,  i t  is p o s s i b l e  t o  detexmine 
whether  o r  n o t  a f r o s t  crack will o c c u r  
and, f u r t h e r ,  t o  p r e d i c t  its d i r e c t i o n  and 
s i z e  . 
method ,   t he   fo l lowing   ca ses  are u s u a l l y  
encountered:  

a. The  measured  ualues  for t h e  
p e r p e n d i c u l a r   s t r e s s e s  O;, and, CJ a r e  
n o t   e q u a l .   T h i s  i s  the   mos t  common case. 

b. The  measured  values f o r  and Fy 
a r e   e q u a l ;  i n  t h a t  case, t h e   v a l u e  o f  t h e  
main s t r e s s e s  0; and g i s  as fo l lows :  

g and t h e   L e s s e r  Oj ) ; t h e n ,  by u s i n g   t h e  

Using t he   above   s t r e s s -de te rmina t . i on  

Cl = wx + T x  C 161 

q = (rx --Lx (17) 

c. I n   t h e  two m e a s u r e d   s t r e s s e s ,  one 

0;. = 0,  bu t  n o t   t h e   o t h e r ;   I n  that case ,  
is e q u a l   t o   z e r o ,   t h a t  is  rX-= 0 o r  

FIGURE 5 G r a p h i c   a n a l y s i s  o f  t h e  main 
s t r e s s e s   i n   f r o z e n  ground i n  
homogeneous half-space 
c o n d i t i o n s  
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al and  r2 a r e   d e t e r m i n e d  as fo l lows :  

As t o  t h e   v a l u e s  bj, and 9 a r e  
e q u a l , ,   t h e   a n g l e   b e t w e e n   t h e  main b t r e s s e s  
0; and 5 i s  

I -2T 
N = - arc4 = 45" z 9 G--$ 

It i s  a l s o   w o r t h   n o t i c i n g   t h a t   i n   t h e  
p rocess  o f  f r o s t - i n d u c e d   c o n t r a c t i o n ,  when 
t h e  main stresses r e a c h   o r   e x c e e d   t h e  
maximum limit o f   t e n s i l e   s t r e n g t h  o f  t h e  
f rozen   ground,   the   g round  breaks  and  
c r a c k s   a p p e a r .  The c r a c k s  t h u s  formed a r e  
p e r p e n d i c u l a r  t o  t h e   f i r s t  main s t r e s s   a n d  
cause a s u d d e n   r e l e a s e   o f   t h e   f i r s t  main 
s t r e s s .  A t  t h a t   t i m e ,   t h e   s e c o n d  main 
s t r e s s ,   p e r p e n d i c u l a r  t o  t h e   f i r s t ,  is 
sti l l  b u i l d i n g :  a s u b s t a n t i a l   c h a n g e   t h e n  
O'cwms and t h i s   s e c o n d  main s t r e s s  becomes 
t h e   f i r s t  main s t r e s s  and keeps  growing 
u n t i l  a crack p e r p e n d i c u l a r   t o  i t  is 
formed. As t h e   p r o c e s s  is  r e p e a t e d ,  it 
l e a d s  gradually t o  the  development  of  
c r a c k   n e t w o r k s .   S i n c e   t h e  angle between 
t h e  two main s t r e s s e s  i s  90°, th.e c r a c k s  
they   cause  also c u t  at r i g h t  or c l o s e -  
to-right ang les ,   t he   fo rmer   confo rming  
more t o  t h e   t h e o r e t i c &   m o d e l .  

v e g e t a t i o n  cover, and snow l a y e r   t h i c k n e s s  
o f   c i v i l   w o r k s   s u c h  as roads, runways,, 
e l e v a t e d   d i t c h e s   a n d   c a n a l s ,   o r  embankmenlts 
p r e s e n t   t a n g i b l e   d i f f e r e n c e s  with t h e  
s u r r o u n d i n g   t e r r a i n ,  and when t h e i r   w i d t h -  
t o - l e n g t h  ratio is v e r y   h i g h  o r ,  under 
c e r t a i n   m n d i t i o n s ,  c.an be   cons ide red  
i n f i n i t e ,   t h e  f irst  main s t r e s s  s, i s  
ex t r eme ly   g rea t ,   whereas  t h e  second main 
s t r e s s  ct i s  ex t r eme ly  small. I n   t h a t   c a s e ,  
one may c o n s i d e r   t h e   t e n s i l e   s t r e n g t h  as 
u n i d i r e c t i o n a l .  A t  t h e  same t i m e ,   t h e  
f i r s t  main s t r e s s  i s  b a s i c a l l y   o r i e n t e d  
a l o n g  t h e  l e n g t h  axis o f  t h e s e  s i u i l  
works and t h e   f r o s t   c r a c k s   t h a t  occur are 
n e a r l y  all p e r p e n d i c u l a r   t o  i t .  

When t h e   c o m p o s i t i o n ,   w a t e r   c o n t e n t ,  

FIGURE 6 The f o r m a t i o n  o f  f r o s t   n e t -  
works. The numbers   represent  
t h e   o r d e r s  o f  f r o s t - c r a c k  
€ormatSon. 

CONc.xJUSIOH 

Fox 6wme s m a l l - s c a l e   p r o j e c t s  o f  
h y d r a u l i c   e n g i n e e r i n g  such as pools and 
r e s e r v o i r s ,   e l e v a t e d   c a n a l s  and  d i t c h e s ,  
o r  embankments,   the  thermal cracks o f  
f rozen   g round   a r e   t he   ma jo r   sou rces  
r e s u l t i o n g  s o i l  c u r r e n t  and p i p i n g   i n  
embankment i n  t b s  s p r i n g ,   e s p e c i a l l y  f o r  
t h e   c r o s s i n g   p r o j , e c t s   o f   h y d r a u l i c   e n g i n e -  
e r i n g  o f  a g r i c u l t u r e .  

d e t r i m e n t a l   t o   c o n s t r u c t i o n   p r o j e c t s   i n  
co ld   r eg ions .   In   Ch ina ,  cases where 
c o n s t r u c t i o n   w o r k e r s   n e g l e c t e d  t o  take  
a d e q u a t e   p r o t e c t i o n   m e a s u r e s   a g a i n s t  
f ros t   have   been   obse rved .  The subsequen t  
fo rma t ion   o f  cracks h a s   r e s u l t e d   i n  
f i s s u r e s  up t o  3 cm wide i n  t h t   g r o u n d  
f l o o r  and basement floors, n e c e s s i t a t i n g  
m a j o r   r e p a i r s .  This is h o t  o n l y  was te   o f  
time and c a p i t a l ,   b u t   h a s  a d e t r i m e n t a l  
e f f e c t  on t h e   b u i l d i n g !  s L i f e  span; i t  
can  be  avoided by a c a r e f u l  s t u d y  o f  t h e  
f r o s t   c r a c k   s u s c e p t i b i l i t y   o f   t h e   g r o u n d  
and m a t e r i a l s   a n d  by t a k i n g   a p p r o p r i a t e  
p r e v e n t i v e   m e a s u r e s  at t h e   p l a n n i n g  
s t a g e .  

The f o r m a t i o n   o f   f r o s t  cracks can be 
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DEVELOPMENT OF PEBIELACIAL LANDFORMS I N  THE NORTHERN MARGINAL REGION OF THE 
QINGHAI-XIZANG PLATEAU SINCE THE LATE PLEISTOCENE: 

Xu Shuying, Zhang Weixin, Xu Defei, Xu Qizhi,  and  Shi  Shengren 

Department of Geology  and  Geography,  Lanzhou Univers i ty  
People’s  Republic o f  China 

Based on f i e l d   i n v e s t i g a t i o n s  and C14 dating,  there  have been three  cold  per iods 
s ince   the   La te   P le i s tocene:  (I) the  main W i i r m  Glacia t ion ,  when t h e   a i r  tempera- 
t u r e  was about 7’ t o  8’C lower Khan at present ,  and the  lower l i m i t  of the   per i -  
g l a c i a l   b e l t  was at 2200-2300 m a.s.1.; (2) the  second  stage of the  Middle Holo- 
cene, when the   a i r   t empera ture  was about 2.5’C lower  than a t   p resent ,  and the  
lower limit o f  t he   pe r ig l ac i a l   be l t  was a t  about 3300 m a.s.1.; and (3) the Neo- 
g l ac i a t ion   a t   t he  end of the  Middle  Holocene, when the   a i r   t empera ture  was about 
2.7OC lower  than a t   p re sen t ,  and the  lower limit of the   pe r ig l ac i a l   be l t  was a t  
about 3200 m a.s.l.  Between these  three  cold  per iods,   there  were warm s tages  
with a i r   t empera tures  1‘-2’C higher   than  a t   present ,  and the   pe r ig l ac i a l  lower 
limits were a t  about 3500 t o  3900 m. During  the  cold  periods, many p e r i g l a c i a l  
phenomena were  formed,  namely  frost-heave mounds, sand  wedges, involu t ions ,  
b lockf ie lds ,   sp l ine   c ryoplana t ion   te r races ,  and sor ted  and  nonsorted  polygons. 
The modern p e r i g l a c i a l   b e l t  can be d iv ided   ve r t i ca l ly   In to   t h ree  zones:  the  zone 
of frozen  weathering  and of freeze-thaw  denudation i n  the  upper   par t ,   the  zone of 
freeze-thaw  creep  and frost heaving  in  the  middle,  and the  zone o f  f rost   heaving 
and heat  thawing  in  the  lower  part. 

The n o r t h e a s t   m a r g i n a l   r e g i o n  of the  Qinghai-  
Xizang p l a t e a u   r e f e r s  t o  the p e r i p h e r a l   & e a  hor- 
d e r i n g   t h e   n o r t h e a s t  of t h e   p l a t e a u ,  It covere 
the  e a a t e r n   p a r t  of Q i n g h a i   p l a t e a u ,   t h e   e a s t e r n  
s e c t i o n  of Q i l i a n  mountains and the western  mar- 
g i n a l   r e g i o n  & ~ m s u  Cent re  Basin, e t c .  (gig. I )  

The nor theas t   boundary  of permafros t  on the  
p l a t e a u   c r o s s e s   t h e   n o r t h e r n   h i l l s i d e  of E l a  
mountain at t h e   e a s t e r n  end of Kunlun  mountain at  
e l e v a t i o n  o f  j,SOChfli0OO m. In t h i s   r e g i o n ,   o n l y  
Q i l i a n  mountains,   western  Qinling  mountain and 
o t h e r   a r e a s  of h i g h   a l t i t u d e  where  permafroat 
deve lops   be long   to   the   contemporary   per ig lac ia l  
b e l t .  ThlFa r eg ion  was t h e   a r e a  o f  both a l t i t u d e  
and l a t i t u d e   p e r i g l a c i a l   z o n e s   d u r i n g   t h e   Q u a t e r -  
nary Ice Age, Many f o r m e r   p e r i g l a c i a l  phenomena 
a r e  left i n   t he   p re sen t -day   non-pex ig lac i a l   be l t .  
Some fos s i l  p e r i g l a c i a l   f e a t u r e s  were  formed un- 
der   co lder   c l imat ic   condi t ions   than   cur ren t ly  ex- 
perienced  in   the modern p e r i g l a c i a l   b e l t .  

FEXIGLACIAL LANDpcazMs OP RUIN 
GLACMTIQN LATE “BXENE 

The kzirm g l a c i a t i o n  of t h e   l a t e   P l e i s t o c e n e  
caa he d i v i d e d   i n t o  two s u b s t a g e a r   e a r l y  Wrm glar 
c i a t i o n  and main Wxm gLacia&ion, The recorda  of 
seaf loor   sediments   and  levels  of t he  Yellow  and 
East   China  Seas   both  prove  that   the   c l imate  o f  
t he  main M r m  g l a c i a t i o n  was co lde r .   Dur ing   t h i s  
glacial   age,   the   snowline of the  mountain  areas 
dropped to   abou t   1 ,500   t o  1,700 m i n  the mountain 
areas   around  the  Qinghai-Xiaang  plateau.  The pre- 
c ip i t a t ion   t oday  is abundant,  with  900-1,000 m 
i n   t h e   g e n e s a l   c o n t i n e n t a l   g l a c i e r   a r e a s ,  (Zhheng 
Benxing e t  al., 1981) .   F ie ld   observa t ions   ind ica te  
that   the   snowline  drop i n  Lenglongling  mountain 
amounted t o  800 m. Glac ia t ion  w a s  extensive  (Shi  
Yafeng et a l . ,  1981). I n  the  main WUrm g l ac i a t ion ,  
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F i g .  1. The d i s t r i b u t i o n  of pe r ig l ac i a l   l and fo rms  
n o r t h e a a t   m a r g i n a l  region of the  Qinghai-Xizang 
p l a t eau .  I. modern p e r i g l a c i a l   b e l t ;  2. p e r i e l a -  
Cia1 b e l t  Low limit of main ’rRirm-glaciation; 
3. p e r i g l a c i a l   b e l t  low limit of neo-g lac ia t ion ;  
4. f o s s i l  pingos ;  5. f o s s i l   b l o c k f i e l d s ;  
6 .  fossil nivat ion  hol lows;  7. f o s s i l   i c e  wedges; 
8. f O S E i 1  i n v a l u t i o n s ;  9. f o s s i l  p a t t e r n e d  
ground; IO, fossil t o r s ;  11. f o s s i l  p e r i g l a c i a l  
sand  dunes; 12. f o s s i l   s t o n e  streams; 13. f o s s i l  
f reeee thaw mud-flow t e r r a c e s ;  14. s t o n e   c i r c l e s ;  
15. b lockf i e ld ;  16. patterned  ground; 17. heat- 
thawing hollows; 16. etone Streams( 19. SfOnt9 
S t r i p e s ;  20. niwation  hol low and freeze- thaw 
d e b r i s   c o n e ;  21. i n v o l u t i o n s ;  22. f reeze- thaw 
mud-flow t e r r a c e s .  
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t h e   a l t i t u d e s  of f o s s i l   c i r q u e s  on the   nor thern  
slope  of  Nanshan  mountain,  Qinghai,was 3,800 t o  
3,900 m. This is 900 t o  1,000 m lower than t h e  
c a l c u l a t e d  modern c l i m a t i c  snow line.%& 1OWeri- 
of t h e  snow l i n e  i s  bound t o   b r i n g   a b o u t   t h e  
1nwerJng of t h e   p e r i g l a c i a l   b e l t .  As a r e s u l t ,  
wide  mea8  remain o f  t h e  main firm g l a c i a t i o n   i n  
t h i s   r e g i o n .   D e s c r i p t i o n s  o f  t h e   p e r i g l a c i a l   l a n d  
forms of t h e  Gonghe Basin and t h e   f o o t  h i l l s  of 
t h e  Pkomao and M a h a n  mounta in   s ince   the  main 
Warm g l a c i a t i o n   a r e  as fo l lows .  

The  Gonghe Basin 

D I E  a r e a  below  about  3,000 m i n   t h e   b a s i n  i s  
non-pe r ig l ac i a l .  Wang J i y u   e t  a1 (1979)   reported 
invo lu t ions   o f   l a t e   P l e i s tocene   age  at  Taggemu i n  
the   cen t r e   o f   t he   bas in .   Recen t ly  we have  found 
sand wedges  on t h e   s u r f a c e  o f  Tara 1 ,   the   h igh  
t e r r a c e  of the   Yel low  River   in   the   bas in .  The al- 
t i t u d e  there is 2,950 m. The sand  wedges  formed 
i n   l a y e r s  of a l l u v i a l   g r a v e l   w i t h   l o e s s .  The we- 
d g e s   a r e   f i l l e d   m a i n l y   w i t h   g r a v e l .  The e n c l o s i n g  
m a t e r i a l  is 17,300+,250 y e a r s  B.P. proving that 
t h e  wedges  were the   p roduc t s  of t h e  main M r m  
g l a c i a t i o n .  

In   t he  Gonghe B a s i n ,   t h e r e   a r e  two d i f f e r e n t  
kinds  of  sand  dunes o f  d i f f e r e n t   a g e s .  The o l d e r  
k ind   deve loped   ex tens ive ly  on t h e  Tamai t e r r a c e  
which is  on t h e   l e f t  bank  of  Qiabuqia  r iver.   This 
t e r r a c e  was formed at approximate ly   the  same t ime 
as T a r a  1. The base of t h e   t e r r a c e   c o n s i s t s  of 
l a y e r  o f   r i ve r - l ake   f ac i e s ,   t he  Gonghe group, 
which was formed  dur ing   the   ear ly-middle   P le i s to-  
cene. It is c o v e r e d   w i t h   l a y e r s   o f   a l l u v i a l  gra- 
Vel  and  loess .  On t o p  of t h e   l o e s s   l a y e r  are old- 
er  sand  dunes whose tops  have  developed a f o s s i l  
s o i l   l a y e r .  C-14 d a t i n g  of this l a y e r  i s  6,1802 
80 y e a r s  B.P. It is, the re fo re ,   t he   p roduc t   o f  
the   h igh   tempera ture   per iod  of t h e  mid-Holocene. 
Based on t h i s ,   t h e   o l d e r   s a n d   d u n e s   a r e   i n f e r r e d  
t o  be t h e   r e s u l t  of p e r i g l a c i a l  wind  action  of 
t h e  XWn! g l a c i a t i o n .  A t  t ha t   t ime ,  f o s s i l  sand 
dunes  were  formed  in many o t h e r   p a t s  of t h e  
world,  (Goudie  1981; Xu Shuying e t  al. 1982). 

The Maomao Mountain  Foot Hills 

Maomao mounta in ,   the   eas te rn   ex tens ion  Of 
Lenglongling  mountain,  is 3,949 m above  sea  level .  
The lower  boundary of t h e   p e r i g l a c i a l   b e l t   i a  
about 3,700 m above s e a   l e v e l .  A t  t h e   f o o t  of t h e  
Maomao mountain i s  Songshantan, a f a u l t e d   b a s i n  
of quaternary age. I n  the   south  is the  Shihuigou 
b rook ,   f l owing   sou th   i n to   t he   Zhuang lang   r i ve r .  
Near  Hongshanzui,   two  terraces o f  the   brook  axe 
well deve1ope.d.  The  second t e r r a c e  is 10 t o  15 m 
above   t he   r i ve r   l eve l .  Below t h i s   t e r r a c e  is a 
grave l   l aye r   w i th   ho r i zon ta l   bedd ing .  The overly-  
i n g   l a y e r  of a l l u v i a l   l o e s s   c o n t a i n s   s e v e r a l   t h i n  
humic,   dark-gray  layers .  A t h i c k e r   l a y e r  i n  be- 
tween  arches upward t o  form a b u r i e d   f o s s i l   p i n g o  
whose h o r i z o n t a l   l e n g t h  i s  25 t o  30 m. The h e i g h t  
i s  about 5 m. The a l t i t u d e   t h e r e  i s  2,540 m, 
1,160 m lower  than  the  lower  bdundary of t h e  oon- 
temporR-ry p e r i g l a c i a l   b e l t .  The l a y e r   o v e r   t h i s  
deformation is 31,100+1,500  years B.P. This  
P r o v e s   t h a t   t h e   f o s s i l   p i n g o  may have  been  formed 
d u r i n g   t h e  main Wiirrn g l a c i a t i o n .  

Mahan Mountain 

M&an mountain,   located on the   southern  p a t  
of t h e  Lanzhou Basin,  is 3,670 m above   sea   l eve l .  
The  mean annual a i r  temperature a t  t h e  summit is 
about -2oC. The ex ten t   o f   the   p resent -day   per i -  
g l a c i a l   b e l t  i B  small and p e r i g l a c i a l   p r o c e s s e e  
axe  not   wel l   developed.   According  to   temperature  
measurements   there  may be  no  permafrost   present.  
The e x i s t i n g   p e r i g l a c i a l   p r o c e s s e s   a r e   m a i n l y  
freeze- thaw  weather ing,   thaw-freezing  f low and 
f r o s t   h e a v i n g .   T o r s  and b lockf i e lds   found  on t h e  
f l a t  c r y o p l a n a t i o n   l e v e l  at t h e  summit, t o g e t h e r  
wi th   c ryoplana t ion   tes races   and   n iva t ion   ho l lows ,  
a r e  a l l  f o s s i l   p e r i g l a c i a l   f e a t u r e s .  The block- 
f i e l d s   i n   t h e  summit a r e a   c o n s i s t  of.  lange  blooks 
1 t o  2 m i n   s i z e ,   r e s u l t e d  from t h e   f r o s t  shitt- 
t e r i n g  of g n e i s s i c   g r a n i t e .  The necessary  condi-  
t i o n   a r e   e x t r e m e   c o l d  and a long  freeze-thaw pe- 
r i o d  (Embleton  1975). If cracking  caused  by 
f r eez ing  is at its maximum a t  -22'C, t h i s  proves 
t h a t   t h e   b l o c k f i e l d s  on t o p  o f  Mahan mountain may 
not   be   the   p roducts  of t h e   p r e s e n t   d a y   c l i m a t i c  
condb t ions .   A l so ,   t hey   d id   no t  form d u r i n g   t h e  
N e o g l p i a l   a g e  when the   t empera ture  was on ly  -2% 
t o  -3 C lower  than  today. The b l o c k s   a x e   s t a b l e  
w i t h   t h e i r   s u r f a c e   c o v e r e d   w i t h  mo8ses. Some 
b l o c k s   b e a r   f r o s t   c l e f t s  and   expes ience   " f ros t -  
heaving  act ion 'g ,   both o f  which a re   p robab ly   t he  
r e s u l t s  of   the   modern   per ig lac ia l   c l imate .   Cui  
Z h i j i u   ( 1 9 8 l a )   b e l i e v e s   t h a t   t h e   a l t i t u d e s   o f  the 
b l o c k f i e l d s   i n   v a r i o u s   p l a c e s  o f  the  Qinghai-Xi- 
aang Pla t eau   axe   gene ra l ly   abou t  200 t o  250 m 
lower  than  their  contemporaneous  snowlines. Thus 
it can be deduced t h a t  when t h e   b l o c k f i e l d s  on 
M a h a n  mountain  were  formed  the  snowline  should 
have  been 3,800 t o  3,850 m. During  the  main fixm 
glaciat ion,   Lenglongl ing  mountain,   which is 2'C 
h i g h e r  i n  l a t i t u d e   t h a n  Mahan mountain  had a 
snowline of 3,600 8 and the  Qinghai   Nanshan mom- 
t a i n ,  which i s  0.5 C h i g h e r   i n   l a t i t u d e   t h a n  M a -  
han mountain  had a snowline  of 3,800 t o  3,900 m. 
Both  snowlines wree with that suggested f o r  t h e  
Mahan mountain when the  blockfields   were  formed.  
The re fo re  it can be presumed t h a t   t h e   b l o c k f i e l d s  
on  top of Nahan mountain  a lso  formed  during  the 
main W m  g l a c i a t i o n .  

PERIGLACLAL LANDFORMS OF HOLOCENE PERIOD 

The  Holocene per iod   underwent   co ld   s tages .  
Dur ing   these   co ld   s tages   the   snowl ines  and t h e  
pe r ig l ac i a l   l ower   boundar i e s   i n   Ch ina ' s   wes t e rn  
mountain  areas  lowered  between  100  to 300 m. Pox 
example,  the  snowline of Lenglongling  mountain 
Was about  200 m Lower than   t oday ' s   du r ing   t he  
Neoglacial   age.  Though t h e   p e r i g l a c i a l  zone i n  
t h e   r e g i o n  has r e d u c e d   g r e a t l y ,  i t  was sti l l  la- 
ger   than   today ' s .   Therefore  many p e r i g l a c i a l  
phenomena  formed dur ing   the   Holocene   co ld   s tages  
a r e  s t i l l  found i n   e x i s t i n g   n o n - p e r i g l a c i a l   a r e a a  
Rad ioca rbon   da t ing   i nd ica t e s  two pe r iods  of co ld  
s tages   dur ing   the   Holocene .  The p e r i g l a c i a l  
phenomena  formed d u r i n g   t h e  cold s t a g e s   c a n  be 
found i n   t h e   f o l l o w i n g   a r e a s .  

The  Gonghe Basin 

The  Shazhuyu River f l o w s   i n t o   t h e   D a l i a n h a i  
l a k e  and forms a c losed   r i ve r   sys t em.   S ince   t he  
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l ake   l eve l   has   lowered   s ince   the   Holocene ,  and 
r iver   - lake  facies   have  emerged at  t h e   r i v e r  
mouth,  groups  of small s ized   sand  wedges  and  in- 
v o l u t i o n s  are  f o u n d   i n   t h e   d e p o s i t s  at dep the  of 
0.4 t o  0.5 m beneath  the  ground  surface.  The en- 
c l o s i n g   d e p o s i t s   a x e   l i g h t   y e l l o w   a n d   d a r k   g r a y  
silt  and  clay.  The wedges a r e   f i l l e d   w i t h  
r e d d i s h   c l a y  and small g rave l s   wh ich   a r e  7,750+ 
90 y e a r s   o l d  B.P. The i nvo lu t ions   axe  0.5 m to- 
0.8 m under  the  ground  surface.   Both  the  over- 
l y i n g  and t h e   u n d e r l y i n g   l a y e r s   h a v e   v e r y   f i n e  
hor izonta l   bedding .  The i n v o l u t i o n s  assume t h e  
form of gent ly   symmetr ica l   fo lded   curves .   Accord-  
i n g   t o   t h e  C-14 d a t i n g ,   t h e   o v e r l y i n g  and under- 
l y i n g  layers a r e  7,0902185 and 8,350f100 B.P. 
Years old   each .  This p r o v e 8   t h a t   t h e   i n v o l u t i o n s  
were  formed i n   t h e  same per iod as the  sand wedges. 

Riyueshan  Mountain  and  Qinghai  Nanshan  Mountain 

Both  mountain  areas  are  over  4,000 m above 
sea   l eve l ,   w l th   t he   l ower   boundary  o f  t h e   e x i a t -  
i n g   p e r i g l a c i a l   b e l t   l y i n g   b e t w e e n  3,600 t o  
3,700 m above s e a   l e v e l .  On t h e  f l a t  and g e n t l e  
s l o p e  at  t h e  pass of  Riyueshan  mountain  (3,450 m) 
t h e r e   a r e   e x t e n s i v e   a r e a s  of non-sorted  polygons, 
1 t o  2 m o r  5 t o  8 m i n   d i a m e t e r .  The c l e f t s  
a round  the   po lygons   have ,   however ,   been   f i l l ed  
w i t h   p o s t - g l a c i a l   f i n e - g r a i n e d   m i n e r a l   s o i l .  Be- 
tween 1.5 t o  2.0 m under   the   g round  sur face  i s  a 

4,920+_80 y e a r s  B.P. As the  non-aorted polygons 
p a l e o - s o i l   l a y e r ,   w i t h  r i c h  humus. It i s  d a t e d  at 

a re   ove r   t h i s   so i l   l aye r ,   t hey   were   deve loped  
ear l ier .   Therefore ,   they are the  products   of  
the  Neoglacial   age.  On t h e   g e n t l e ,   f l a t  summit 
leve l   o f  3,500 m a . s .1 .   i n   Q ingha i  Nanshan moun- 
t a i n  where  the  Qinghai-Xizang Highway paases,  
t h e r e   a r e  frost heaving  grassy mounds. Some a r e  
decaying. No water logged  areas   have  been  lef t   but  
-linsteed, grass meadows. 1.8 t o  2.3 m unde r   t he  
ground  surface is a wel l   deve loped   pa laeo-so i l  
l a y e r  of   subalpine meadow type  which i s  3,590+90 
y e a r s   o l d  B.P. T h i s   p r o v e s   t h a t   t h e   f r o s t   h e a v -  
i n g   g r a s s y  mounds  were  formed during  the  Neogla-  
c i a 1  ege. 

QinEhai Lake Basin 

The l e v e l  of the   Qinghai  Lake i s  3,196 m above 
s e a   l e v e l ,  and t h e   l a k e   b a s i n  i s  g e n e r a l l y   n o  
more than  3,400 m above s e a   l e v e l &  The mean an- 
nua l  air  tempera ture   there  i s  0.9 C t o  2.7 C. 
Though the   bas in   be longs  t o  t h e  modern  non-peri- 
g l a c i a l   r e g i o n ,  many f o s s i l   p e r i g l a c i a l   r e m a i n e  
a r e   f o u n d   i n   t h e   l a k e s h o r e   a r e a s .  For example, 
t he   va l l eys   nea r   t he   l ake - l ike   Dao tanghe ,  Buhahe, 
and  Heimahe r ive r s   have  many non-sorted polygene. 
The po lygons   a r e   u sua l ly  3 t o  4 m i n   d i a m e t e r .  
Bes ides   the   po lygons   there  a r e  a lso   f reeze- thaw 
mud-flow t e r r a c e s  and f r o s t   h e a v i n g   g r a s s y  mounds 
i n   t h e   v a l l e y s .   V a r i o u s   s i g n g   i n d i c a t e  that  t h e y  
a r e   a l l  non-active. 

Concentrated  pyramid-shaped  dunes  axe distri- 
buted on t h e   e a s t  bank  of t h e  lake from  mouth of 
G m z i h e   r i v e r   i n   t h e   n o r t h   t o   t h e   f o o t  of M a l o n g  
mountain i n   t h e   s o u t h .  On the  watershed  between 
the   Da tmg   and  Langmmahe r i v e r s   a c t i v e   d u n e s   h a v e  
formed  over   the  old  dunes  which  have  been  a l ready 
covered by a l a y e r  of  paleo-soil   which is  5,9602 
100 y e a r s   o l d  B.P. A t  p r e s e n t   p l a n t s   h a v e  begun 

0 

t o  grow  sporadica l ly  on t h e s e  new dunes,  which 
shows t h a t   t h e   s t a g e  of s t r o n g  wind a c t i o n   h a s  
passed.   Therefore ,  we t h i n k   t h a t  new dunes  formed 
dur ing   t he   Neog lac i a l   age .  The h i s t o r y  of   the 
Qingha i  Lake i n d i c a t e s   t h a t   d u r i n g   t h e   m i d d l e  and 

rose .  It was n o t  until the   Holocene   tha t   the  lake 
l a t e   P l e i s t o c e n e   t h e   l a k e   l e v e l   p r o g r e s s i v e l y  

l e v e l  began t o   d r o p ,   a s s o c i a t e d  with upl i f t  of 
the   ad jacen t   moun ta in   a r eas  and as t h e   c l i m a t e  
became a r i d .  The  wind ac t ion   then   began   to   e rode  
the   Holocene   lake   depos i t s .  Hence the   o ld   dunes  
in   Q ingha i  Lake basin  should  have  been  formed 
d u r i n g   t h e   e a r l y   c o l d   s t a g e  o f  the  Holocene and 
should be  more than j,960+i 00 Years   o ld-  

Mahanshan  Kountain 

I n  this m o u n t a i n   t h e   b l o c k f i e l d s ,   t o r s ,  and 
a l t i p l a n a t i o n   p l a t f o r m s  were  formed  during  the 
main Wrm g lac i a t ion .   O the r   f ea tu re s   such  as snow- 
eroded  hollows and t e r r a c e s  o f  freeze-thaw mud 
f lows  are   the  products   of   the   Holocene  cold 
s tages .  C-14 dat ing  of   a   paleo-soi l  from 0.0 m 
under  the  ground  surface shows it is 1,860k95 
years   o ld .  It  is i n f e r r e d   t h a t  snow-eroded hollows 
may have  formed  during  the  Neoglacial  age. 

TWE MODERN PERIGLACIAL BELT AND 
ITS VERTICAL ZONATION 

Since  the  permafrost  on the  Qinghai-Xizang  pla- 
t e a u  i s  s i t u a t e d   i n   t h e   a r e a  of lower-middle al t i-  
tude,   the  lower  boundary of the  permafnost  is ap- 
proximately  the  same-as  the  uean  annual air tem- 
pera ture ,  which is -2'C t o  -3'C. Accordingly, 
based on t h e  -2 '  mean annua l   a i r   t empera tu re  iso- 
therm  and u s i n g   f i e l d  data t o  amend, t h e   d i s t r i b u -  
t i o n  of modern p e r i g l a c i a l   b e l t  is &own i n  Fig.1. 
The zona t ion  can be d e v i d e d   i n t o   t h r e e   p e r i 6 : l a c i a l  
b e l t s .  

of p a r t  of Datong   moun ta in   w i th in   t h i s   be l t  i 6  

-4.5OC t o  -5OC and of Tuolai   mountain -4.5OC to 
-8.2OC. The p e r i g l a c i a l  phenomena a r e  main1J- t o r s ,  
a l t i p l a n a t i o n   p l a t f o r m s ,   n i v a t i o n   h o l l o w s  and 
f reeze- thaw  debr i s   cones ,   b lockf ie lds ,   and  poly-  
gons. 

of t h e   p a r t s  of Datong  mountaJn  and  Tuolai nioun- 
t a i n   w i t h i n   t h i s   b e l t  i s  -3.5 C t o  -4.5OC. Ilhe 
P e r i g l a c i a l   f o r m s   a r e   c h i e f l y   t e r r a c e s  of f r e e z e -  
thaw mud f lows,   tongue of  mud f lows  and f r o s t  
heaving  mott led  grounds.  

3. The i o w e r   b e l t  The mean annual   temperature  
h e r e  is  -2 C t o  -3 .5  C. There i s  c o m p a a t i v e l y  
weak f ros t   heaving   and   f reeze- thaw mud. f l o w   a c t i -  
vi ty .   There is also  widespread  solar  thawing which 
p r o d u c e s   s l i d i n g   c o l l a p a e  and the   format ion  of 
small ponds  and  marshy  areas. 

1. The uppex   be l t .  The mean annual   temperature  

2. The midd le   be l t .  The mean annual   temperature  

d 

PERIGLAC IAL HISTORY  SINCE 
MAIN WiiRM GLACIATION 

The g r e a t  number of r e l i c   p e r i g l m i a l  pheno- 
mena found  in   the  northern  region  of   the  Qinghai-  
Xizang P l a t e a u   e n a b l e   d i s c u s s i o n   o f   p e r i g l a c i a l  
h i s t o r y  of t h i s   r e g i o n .  

n i f i c a n t   n e r i g l a c i a l  phenomena a r e   r e l i c  frost 
During  the  main Wurm g l a c i a t i o n   t h e   m o s t  sig- 
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heaving mounds, r e l i c  sand  wedges,  and r e l i c  
b l o c k f   i e l d s .  

heaved  mounds,  which i n d i c a t e   t h e   e x i s t e n c e  Of 
permafros t ,   deve lop  in p o l a r  o r  subpo la r   a r eas  
where t h e  mean annual air  temperature  is -2.2OC 
t o  -5.6'C. The mean annual  air  temperature  of t h e  
a r e a s   i n   t h e   p e r m a f r o s t   b e l t  on the  Qinghai-Xi- 
zang   P la teau  where p ingos   ex tens ive ly   deve lop  is 
-3OC t o  -5OC. (Wang S h a o l i n g   e t  al,  1981; 
An Zhongyuan e t  a l ,  1980) If we t a k e   t h e  mean an- 
n u a l  air temperature  of -4 C as t h e   n e c e s s a r y  
tempera ture   under   which   the   f ros t   heaved  mounds 
a r e   a b l e   t o  form, then   the   d i f fe rence   be tween  the  
main Mirm and the   p re sen t   t empera tu re  is 7.5OC. 

Another   ind ica tor   showing  the   ex is tence  of 
formed  permafrost   are  relic  sand  wedges.  Pewe 
( 1 9 6 5 )  b e l i e v e s   t h e y   e x i s t  where t h e  mean annual 
a l r  temperature  i s  below -6Oc t o  ;8OC, while 
Washburn b e l i e v e s  no l e s s   t h a n  -5 C. In view of 
t h e   s m a l l e r   s i z e  of  the  sand wedges i n  Gonghe Ba- 
s i n   d u r i n g   t h e  main Wiirm g l a c i a t i o n ,  and t a k i n g  
-5OC as t he   t empera tu re   i nd ica to r  f o r  t h e i r  grow- 
t h ,  we c a n   s e e   t h a t   t h e  air temperature  of t h e  
Ggnghe Bas in   du r ing   t he  main Wurm g l a c i a t i o n  was 
7 C lower   than   today ' s ,  and t h e   l o w e r   p e r i g l a c i a l  
boundary was about  2,400 m above s e a   l e v e l .  

As s a i d   a b o v e ,   v e r y   c o l d   c l i m a t i c   c o n d i t i o n  
must  have  existed f o r  the   format ion  of the  block-  
f i e l d s  as found   i n  Kahan  mountain. On t o p  of t h e  
present  Tuolaishan  and  Zoulangnashan  mountains 
which a re   4 ,500  m above   sea   l eve l  and  where t h e  
mean annual  a i r  temperature  is about -5 C, no 
b l o c k f i e l d s   a r e   f o r m e d   w i t h   s u c h   g r e a t   b l o c k s  as 
are   found  in  Wrshan mountain. In west B a t a n  a r e a  
of e a s t e r n  Kunlun  mountain,  contemparory  block- 
f i e l d s  composed  of blocks  of 2 t 3  3 m i n  dimen- 
s ions   deve lop  on mountain summit l e v e l  a t  4,950 
t o  5,COO m above s e a   l e v e l .   I n   t h e  Qomolangma 
m e a ,   t h e y   o n l y  form on summit l e v e l s   o v e r  5,800 
t o  6,coo m. Based on c a l c u l a t i o n s ,   t h e  mean an- 
nua l  sir t e m p e r a t u r e   i n   t h e s e   a r e a s  i s  about  -10' 
c .  If we t a k e  -1OOC as t h e  air temperature  con- 

han  mountain, then t h e  amplitude  betwsen t h e  main 
d i t i o n   u n d e r  which t h e  blocks  were  formed on Ma- 

firm and the   p re sen t   t empera tu re  i s  8 C .  Thus i t  
i s  e s t ima ted   t ha t   t he   l ower   boundary  of t h e   p e r i -  
R l a c i a l   b e l t  at  t h a t   t i m e  was 2,220 m. 

evolution  of  the  Holocene can be dev ided   i n to   t he  
fo l lowing   s t ages .  

The Early  Holocene  StaRe 

Washburn (1973) b e l i e v e s   t h a t   p i n g o s  o r  f r o s t  

0 

0 

The pe r ig l ac i a l   deve lopmen t  and environmental  

This stage, 12,000 t o  8,000 years ago, 
was t h e  w a r m  c l i m a t i c   s t a g e  a t  the  beginning of 
the   pos t -g lac ia l   age .   In  Gonghe B a s i n   t h e r e   a r e  
p a l e o - s o i l   l a y e r s   w i d e l y   d i s t r i b u t e d  2 m under  
t h e   g r o u n d   s u r f a c e   o f   t h e   f o o t s l o p e   i n   f r o n t   o f  
Qinghai Nanshan mountain. Among them t h e   s o i l  
bur ied   near   Qanbulu   t emple  is 11,540+_150  years 
B.P. A t  the   p lace   where   the  Shazhuyu River f lows 
i n t o   D a l i a n h a i   l a k e ,   t h e   t o p  of t h e   t h i c k   l a y e r  
Of l a k e   f a c i e s  which is 5 m above  the  lake sur- 
f a c e  i s  8,j50$100 y e a r s  B.B. !Phis i n d i c a t e s   t h a t  
dur ing   the   ear ly   Holocene   s tage ,   Dal ianhai   l ake  
experienced a pe r iod  of h i g h   l a k e   l e v e l s .  The 
ana lys i s   o f   Holocene   spore   po l len   in  lake f a c i e s  
of the   Qinghai  Lake b a s i n   d e m o n t r a t e s   t h a t   t h e  
woody p l a n t  pollen a c c o u n t s   f o r  48% o f   t h e   t o t a l .  
In view of the   l a rge   quan t i ty   o f   pop lus   sp .  and 

s a l i x  s p . ,  each o f  which  accounts f o r  16% of t h e  
t o t a l   p o l l e n ,  and  comparing t h e i r   e c o l o g i c a l  en- 
v i ronmen t   w i th   t ha t  of t he   p re sen t  day poplus and u, it is c a l c u l a t e d   t h a t   t h e  me% a x a i r  
temperature  at t h a t   t i m e  was about 1 C h i g h e r  
t han   t oday .   The re fo re ,   t he   a l t i t ude  of the   lower  
boundary o f  t h e   p e r i g l a c i a l   b e l t  was 160 m higher  
than  present   day.  

The Middle  Holocene S t w e  

This   s tage  which i s  8,000 t o  2,500 yeaxs  ago 
can be f u r t h e r   d i v i d e d   i n t o   t h e   f o l l o w i n g   s t a g e s :  

1.  The f i r s t  co ld   s tage .   This   s tage ,   which  i s  
8,000 t o  7,000 y e a r s  ago, i s  a c o l d   f l u c t u a t i n g  
per iod.  I n  Paxingan  mountain  (Xie Youyu e t  a l )  
and Daihai  lake,   Inner  Mongolia (Zhou Tingru e t  
a l )  there   are   involut ions  which  formed  between 7 
and 8 thousand  years  ago. Cui  Zhi j iu  (1981b) re-  
p o r t e d   r e l i c   p i n g o s   i n   t h e  Kunlun  mountain. In  
the   Qinghai -Xizang  reg ion ,   the   involu t ions  and 
sand  wedges  near  the  mouth of the  Shazhuyu  River 
i n   t h e  Gonghe Basin and t h e   p a l e a - p e r i g l a c i d  
dunes i n   t h e   Q i n g h a i  Lake bas in  were al l  produced 
du r ing   t h i s   s twe .   S ince   t he   i nvo lu t ions   and   s and-  
wedges  produced  in  the Gonghe bas in  a r e  small, 
which   sugges ts   the   c l imat ic   condi t ions   were   no t  
severe ,  and s i n c e  it i s  a l s o   p o s s i b l e  that t h e y  
were  formed  during a s h o r t   p e r i o d  of t i m e ,   t h e i r  
a l t i t u d e  of 2,860 m above s e a   l e v e l  may not repre-  
sen t   the   lower   boundary  of t h e   p e r i g l a c i a l  zone Of 

t h e  whole cold stage. Genera l ly   speaking ,   the  
p e r i g l a c i a l   d u n e s  a r e  i n  t h e   e x t e r n a l   a r e a s  of thg 
p e r i g l a c i a l   b e l t ,   T h e r e f o r e ,   t h e   a l t i t u d e  of 3,300 
m above s e a   l e v e l  i s  t o l e r a n c e  as the  lower limit 
o f  t h e   p e r i g l a c i a l   b e l t .   D u r i n g   t h i s   c o l d   s t a g e ,  
the  temperature  should  have  been  about 2.50C lowe3 
than   t oday ' s ,  and a l t i t u d e  o f  the  lower  boundary 
400 t o  TOO m lower  than  today's.  

2. The h igh   temnera ture   s tage .   This   s tage  
which is 7,000 t o  3,500 y e a r s  ago i s  pe r iod  of 
the  middle  Holocene when t h e   c l i m a t e  was w a r m  and 
humid. Pea t   fo rmed   du r ing   t h i s   s t age .  The water  
l e v e l s  of l a k e s   i n c r e a s e d .   T h i c k   d e p o s i t s  of l a k e  
facies  sediments  were  fosmed. For i n s t a n c e ,   t h e  
w a t e r   l e v e l  of D a l i a n h a i   l a k e   i n  Gonghe Basin was 
over  10 m higher   than   today ,  and t h a t  of Q ingha i  
Lake was at l e a s t  20 m higher  than  today.  Spore- 
p o l l e n  shows t h a t   s a l i x   s p .  s t i l l  accoun ted   fo r  
546 of t h e   t o t a l  amount.  The mean annual air tem- 
p e r a t u r e   i u r i n g   t h i s   s t a g e   o u g h t   t o   h a v e   b e e n  
about  1.8 C h igher   than   today ,  and the  lower 
boundary of t h e   p e r i g l a c i a l   b e l t   a b o u t  300 m high- 
e r   t h a n   p r e s e n t   d a y .  

3.  The second  co ld   s tage .   This   co ld  stage, 
which i s  3,500 t o  2 ,500  years  ago, i s  a l s o   c a l l e d  
the   Neoglac ia l   s tage .  The p e r i g l a c i a l  phenomena 
f o r m e d   d u r i n g   t h i s   s t a g e   a r e   w i d e l y   d i s t r i b u t e d  
and of var ioua   types .  The snow l i n e   v a l u e  of Leng- 
longling  mountain,   which is t h e   e a s t e r n   p a r t  of 
Qilian mounta iqd rops   abou t  200 m d u r i n g   t h i s  
s t a g e  and temperature  w a s  accord ingly   about  1.2 c 
lower  than  today 's .  The l o w e s t   a l t i t u d e  of p e r i -  
g l a c i a l  phenomena i n   t h e   Q i n g h a i  Lake bas in  i s  
3,200 m a.s.l., t h e  mean annual a i r  temperature  
was 2.7OC lower and the  lower  ,boundary of the  
p e r i g l a c i a l   b e l t   o u g h t   t o   h a v e   b e e n   5 0 0   t o  600 m 
lower  than  today 's .  

Judging   f rom  th i s ,   the   Neoglac ia l   age  was t h e  
co ldes t   s t age   i n   t he   Ho locene .  
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The Late  Holocene  Stage c-14 d a t i n g  of t h e   p a l e o - s o i l s   i n   t h e   n i v a t i o n  
hollorr on Diao l ing ,  M a h a n  mountain  shows tha t  t h e  

About 2,500 y e a r s  ago the  world came i n t o   t h e  s o i l  ):as formed  about 1,860290 year8 ago. 
l a t e  Holocene  stage  where  the  climate was cornpara- I n  order t o  make comparisons,  Table 1 Sums UP t h e  
t i v e l y  warn. W i t h   t h e   r i s e  of the  lower  boundary pe r ig l ac i a l   deve lopmen t   and   t he   changes   i n   t he  
of t h e   p e r i g l a c i a l   b e l t ,   p a l e o - s o i l s   a g a i n   d e v e -  a l t i t u d e s  of t h e  lower boundary of t h e   p e r i -  
loped wide ly   i n   t he   non-pe r ig l ac i a l   be l t .  The g l a c i a l   b e l t .  

TABLE I: The development of p e r i g l a c i a l  landforms and t h e   a l t i t u d e   c h a n g e s  of p e r i g l a c i a l  bel t  
i n   t h e   n o r t h e a s t e r n   r e g i o n  of Qinahai-Xizang  Platearz  since  main  Wum-glaciation. 

Age I Events  

a t e  Holocene P a l e o s o i l  on Diao l ing  of Mahansha I 1 r o s t   h e a v i n g  grassy mounds on 
Qinghai-Nanshan 

Pe r ig l ac i a l   s and   dunes  on t h e  east 
bank of Qingha i  Lake 

Nonsor ted   po lygons ,   so l i f luc t ions  and 
f r o s t   h e a v i n g  grassy mounds  on t h e  
banks of Qinghai Lake 

Niva t ion   depress ions  and s o l i f l u c t i o n s  
on Diao l ing  of Mahan mountain 

Nonsorted  polygons on R i m e  
mountain 

P e r i g l a c i a l   s a n d   d u n e s   i n  Gonghe 
Bas i n  

P a l e o s o i l  of the  watershed o f  
Daotanghe  River 

m 

p1 
P a l e o s o i l  on t h e  Ginghai-Nanshan 

P a l e o s o i l  of t he   pas s  o f  Riyue * mountain 

bn PaZeosoiZ of t he   p l a t fo rm o f  Gonghe 
2 Tamai 

,G 

Sand wedges i n  Gonghe  Shazhuyu  River 

Sand  dunes in   t he   wa te r shed  of 
Daotang Rive r  

I n v o l u t i o n s  of Gonghe  Shazhuyu 

*Peat o f  Gonghe Qangbulu   a rea  

a 

8 k i v e r  

of l a k e   f a c i e s  of Gonghe 
a l i a n h a i  Lake 

I 

Fros t  heaved mounds (p ingos )  of the 
f o o t  o f  Maomao mountain 

Sand  dunes of the  Gonghe Basin 

Invo lu t ions  of Gonghe  Tanggem a r e a  

Sand ,wedges of Gonghe Tala 1 

l o c k f i e l d s ,   t o r s ,  and a l t i p l a n a t i o n  

t 
Age of 
Formation 
Years B.P) "- I t i t u d e s  of Temperaturc 

l e r ig l ac i a l   change  
loundary 
rn a.s.1.) 

emperatu  e 
bout  1.8 C 6 

Dropped 
kernperature 

bou t  2.5OC 

3 e 3002 

I n c r e a s e d  

3 9002 temperatuge  about 1 .O C 

emperature 

?, 200-2,300 

E l e v a t i o n  
change of 
lower  boundar: 

b e l t  
of p e r i g l a c i a :  

F e l l   a b o u t  
500-600 m 

lose   about  
300: m 

) e l l  about 
400-500 m 

Rose about  
160-180 m 

Fell about 
1,400-1,500 m 
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A PRELIMINARY STUDY OF THE DISTRIBUTION OF FROZEN GROUND I N  CHINA 

Xu Xiaozu  and Wang Jiacheng 

Lanzhou l n e t i t u t e  of  Glaciology and Cryopedology, Academia S in i ca  
People's  Republic  of  China 

Based  on f i e l d   d a t a  and s t a t i s t i c a l   c a l c u l a t i o n s ,  a d i s t r i b u t i o n  map of f rozen 
ground i n  China  has  been  compiled. It was found tha t   t he   d i f f e ren t   t ypes  of 
frozen  ground are l o c a t e d   i n   d i f f e r e n t   c l i m a t i c  zones.  Permafrost i s  loca ted  
mainly in   the  northern  temperate   zone,   seasonal ly   f rozen  ground  in   the  middle  and 
southern  temperate  zones,  and in t e rmi t t en t ly   f rozen  ground i n   s u b t r o p i c   a r e a s .  
The values  of mean annual a i r   t e m p e r a t u r e   a t   t h e  lower or southern l i m i t  of penna- 
f r o s t  depend  on the   d i f f e rences  between the  annual mean ground  temperature  and  the 
air temperature;   these  differences  vary  with  dis t r ic ts   because of the v a r i a t i o n  i n  
so la r   r ad ia t ion .  'Ihe a l t i t u d e  o f  t he  lower limit of permafrost  depends  on  four 
f a c t o r s :   l a t i t u d e ,  the change r a t e s  of annual mean a i r   t e m p e r a t u r e   t o   l a t i t u d e  
and   a l t i t ude ,  and the   d i f f e rence  between the  annual mean ground  temperature  and 
the air temperature at tha t   po in t .   Di f fe rences  of a l t i t u d e  between the  anow l i n e  
and the lower l i m i t  of  permafrost  vary  with climatic d i s t r i c t s :  1000-1500 m f o r  
a r i d   d i s t r i c t s ,  500-1300 m f o r   s e m i - a r i d   d i s t r i c t s ,  250-1000 m f o r  subhumid dis-  
tricts, and 0-400 m f o r  humid d i s t r i c t s .  

Severa l   papers   have   d i scuseed   the   d i s t r ibu t ion  
of  permafrost i n  China,  but  except  for one (Zhou and 
Guo 1982) ,   they   dea l   wi th   par t icu lar   reg ions  of 
China. 

Based on d a t a  from f i e l d   i n v e s t i g a t i o n s  and 
u s i n g   s t a t i s t i c a l  methods,  a map of t h e   d i s t r i b u t i o n  
of frozen  ground i n  China  has  been  compiled at  a 
scale of 1:4,000,000. From t h i s  work, i t  was found 
t h a t   t h e   d i s t r i b u t i o n  of frozen  ground i n  China i s  
charac te r ized  by spec i f ic   envi ronmenta l   fac tors .  

HORIZONTAL DISTRIBUTION OF FROZEN GROUND 

Frozen  ground i n  China is c l a s s i f i e d   i n t o   t h r e e  
types  according  to  its durat ion,  i.e. permafrost, 
seasonally  frozen  ground, and i n t e r m i t t e n t l y   f r o z e n  
ground.  Permafrost  can i n   t u r n  be  divided  into two 
zones, a continuous  and a discontinuous  zone, 
according  to  the s o i l   t y p e s  on the ground sur face .  

the ground   su r face   i n   a l l   so i l   t ypes ,  from  fine- 
gra ined   to   coarse-gra ined   so i l .  The a rea   d i s t r ibu -  
t i o n  o f  continuous  permafrost is more than 50% i n  
t h e  Da-Xiao Hinggan  Ling,  northeast  China, and  more 

I n  the  continuous  zone,  permafrost   occurs at  

TABLE I Classif icat ion  of   f rozen  ground.  

than 70-80% i n  the  high  mountains and on t he  
Qinghai-Xitang  Plateau. 

o n l y   i n   p e a t  o r  i n  w e t  f ine-grained  soi l .  The a rea  
percentage of pe rmaf ros t   i n   t h i s  zone i s  less exten- 
s ive   t han   i n   t he   con t inuous   pe rmaf ros t  zone. 

The criteria f o r   c l a s s i f i c a t i o n  o f  f rozen  
ground are shown i n  Table 1. 

Permafrost is main ly   d i s t r ibu ted  on t h e  
Qinghai-Xlzang  Plateau,   in   the  Pamirs ,   in   the  high 
mountains of western  China, and i n   t h e  Da-Xiao 
Hinggan  Ling  and on the   t ops  of high  mountains i n  
northeast  China,  such  as  Dashi  Shan,  Changbai  Shan, 
and t h e  Zhangguangcai  Ling. 

The continuous  permafrost  zone  of  the  Qinghai- 
Xizang  Plateau  can be divided  into  three  subzones 
according  to   the  cont inui ty  of the   permafros t   in  
ho r i zon ta l   d i s t r ibu t ion :  a nearly  continuous sub- 
zone from the   nor thern   s lopes  of t he  Kunlun 
Mountains t o  the southern  e lopes of the  Tanggula 
Mountains;  a widespread  subzone on both   s ides  o f  
t h e   v a l l e y  of t he  Za'gya Zangbo R ive r   i n   T ibe t ;  and 
a sporadic  subzone  from  the  south bank of the va l l ey  
of  the  Yarlung Zangbo p i v e r   t o   t h e  Himalayas. 'Ihe 
discontinuous  permafrost  zone i s  narrow i n   t h e   n o r t h  

In  the  discontinuous  zone,  permafrost   occurs 

Limiting  ground- Mean annual 
surEace  temperatures Minimum air temperature 

Type ("C)  duration ( "C)  

Permafrost Mean annual  temperature 1 2  yrs Continuous -2.4 - -5 
(0 Discontinuous -0.8 - - 2  

Seasonally  frozen Mean monthly minimum 21 month 8-1 4 
ground temperature (0 

In te rmi t ten t ly   f rozen  Extreme minimum (1 month  18.5-22 
ground temperature (0 

1429 



1430 

and  wide in both  the  eastern  and  southern  Qinghai- 
Xizang  Plateau. 

The discontinuous  permafrost  zone  in  the  high 
mountains  of  western  China is also  very  narrow,  but 
it is widely  distributed in the  Da-Xiao  Hinggan  Ling 
mountains  of  northeast  China,  especially i n  Xiao 
Hinggan  Ling. 

runs from  Wakuhe (25'14'N, 97'52'E) northeast  to 
Lianyun  Harbour ( 3 4 " 3 0 ' N ,  119O20'E). Seasonally 
frozen  ground  is  also  distributed on the  tops  of 
mountains,  such  as  Dabie  Shan,  Laiyang  Shan,  and 
Yu Shan. 

The  southern  limit of intermittently  frozen 
ground  is  nearly  identical  to  the  Tropic  of  Cancer. 
There  is no frozen ground  south  of  this  line  except 
on high  mountains. 

is shown i n  Table 2. Frozen  ground  covers 98% of 
the  total  area  of  China,  and  permafrost  covers  ap- 
proximately 20%. 

definite  zonal  patterns in latitude  and  altitude 
(Figure 1). From  north  to  south,  as  latitude  de- 
creases,  the  type  of  frozen  ground  gradually  changes 
from  continuous  permafrost  to  intermittently frozen 
ground. The pattern  of  this  horizontal  zonation is 
extremely  clear in eastern  China. 

zonal  structure  of  different  types  of  frozen  ground 
changes.  First,  there  is  a  two-laminate  structure 
with  permafrost  and  seasonally  frozen  ground,  as in 
the  fian  Shan  and  the  Altai  Shan.  Then,  a  three- 
,laminate  structure  with  permafrost  and  seasonally 
and  intermittently  frozen  ground  occurs,  as  in  the 
Himalayas,  followed by  another  three-laminate  struc- 
ture  with  seasonally  and  intermittently  frozen 
ground  and  unfrozen  ground,  such  as  in  the  mountains 
of  Taiwan.  Finally,  a  two-laminate  structure  with 
intermittently  frozen  and  unfrozen  ground  appears, 
as on Mt. Wuzhi on Hainan  Island  in  the  Gulf o f  
Tonkin.  This  pattern  of  vertical  zonation is 
readily  apparent  in  the  western  region  of  China. 

The  southern  limit  of  seasonally  frozen  ground 

The  area  of  each  type of  frozen  ground in China 

The  general  distribution of frozen  ground  shows 

From  north  to  south,  as  altitude  decreases,  the 

TABLE 2 Areal  distribution  of  frozen  ground. 

Area Total  area 
Type (10' km) of  China (%) 

Permafrost 198.8  20.7 

Seasonally  frozen 521.7 5 4 . 3  
ground 

lntermittently 229.1 23.9 
frozen  ground 

Tian Shon Himalayas Taiwan Mts. 

FIGURE 1 The laminate  structure of types of frozen  ground 

DISTRIBUTION OF FROZEN 'GROUND vs. 
ENVIKONMENTAL  FACTORS 

C1  imat  e 

By  comparing  the  distribution of frozen  ground 
to  the  climate  zones,  we  find  that  the  different 
types  of  frozen  ground  are  located i n  the  different 
climatic  zones,  and  the  Limits  of  the  frozen  ground 
classifications  are  nearly  the  same  as  the  lines o f  
climatic  districts  (Central  Bureau o f  Climate 1979). 

Permafrost i s  located  mainly  in  the  northern 
temperate  zone  and  in  the  mountain  regions of the 
middle  temperate  zone;  seasonally  frozen  ground is 
found in the  middle  and  southern  temperate  zones  and 
in  the  mountain  regions of  the  northern  subtropics; 
intermittently  frozen  ground  occurs i n  the  sub- 
tropics  and i n  the  mountain  regions  of  the  northern 
tropics. 

In  Da-Xiao  Hinggan  Ling,  continuous  permafrost 
is located  mainly  in  the  humid  region;  discontinuous 
permafrost  extends  through  the  humid,  subhumid,  and 
subarid  regions.  Permafrost  essentially  appears  in 
the  subarid  region of the  kltai  Shan,  extends  into 
the  subarid  and  the  arid  regions of the  Tian  Shan, 
and is located In the  arid  regions  of  the  Qilian 
Shan  and  the  southern  Qinghai-Xizang  Plateau  and  the 
subhumid  regions  of  the  eastern  Qinghai-Xizang 
Plateau. 

Mean  Annual Air Temperature 

Information  published  both in China  and  abroad 
shows  that  the  mean  annual  air  temperature  at  the 
lower  (southern)  limit  of  permafrost  differs  from 
place  to  place.  This i s  mainly  due  to  differences 
in ground-surface  temperature,  which  in  turn  are  the 
result  of  differences  in  solar  radiation  (Figure 2 ) .  

limit  of  permafrost in China  and in similar  areas o f  
the  world  is  shown in Table 3; we  can see that  the 
values for discontinuous  permafrost i n  China  are 
basically  the same as  those  in  other  places,  but  are 
higher  than  in  Gongbu  Himalaya,  in  Nepal.  This 
phenomenon  can  be  explained by differences in total 
annual  solar  radiation. The mean  annual  air  temperc 
ature  at  the  lower  limit  of  continuous  permafrost in 
China is much  higher  than  that  of  the  continuous 
permafrost in arctic  and  subarctic  regions,  because 
in  our  classification  the  distribution o f  continuous 
permafrost  does  not  take into account  the  influence 
of such  factors  as  slope  orientation,  snow  cover, 
and  local  heat  resources. 

From Figure 2, we  can  see  that  the  mean  annual 
values  of  total  solar  radiation  around  the  world, 
including  America,  are  within  the range of  the  mean 
annual  values  of  the  western  and  eastern  regions  of 

The  mean  annual  air  temperature  at  the  lower 

permafrost a unfrozen ground 

seasonally 
frozen  ground 

Intermittently 
frozen ground 0' 

Mt. Wuzhi 

(after  Gorbunov 1978). 
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I TABLE 3 Mean annual a i r  temperature a t  the  lower 
limit of permafrost, Oc. 

20 2 5  30 35 4 0  1s 
lat i tude.  degree ,....... eastern regions of Chino 

- Amer ica  

" the world 
"" western regions of China 

Types o f  permafrost 
Region Discontinuous  Continuous 

Arctic o r   s u b a r c t i c  -1.1 -8.3 

Canada 0 - -1.0 
Rocky Mountains -1 .o 
M t  Fuj  iyama -1.4 - -1.8 
(Japan) 

Gongbu Himalaya -2.8 - - 3 . 4  
( Ne pal)  

China -0.8 - -2.0 -2 .4  - -5.0 

FIGURE 2 Total s o l a r   r a d i a t i o n  vs.  l a t i tude .   (Source ;  Brown and P6wwe' 1973). 

TABLE 4 Tota l   so l a r   r ad ia t ion  VS. ground-surface  temperature. 

Location 
S ta t ion   La t i tude   Longi tude   Al t i tude   Soi l   type  TA Q 2  T 3  

Mangui 51'59'N 122'06'E 900 m Peaty  c lay -5.3 105 -4 .3  

Muli 38"15'N 99'12'E 4091.2 m peaty  c lay -5.6 155 -3.7 

Tumen 32'51'N 91'34'E 4930.5 m Pea ty   c lay  -5.2 195 -3.6 

Ta is the mean annual air  temperature, 'C, 
Q is t he   t o t a l   annua l   so l a r   r ad ia t ion ,   kca l / cm2 .  
T, i s  t h e  mean annual  ground-surface  temperature, 'C. 

China.   Total   solar   radiat ion i n  western  China in- 
creases with the d e c r e a s e   i n   l a t i t u d e ,  BO i t  is 
n a t u r a l  t ha t  t h e   v a l u e s   i n  Gongbu Himalaya are 
higher   than i n  western  China. 

i n  d i f f e r e n c e s  i n  ground-surface  temperature  (Table 
4 ) .  In genera l ,  where the  mean annual  value  of 
t o t a l   s o l a r   r a d i a t i o n  is large,   the   ground-surface 
temperature is high.  Simultaneously,  where  the mean 
annual  ground-surface  temperature is  high,  and  given 
t h a t  a l l  o ther   condi t ions  are t h e  same, the mean 
annual a i r  temperature must be low i f  frozen  ground 
is t o  occur. 

frozen  ground  depends on f o u r   f a c t o r s :   l a t i t u d e ,  the 
r a t i o s  o f  mean annual a i r  t empera tu re   t o   l a t i t ude  
and t o   a l t i t u d e ,  and t h e   d i f f e r e n c e  between mean 
annual a i r  temperature and ground-surface  tempera- 
t u r e   ( o r  the mean annual a i r  temperature at  t h e  
lower limit of frozen  gound).  This  can  be  expressed 
by the empirical   formula 

The d i f f e r e n c e s  i n  t o t a l   s o l a r   r a d i a t i o n   r e s u l t  

To sum up,   the   a l t i tude  of the  lower l i m i t  of 

H = (A-T-BlL)/Bz 

where: H = t h e   a l t i t u d e  of the  lower limit of 

A = a cons tan t ,   cont ro l led  by reg iona l  
f rozen   ground,   in   un i t s  of 100 m 

climatic condi t ions,  in 'C 

L = the l a t i t u d e ,   i n  'N 
B 1  = t h e   r a t i o  of mean air temperature t o  

B2 = t h e   r a t i o  of mean annual a i r  temperature 
l a t i t u d e ,  in "C/"lat .  

t o   a l t i t u d e ,  i n  'C/100 m 

Using  this  formula,  we ob ta ined   the   va lues   for  
the   lower   a l t i tude  l i m i t .  The  d i f f e r e n c e   i n   t h e  
lower   a l t i t ude  l i m i t  between  continuous  and  discon- 
tinuous  permafrost  ranges  from 265 m t o  600 m. The 
d i f f e r e n c e s  are approximately 300 m in arid  mountain 
regions and 500 m i n  humid regions. 

Snow Line   Al t i tude  

The difference  between  the  lower  a l t i tude limit 
of   discont inuous  permafrost   and  the  a l t i tude of t h e  
snow l i n e   v a r i e s  w i t h  c l ima t i c   d i s t r i c t s   (Tab le   5 ) .  
Prom a r i d   r e g i o n s   t o   t h e  subhumid, t h e   a l t i t u d e  of 
the lower limit o f  discontinuous  permafrost  is lower 
t h a n   t h e   a l t i t u d e  of t h e  snow l i n e ,   b u t   i n   t h e  humid 
r e g i o n s   t h i s  may be  reversed. 

The d i f f e r e n c e s  between t h e   a l t i t u d e  o f  the 
snow l i n e  and the a l t i t u d e  of the  lower l i m i t  of t h e  
discontinuous  permafrost  are as follows: 1000-1500 
m f o r   a r i d   r e g i o n s ,  500-1300 m fo r   suba r id ,  250-1000 
m f o r  subhumid, and 230-400 m f o r  humid. 
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TABLE: 5 Lower  altitude  limit  of  permafrost VS. the  'altitude  of  snow  line. 

Location  Latitude  Longitude ": H2 P 4 H 3  
District 

Lhunze 29'30'N 94"30'E 
Nu  Shan 28"20'  98'35' 
Yulong  Shan 27'03' 100°08' 
Kunlun  Shan 36'30' 90°-91" 
Queer 3 2" 98"50' 
Himalayas 
(N. slope) 28"30' 85'40' 
(S. slope) 28'30' 85'40' 

Mt. Everest 28'20' 87' 
Mt. Palipaohanli 28" 88-54' 
Mt. Nyainqentanglha 30'06' 90'20' 
Mt. Kangrinboqe 31' 81'30' 
Qilian  Shan 38" 95'-96' 

Tian Shan 42"30' 81"-83' 
Altai  Shan 49' 87"35' 
Tian  Shan 44' 83'30' 

43" 94"30' 
Kunlun  Shan 37" 85' 
Tanggula  Shan 33"06' 9 1" 

38" 1Ol0 

4800-5200 4850 -50-350 Humid 
5300-5400 5000 300-400 
4500-5000 4730 -230-270 
5200-5400 4400 800-100 Subhumid 
5 100 4850 250 

6000 4900 1100 
5500 

Subarid 
4900 600 

5800-6200 4900 900-1300 
5500 5000 500 
5800 4800 1000 
6000 4750 1250 
4400 3400 1000 
4000 3400 600 
3600 3000 600 
2700 1500  1200 
4000 2700  1300 Arid 
4200 2900 1300 
5800-5900 4400 1400-1500 
5400-5500 4400 1000-1100 

H, is the  altitude o f  the  snow  line, m. 
is the  lower  altitude  limit  of  the permfrost, m. 
is  the  difference  between H, and Hp, m. 

CONCLUSIONS 

There  are  three  types of f rozen ground i n  
China:  permafrost,  seasonally  frozen  ground,  and 
intermittently  frozen  ground. Of these,  seasonally 
frozen  ground  is  the  most  common,  as  indicated by 
the  percentage  of  area  it  covers. 

The  distribution of frozea  ground i n  China 
follows  horizontal  and  vertical  patterns. From 
north  to  south,  the  types  of  frozen  ground  vary  from 
permafrost  to  intermittently  frozen  ground,  and  the 
2-3-3-2 laminate  structures  are  observable. 

The  permafrost i n  the  Da-Xiao  Hinggan  Ling  has 
the  Characteristics of  the  high-latitude  type,  and 
latitude i s  the  main  factor  controlling  its  distri- 
bution.  In  western  China,  permafrost  has  the 
characteristics  of  the  alpine  type,  and  altitude is 
the  main  factor  controlling  its  distribution. 

related  to  environmental  factors.  The  lower 
altitude  limit of frozen  ground  depends on four 
factors:  latitude,  mean  annual  air  temperature,  and 
the  ratios  of  mean  annual  air  temperature  to 
latitude  and  to  altitude. 

The  distribution  of  frozen  ground  is  closely 
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DETERMINATlON OF ARTIFICIAL UPPER LIMIT OF CULVERT FOUNDATION 
IN PERMAFROST AREAS OF THE QINGHAI-XIZANG PLATEAU 

Ye Bayou and Yang Hairong 

Northwest I n s t i t u t e  of the  Chinese Academy of Railway  Sciences 
Lanzhou, People's  Republic of China 

I n  permafrost   regions,   the  bearipg  capacity o f  foundation s o i l  changes  with 
pe r iod ic  thawing  and freezing.  Many shallowly  buried  culvert   foundations  have 
been destroyed by uneven subsidence from thawing  and frost   heaving.  The au tho r s  
present  a method f o r   c a l c u l a t i n g   t h e   s a f e   b u r i a l   d e p t h  of culver t   foundat ions and 
the  approximate maximum thaw depth  in  accordance with s p e c i f i c   f e a t u r e s  of t he  
permafrost areas of the Qinghai-Xizhang  Plateau. This paper   presents   the cal- 
c u l a t i o n  of maximum thawing  depth,  provided  thawing of cu lver t   foundat ion  is 
permitted,   and  the  design  principle  for  keeping  the  ground  beneath a cu lve r t  
foundation i n  the  unfrozen  s ta te .  To simplify  design,   empir ical   formulas  are 
recommended as reference as well. Comparing the ca lcu la t ed   r e su l t s   w i th   da t a  
f r o m  an  experimental   culver t  in t h e  Fenghou Mountains, the   au thors   g ive   the  rela- 
tion curve of the  water-passing  surface  temperature of an  experimental   culver t  
vs, t he  ground su r face  and  atmospheric  temperatures of t he  local weather s t a t i o n .  

The brooks and r i v e r   v a l l e y s  on the Qinghai- 
Xizang   P la teau  are g e n e r a l l y  4,000-5,000 m abover 
t h e  sea l e v e l .  The d i s t r i b u t i o n  of permafxost 
a t   s m a l l - s i z e d  r ive t  v a l l e y s  i s  continuous ho- 
r i z o n t a l l y  and v e r t i c a l l y ,  and the   supraperu t -  
f r o s t   t a b l e  i s  a b o u t  2-3 mo The r a i n f a l l   i n  
t h i s  area reducres   gradual ly  from aouth t o  no r th .  
I t  is s o l i d   p r e c i p i t a t i o n   m a i n l y .  The p r e o i p i -  
t a t i o n   c o a c e n t r a t e s  from 6 t o  9 months, among 
w h i c h   p r e c i p i t a t i o n  i n  7-8 months is about  50$ 
of a n n u a l   p r e c i p i t a t i o n .  So time fox p r e c i p i t a -  
t i o n  i s  s h o r t  and s t r e n g t h  i s  p e a t .  Thus,   the  
f l o w  i n  most of  t h e   c u l v e r t s  i n  t h i s   a r e a  is i n -  
t e r m i t t e n t   s t r e a m   e x c e p t  for few c u l v e r t s   w i t h  
c o n s t a n t  stream during  thawing.  

Large numbers o f   t h e   c u l v e r t s   b u i l t  in t h i s  
a rea   before   be long   to   the   sha l low-bur ied   foun-  
da t ions .  Many o f   t h e m   a r o   s u b j e c t e d   t o   f a i l u r e  
of d i f f e r e n t   d e g r e e .  In order t o   de t e rmina  
c o r r e c t l y   t h e  burying depth   o f   cu lver t   founda-  
t i o n  and t h e   a l t e r n a t i v e   d e p t h  of Poundat ion 
s o i l ,   t h e  law of  a r t i f i c i a l   u p p e r  limit o f  foun- 
d a t i o n s   a f t e r   t h e   c u l v e r t s   b u i l t  is mainly   d i s -  
cussed  i n  t h i s  paper. 

CALCULATION OF THE MAXIMUM THAWING 
DEPTH OF SOIL BENEATH FOUNDATION 

Under t h e   e f f e c t  of d a i l y  and   seasoual  vari-  
a t i o n  of a tmospber ia   t empera ture ,   g round  sur face  
t e m p e r a t u r e   v i 1 1   f l u c t u a t e   r e g u l a r l y ,  The sin- 
p l e s t   p a t t e r n  of t empera tu re   f l uc tua t ion   ap -  
p e a r s  i n  the   form  of   s ine  or cosine. i.e, 

where t F  and 3~ are t he   g round   su r f ace  tempera- 
and i t s  average  (in 'C), r e s p e c t i v e l y ;  AF is t he  
ampl i tude  of g l u c t u a t i o n   o f  the ground  surface 
tempera ture  ( C); L i s  the   t ime ,  i n  hours;  T is 
t h e   a n n u a l   f l u c t u a t i n g  cycle  (T = 8760 h r ) .  

As ground s u r f a c e   t e m p e r a t u r e   v a r i e s  sinusoi- 
d a l l y  or a c c o r d i n g  tQ t h e  law of c o s i n e  and 
wi thou t   hea t   sou rce  i n  underground,   the  tempera-  

way. tF i n  eq 1 can  be s u b s t i t u t e d  by tx--- 
ture a t  any g iven  d e p t h  a l s o   v a r i e s  i n  the same 

t e m p e r a t u r e   a t   d e p t h  x and the average  tempera- 
t u r e   d e p t h  x can be assumed as a cons tan t .  
Lot AF = A. and  draw i n t o   t e m p e r a t u r e  wave R t x  
- t, we have ,   fo r   t he   dep th  of perennia l   g round 
tempera ture ,  i.8. the   dep th  not a f f e c t e d  by tem- 
p e r a t u r e  wave, the lower  boundary  condi t ion 
4(x = FU , t ) s tx - 3 = 0, Then,  by eq I ,  t h e  
upper boundary   condi t ion  w i l l  bet 

- 

O(x =L O P T  ) = A , , c o s ( ~ T ) .  2 K  

For ground s u r f a c e   u n d e r   n a t u r a l   a o n d i t i o n s ,  
t h e   d i s t r i b u t i o n  o f  i n i t i a l   t e m p e r a t u r e  i n  
g r o u n d   l a y e r   f a c t u a l l y   d o e s   n o t   a f f e c t  on t h e  
temperature f i e l d  of  it ,  because radiation equi -  
l i b r ium  and   hea t  equilibrium a c t  on it c y c l i c a l -  
l y  i n  an u n l i m i t e d  long p e r i o d  of time.  Thus, 
it is c l e a r ,   t h e r e   i s n ' t   i n i t i a l   c o n d i t i o n   b u t  
boundary  condi t ion  then.   I f   the   ground  layer  
i s  uniform on n a t u r e  o f  s o i l  and thermal   phys i -  
c a l   i n d e x e s  do no t  vary wi th   t empera tu re ,   t he  
d i f f e r e n t i a l   e q u a t i o n   f o r   h e a t   o o n d u c t i n g  is - a0 a'o. 

ax = a  a 
4 (X = oat) = A , c o ~  4 7 )  2x1 

'(OCX =w,t = 0 

The s p e c i f i c   s o l u t i o n   o f   e q .  2 is: 

whi le ,  if ground  sur face   t empera ture  var ies  si- 
n u s o i d a l l y ,  it becomes 
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Using   the   above   equat ions   to  solve t h e  ne- 
c e s s a r y  timsx,, t a k e n   f o r   t e m p e r a t u r e  of cu l -  
v e r t   f o u n d a t i o n   t o   g e t   t o  0 C and assuming the 
t h i c k n e s s  of f o u n d a t i o n  is 6 , we havat 

pa 

Through simple c a l c u l a t i o u ,  

where a2 is th t h e r m a l   o o e f f i c i e n t  o f  diffu- 
s i v i t y  o f  founda t ion   ma te r i a l   (m2 /h r ) ;  6 I s  t h e  
t h i c k n e s s  o f  t h e  foundation, i n c l u d i n g   c u l v e r t  
p ipe ,  i n  maters .  If c u l v e r t  pipe and  founda- 
t i o n   m a t e r i a l   d i f f e r ,   t h e   t h i c k n e s s   o f  the  p ipe  
s h a l l  must be a o n v e r t e d J n t o   t h e   t h i c k a e s s   o f  
t h e   f o u n d a t i o n   q t k t e r f a l  D 1. ( A z / ~ q )  Then 

t h e   t o t a l   t h i c k n e s s  of  f o u n d a t i o n  material will 
be 

5 = 5 2 + 5 d T  A2 

I (4) 
where p.' and 'A a r e   t h e   t h e r m 1   c o n d u c t i v i -  
t i e s  of a i p e   a n d   f o u n d a t i o n   M a t e r i a l  E ~ S ~ C -  
t i v e l y  (see Figure  I). 

Foundat ion soil .  b e g i n s   t o  thaw after t ime 
whioh is within  the   thawing   per iod ,  has 

elapsed. The thawed  depth is c a l c u l a t e d  by 
Rukiyanovfs  (1963) equat ion:  

(T- X,) +sa - s 
where S i s  t h e   e q u i v a l e n t   t h i c k n e s s   o f  surface 
l a y e r .  Z f  t h e  tLrmal c o n d u c t i v i t y  of fouada- 
t i o n   m a t e r i a l  is A2,  a c c o r d i n g   t o   t h e   v i e u -  
p o i n t  of e q u i v a l e n t   b e a t   r e s i s t a n c e   t h e   t h i c k -  
n e s s  o f  t h e   f i r s t   l a y e r ,   f o u n d a t i o t ; ,   c a n  be 
c o n v e r t e d   i n t o   t h e   e q u i v a l e n t   t h i c k n e s j  of t h e  
second layer, f o u n d a t i o n  soil, t h e n  &(&/7\2). 
S u b s t i t u t e  S E 6 ( h l / A z )  along w i t h  eq. 3 
i n t o   t h e  above equa t ion ,  we have   the  maximum 
thaved  depth o f  f o u n d a t i o n  s o i l  w i t h i n   t h e   s e c -  
t i o n  o f  c u l v e r t  body as: 

where 7; is the   cumulat ive  t ime i n  thawing pe- 
r i o d ,   h r ;  5 i s  t h e   t h i c k n e s s  of c u l v e r t  founda- 
t i o n   i n   m e t e r s ,   ( c a l c u l a t e d  by eq. 4 ) ;  Qo is 
t h e   l a t e n t   h e a t   f u s i o n  o f  permafrost   (kcal/m3); 
h i  , C1 is t h e   t h e r m a l   c o n d u c t i v i t i e s  o f  

f o u n d a t i o n   s o i l   b e n e a t h   c u l v e r t   f o u n d a t i o n  

FIGURE I Sketoh o f  c u l v e r t   f o u n d a t i o a ,  

(kcaL/m.hr. *C> and volume h e a t   c a p a c i t y  (kcs 
d )  r e s p e c t i v e l y ;  .h2, a2 are the   thermal  con- 
d u c t i v i t y   o f o f o u n d a t i o n   m a t e r i a l  of  c u l v e r t  
(kcal/m.hr. C )  and   t he rma l   coe f f i c i en t  a2 d i f -  
f u s i v i t y   r e s p e c t i v e l y ;  Qo i s  t he   ove rage   pos i -  
tivm ground  sur face   t empgxature  o f  water-pasa- 
ing s u r f a c e  of c u l v e r t  ( C).  

I n  o r d e r   t o  study the e f f e c t s  of t he  large- 
d i a m e t e r   c u l v o r t   t h r o u g h   t h e   h i g h   f i l l i n g  o f  the 
a o i l a  QB t he   founda t ion   t empera tu re   f i e ld   and  
the  change o f  a r t i f i c i a l   u p p e r  limit, we b u i l t  
a c o n c r e t e   r e c t a n g l e   c u l v o r t   o f  2 x 2.5 n in the 
Mount Fenghuo region in Qinghai-Xizang Pla- 
t eau .  The t o p i c s   d e v e l o p e d   w i t h   t h i s   t e s t i n g  
p r o j e c t   a r @   b l a s t i n g   e x c a v a t i o n  of f o u n d a t i o n  
p i t  and the c o n s t r u c t i o n   t e c h n o l o g y  of a o n c r e t e  
foundation p r e f a b r i c a t e d   u a i t  o f  l a g e  size ,  
e t c .  The c u l v e r t  is 26.32 m longE. The h ighes t  
h e i g h t  of t h e   f i l l i n g   s o i k s   a b o v e  it i s  6.0 m, 
The o b s e r v a t i o n   n e t  of g o u n d   t e m p e r a t u r e ,  Wa- 
ter tempera ture ,   a tmospher ic   t empera ture  insids 
i t  and  ground  surface  temperature  of water- 
p a s s i n g   s u r f a c e  i s  s e t  up i n s i d e .  The r e l a t i v e  
c u r v ~ s  in F i g u r e s  2, 3, 6 are ob ta ined   t h rough  
the i n f o r m a t i o n  of c o n t i a u o u s  observation t h e s e  
years .  The va lues   adop ted  are t h e  observed 
d a t a  from 5-9 months  of  annual !hawing time. 
The va lue  of e v e r y   p o i n t   i n   t h e s e  figures is 
the   average   va lue   o f  a month. 

S ince   f l owing   su r f ace   wa te r  i n  Qirrghal-Xizang 
P l a t e a u   m a i n l y   o r i g i n a t e s  Prom s o l i d - s t a t e  
f a l l i ng   wa te r   and   t hawed  snow, t h e  water tempe- 
r a t u r e s  are lower.   Therefor@, it is worth 
w h i l e   t o   u s e   t h e  results o f  long-term  observa- 
t i o n   d a t a  on t h e   t e s t i n g   c u l v e r t   a t  Mt. Fenghuo 
in t h i s  area, which i s  l o c a t e d  in t h i s   r e g i o n ,  
f o r  r e f e r e n c e  

1. Temperature 8, o f   C u l v e r t   w i t h   I n t e r m i t -  
t en t   S t r eam 

It is seen  from Figure  2 tha t   the   t empera-  
t u r e  of  t h e   s i d e   w a l l  of t h e  body s e c t i o n  of 
t h e   t e s t   c u l v e r t  a t  M t .  Fenghuo i s  s l i g h t l y  lo-  
wer than   l oca l   a tmosphe r i c   t empera tu re ,  on ac- 
count  o f  t h a t   t h e r e   o c c a s i o n a l l y   e x i s t s   t h e   i n -  
f l u e n c e  by small amount  of  flow, it is, t h e r e -  
f o r e ,   s u g g e s t e d   t h a t   t h e  mean va lue  of average 
mon th ly   pos i t i ve   t empera tu re   r epor t ed  by l o c a l  
w e a t h e r   s t a t i o n  be taken  as 0, f o r  c a l c u l a t i n g ,  
supplemented by n e c e s s a r y   s a f e t y   c o e f f i c i e n t  
a c c o r d i n g   t o   p a r t i c u l a r   c o n d i t i o n s .  

t 0.27 
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Loaality 7; a0 XI C l  %? 
a 2 

(hr)  (kcsl/m3)  (kaal/m,hr.°C) (kcal/m C )  (kaal/a.br.'C) (M%) 
0 

Opening Ha.4 (crushed 2.75 x 10-3 
stone  concrete fonn- 3240 18816 1 3 8  630 1 .I 
dat ion)  

Opening No.? (csram- 0.5 s5tm conarete Eoun- 3240 18816 *I 258 63 0 (0.75) dation) 

1.5 x 10-3 
(2.25 x 10-3 

2. Temperature Qo o f  Culvert  with  Constant 
Stream 

The ordinary  flow area of t h e   t e s t   c u l v e r t  
at M t .  Fenghuo is  0.25 m2. According t a   t h e  
long-term observation data, we sorted  out   the  
mutual r e l a t i o n  between temperature B, o f  w t e -  
passing surface of culver t  body, atmospharic 
temperature  reported by Mt. Fenghuo weather 
s ta t ion ,  and pound temperature (Figure 3) .  In 
t h i s  a r t io le ,   the  values of 90 taken in calcu- 
l a t i n g  were a l l  calculated by regression equa- 
t ion  given by Figure 3 based on ground surfaoe 
temperature  provided by loca l   wea th r   s t a t ion .  

Correlation between Calculated  Results and Field 
Canditiags 

Given: A reinforced  concrete  rectangular 
cu lver t  of 2 x 2.5 m2 area in M t ,  Fenghuo re- 
gion of Qinghai-Xizang Plateau,  the  thickness 
o f  foundation of i t a  body b e i n g s 2  = 0.5 m; 
Prefabric~ted  crushed-stone  concrsts  was used 

ter l i n e  o f  the   culver t ;  Prefabricated aerslnsite 
concrete vas usad a~ the  foundation of section 
from center  l i n e  of the  culvert t o  ou t le t .  A l l  
o f  the   cu lver t  pipes were made o f  reinforced 
concrete, the thickness o f  its she l l&  = 0.23 m 

aS the  foundation O f  sect ion f r o =  i n l e t  t Q  Cell- 

and the  thermal  conductivity = 1.33 kcal/m, 
hr, c. 0 

The cont ras t  between r e su l t s   ca l cu la t ed  and 
those teated i s  shown itt Tablo 2 ,  One t h i n g   t o  
be mentioned here is that   water movement after 
se , t t ing up the   cu lver t  and var ia t ion  of thermal 
conductivity of ceramsite  concrete  after i ts  be- 
ing buried were not taken into  accoant. On can- 

- clition that the thermal  conductivity of ceram- 
s i te   concre te  is increased by 5@&, the C Q ~ F ( P B -  
pondina results calculated  can be found in 

( 1 )  . 

u - 0 1 4  6 . 4  H 0 1  t S 4 S b  
14toun* surface :c.??pcratu,o *c h:rnosPterlc  lernperature 'C 

Tables-I t o  3 i n  parentheses. 
FIGURE 3 Relation between. temperature OS wa- 

ter-passing surface of culver t  body, atmosphe- 
ric temperature by local   weather   s ta t ion and 
ground temperature. 

TABLE 2 Comparison between Calculated Thawed Depth and Msasaeed D@pth*. 

Temperature (OC) Opeaing Ho, 4 Opening No. 5 

Srrfoae temperature Temperatursl o f  water- Thaw depth Thaw depth Thaw depth Thaw depth 
by local  weather passing surface of  olaculatedt measured aalculated measured 
s t a t i o n  cu lver t  (m> (m) (4 I d  

7.44 4.86 9 049 I .BO 1 e23, (1 m37) 1.40 
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T A B U  3 Comparison of Calculated Depth of Foundation and That o f  Living Example, Keeping Foundation 
Ground Frozen. 

Temperature of water- 

rial ,  rc;a ( k o a l / d )  founds- t i oa   ca l cu la t ed   i n l e t  and o u t l e t ,  Q0 
of foundation mats- t i o n  ~n depth  of  iounda- passing  surface o f  
Volume heat capacity & p?si- Necessary  burial 

(OC) tion mea- (4 
sured (m) 

4993 

5.38 

'I .57 I .87 

I .88 1.96 
400 

4.52 I .25 I .o6, (a .49) 
334 

4.91 1.55 1.12, (1.58) 

CALCULATION OF CULVERT FOUNDATION 
THICKNESS NEEDED TO KEEP FOLTNDA- 
TION SOIL FROZEN 

While building a c u l v e r t   i n  a permafrost 
area, the subsoi l  beneath the foundation 
o f  culver t  body may thaw t o  a cextain extent,  
provided it is r e f i l l e d  with coarse granular 
s o i l  o r  other   effect ive measures a r e  adopled. 
The s o i l  at  the  foundation o f  in le t s ,  ou t le t s ,  
the  wing wall, and the  foundation  beneath thrt 
culver t  itself must be kept in a frozen state. 
Under such  conditions,  theory of energy equi l i -  
brium is used t o  derive  equations for calculat-  
i n 4  the  necessary  thickness of foundation. 

Derivation of Equation 

a.According  to  the  observed  data o f  ground 
temperatures  and strata beneath the culver t ,  i t  
is assumed t h a t  the temperature  within  the sea- 
sonally  thawing  layer is dis t r ibu ted  i n  a 
skraight  l ine,   while  that   within  permafrost  la- 
yer is roughly  expressad by eq. 6. 

6 ' 4  e r f ( H - )  
2 m .  (6) 

where Bd i s  t h e  perennial  ground temperature, 
which is unaffected by temperature  fluctuation; 
ywl i s  the  thermal  coefficient of d i f f u s i v i t y  

ground sur 

7- 
ace temperature 

e. t a  

-c 
Y 

a 3 

of foundation  soil.  The other  symbols are the 
aame as above. The ground temperature curve 
during  the  thawing  period i s  shown i n  Figure 4. 

b. The temperature  within  the thaving layer 
can,be  considered t o  be d i s t r ibu ted   i n  a straight 
l ine .  From the   s imi la r   t r iangles  i n  Figure 4 ,  
we see   tha t  

By this the  temperature at  B given  depth of 
fourrdation i s  solved as: 

Equation 7 suits the f irst  group o f  boundary 
conditions,  when x = 0, 0 = Qo; x = 5 , Q = Og; 
where @6 i s  the  temperature of the  foundation 
bottom. I n  t h e   l i g h t  of Fourier 's  theorein, the 
heat  gained by culvert foundation o f  u n i t  length 
under  the  condition o f  temperature  difference 
x 8 - 06 can be obtained by eq. 7 as: 

To prevent  the  foundation  soil  beneath  the  cul- 
ver t  foundation  from  thawing,  thg  foundation 
bottom  temperature 85 mus t  be 0 C, thus   the  
above statement becomes: 

pass ing  surface 
temperature of water- 

I I /  

FIGURE 5 Heat C O ~ E U W ~  in temperature r i s e  o f  
culvert  foundation. 



C. The b e a t  consumed i n  r a i s i n g   t h e   t e m p e r a -  
t u r e  of t h e   f o u n d a t i o n   m a t e s i a l  i s  e q u i v a l e n t  
t o   t h e   p r o d u c t   o f   t h e  area of t h e   t r i a n g l e  i n  
F i g u r e  5 by  the  volume  heat   capaci ty  of t h e  ma- 
t e r i a l ,  rC2t 

d. According t o  Pourier ls  theorem,  the  quan- 
t i t y  of hea t   f low  Leaving   f rom  foundat ion   bo t -  
tom a n d   g e t t i n g   i n t o   t h e   s u r f a c e  o f  t h e   f r o z e n  
area is c a l c u l a t e d  by eq. 6 as: 

It is Been f rom  the   above   equa t ion   t ha t   hea t  
f low q is  a f u n c t i o n  o f  t i n e  , and if we sub- 
s t i t u t e   t h e   n e g a t i v e   v a l u e  of perennia l   g round 
t empera tu re  of permaf ros t  layer i n t o   t h e  equ- 
t i on   and   change  i t s  sign, t h e   t o t a l   h e a t   f r o m  
t h a w i n g   a r e a   t o   f r o z e n  area i n  t h e  whole c c c r s e  
of tilawing, i.e. in a s u c c e s s i v e  period of T 
hours  will be: 

e. En t h e   l i g h t  o f  Law o f  Consorvat ion of 
energy  and on account  of la teral  d i s s i p a t i o n  o f  
founda%ion,  we have KQ, = Q + Q , whore K is a 
r e v i s i o n   c o e f f i c i e n t .   B a s e 2  on ?he f i e l d  in- 
v e s t i g a t i o n ,  i t  is s u g g e s t e d   t h a t  when nl (of 
f o u n d a t i o n   m a t e r i a l  as c rushed  stone c o n c r e t e )  
= 1.1, K be 0.7; ox x = 0.5 (as c e r a m s i t e  
c o n c r e t e ) ,  IC be 0.8. J h u s  we have 

No t i c ing  a2 = ' A  / r C  and   r ea r r ang ing   t he   abavo  
equa t ion ,  we ge t   t he   fo rmula  t o  c a l c u l a t e  depth 
of c u l v e r t   f o u n d a t i o n :  

2 

1 4  3 1  

ground surface temperature -c 

FIGURE 6 Relation between  temperature  o f  wake* 
p a s s i n g   s u r f a c e   o f   i n l e t  (1) a d  o u t l e t ( 2 )  00 

M t .  Feagbuo t e s t i n g   E u l v e r t  and ground aurfacg 
t empera tu re   p rov ided  by l o c a l   w e a t h e r   s t a t i o n .  

a f f e c t e d  by sunshine.  As f o r  c u l v e r t s  o f  con- 
stant f low,   r eg res s ion   equa t ion   o f   mu tua l  rela- 
t i on   be tween   t empera tu re  of water-passing sur- 
f a c e  of i n l e t  and o u t l e t   a n d   t h a t  o f  ground 
s u r f a c e   r e p o r t e d  by local  w e a t h e r   s t a t i o n   h a s  
b e e n   o b t a i n e d ,   r e f e r r i n g  t o  t h e   d a t a   o b s e r v e d  
a t  M t .  Fenghuo t e s t   c u l v e r t   ( F i g u r e  6). T h i s  
e q u a t i o n  is used as r e f e r e n c e  f o r  d e s i g n i n g  
p r o j e c t s  i n  t h e  Qinghhai-Xizang P l a t e a u  perma- 
f r o s t  area. 

Comparison between c a l c u l a t e d   r e s u l t s  and 
data   measured   g iven  in the  above  example of M t .  
Fengbuo t e s t i n g   c u l v e r t ,   t h e   f o u n d a t i o n  of  i ts  
i n l e t  and o u t l e t  are composed o f  c rushed   s tone  
c o n c r e t e  and c e r a m s i t e   c o n c r e t e   r e s p e c t i v e l y  
bo th  3 m deep.   The  perennial   ground  tempera-  
t u r e  8 ai Uh'e spot&a:tb c u l v e r t  is l o c a t e d  is 

-3,208 (Note: Its p o s i t i v e   v a l u e  i6 t a k e n  
w h i l e   s u b s t i t u t e d  i n t o  t h e   e q u a t i o n ) ;   t h e   t h e r -  
mal c o n d u c t i v i t y  and t h e r m a l   c o e f f i c i e n t  of 
d i f f u s i v i t y  of t h e   f o u n d a t i o n  s o i l  ( t h e   l a y e r  
downward up to dep th  of amual change zone of 
ground  tempera ture  are (= 1,'lg) and a 
(= 2-66 x 70-3)  r e s p e c t d l y ;   t h e .  Other h u -  
l a t i n g   i n d e x e s  are l i s t e d  in Tab le  I. The re- 
s u l t s   c a l c u l a t e d  are presentad i n  Tab le  3 ,  i n  
which  the temperature (80) o f  water-passinl:  
surface of c u l v e r t   i n l e t  and o u t l e t  were aal- 
c u l a t e d  by r eg res s ion   fo rmula   on   t he  basis o f  
the   g round  sur face   t empera ture  by l oca l   wea tho r  
s t a t i o n ,  The sucoessive t h a v i n g   p e r i o d s  were 
a l l  t h e  same, i.e. T =  3240 br. 

EMPIRICAL FORMULA 

De te rmina t ion  of the   Formula 

Based on t h e   a n a l y s i s  o f  w e a t h e r   d a t a   i n  
pe rmaf ros t  area d o n g  w i t h  consu l t ing   i n fo rma-  
t i o n   a b r o a d ,  it i s  found  tha t   thawing   depth  o f  
founda t ion  soil is p r o p o r t i o n a l   t o   t h e  square 
root of  t h e   p o s i t i v e   c u m u l a t i v e   t e m p e r a t u r e  of 
l oca l   a tmosphe re  or ground surface t empera tu re ,  
and t he   t hawing   dep th   cu rves  of ground  of d i f -  
f e r e n t   t h e r m a l   c o n d u c t i v i t i e s  i n  t h e  same re- 
gion a l m o s t   t e n d   t o  be a group o f  p a r a l l e l  
l i n e s ;   a g a i n ,   t h a w i n g   d e p t h  o f  f o u n d a t i o n  s o i l  
is dependent  on t h e   s p e c i f i c   y i e l d  as we13 as 
the   dimension  of   opening of  c u l v e r t .   T h u s   t h e  
exper ience   formula  i s  written i n  t he   fo rm of 

where the symbols have t h e  same p h y s i c a l  meon- 
inga as s t a t e d   a b o v e   e x c e p t   f o r  ,, and a,,, 
which  have t o  be t he  the rma l   conduc t iv i ty   and  
t h e r m a l   c o e f f i c i e n t   o f   d i f f u s i v i t y  o f  founda t ion  
soil w i t h i n   t h e  range f rom  foundat ion  bot tom 
downward  up t o   d e p t h  o f  annual  change zone of 
ground  tempera ture .   For   l ayered   foundat ion  so- 
il composed  of d i f f e r e n t   m e d i a ,   t h e  method  of 
weighted   average  is u s e d   t o   c a l c u l a t e   t h e   a v e -  
raga of 3 1  and aq. 

Dete rmina t ion  of Temperature 0, of Water- 
pa6sinLp Sur face   o f   Cu lve r t   In l e t   and   Ou t l e t  

L i t t l e  informat ion   has   been   accumula ted  so 
far f o r  making a q u a n t i t a t i v e   e v a l u a t i o n  o f  a 
c u l v e r t   w i t h   i n t e r m i t t e n t  water flow. However, 
t h e   t e m p e r a t u r e  of  the i n l e t  and o u t l e t  founda- 
t i o n  may be only a b i t   h i g h e r   t h a n   t h e  atmosphe- 
r i c   t e m p e r a t u r e ,   s i n c e   t h e y  are o n l y   s l i g h t l y  
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where  h is the   thawed  depth  beneath  culver t   (m),  
i n c l u d i n g   t h e   t h i c k s e s s  of o u l v e r t  pipe, Tounda- 
t i o n   d e p t h  as well as thawed  depth of foundat ion  
s o i l  Underlying$ hi% t h e   t h e r m a l   c o n d u c t i v i t y  
(kcal/m. hr.'C). The weighted  averagre o f  cul- 
v e r t   p i p e ,   f o u n d a t i o n   a n d   f o u n d a t i o n  s o i l  is 
t a k e n  i n  c a l c u l a t i n g  E T 71 is the   thawing   index  
of air  temperature ( d C day) ,   namely,   the  Bum of 
p r o d u c t  o f  average  posi t ivvs  temperature  each 
month times number of d r y s  of the  month. Pt 4s 
b e s t  t o  take  the  10-year  average thawing  index 
o f  air t empera ture  by l o c a l  OX n e i g h b o r i n g  wea- 
t h e r   s t a t i o n 8  I is an experienacs cos f f io i ent  
concern ing   the   d iameter  of c u l v e r t   i n v e r s e l y  
a a l c u l a t e d  i n  accordance   wl th   the   measured   da ta  
of c u l v e r t s  o f  d i f f e r e n t   a p e r t u r e s  (Tablo 4 ) .  

T A B U  4 K Values of  Different   CuJvert   Apertures .  

Aper ture  of C u l v e r t  (m) 

0.075 0.050 0.040 Exper i ence   Coef f i c i en t  K 

2.0 1.0 0.75 

A t e s t  was made for comparing t h e   E d G U l a t d  
m a x i m u m  thawing  depth o f  f o u n d a t i o n   s o i l  of It, 
Fenghuo t e a t   c u l v e r t  by using  the  5-year  (1976- 

1980) avexage thawing index o f  air temperatwo 
p r o v i a e d  by Ut. Fonghuo weather s t a t i o n  with t h e  
measured   da ta ,   which   resu l ted  in a r e l a t i v e  er- 
ror o f  1%. As f o r   t h e   e x i s t i n g   c u l v e r t s ,  only 
t h e   d a t a  of tbaving d e p t h  of  found4t ion  sides 
ware p r e s e n t ,   h o w e v e r ,   t h e   o a l a u l a t r s d   r a s u l t s  
b a s i c a l l y   t a l l i e d   w i t h   t h e  variatioa of thawing 
d e p t h  o f  c u l v e r t  s i d e s  mea&Umd, For instame, 
t h e  thawed dep ths   measu red   i n  1977 on t h e   s i d e  
o f  Mt. Fenghuo Pass Highway C u l v e r t  and Wudao- 
liang Highway Culvert   were 0.2 m and 0,16 I 
deeper   than   tha t   measured  in 1976 r e s p e c t i v e l y ,  
t h e  error b e i n g  no more than 4% compared  with 
t h e   v a r i a t i o n   a m p l i t u d e  o f  thawing   depth   ca lau-  
l a t e d  (Table 5). In Table 5 t h e  
numera to r   va lues   a r e   t he   t hawed   dep th   ca l cu la t ed  
i n  accordance with the t empera tures   measured   in  
t e s t i n g   b o r i n g   a t   c u l v e r t   s i d e   w h i l e   t h e  deno- 
minators are those calculated based on the 
annual. thawing iadexes of air  tmperature i n  t h e  
Sam: years .  

Use of e q u a t i o n s  i f  f o u n d a t i o n  soil i s  kept  
f rozen .  To d e s i g n  a c u l v e r t   k e e p i n g   f o u n d a t i o n  
s o i l   b e n e a t h  i ts  body f o u n d a t i o n  i n  frozen state, 

TABLE 5 Measured  and  Calculated Thawing Depth. 

Calcu la ted   va lue   by   5 -year  
average  thawing  index of 
a i r   t e m p e r a t u r e  

L o c a l i t y  Annual  thaw  depth No. of 
opening 

(m) 

1.00 d i m .  highway culvert 
0.92*/ 1 .o pingshuib 

1.00 0.85 diam, highway culvert  
0.75 Wudaoliang 

'1.24 '1.00 diam. highway culvert 
1.18/ 0.98/ 'I. 0 Mt: . Fenghuo p a 5  

1.30 1.25 1.40 1.68 1 - 2 2  5 dlam, Test c u l v e r t s  
1.20 1.25 1.40 't,63 1.52 4 2.0 H t .  Fsnghuo 

1980 1979 1978** 1977 1976 

1.78. 
1.48 

I. 

"" ." 

0.85/ 1 mol/ 

I 

Obtained by means o f  e x p e r i e n c e   c o e f f i c i e n t  of crulvert having  same a p e r t u r e s .  
* *  A new t e m p e r a t u r e - t e n t i n g  boring set  up i n  1978. 

TABLE 6 R e s u l t s   C a l c u l a t e d  by egs. 12, 13, and 14. 

f o u n d a t i o n  

Conversion 
formula 

Empir ica l  
formula(12) 

T Concre t e   founda t ion  fouadatioP I P o t t e r  granule c o n c r e t e  

i 



we sti l l  use  eq.  '12 tQ c a l c u l a t e   t h e  necessary' 
f o u n d a t i o n   t h i c k n e s s ,  at  t h e  moment the v a l u e  
of A i s  the t h e r m a l   c o n d u c t i v i t y  o f  foundat ion  
m a t e r i a l   s u b s t i t u t e d   i n t o  eq. 12. S ince   t he  
f o u n d a t i o n   t h i c k n e s s e s  of t h e   c u l v e r t s  along 
Qinghai-Xizang  Highway are g e n e r a l l y   n o t   g r e a t e r  
t h a n  0.5 m, t h e r e  is n o t   s u f f i c i e n t   p r a c t i c a l  
i n f o r m a t i o n  f o r  v e r i f i c a t i o n ,   H e r e   t h e   S a h u n i -  
anch (1958) conver t ing   Formula  is used t o  pre- 
sent a c o l l a t e r a l   e v i d e n c e ,  i.8, 

where h i s  t he   t hawing   dep th  of f o u n d a t i o n  
s o i l ,  iE meter;   h3 i s  t h e   t h i c k n e s s  of founda- 
t i o n  material conver ted  from thawing   depth  of 
f o u n d a t i o n  s a i l ,  i n  meter ;  a2* C2,  r2 are the 
t h e r m a l   c o e f f i c i e n t   o f   d l f f u s i v i t y  (mZ/hr)* 
specf i c  hea t   (kca l /kgmoC)   and   un i t   weight  
(kg/m5) of f o u n d a t i o n  soil r e s p e c t i v e l y ;  a3* 
b,, "3  are t h e  thermal   coef f ic ien t  of d i f f u s i v i -  
ti (m2/hr), spoci i c  heat   (kca l /kg ,  OC) and 
u n i t   w e i g h t  (kg/ 3 ) of f o u n d a t i o n  material res- 
p e c t i v e l y .  

This t a t a l  thickness of f o u n d a t i o n  after 
be ing   conve r t ed  by Sahuniach formula (1958) is 

where hq is t h e   p r e d e t e r m i n e d   f o u n d a t i o n   t h f c k -  
neas  

The r e s u l t s   o a l c u l a t s d  by eqs. 12, 19,  and I& 
are  l i s t e d  in Table 6 for comparison, The v a l u e  
from t h e   e m p i r i a a l   f o r m u l a  in Table 6 is derived 
from q. 12, whi le   the   va lue   f rom  the   convers ion  
formula is der ived   f rom  eqs .  13 and 14, The 
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l e f t  hand  numbers i n  t h e   t a b l e  are c a l c u l a t e d  
results based an the   thawing   index  of t h e  air 
t empera ture   each  year, whi le   those  on t h e   r i g h t  
are based OB 5-year average  thawing index o f  air 
t empera ture  and t h e  maximum measursd  thawing 
d e p t h  . 

C O W  LUS I OBI 

The permafros t  area i n  Qinghai-Xizang Plateau 
is t h e  souroe of  t h e  Yangei River   basin,   where 
t h e  river system is very  developed.  The c u l -  
v e r t s  of  road e n g i n e e r i n g   b u i l t  i n  t h i s  area 
are more a n d   t h e   e n g i n e e r i n g   q u a n t i t i e s  is large. 
So it is i m p o r t a n t   t o   s t u d y   t h e   c h a n g e  law of 
t h a w i n g   d e p t h   a f t e r  the culver ts  b u i l t  and t o  
d e t e r m i n e   c o r r e c t l y   t h e   b u r y i n g   d e p t h  of E U ~ -  
vert f o u n d a t i o n  and a l t e r n a t i v e   t h i c k x r e s s  of 
f o u n d a t i o n   s o i l .  

rying t h i c k n e s s  of f o u n d a t i o n   c a l c u l a t e d  by 
e q u a t i o n s  are zero ( O c )  p l a c e s  i n  t h e  center 
Line of t r a n e v e r s e   s e a t i o n  o f  cuLverC, 

Equat ion 5 is c o n s i d e r e d  by one dimension, 
not c o r r e c t e d .  Tim t h a t  t h e  tern erature o f  
founda t ion   bo t tom  needs   t o   r each  C is determin- 
ed by a t t e n u a t i o n   e q u a t i o n  of temperatura .  Thu4 
t h e   c a l c u l a t i n g  error I n c r e a s e s  with t h e  in- 
c r e a s e  o f  fonnda t ion   t h i ckness ,   The   equa t ion  is 
only  used t o  c a l c u l a t e   t h e  maximum thawing  depth 
b e n e a t h   t h e   c u l v e r t  body. It c a n t t   d e t e r m i n e  
the shape   o f   t hawing   c i ro l e .  

p e r a t u r e   f l u c t u a t i n g  i s  n o t   c o n s i d e r e d   i n  the 
equations given  i n  t h i s   p a p e r .  So, t h e m  equa- 
t i o n s   s h o u l d  be u s e d   a c c o r d i n g   t o   t h e   a c t u a l  
c o n d i t i o n ,  

In t h i s  paper, t h e  thawing d e p t h  and the bu- 

I n  a d d i t i o n   t o   t h a t ,   t h e   e f f e c t   d u r i n g  tem- 
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The paper  presents  the  results  of  investigations  into  the  mechanics  and  laws  governing 
the  formation  of  cryogenic  structure  and  texture in soils  during  freezing  or  thawing. 
A number  of  thermophysical,  physico-chemical  and  physico-mechanical  processes were 
studied  theoretically  and  experimentally  using  a  range o f  modern  techniques.  In  the 
light  of  the  results  obtained,  conditions for the  formation  and  development  of  segre- 
gated  ice  layers  and  for  the  creation of  various  cryogenic  textures  were  examined. 
A system  of  classifying  cryogenic  textures  is  proposed,  which  is  unique  in  its 
potential  to  explain  the  formation of various  types o f  cryogenic  textures within  a 
standard  framework  based on the  major  classification  parameters  and  conditions o f  
segregated  ice  formation.  The  paper  considers  peculiarities  in  the  formation  of  cryo- 
genic  structure  as  observed  both  in  laboratory  experiments  and  in  the  field. A close 
relationship  is  demonstrated  between  the  structural  parameters,  their  degree of 
variability,  and  the  intensity  of  the  processes  accompanying  the  freezing  and  thawing 
of unconsolidated  rocks.  The  peculiar  microstructure  of  naturally  frozen  unconsolidated 
rocks  of  various  origins  is  described.  The  proposed  classification  system  of  cryogenic 
structures  takes  into  account  the  type of ice  cement,  the  pattern  of  bonds  between  the 
structural  elements,  and  the  nature  of  the  areas of contact. 

MECHANISM OF CRYOGENIC  TEXTURE FORMATION 

Cryogenic  structure  and  texture  formation  in 
fine-grained  rocks  and soils is  due  to  complex 
thermophysical,  physico-chemical  and  physico- 
mechanical  processes  which  essentially  transform 
the  composition,  structure,  and  properties of 
freezing,  thawing  and  frozen  soils. As shown 
earlier  (Yershov, 1977; Yershov  et  al., 1 9 7 8 1 ,  to 
determine  the  mechanism  and  kinetics of segregated 
ice  formation (in  other  words,  the  conditions  for 
cryogenic  texture  formation)  one must know the 
relationship  between  heat  exchange  and  water 
migration  in  freezing  and  thawing  ground ( i .e.,  
the  thermal  Conditions  for  cryogenic  texture 
formation). 

It  is  also  necessary  to  consider  the  physico- 
mechanical  environment  in  which  segregated  ice 
layers  appear  and  grow.  Cryogenic  texture  forma- 
tkon is  impossible  if  the  essential  thermal  condi- 
tions of coupled  flows of heat  and  water  within  the 
frozen  and  thawed  parts  of  the  freezing or thawing 
soil  are  not  present. In particular,  segregated 
ice  layers  are  formed in freezing  fine-grained 
soils  at  the  cost o f  migrating  water  whenever  the 
amount of heat  withdrawn  exceeds  that  of  heat 
emitted  at  the  phase  transition  of  water  segregated 
during  freezing.  The  thermal  conditions  vital  to 
cryogenic  texture  formation,  nevertheless,  do  not 
include  all  the  physico-chemical  and  physico- 
mechanical  processes  occurring  in  freezing  and 
thawing  fine-grained soils (namely,  shrinkage, 
swelling-heaving, structurization,  appearance of 
zones  with  high  structural  strength, etc.). Thermal 
conditions  alone  fail t o  show  the  location  and 

nucleation  point  of  ice  layers  with  different 
orientation  (for  instance,  parallel  or  perpen- 
dicular  to  the  freezing  front).  The  conditions 
sufficient for  revealing  the  generation  and  growth 
of  segregated  ice  layers  are  the  physico-mechanical 
conditions  under  which  cryogenic  textures  are 
formed,  since  they  determine when the  local 
strength o f  the  soil  is  exceeded  and  microlayers 
of  ice  come  into  being. 

The  mechanism of forming  ice  microlayers  can 
be  generally  described  as  follows.  When  a  fine- 
grained  soil  is  freezing,  the  thawed  part  is  dehy- 
drated  owing  to  water  migration  to  the  frozen  part 
and  undergoes  a  process  of  structural  formation 
and  shrinkage  resulting  in  new  structural  units of 
soil. Zones of concentrated  strain  evolve  along 
the  boundaries o f  these  structural  units.  Within 
such  zones  the  soil  water  is  under  tension  (less 
than  atmospheric  pressure)  compared  to  other  sites 
o f  the  soil.  Owing  to  the  pressure  gradient,  water 
migrates  to  the  zones of concentrated  strain.  When 
these  zones  appear  in  the  freezing  portion  of  the 
soil,  the  shrinkage  strain  sharply  increases 
(Yershov, 19791, and  the  swelling-heaving  strains 
caused  by  water  migration  and  by  ice  crystalliza- 
tion in the  freezing  area  become  intensive.  Local 
cohesion of the  soil  is  broken  along  the  zone of 
concentrated  strain,  and  the  water  contained  there 
passes  into  an  unstressed  state (i.e.  it6  total 
thermodynamic  potential  increases  stepwise)  and  the 
water  rapidly  transforms  into  ice.  Microlayers o f  
ice  emerge  in  a  definite  region  of  the  freezing 
soil,  becoming  most  highly  developed  near  the 
border  at which the  shrinkage  and  swelling-heaving 
strains  change  their  directions.  This  region  is 
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the  negative  temperature  range (-0.2'C to - 0 . 4 ' C ) .  
Conditions  for  specific  features  of  the  emer- 

gence of segregated  ice  layers  parallel  and  perpen- 
dicular  to  the  freezing  front  and  the  kinetics  of 
their  evolution  have  been  described  in  detail 
(Yershov,  1977,  1979;  Yershov  et  al., 1978). It 
was  shown  that  ice  layers  parallel  to  the  freezing 
front  result  from  cleavage  (or  displacement) 
stresses  (Pel)  which  are due to  the  variously 
directed  strains  affecting  the  dehydrating  and  the 
swelling  (heaving)  parts  of  the  rock.  Taking  into 
account  the  disjoining  pressure of fine  water  films 
(P$) , one  can  determine  the  region  of  soil  where 
ice  layers  parallel  to  the  freezing  front  may 
appear. To this  end,  the  relationship  (Pcl + P$) 
and  the  local  cohesion  of  the  soil  (shear 
strength  P&,)  are  used  together  with  the  value  of 
actual  pressure  (Pact)  of  the  overlying  soil se- 

water  migration  to  the  frozen  region  of  freezing 
and  thawing  fine-grained  Soil5  (thermophysical  and 
mass  exchange  conditions);  conditions  determining 
the  appearance  of  migratory-segregated  ice  inter- 
bedding  parallel  or  perpendicular  to  the  front  of 
freezing  or  thawing  (physico-mechanical  conditions); 
and  finally,  conditions  specifying  the  incidence 
and  thickness of layers.  The  thermophysical  and 
physico-mechanical  conditions  for  formation  of 
cryogenic  textures  have  been  described  above. As 
to  the  incidence  of  ice  layers  in  fine-grained 
soils of homogeneous  composition,  structure,  and 
properties,  the  case  for  ice  interbedding  parallel 
and  perpendicular to the  freezing  or  thawing  front 
is  determined  by  gradients  of  cleavage  and  normal 
strains,  respectively,  according  to  the  following 
relationships: 

quence : 

'cl -t > 'Z:h + 'act 
1 =  
par  (grad. Pcl I )  

(1) 

The  region  of  further  growing  ice  layers  may  be 1 
identified  by  means  of  a  similar  relationship: 

I 
perp = (grad.  Pn ) 

( 2 )  where 1 is  the  distance  between  the  interbeds  of 
segregated  ice.  The  thickness of segregated  ice 
layers  (h)  is  found  from  the  relationship 

where  Pzii  is the  cohesion of ice  layers  and  frozen 
soil < pSh 1, I * A X )  coh  coh h=f(- , V (7) 

Vertical  segregated  ice  layers  are  related  to 
the  developing  tensile  stresses  (normal  stresses, 
Pn)  specified  by  the  difference  between  the  skrink- 
age  stresses  and  stresses  of  swelling-heaving 
(Psw-heav). The area  of Pn is  the  one  below  the 
border  at  which  the  shrinkage  and  swelling-heaving 
stresses  change  their  directions.  This  area  em- 
braces  some  part  of  the  freezing  horizon  and  the 
unfrozen  part  of  the  soil.  The  regions  where 
vertical  microlayers of ice  can  originate  and  grow 
further  can  be  found  by  the  following  relationships: 

'shr - 'sw-heav coh + 'act 
> ptens 

(3) 

'shr - 'sw-heav coh + 'act 
> $-i 

where PEE:' is  the  local  tensile  strength  of  the 
rock  (ps-i < ptens 

coh 1. It  should  be  noted  that 
regarding  the  appearance  and  growth  of  vertical  ice 
layers  (unlike  horizontal ones) the  disjoining 
effect  of  fine  water  films  is  neglected,  since 
water  migration  to  vertical  zones  of  concentrated 
strains  is  chiefly  due to the  gradient of Pn inas- 
much as  the  horizontal  isothermal  plane  has no 
temperature  gradient  providing  a  gradient of  PS. 

CLASSIFICATION SCHEME FOR  CRYOGENIC  TEXTURES 

The  formation  of  cryogenic  textures  is  deter- 
mined  by  a  great  number  of  interrelated  processes 
which  can  be  divided  into  thermophysical,  mass 
exchange,  physico-chemical,  and  physico-mechanical 
processes.  However,  cryogenic  textures of certain 
types  can  form  only  under  specific  conditions. 
These  include  the  following  conditions:  the  litho- 
logical  features of rocks;  conditions  providing  for 

where  I is  the  density  of  water  flow  migrating  to 
ice  interbeds, V is  the  freezing  rate,  and AX is 
the  vertical  thickness  of  the  region  where  hori- 
zontal  or  vertical  segregated  ice  layers  can 
develop. 

have  been  used  to  base  a  classification  scheme  for 
cryogenic  textures  in  terms  of  their  emergence  and 
development  conditions  (Yershov,  1977, 1979). 

Among  streaky  textures,  classes  are  determined 
according  to  specific  geological  and  genetic 
features  of  friable  deposits  and  their  lithology. 
Fine-grained  soils  of  heterogenic  composition, 
structure,  constitution,  and  properties  give  rise 
to  a  class of inherited  cryogenic  textures,  whereas 
homogeneous  Soils  develop  a  class  of  superimposed 
cryogenic  textures. In the  first case, the  pattern 
of  cryogenic  textures  depends on the  lithological- 
facial  features  of  the  freezing  or  thawing  friable 
deposits.  The  genetic  systematization of the 
second  Class  of  soils  involves  the  thermophysical, 
physico-chemical,  and  physico-mechanical  processes 
occurring  in  the  specific  geological  and  geographi- 
cal  environment. 

A class  of  bulky  cryogenic  textures  typical  of 
soils with  a broad  gradation  (from  coarse  to  fine- 
grained)  is  formed  when  the  physico-mechanical 
conditions  are  not  satisfied (I,3). This  class 
includes  interstitial  and  basal-solid  types  of 
cryogenic  textures  which  can  be  formed  both with 
and  without  water  migration. 

film-solid  types  develop  when  the  therrnophysical 
and  physico-mechanical  conditions  for  segregated 
ice  layer  formation  are  not  satisfied. 

The  types  of  streaky  superimposed  cryogenic 
textures  (for  homogeneous  materials)  are  determined 
by  physico-mechanical  conditions  under which ice 

The  above  notions on cryogenic  texturization 

Finally,  cryogenic  textures  of  contact  and 
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layers  are  formed  parallel  or  perpendicular  to  the 
front of freezing  (or  thawing).  Versions of such 
conditions  specify  rhe  variety  of  existing  types of 
cryotextures  within  a  particular  class  (porphyry- 
like,  incompletely  and  completely  developed  layered 
and  reticulate  cryotextures). 

Heterogeneous  fine-grained so i l s  may  reveal 
combined  physico-mechanical  conditions  similar  to 
those  which  are  found in the  case o f  superimposed 
segregated  textures.  However,  such  conditions  are 
usually  also  satisfied  for  the  various  inhomogen- 
eities,  providing  for  the  origination  and  evolution 
o f  inherited  ice  layers.  Considering  the  effect  of 
inhomogeneities on the  thermophysical,  mass  ex- 
change,  physico-chemical,  and  physico-mechanical 
processes,  three  types  of  inherited  cryogenic 
tf2XKureS can  be  identified.  Textures  of  defective 
strength  evolve  in  friable  deposits  of  homogeneous 
composition  which  have  zones  of  displacement,  bear- 
ing,  overmoistening,  thinning.  etc.  Such zones 
determine  the  configuration  of  ice  layers  confined 
within  soils  of  defective  strength.  Contact- 
stressed  cryotextures  reveal  ice  layers  confined 
to  contacts of fine-grained  soils with different 
composition,  structure,  constitution,  and  proper- 
ties.  When  ice  layers  are  formed,  the  soil  ruptures 
most  easily  along  the  COntaCKS of heterogeneous 
layers,  because  the  thermophysical,  mass  exchange, 
physico-chemical,  and  physico-mechanical  processes 
in each  of  them  differ.  And,  finally,  there  are 
cryogenic  textures  where  the  configuration o f  ice 
layers  depends  on  the  disposition,  geometry,  and 
material  composition  of  foreign  inclusions  such  as 
pebble,  boulders,  peat  lenses,  etc.,  within  the 
heterogeneous  fine-grained  soil. 

type  of  cryogenic  texture  the  incidence  and  thick- 
ness  of  ice  layers.  To  this  end,  relationships 5, 
6, and 7 are  used.  The  scheme  is  unique  because  it 
provides  a  uniform  basis  for  explaining  the  forma- 
tion  of  various  types  of  cryotextures in freezing 
and  thawing  fine-grained  soils  by  using  the  prin- 
cipal  classification  parameters  of  the  segregated 
ice  separation.  It  therefore  becomes  possible  to 
assess  quantitatively  the  great  variety of geo- 
logical  and  geographical  factors  of  the  environ- 
ment. 

The classification  scheme  specified  for  each 

CRYOGENIC  STRUCTURLZATION 

In  laboratory  experiments,  intense  water 
exchange  and  ice  layer  formation  in  freezing  soils 
were  induced  by  maintaining  temperature  conditions 
close  to  the  natural  ones  (the  cooling  surface 
temperature  was -6'C to 12 'C) .  Water  exchange was 
excluded  through  rapid  acceleration  of  freezing  at 
very  low  freeze-through  temperatures  (-30°C to 
-6O'C). Such  conditions  are  known  to  fix  water  as 
ice  in situ (without  obvious  migration)  and to 
yield  massive  cryotextures.  The  technique  helps  to 
identify  the  effect o f  mass transfer on structuri- 
zation  and  also  to  assess  the  changes  in  the 
Structure  in  relation to different  factors. In 
the  investigation  of  cryogenic  structurization, 
such  parameters  were  considered  as  the  size  and 
quantitative  ratio  of  structural  elements  (orgaaic- 
mineral  particles  and  aggregates,  ice  inclusions, 
and  pores),  their  shape  and  interrelation in clay 
soils  of  different  composition  and  properties  under 

diverse  conditions of freezing-thawing.  These  in- 
vestigations  yielded  the  following  results. 

When  water-saturated  soils  are  freezing  such 
that  water  transfer  from  the  unfrozen to the  freez- 
ing  region  is  intense,  the  mineral  skeleton  of  the 
unfrozen  part  becomes  dehydrated  and  shrunken 
irrespective  of  the  rate  of  water  inflow  to  the 
soil  samples  (with  or  without  aquifers).  The 
highest  degree  of  dehydration  (and  of  shrinkage) 
was  observed  in  soils  in  which  the  water  exchange 
was  most  intensive.  Studies  based on a  micro- 
aggregate  analysis  have  shown  that  the  porosity o f  
soils  undergoes  important  changes  largely in the 
region  of  highest  dehydration  and  intensive  shrink- 
ing  strains, i.e.  at  the  boundary  of  freezing.  In 
unfrozen  regions  Lying  rather  far  from  the  freezing 
boundary  the  porosity  does  not  change  much.  It is 
common  for  rnicroaggregare  compositions in the  dehy- 
drated  unfrozen  region  of  soils  for  the  fraction of 
coarse  dusr  and  fine  sand  to  increase while that of 
fine  dust  (and,  more  rarely,  of  clay  particles) 
decreases. 

and  coagulation  of  fine-grained  materials  results 
from  the  dehydration of the  mineral  skeleton.  As 
the  films  of  bound  water  around  the  particles 
become  thinner  and  more  dessicated,  the  particles 
draw  closer  and  their  interaction  increases,  i.e. 
their  structural  bonds  become  stronger.  Within  the 
freezing  and  frozen  horizons,  the  growing  aggrega- 
tion  levels  off  as  the  aggregates  undergo  destruc- 
tion  caused  by  crystallization  and  temperature 
stresses.  In  an  electron-microscopic  analysis  the 
traces of ruptured  primary  particles  and  aggregates 
can  be  easily  discerned  by  their  distinct  broken 
contours  and  the  abundance  of  fine-grained  material 
along  the  boundaries  of  the  elements. 

(without  water  exchange)  mainly  disperses  struc- 
tural  elements.  Such  dispersion  is  particularly 
characteristic of grounds with high  freezing  rate 
and  rapid  water-ice  phase  transitions. In these 
cases we regard  the  temperature-crystallization 
destruction  as  the  principal  mechanism of struc- 
tural  disintegration.  The  porosity of low- 
temperature  soils  rises  also  during  their  thawing. 

The  reduction  in  porosity  owing t o  aggregation 

Low temperature  freezing  of  fine-grained  soils 

MICROSTRUCTURE OF NATURAL FROZEN 
FINE-GRAINED SOILS 

Microstructure  of  freezing  soils with different 
initial  porosities  is  characterized  by  an  increas- 
ing  size of aggregate  and  a  decreasing  porosity o f  
s o i l  with ice-cement.  This  effect  is  most  obvious 
in  clays.  Enlargement of aggregates  in loams and 
sandy  loams  is  weaker  because  water  exchange  is 
lower  and  shrinkage  is less intense. In clay  soils, 
the  mineral  composition  derermines  the  water  ex- 
change  and  ice  formation  during  freezing,  as  well 
as  the  morphology  of  the  cryogenic  structure.  The 
peat  content  of  fine-grained  soils  proportionally 
contributes  to  the  enlargement  of  ice  inclusions. 
Organic-mineral  material  in  freezing  grounds  yields 
large,  shapeless  aggregates  (up  to  several mm in 
size). Freezing  soils with organic  material  develop 
basal  forms of ice-cement. 

The  effect  of  chemical  composition on micro- 
srructurization  is  manifested  primarily with 
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Low  soil  salinization with monovalent 
1 '  - lo2%) practically  gives no aggrega- 

tion,  providing  for  homogeneous  microstructuriza- 
tion  of  Soils  and  diminishing  the  size  of  ice-cement 
inclusions.  Higher  soil  salinity  enhances  aggrega- 
tion  because  the  salts  cryostallizing  from  the 
freezing  solutions  cement  the  soil !articles. 
Multivalent  cations  (especially Fe3 ) augment  the 
aggregation o f  particles i n  the  mineral  skeleton 
and  enlarge  the  inclusions of ice-cement  inasmuch 
as  water  migration  and  interactions  of  structural 
elements  increase. 

CLASSIFICATION  SCHEME OF CRYOGENIC  STRUCTURES 

The  specific  microstructural  features  of  freez- 
ing,  thawing,  and  frozen  soils  discussed  in  this 
paper  testify  to  the  great  range  of  variously  com- 
bined  parameters  of  cryogenic  structures. In view 
of this,  it  is  hardly  possible  today  to  offer  a 
scheme  to  rank  cryogenic  structures with regard  to 
all  features  indicative of frozen  soils,  Neverthe- 
less,  it  is  feasible  to  provide  a  classification 
reflecting  the  principal  structural  parameters 
typical  for  groups of cryostructures,  Among  such 
characteristics  are  the  type of ice-cement,  and the 
pattern of bonds  between  structural  elements  and 
their  contacts  (Figure 1 ) .  In terms  of  the  ice- 
cement  type,  cryostructures  are  specified  in 
accordance with the  total  water  content  of  the 
rock.  Higher  water  contents  alter  the  type  of 
ice-cement,  which  can  be  epitaxial-pellicular,  cuff- 
like,  pellicular,  interstitial,  or  basal. 

the  water  content is lower  than  maximum  hygrosco- 
picity  (W < Wm,h.);  cuff-like  ice-cement  evolves 
with W > Wm-h., and  pellicular  ice-cement  develops 
when  the  water  content  causes  capillary  breakage 
(W',.b.). Interstitial  ice-cement  appears when the 
pores become  completely  filled with ground  moisture, 
while  with  W  exceeding  the  water  content  of  swell- 
ing (Wsw), basal  ice-cement i s  formed.  Systema- 
tization of cryostructures in terms  of  the  bonds 
between  their  structural  elements  is  based on the 
content of unfrozen  water  determining  the  coherence 
and,  indirectly,  the  force  interactions  of  struc- 
tural  elements  separated by water  films of diverse 
thickness. It is  also  possible  that  at  very  low 
temperatures  the  bound  water  completely  freezes, 
forming  ice  contacts. If so, ice-aggregating 
contacts  transform  into  ice-epitaxial,  and  ice- 
coagulating  ones-into  highly  epitaxial  contacts. 

The  classification  parameters  discussed  above 
rank  various  groups  of  cryogenic  structures,  in- 
cluding  microtextures of fine-grained  soils. 

In terms of their  contacts,  cryogenic  struc- 
tures  are  systematized  according t o  the  distance 
between  interacting  structural  elements  and  the 
state of contacts of water  layers.  Groups  of 
contacts in  frozen  soils  can be  identified  as 
water-free,  water,  ice,  and  water-ice  contacts 
(Figure 2 ) .  Water-free  contacts  exist in over- 
dense  soils  where  the  particles of the  mineral 
skeleton  directly  contact one another  (the  phase 
type of contact),  and  also in heavily  salinized 
fine-grained  soils in  which the  particles  are 
cemented with various  salts  (the  crystallizing  type 
of  contact),  The  group of water  contacts  includes 

Epitaxial-pellicular  ice-cement is formed when 

aggregating  and  coagulating  ones.  In  the  case  of 
aggregating  contacts,  the  particles  are  separated 
by  weakly  bound  water; in the  case of coagulating 
contacts  the  water i s  strongly  bound. 

above  contacts  transform  into  water-ice ones, both 
of  ice-aggregating  and  ice-coagulating  type. 
Stabilization  of  the  mineral  skeleton  during  freez- 
ing  of  bound  water  of  different  categories  (from 
weakly  to  strongly  bound)  depends on the  charac- 
ter  of  the  ice-cement  bonds. In terms  of  soil 
temperature, which determines  the  unfrozen  water 
content,  the  following  types  of  cryogenic  struc- 
tures  can  be  defined: (a)  the weakly  bound  ones 
observed  at  temperatures  from  O°C  to  the  freezing 
point of weakly  bound  water (tl) when  the  unfrozen 
water  content  exceeds  the  maximum  molecular  water 
capacity (Wm.m.w.c.); (b) the  bound  Structures 
found  within  the  range  from tl to  the  freezing 
point of strongly  bound  water ( t 2 )  when  Wunfr.  is 
less  than Wmc but  greater  than  the  water  content 
of  maximum  hygroscopicity  wmh;  and (c) the  strongly 
bound  structures  developing  at  t2  and  lower  temp- 
eratures,  with  Wunfr.  being  less  than  or  equal  to 
Wmh 

With  bound  water  partially  freezing out, the 
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WATER  REDISTRIBUTION  MEASUREMENTS  IN  PARTIALLY  FROZEN  SOIL 
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ABSTRACT 

This  paper  reports  the  results  of  water  redistribution  measurements in partially  frozen 
soils  under  overburden  pressure.  The  authors  developed  an  experimental  apparatus  using 
X-ray  technique  to  measure  the  water  flow  both  in  the  unfrozen  and  frozen  part  of a 
freezing  saturated  soil  under  overburden  pressure.  The  experimental  method  consists of 
taking  X-ray  photographs  of  the  sample in which  small  lead  shots  are  embedded,  deter- 
mining  the  location  of  small  circular  images of lead  shots  on  the  film  and  measuring 
the  dilatations or the  consolidations  in  each  part of the  sample  by  comparing  them  with 
those  of  subsequent  films.  During  the  experiment  the  temperatures of end  plates  were 
held  constant.  After  the  experiment was  started,  a large  ice  lens  was  foxmed  around 
the  center of the  sample.  Ice  segregation was also  observed  in  the  region  that was 
colder  than  the  center of the  sample.  The  amount of dilatations  due  to  ice  segregation 
was measured  quantitatively  with  displacements of lead  shots.  The  consolidation of the 
unfrozen  part was observed.  And  the  water  flow  both  in  the  unfrozen  and  in  the  frozen 
part was calculated. 

INTRODUCTION 

Several  models  €or  frost  heave  have  been pro- 
posed  to  describe  water  flow,  heat  flow,  and  ice 
segregation  in  freezing  soils.  A  theory  of  coupled 
heat  and  water flow in  freezing  unsaturated  soils 
without  overburden  pressure  was  proposed  by  Harlan 
(1973) and  Taylor  and  Luthin (1976). Experiments 
along  these  lines  of  soil  moisture  movement  were 
carried  out  by  Dirksen  and  Miller (1976) using  the 
gravimetric  method  and  by  Hoekstra (1966), Jame  and 
Norm (1976) , and  Fukuda  et  al. (1980) using  the 
gama ray  technique.  These  experimental  results 
verified  the  validity of the  coupled  model  for  the 
frost  heave  phenomenon. 

On  the  other  hand,  in  designing  Liquefied  natu- 
ral  gas  in-ground  storage  tanks  and  performing * 

artificial  ground  freezing,  saturated  soils  under 
overburden  pressure  must  be  taken  into  account. 
Theoretical  studies of freezing  soils  under  this 
condition  have  been  carried  out  by  Hopke (1980), 
Gilpin (1980), and  Takashi (1982). Experimental 
research  of  water  movement  in  freezing  soils, 
including  the  frozen part,  has  been  performed  by 
Mageau  and  Morgenstern (1980) using  the  gravimetric 
method  and  by  Loch  and  Kay (1978) using  the gama 
xay  technique.  However,  only  few  such  experiments 
have  been  made. 

The  present  authors  developed  an  experimental 
apparatus  using  X-ray  technique to measure  the 
water  flow  both  in  the  unfrozen  part  and  in  the 
frozen  part  of  a  freezing  saturated s o i l  under 
overburden  pressure.  The  X-ray  technique  permits 
us  to  observe  the  dilatation  in  the  frozen  part o€ 
the  sample  with a high  accuracy.  Consequently, 
experimental  results  obtained  by  using  the  X-ray 
technique  might  provide  useful  data  to  improve  the 
theoretical  researches  €or  frost  heaving of satura- 
tated  soils  under  overburden  pressure. 

EXPERIMENTAL  METHOD 

Experimental  Apparatus 

The  complete  test  configuration  is  given  in 
Figure 1. The  soil  sample  is  contained  in  a  plexi- 
glass  cylinder  with  a  wall  thickness o f  2 cm  and  an 
inside  diameter of 12.5 cm. The  temperature of the 
end  plates  is  controlled  by  a  thermoelectric  cool- 
ing  control  system.  The  drainage  tube  from  the 
upper  end  plate  is  connected  to a volume  change 
indicator  which  measures  the  water  inflow  and 
outflow  from  the  soil  sample.  A  dial  gauge  is  set 
on the  upper  end  plate  to  measure  the  total  frost 
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Figure 1 Experimental  apparatus 
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overburden  pressure 

source 

X-ray  film 

Figure 2 X-ray  instrument 

heave  amount.  Copper-constantan  thermocouples  are 
located at 1-cm  intervals  along  the  column  to 
determine  the  soil  temperature  profile.  The  load 
can  be  applied  to  the  sample  through  the top piston 
to  the  maximum  capacity of 4 t. The  soil  container 
is  covered  with  thermal  insulation,  to  prevent 
radial  heat  exchange  between  the  sample  and air, 
and  is  placed  in  a  room  with  a  constant  temperature 
o f  +1 OC. A  schematic  diagram of the  sample  and 
X-ray  apparatus  is  shown  in  Figure 2. Small  lead 
shots  (diameter D = 2 m) were  embedded i n  the 
sample  at  intervals  of  about 5 mm in two  vertical 
rows  on  a  single  plane.  Lead  shots  for  position 
reference  are  located on the  outside  of  the  sample. 
The  sample is located  between  the  X-ray  source  and 
the  X-ray  film  holder.  The  X-ray  source  is  posi- 
tioned  at  the  elevation of the  growing  ice  lens  to 
avoid  parallax  errors. 

X-ray  Film  Reader 

An  X-ray  film  reader  is  used  to  determine  accu- 
rately  the  location of small  circular  images of 
lead  shot.  A  schematic  diagram of the  apparatus  is 
shown  in  Figure 3.  The  apparatus is composed of  a 
45 x 45 cm  film  carriage,  a  two-axis D.C. motor 
drive  system,  a  projection  system,  and  a C.C.D. 
(charge  coupled  device)  light  intensity  measuring 
system.  An  X-ray film is  placed  between  two  opti- 
cally  flat  glass  plates.  The  camera  has 1,500 
pieces of C.C.D., which  is  a  semiconductor to 
transfer  the  light  intensity  into  an  electric 
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Figure 3 X-ray  film  reader 

( % 1 
1 0 0  

40 

20 

0 
0.001 0.01 0.1 1 10 50 

clay , silt . sand aravel 
0.005 0.074 2 ( m m )  

Figure 4 Properties  of  silty loam 

signal.  The  accurate  center of the  image  is  deter- 
mined  by  its  light  intensity  profiles.  Thus  the 
accurate  coordinates  of  lead  shot  images  axe  mea- 
sured.  The  accuracy of reading is 30 microns.  A 
detailed  explanation of the  apparatus  is  given by 
Takagi  et al. (1983). 

Test  Procedure 

A  silty  loam was used  in  this  experiment.  The 
various  properties of the  soil  are  summarized  in 
Figure 4. The  frost  heave  test  was  performed  in 
the  following  sequence.  First  the  test  sample  was 
saturated  with  pure  water.  Lead  shots  were  embed- 
ded  in  a  sample  in  the  manner  mentioned  above.  The 
sample was then  consolidated  to  the  desired  applied 
load.  After  the  sample  preparation was  finished, 
the  lower  side  plate was cooled  down, and the 
sample was frozen  from  the  bottom  upward.  During 
the  experiment,  both  end  plates  were  held  at a 
constant  temperature.  X-ray  photographs of the 
sample  were  taken  at  initially  set  time  intervals. 
These  photos  were  obtained  using an X-ray  tube  with 
a  source  current of 5 mA at 195 kV and  an  exposure 
time of 2 min.  The  expansion  in  the  frozen  part  of 
the  sample was measured  by  reading  accurate  coordi- 
nates of lead  shot  images  and  by  comparing  them 
with  those of subsequent  films. Data from  the 
thermocouples,  the  volume  change  indicator,  and  the 
dial  gauge  were  collected  periodically by a  digital 
data  aquisition  system. 
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Figure 5 Total  heave  and  heave by water  intake 
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TEST RESULTS AND  DISCUSSION 

Total  Heave  and  Heave  by  Water  Intake 

Three  experiments  (Test 1, Test 2, Test 3)  were 
carried out with  the  sample  in  normally  consoli- 
dated  condition.  The  overburden  pressures  were 
0.1, 0.5, 1 MPa;  the  initial  sample  heights  were 
94, 8 6 ,  104 mm; and  the  durations  were 300, 550, 
500 hours  fox  Test 1, Test 2 and  Test 3 ,  respecti- 
vely.  The  temperatures of the  upper  and  the  lower 
plate  were  maintained  at  +5"C  and  -5OC,  respective- 
ly.  Figure 5 shows  both  changes of the  total  heave 
amount  and  the  heave  amount  by  water  intake  as  a 
function of time. As the  applied  load  was  increas- 
ed,  the  rate  of  water  migration  into  the  sample 
descreased.  The  rates o f  the  total  heave  coincide 
with  the  rates  of  the  heave  by  water  intake  after 
about 24 hours  from  the  start of the  run.  This 
coincidence is due  to  the  completion of in  situ 
water  freezing  by  frost  penetration  in  about 24 
hours.  This  was  confirmed  by  X-ray  photos  and  the 
temperature  profiles of the  sample. 

Temperature  Change  in  Sample 

The  soil  temperature  changes  for  Test 2 are 
shown  in  Figure 6. As  porous  metal  plates  with  a 
thickness of 5 mm are  attached  to  both  ends  of  the 
sample,  the  temperatures of both  sample  ends  are  a 
little  different  from  those of the  cooling  plates. 
The  measured  temperatures  of  the  upper  and  the 
lower  end o f  the  sample  were +4.7OC and  -4.7"Ci 
respectively.  The  temperature  profile  established 
a  semisteady  state  after  about  24  hours from the 
start.  However,  the  soil  temperature  decreased 
gradually  and  was  shown  to  change  after 500 hours. 

WARM PLATE 
10 CM 
9 CM 

7 CM 
6 CM 
5 CM 
4 c M  
3 CM 
2 c M  

o w  
1 CM 

a m  

-4 !- 
4. 

-6 - COLD  PLATE 
0 100 200 300 400 500 

ELAPSED  TIME  (HR) 

Figure 6 Temperature  changes (P = 0.5 m a )  

Displacements  in  Sample 

Displacements of lead  shot  in  the  sample for 
Test 2 are  shown  in  Figure 7 .  The  curves  indicated 
as -1"C, -2OC, -3OC. and  -4OC  show  the  displace- 
ments of lead  shot  where  the  average  temperatures 
are  the  indicated  values.  The  temperatures  at  the 
locations  of  the  lead  shot  decreased  by  about 0.2OC 
between 24 and 500 hours  from  the  start.  The W.P. 
curve  shows  the  displacements  of  lead  shot  in  the 
unfrozen  part.  The  line  with  dots  shows  the  total 
heave  amount.  This i s  consistent  with  the  dis- 
placements  in  the  unfrozen  part. In the  frozen 
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Figure 7 Displacements in sample  versus 
elapsed  time  (P = 0.5  MPa) 

part, greater  displacements  took  place  in  the 
warmer  layer  than  in  the  colder  layer.  The  segre- 
gation  speed  of  the  Large  ice  lens  that  formed  in 
the  center of the  sample  decreased  with  time. 
However,  the  segregation  rates  of  the  small  ice 
lenses  that  formed  in  the  region  colder  than  that 
in  which  the  large  ice  lens  had  formed  did  not 
decrease  in  the  same  way,  and  were  almost  constant 
throughout  the  duration of this  experiment. 

X-ray  Films  and  Other Data 

X-ray  photos,  temperature  profiles,  displace- 
ments of lead  shots,  and  dilatations  between  lead 
shots for Test 2 are shown  in  Figure 8. A, B, C, 
and  D  show  the  results  after 24, 96, 315, and 502 
hours  from  the  start,  respectively. A1 shows  a 
print  of  the  X-ray  film  of  the  sample  after 24 
hours from the  start.  The  dots  in  the  sample  are 
the  images of the  embedded  lead  shot. The  dots  on 
the  outside of the  sample  show  the  images of lead 
shot  used  as  reference  points.  The  horizontal 
white  band  in  the  middle of the  sample  indicates 
the  image of the  segregated  ice  lens.  The  thick- 
ness of the  ice  lens  increased  gradually.  The 
thicknesses of the  ice  lens for Al, B1, C1, and Dl 
are 0.6, 3.0,  5.3,  and 6.1 nun, respectively. In C1 
(315  hours)  the  other  ice  lens  images  can  be  seen 
at  the  distances of 15  and  35 nun from the  bottom o f  
the  sample.  These  ice  lenses  are  seen  to  have 
increased  their  thicknesses to Dl (502 hours). 

A2, B2, C2, and 0 2  show  the  temperature  profiles 
at  each  elapsed  time.  The  dashed  line  shows  the 
temperature  profiles  after 24 hours  from  the  start. 
The  horizontal  line  shows  the  location of the  upper 
side  of the  large  ice  lens.  According  to  the  modi- 
fied  Clausius-Clapeyron  equation,  ice  lenses  are 
considered  to  segregate  at or  below -0.45"C  when 
the  overburden  pressure is 0.5 MPa  (Hoekstra, 
1969). The  vertical  line shows -0.45OC.  The 
temperature of the  upper  side of the  large  ice  lens 
determined  from  the  temperature  profile is close  to 
the  expected  value. 

A3, B3, C3  and  D3  show  the  displacements of lead 
shot  at  each  elapsed  time.  The  dashed  line  shows 
the  displacements of lead  shot  from  the  start to 24 
hours.  The  dots  show  the  displacements  of  the 
upper  end  plate  measured by the  dial  gauge.  And  it 
is  noticed  that  the  upper  part of the  large  ice 
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Figure 8 X-ray photos and other data (P = 0.5 MPa) 
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lens  disF )laced  more 1 than  the part  near  the  warm 
end. This  means  that  the  unfrozen  part  has 
consolidated  after  the  experiment  was  started. 

lead  shots at each  elapsed  time. AS the  distance 
between  lead  shots i s  different  in  each  location, 
the  amount  of  dilatation  was  normalized so that  the 
distance  between  every  lead  shot is 10 nun. The 
dashed  line  shows  the  dilatations  between  lead 
shots  from  the  start  to 24 hours. The  area  between 
the  solid  line  and  the  dashed  line  shows  the  dila- 
tation of the  sample  after  24  hours.  Large  dilata- 
tion is shown  at  the  distances  of 15 and 35 mm from 
the  bottom,  as  well as in  the  center of the  sample 
(C4, D4).  This  corresponds to  the  ice  segregation 
in  each  location  which is shown  in  the  X-ray  films 
(C1, Dl). 

Consolidation  due  to  Soil  Freezing 

A 4 ,   B 4 ,   C 4 ,  and D4 show  the  dilatations  between 

Figure 9 shows  the  displacement  change  with 
various  lapses  of  time  for  Test 1. The  dots  show 
the  displacements  at  the  warm  end  measured  by  the 
dial  gauge.  The  horizontal  line  shows  the  location 
of  the  upper  side  of  the  large  ice  lens.  The 
unfrozen  part  of  the  sample  has  consolidated  great- 
ly  since  the  start  of  this  experiment.  Line  TH 
shows  the  displacement  of  lead  shot  after  the 
sample  was  thawed.  Figure 10 shows  the  displace- 
ment  change  for  Test 2 .  In  the  unfrozen  part,  the 
consolidation  can  also be seen.  However,  its 
amount i s  smaller  than  that  for  Test 1. The  amount 
of the  thaw  consolidation is also small. 

3 HR 
24 HR 
96 HR 
193 HR 

395 HR 

THAWED 

-5 0 5 10 15 
DISPLACEMENTS (MM) 

Figure 9 Displacements  in  sample ( P  = 0.1 m a )  

Water  Flow  Rate  in  Sample 

Figure 11 shows  the  relationship  between  the 
water  flow  rate  and  the  temperature  in  the  sample. 
A s  the  temperature  profile  both  in  the  unfrozen 
part  and  in  the  frozen  part  is  almost  linear,  the 
horizontal  line  (the  temperature  axis)  can  also  be 
considered  to  represent  its  location. F1 shows  the 
average  flow  rate  between 96 and 192 hours,  and  F2 
shows  that  between  407  and 502 hours.  The flow 
rates  in  the  unfrozen  part  for F1 and F2 are 1.8 x 

and 7.6 x cm/h,  respectively.  These 
values  are  consistent  with  the  measured  water 

100 

8 50 

0 

a 2 HR 
b 24 HR 

c 96 HR 

d 315 HR 

e 502 HR 
THAWED 

-5 0 5 10 15 
DISPUCEMENTS (MM) 

Figure 10 Displacements  in  sample ( P  = 0.5 mal 

intake  rates.  The  flow  rate  changes  abruptly at 
the  location of the  large  ice  lens.  Although  the 
flow  rate  in  the  unfrozen  part  for F2 reduced  to 
40% of that  for F1, the  flow  rate  in  the  frozen 
part for  F2 did  not  reduce  in  the  same  way.  This 
tendency  can  also  be  seen  in  Figure 7 .  The  flow 
rate  for F2 also  changes  greatly  at  the  locations 
of -1.5OC and  -3.5OC. This  is  caused by  the 
segregated  ice  lens  at  each  location  as  shown  in 
Figure 8. 

CONCLUSIONS 

The  water  movement  and  the  ice  segregations  were 
observed  by  using  a  recently  devised  X-ray  tech- 
nique.  The  experiments  were  performed  for a Satu- 
rated  soil  sample  under  overburden  pressure.  Ice 
lens  segregation  was  observed  in  the  region  that 
was  colder  than  the  center  of  the  sample  where  the 
large  ice  lens  had formed. The  dilatation  in  the 
frozen  part  due  to  ice  segregation  was  measured 
quantitatively  by  the  precise  determination  of  the 
locations of lead  shot  images on X-ray  films 
(Figure 7 and  Figure 8). The  consolidation of the 
unfrozen  part due to  soil  freezing  was  observed 

- F2 408HR-502HR 
E 
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w 

3 0.001 
! 
h t 0 

0 

1 

"" 

-5 -4 -3  -2 -1 0 1 2 3 4 5 

TEMPERATURE ("C) 

Figure  11  Water  flow  rate  in  sample ( P  = 0.5 m a )  



(Figure 9 and  Figure 10). The  water  flow  both  in 
the  unfrozen  and  in  the  frozen  part was calculated 
(Figure 11). This  frost  heave  apparatus  using 
X-ray  technique  is  found to provide  various  data on 
saturated  soils  under  overburden  pressure,  and 
these  data  will  be  used  to  develop  the  theoretical 
studies  of  the  frost  heave  phenomenon. 
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CONDITLORS OF PERPAFROST FORKATION IN THE ZONE 
OF THE BAIKAL-AMUR RAILWAY 

S. I. Zabolotnik 

Permafrost  Institute,  Siberian  Branch, 
Academy  of  Sciences,  Yakutsk,  USSR 

On the  basis of statistical  analysis of data  derived  from  many  years of observations 
conducted  at 170 weather  stations  in  the  region,  quantitative  relations  between  the 
basic  environmental  parameters  were  obtained.  They  enable us to explain  the  forma- 
tion of taliks  in  the  western  and  eastern  fringes  of  the  zone  and  also  the  extreme 
low  temperatures  (down to -7 to  -12°C)  and  the  extreme  thickness  (700-1300  m)  of  the 
permafrost  in  the  alpine  areas  of  the  Udokan  and  Kodar  ranges. Tt was  established 
that  continuous  permafrost  occurs  in  the  regions  where  the  mean  annual  air  tempera- 
ture  is  lower  than -7'C. In those  parts of the  zone  where  the  mean  annual  tempera- 
ture  falls  between -3  and -7'C, either  seasonally  frozen  ground  or  permafrost  occurs 
As a  rule, no permafrost  forms in regions  where  the  mean  annual  air  temperature  is 
above -3'C. 

The  Baikal-Amur  Railway  stretches  mote  than 3 . 5  
thousand  kilometers,  from  the  Taishet  station of 
the  main  Trans-Siberian  Railway  in  the  west  to  the 
Pacific  coast in the  east.  It  crosses  vast  regions 
of southern  Siberia  and  the  Far  East-regions  of 
complex  relief  including  flat  country  as well as 
ranges  of  mountains of different  altitude  and 
degree  of  distribution. 

Numerous  investigations  carried  out  along  the 
railway  itself  and i n  territories  adjacent to it 
(Bibliografiya ... 1978,  Bibliografiya ... 1982) 
have  shown  that  the  permafrost  regime of the  region 
i s  extremely  complex.  The  majority of the  region 
is  dominated  by  continuous  permafrost,  whose  temp- 
erature  varies  between  values  close  to O°C to -10°C 
and  below  while its thickness  ranges,  respectively, 
from  several  meters  to 500 m  and  more.  At  the 
same  time,  in  the  extreme  west  and in the  eastern 
parr o f  the  Baikal-Amur  Railway  the  permafrost 
exhibits  a  discontinuous  or  island-shaped  nature 
while  in  the  Amur  River  valley to the  south of 
Komsomolsk,  it  occurs  only  in  the form of indiv- 
idual  islands  or as short-term  permafrost  (The 
Baikal-Amur  Railway,  1979) - 
frost  zone  characteristics  is  largely  due  to  the 
climatic  peculiarities  both of the  entire  region 
and o f  its  parts  in  isolation. In order to reveal 
these  peculiarities  an  analysis  was  made  of  many 
years of observations  from  all  weather  stations 
located  within  the  railway  zone-a  belt  up  to 200- 
250 km across,  extending  eastward  from  101" EL 
along  the  Baikal-Amur  Railway.  At  the  beginning of 
construction  work  on  the  railway,  nearly  170 
weather  stations  were  operative  within  this zone, 
including  about 30 stations in the  immediate 
vicinity of the  railway  (Directories on Climate  in 
the  USSR, v. 22-25,  1966). 

This  number of weather  stations  is  obviously 
insufficient  to  provide  a  detailed  understanding of 
all parts  of such a  diverse  region.  Statistical 
methods  do,  however,  help  to  reveal  both  the 
general  trends in particular  climatic  parameters 

Such  a  wide  range  of  variation  of  the  perma- 

and  their  correlation  with one another. 

quantities,  it  was  assumed  that  the  relationship 
was  linear  and  obeyed  the  equation: 

y = a x + b  (1) 

where  the  regression  coefficients  a  and b were 
determined with a  least-squares  technique  (Smirnov 
and  Dunin-Barkovsky  1959  and  Fisher 1958). 

degree of severity of climate  and  indicates  the 
possibility  that  permafrost  is  present.  is  the 
annual  average  air  temperature. In assessing  this 
factor  in  different  parrs  of  the  region,  we  must 
recall  that  the  Baikal-Amur  Railway  passes  mainly 
in the  latitude  direction so that  the  zone of the 
Baikal-Amur  Railway,  stretching  from  west  to  east 
by more  than 40' L, l ies  completely  within 46 and 

The  analysis of the  dependence of the  annual 
average  air  temperature  (ta) on longitude  of  the 
site ($1 shows  that it i s  substantially  different 
for  the  western  and  eastern  parts  of  the  railway 
(Figure 1), and  the  natural  demarcation  line 
between  these  parts  occurs  at  the  eastern  spurs  of 
the  Stanovoi  upland. 

The  railway,  moving  eastward  from  Taishet. 
crosses  first  the  northern  part  of  the  Lena-Angara 
plateau  and  the  near-Baikal  depression  where  the 
terrain  varies  between  200  and 400 m  above  sea 
level.  Then  it  enters  the  area of mountain  forma- 
tions of the  Stanovoi  upland,  gradually  rising  up 
to 800-1300 m  altitude.  Naturally, in such  con- 
ditions  the  mean  annual  air  temperature  steadily 
decreases  in  this  direction  to 120' EL (see  Figure 
1, line 1). The  dependence of the  air  temperature 
on longitude  of  the  site  in  this  part of the zone- 
is  described  by  the  relation: 

ta = 0.344 + 31.79. (2) 

In analyzing  correlations  between  individual 

One  of  the  principal  factors  that  determines  the 

58" NL. 

The  lowest  air  temperatures  are  observed  in  the 
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eastern  part of the  Stanovoi  upland  within  high- 
altitude  (from 1000 to 1500 m ASL) valleys  and 
hollows  of  the  Yankan,  Kalarsky,  Udokan  and  Kodar 
ridges  (Directory , . . , v. 23, 19661,  whose  several 
tops  reach 2000-3000 m  above sea level. 

The  eastern  part of the  railway  leaves  the 
Stanovoi  upland  and  crosses  the  southern  spurs  of 
the  Stanovoi  Ridge,  the  Upper-Zeya  and  Amur-Zeya 
plains,  and  the  Turan,  Bureys  and  Badzhalsky  Ridges 
before  arriving  in  Komsomolsk-on-Amur.  Finally, 
it  surmounts  the  northern  spurs  of  the  Sikhote-Alin 
to  approach  the  Pacific.  It  is  easy  to  see  that  in 
this  direction,  except  for  some  local  parts,  a 
steady  decrease  of  elevation  is  experienced,  down 
to  sea  level. As one  moves  eastward,  the  annual 
average  air  temperature  continuously  increases  (see 
Figure 1, line 2) with the  longitude-dependence of 
temperature  being  described  by  the  relation 

ta = 0.289 - 40.61. ( 3 )  

The  considerable  range of air  temperature  fluctua- 
tions (+-4"C) is  a  function  of  latitude  and  true 
altitude  (Zabolotnik 1978). 

On considering  the  fluctuations  of  the  annual 
air  temperature  within  the  entire  zone  of  the 
Baikal-Amur  Railway,  it  is  apparent  that owing to 
the  specific  features  of  the  relief,  the  air 
temperature on the  average  decreases  by 3.4'C from 
west  to  east with every 10 degrees o f  longitude 
along  the  Bratsk-Udokan  stretch  while on the  con- 
trary  that  along  the  Udokan-Sovetskaya  Gavan 
stretch  increases  by 2.8'C for  each 10 degrees  of 
longitude. 

ture  fluctuations  within  the  region  are  mainly  due 
to the  different  conditions  of the formation  of 
wintertime  (subzero)  temperatures. 

tures (tS) vary  between 9 and 13OC throughout  the 
Baikal-Amur  Railway, with  rare exceptions. On the 
average,  the  summertime  air  temperature  ranges  from 
10.5'C in  the  region  of  Bratsk to 11.6"C  in the 
region  of  Komsomolsk-on-Amur  (Figure 2, line 3)  
and  its  relationship  to  the  longitude  of  the  site 
is  described  by  the  relation: 

t, = 0.034 + 7.47. ( 4 )  

Such a minor  variation of the  summertime  air  temp- 
erature (0.3"C by  every 10 degrees of longitude) 
cannot,  of  course,  have  substantial  influence  upon 
the  formation of an  annual  air  temperature  and 
indicates  the  relative  homogeneity o f  the  summer- 
time  conditions of the  entire  zone of the  Baikal- 
Amur  Railway. 

A completely  different  picture  presents  itself 
in  the  distribution  within  the  railway  zone  of 
average  wintertime  air  temperatures (t,). Their 
dependence on longitude  of  the  site  is  practically 
similar  to  the  one  for  the  air  temperature  and  is 
expressed  through  the  following  relationships:  for 
the  western  part  of  the  zone  (see  Figure 2, line 4 ) :  

The  relationships o f  annual  average  air  tempera- 

The  summertime  average  (above-zero)  air  tempera- 

tw = -0.349 t 19.09 ( 5 )  

while  for  the  eastern  part  (see  Figure 2, line 5): 

tw = 0.279 - 53.32 (6) 

The  calculation o f  dependences ( 4 - 6 )  neglected  the 
data  from  weather  stations  situated  in  the inrmedi- 
ate  vicinity  (up  to 50 km) of  the  Tatar  Strait 
coast, where  the  influence of the  Pacific is far 
larger  than  elsewhere.  That  influence  is  expressed 
in a substantial  decrease  (to 8 .5  to 9°C) of 
average  summertime  temperatures  and in an abrupt 
increase (up  to -9 to  -10'~)  of  average  wintertime 
temperatures  (see  Figure 2). 

The  fluctuation  of  annual  average  air  tempera- 
tures  within  the  zone of the  Baikal-Amur  Railway, 
predominantly in  the  subzero  range (from -2 to 
-lO°C), indicates  the  severity  of  the  climatic 
conditions  of  the  region.  However,  the  subzero 
air  temperature, i n  itself,  is  not  yet  a  necessary 
condition  for  the  formation of permafrost. It i s  
known,  for  example, that  there  are  taliks  even  near 
the  Chulman  settlement  where  the  annual  average  air 
temperature  is -9.4'C (Directory . *. , v. 24, 1966) 
The  permafrost  forms  only  in  areas  with  a  subzero 
annual  average  temperature of the  ground  surface, 
that  is  below snow and  plant  covers. 

earth  materials  is  fairly  well  known  (The  Founda- 
tions of Geocrywlogy, 1959, Dostovalov  and  Kudryavt- 
sev,  1967,  General  Geocryology, 1974,  1978, Geo- 
cryology, 19811, but  determining  the  magnitude  of 
this  effect  for  a  specific  area  presents a problem. 
The  difficulty  arises  due  to  substantial  snow  cover 
variation (by 10 to 13 cm), even  within  one  area, 
depending on a  variety of local  factors  (open  or 
wind-protected  site,  field,  forest,  etc.) as well  as 
yearly  variations.  Therefore,  it can be determined 
only  quite  roughly. 

Within  the  zone o f  the  Baikal-Amur  Railway  the 
winter-average  thickness of the snow cover,  infer- 
red  from  10-day  data  obtained  at  weather  stations 
(Directory ..., v. 22-25, 1968)  varies  between 7 
and 45 cm,  with maximum  thicknesses  observed  at  the 
western  and  eastern  ends  of  the  zone  (Figure 3 ) .  

The  dependence o f  snow  cover  thickness (Z, cm) 
on  longitude  of  the  site  is  described by the 
following  relationships: 
in  the  western  part  (see  Figure 3, line 6) 

Z = -0.96$ + 127.56, (7)  

in  the  eastern  part  (see  Figure 3, line 7 )  

Z = 0.8941 - 91.61. (8) 

The  warming  effect of a  snow  cover on underlying 

Consequently,  the m o w  thickness, on the  average, 
decreases  by one cm in the  western  part  of  the 
Baikal-Amur  Railway zone for  every  degree  of  longi- 
tude  while  that  in  the  eastern  part, on the 
contrary,  increases  by  about  the  same  value. 

Of  interest  are  the  simultaneous  decreases of 
both  annual  average  air  temperature  and  snow  cover 
thickness  in  the  middle  part of the  region.  Such 
a  combination  of  natural  factors  is  highly  favor- 
able  for the development of the  lowest  temperatures 
of  the  ground  surface  and  therefore  for  the  forma- 
tion of permafrost of large  thickness. It is, 
therefore,  not  unusual  that we have  observed  within 
the  high-altitude  part of the  Udokan  and  Kodar 
Ridges  the  lowest  temperatures  (as  low  as -7 to 
-12'C) and  the  largest  thickness  (700 to 1300 m) 
of permafrost  in  the  entire zone of  the  Baikal-Amur 
Railway  (Nekrosov,  Zabolotnik,  et al., 1967). 



It  is  possible  to  determine  a  particular  effect 
of  the  snow  cover  thickness  on  the  underlying 
ground  thickness,  using  stationary  measurements  of 
ground  and  air  temperatures  and snow cover  thick- 
ness. In the  Baikal-Amur  Railway  zone,  of  the 
nearly  170  weather  stations  discussed  herein,  such 
measurements  are  being  carried on only  at 26 
stations.  The  measurements  from  these  stations 
indicate  that  while  protecting  grounds  from  the 
wintertime  cooling-down,  the  snow  cover  increases 
the  annual  average  temperature  of  ground  surface  by 
3  to  7OC.  Analysis  of  the  relationship  between  the 
difference  of  annual  average  temperatures  of  ground 
surface  and  air  and  the  snow  cover  thickness  shows 
that  depending on the  amplirude o f  fluctuations  of 
annual  temperatures  and  snow  density  the  snow 
cover's  warming  effect  for  average  wintertime 
thicknesses  of 10, 20 and  30  cm  is,  respectively, 
2.5 to 4 .5 "C ,  4.5 to  8°C  and  6.5  to  11.5"C. 

Such  a  large  effect of the  snow  cover on the 
formation of ground  surface  temperature  can  lead, 
in some  areas  where  snow  accumulates  constantly  or 
when  very  snowy  years  are  experienced,  to  the 
formation  of  talik  zones  at  very low air  tempera- 
tures. 

The  determination  of  specific  values  of  the 
warming  effect  of  the  snow  cover  makes  it  possible, 
using  air  temperatures  nearly  always  obtainable on 
the  basis  of  the  data  from  the  nearest  station, to 
infer  the  range of ground  surface  temperature  fluc- 
tuation.  Therefore,  prior  to  conducting  field 
investigations,  it  is  possible  to  establish  the 
likelihood  of  the  existence  of  talik  zones  or 
masses  and  islands  of  permafrost  as  well  as  to 
evaluate  their  thickness. 

Similar  information  can  be  obtained  using  the 
data  from  the  weather  stations  which  take  systema- 
tic  measurements of ground  temperature  together 
with  air  temperature.  Although  the  number  of  such 
weather  stations  is  currently  small (31 stations 
within  the  zone  under  consideration),  the  correla- 
tion  between  annual  average  air  temperatures (Ka) 
and  ground  surface  temperatures (tgqs.>, express- 
ible  through  the  relation: 

tg.~. = 0.77ta f 4.05, (9) 

reveals  some  features of the  formation of the 
ground  temperature  condition. 

According  to  relation 9, the  ground  surface 
temperature,  with  some  time  delay,  increases with 
increasing  air  temperature. On the  average,  it 
reaches 4'C at  an  air  temperature  equal  to 0°C 
and  becomes  subzero  only  when  the  air  temperature 
is  below  -5.2"C  (Figure 4, line 8 ) .  However,  due 
to  the  great  inhomogeneity  of  the  natural  con- 
ditions in different  areas  of  such  a  vast  region, 
the  same  surface  temperature  is  able  to  form  at  air 
temperatures  varying  wirhin f2'C (Figure 4, lines 
9 and 10). Therefore, at the  present  stage of 
studies  it  appears  possible  to  determine  only  the 
air  temperature  ranges  at  which  the  conditions 
are  favorable for the  formation of either  season- 
ally  frozen  soils or permafrost. 

Analysis of the  relationship  between  the  temp- 
eratures of air  and  ground  surface  shows  that  at 
an  annual  average  air  temperature  below -7"C, the 
ground  surface  temperature  within  the  Baikal-Amur 
Railway  zone i s  practically  always  below  zero. 

Consequently,  in  the  areas  of  the  zone  having  such 
an air  temperature,  rhere  must  be  continuous  perma- 
frost. 

As  mentioned  previously,  the  annual  average  air 
temperatures  in  rhe  region  are  able KO reach  -IO°C 
and  lower  values. In such  conditions,  the  annual 
average  temperature of The  ground  surface  will  vary 
between -3  and -8'C and  the  thickness of perma- 
frost  will  be  150-400  m  at  the  mean  gradient of 
20 gradjkm. In extreme  conditions,  there  are  much 
lower  temperatures  and  permafrost  thicknesses i n  
excess of 2 KO 3 times. 

from  -3  to  -7OC  and  the  region  is  dominated  by 
areas with such  temperatures,  either  seasonally 
frozen  grounds  or  permafrost  form,  depending on the 
relationship o f  some  regional  factors,  because  the 
ground  surface  temperature  is  able  to  vary  from 
+3 to -3'C. The  permafrost  thickness  (at  the  same 
gradient)  can  be  quite  different,  from I or  2 to 
150 m. 

In  regions where the  annual  average  air  tempera- 
ture  is  above - 3 ' C ,  generally no permafrost  is 
present  because  the  ground  surface  temperature  here 
is  above  zero  (see  Figure 4). Exceptions  to  this 
are  areas,  occupied by  "mari"  (swampy  sparse  larch 
forests  interrupted  by humocky bogs), in  which 
owing  to  the  cooling  effect  of  moss-peat  cover, 
reaching 2 O C  and  more  (Balobaev,  Zabolotnik,  et  al., 
1979). mainly  thin (of up to 50 m) permafrost  zones 
with  annual  average  ground  temperatures  of  about 
-2'~ occur. 

When the  annual  average  air  temperature  varies 
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FIGURE, 1 Annual  average  air  temperatura  dependence  on  longitude  of the site in  the 
western (1) and  eastern (2) parts of the  Baikal-Amur  Railway zone. 1 and 2 are  the 
regression  lines. 
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FIGURE 2 The dependence of average summertime (3) and wintertime temperature in the 
west ( 4 )  and  east (5) of the  Baikal-Amur  Railway zone on longitude o f  the site. 
(a) -weather stations, used to calculate correlational relationships; (b) -weather 
stations, neglected in calculation. 
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FIGURE 4 Relationship between the annual average 
air temperature (t,) and the ground surface 
temperature (tpss.> * ( 8 )  - regression line, (9 )  and 
(10) are the 95% confidence intervals. 
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A rheological  model  for  frozen  soil  and  ice,  based on a  theory  of  viscoplastic 
hardening,  is  suggested.  The  critical  equations  take  the  form  of  non-holonomic 
incremental  relationships  and  describe  the  behavior  of  frozen  ground  and ice  with 
time  both  in  ere-limiting  and  limiting  states. The  model  is  formulated  in  such  a 
way  that  no  special  experimental work  is  required to derive  its  parameters. 
Design  parameters  may be determined  from  triaxial  compression  tests. The  results 
of  numerical  calculations of,the behavior of frozen  soils  under  triaxial  com- 
pression are presented  for  various  loading  trajectories  and  for  cases  involving 
both  decaying  and  progressive  creep.  The  predicted  soil  behavior  agrees  well  with 
experimental  data.  Results  of  applying  the  proposed  model  for  solving  the  boun- 
dary  problem  using  the  finite  elements  method  are  also  presented. 

Frozen  soils  show  pronounced  rheological  proper- 
ties  resulting  from  the  presence  of  ice  layers  and 
massive  frozen  water  in  their  composition.  Deform- 
ability of frozen  soils  may  be  described  in  terms 
of viscoplastic  hardening  theory  based  on  the 
following  assumptions. 

tensor  may  be  represented  as 
For an elastic  viscoplastic  medium  the  strain 

where  ETj  and ET! are  the  components of elastic  and 
viscoplastlc  strain  tensors,  respectively. 

existence  of  a  piecewise  smooth  instantaneous  load- 
ing  surface  which  may  be  described  by  the  following 
relationship, 

Following  Naghdi  and  Murch  (1963) we assume  the 

f:')(oij, E::, xi, ki, T )  = 0, T =  1,2 ... (I) 

where a;jAare  the  components  of  active  stress 
tensor,  Oij = ~ i j  - ~ i j ,  0ij are  the  components  of 
the  applied  stresses,  'rij  are  the  components of 
internal  stresses, ~ i j  = ~(EY:, Ex:) at 2 P  = 0, 
~ i j  = 0, E:! are  the  components  of  viscoplastic 
strains,  xi  are  the  hardening  parameters, T is  the 
frozen  soil  temperature, ki are  the  material  con- 
stants, Evp is  the  velocity of viscoplastic  strains, 

1 J  

1 3  

Region  of  elastic  behavior  of  the  medium  corres- 
ponds  to  negative  values of instantaneous  loading 
surface 

For  the  stabilized  state  (with  zero  visco- 
plastic  strain  velocity)  the  instantaneous  loading 

surface  coincides  with  the  stabilized  surface f s  
= 0 which  corresponds  to  the  loading  surface  intro- 
duced in plastic  hardening  theory.  The  equation of 
the  stabilized  surface  has  the Zorm 

(TI 

Some  features  of  accumulation  mechanism of 
viscoplastic  strains  accounted  for  by  introduction 
of the  instantaneous  loading  surface  may be illus- 
trated  by  a  simple  mechanical  model  (Figure 1). It 
is  obvious  that  the  strain  of  the  mechanical  model 
is  equal  to  a  sum  of  elastic, ee, and  viscoplastic, 
eVP,  components.  The  applied  stress (5 is  dis- 
tributed  between  viscous  and  plastic  elements, 
respectively.  The stress_in the  plastic  element 
will  be  called  "active," U, while  the  stress  in  the 
viscoplastic  element  will  be  called  "internal," r. 
It i s  clear  that  the  plastic  element's  dezormation 
is  due to  the  magnitude o f  active  stress U, rather 
than  total  stress 0 ,  In  the  general  case,  the 
process of plastic  strains'  accumulation  is  des- 
cribed  by  the  instantaneous  loading  surface,  which 
depends on the  active  stress  tensor.  The  internal 
stress  tensor  takes  account of a  delay  in  accumu- 
lation  of  plastic  strains with respect  to  the 
moment  in  time  of  applying  the  stress. In general, 
this  tensor  depends  on  the  value  of  viscoplastic 
strains  and on their  velocity. 

The  instantaneous  loading  surfaces  have  the 
following  geometric  interpretation  (Figure 2 ) .  The 
stabilized  surface 1-1 corresponds  to  the  stressed 
state MI on the  plane  of  invariants  ai f 0. Under 
repeated  loading  by  a  vector  the  surface 1-1 
finally  occupies  the  position 11-11, provided  the 
deformation  process  is  stabilized. If the  equation 
of instantaneous  loading  surface  is  written  in  terms 
of  active  stresses,  the  loading  point  position  in 
different  time  moments  is  determined  by  vectors 
M I M ~ ,  MIM2", ... The  components  of  these  vectors 
depend on the ve1o:ity of  viscoplastic  strains  and 
they  are  equal  to u;j = oij - ~ i j ,  Instantaneous 
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loading  surfaces 11-11, II"-II", ... pass  through 
the  loading  points M2M2", ... In the  stabilized 
state,  when  Tij = 0, the  loading  point  coincides 
with  the  point M2, while  the  instantaneous  surface 
coincides with the  stabilized  surface 11-11. If 
the  instantaneous  surface  is  written in terms  of 
applied  stresses,  the  point MZ is  passed  through 
by  instantaneous  loading  surfaces 1-1, I"-II" (at 
different  moments in time),  the  position  of which 
depends on viscoplastic  strain  velocity.  It can 
be  easily  seen  that  the  surfaces  1-1, I"-I", ... 
are  parallel  to  the  surfaces 11-11, IT"-II", .  . . 
would  like  to  check  the  associative  law,  would  come 
to  the  conclusion  that  the  vector o f  plastic  strain 
increment  at  the  loading  point (Mz) changes  its 
direction, so the  point  may  be  classified  as 
singular. 

and  neutral  loading  for  the  piecewise  smooth  in- 
stantaneous  loading  surface  fo = 0 (Ivlev  and 
Bykovtsev 1971, Zaretskiy  and  Lombardo 1982). In 
accordance  with  eq  ation 3 the  material i s  assumed 
t o  be  elastic, fArr < 0 inside  the  instantaneous 
surface. 

The  unloading  process  occurs  if  the  active 
stress  velocity  is  such  that  both  viscoplastic 
strain  velocity  and iyrements of  parameters  dXi 
are  equal  to  zero*: E ~ P  = 0, dX; = 0 

It  should  be  noted  that  an  experimenter  who 

Let  us  introduce  criteria of unloading,  loading 

11 

f(jj < 0, 
0 

where m and j are  different  and  enumerate  all  the 
values  of  indices r. 

is  such  that  the  end  of  the  vector 8i;j remains  at 
the  instantaneous  1  a  ing  surface. In this  case 
E!? = 0, dXi = 0, fkf= 0, 

Under  neutral  loading  the  active  stress  velocity 

*J 

where  m  does  not  enumerate  all  the  values of 
indices r, since  the  unloading  process  may  take 
place  for  some  regular  parts of the  surface. 

velocity  is  such  that  the  following  relations  hold: 
Under  the  loading  process  the  active  stress 

* Since ad,]- = 1 and ~ i j  i s  independent of Uij we 

may  write: 

.. 
aolj 

where  m  does  not  enumerate  all  the  values  of  indices 
r, since  unloading or neutral  loading  processes  may 
take  place  for  some  parts  of  the  surface. 

It  may  be shown that  Mizes's  maximal  principle 
is  valid  within  the  framework  of  viscoplastic 
hardening  theory  (Zaretskiy  and  Lombardo 1982). The 
principle  states  that  any  given  parameters E?, xi 
and  any  qiven  value  of  strain  velocity  com- 
ponents €9, the  inequality 

11 

1 3  

takes  place,  where a i j  are  the  active  stresses, 
corresponding  to  the  given  value E ~ P ,  8 are  the 
components  of  any  possible  stressed  state  which 
satisfies  the  condition fo(8? 

1~ 1j 

Equation 7 may  be  written 

or 

It  immediately  follows  the  validity of associ- 
ated  law of flow  in  spaces of both  active  and 
applied  stresses.  Thus we may  write: 

For piecewise  smooth  instantaneous  loading 
surface  it  follows  from  generalized  Koiter's  law 
that 

A procedure of experimental  determining  the  time 
domain of recoverable  strains, i.e.  of  determining 
the  position  of  instantaneous  loading  surface,  was 
presented  in  detail  by  Zaretskiy  and  Lombardo 
(1982). 

Within  the  framework of viscoplastic  hardening 
Zaretskiy (1980) formulated  master  equations  des- 
cribing  transient  creep  of  unfrozen so i l s .  On the 
basis of these  equations, he solved  rhe  stability 
problem of a  dam made  of soil materials. 

and  frozen soil, it is sometimes  necessary  to  con- 
sider  both  transient  and  progressive  characters  of 
strains'  evolution in time. 

Based on a  srochastic  approach  Zaretskiy  and 
Lombardo (1982) suggested an equation of instan- 
taneous  loading  surface  describing  the  process of 
ice  deformation  and  destruction.  This  equation 
may  be  written in a  modified  way  as  follows: 

While  describing  the  rheological  behavior  of  ice 

.VD 



14 59 

where 0; is  the  applied  stress  intensity  and 0. 
is  the  long-term  strength of soil. In the  case 
where  the  long-term  strength  curves  are  similar 

may  be  approximated  by  the  function 

* 
=(t) 

u* - - Ut(..) (1 + m) ae* which  depends on the sum 

of  main  stresses  Oi (m)=  C(++ W@(,), $(t) = t , 6 

6 < 1.  If  there  is  no  similarity,  the  long-term 
strength  values  are t o  be  introduced  into  computa- 
tional  program in table form and  found  for  each 
value  of  t  and u by  linear  interpolation. In  
equation 12 ~ ( E Y )  is  the  hardening  function, . -  
Y(EZp) = 

&IJP , A and B are  parameters  which 
A + B * E F  

depend on average  stress; P(E~~) < 1 after  reaching 

the  long-term  strength  limit  the  hardening  function 
becomes ~ ( E Z ~ )  i 1; iT is  the  minimal  velocity o f  
viscoplastic  strains, which characterizes  the 
transition  into  the  limiting  state 

i! = y $(t); t is  the  internal  time,  which  corres- 
ponds  to  real  time in case of active  loading  pro- 
cess,  and to the  time  of  viscoplastic  deformation 
of  the  material in case o f  unloading  process. 

The  equation  of  instantaneous  surface  includes 
time-dependence  explicitly.  This  is  due  to  the 
chosen  form of the  function,  describing  the  long- 
term  strength of ice,  and  not  to  a  disadvantage  of 
viscoplastic  hardening  theory.  Zaretskiy  and 
Chumichev (1980) suggested  a  condition  of  the  long- 
term  strength  which  does not  depend on time 
explicitly.  Although  mathematical  difficulties 
have  not  permitted  realization  of  the  condition in 
practical  calculations  until  recently,  the  solving 
of this  problem  has  already  begun. 

1 .  

The model o f  ice  proposed.  describes  its deform- 
ability  in  both  pre-limiting  and  limiting  states. 
The  volume  creep  flows  due  to  the  hydrostatic 
compression  not  being  taken  into  account,  the 
behavior  of  ice  inside  the  instantaneous  surface 
is assumed  to  be  elastic. 

A comparison of theoretical  prediction o f  the 
ice  creep  with  experimental  data  was  presented  by 
Zaretskiy  and  Chumichev (1980) for  the  case  of 
one-dimensional  compression  of  a  sample.  The  mode 
of  ice  formulated  makes  it  Possible  to  take  into 

11 

account  the  influence of loading  regime on the  ice 
deformability.  Figure 3a shows  loading  diagrams 
of  a  sample  under  one-dimensional  compression, 
while  Figure  3b  shows  creep  curves  calculated on 
the  basis  of  the  model  proposed.  It  is  important 
to  note  that  decrease  of  stresses  does  not  always 
lead to unloading  (curve 4 ) .  This is due  to  the 
fact  that  equation 4 of  the  unloading  process  is 
written  for  active  stresses  rather  than  applied 
stresses.  Therefore,  the  unloading  process will 
occur  provided the applied  stress  vector  finds 
itself  inside  instantaneous  loading  surface, 
which  in  this  case  coincides with the  stabilized 
surface.  The  instantaneous  surface  changes  its 
position in  time,  therefore  equal  decrease  of 
stresses 01 occurring in various  time  moments  may 
lead to unloading  (curve 3) and  may  not  (curve 4 )  e 

Based on the  model  of  ice  formulated,  Groshev  and 

Chumichev (1982) solved  the  problem of the  ice 
field  pressure  on  stationary  supports. 

To describe  the  frozen  soil  deformability  under 
isothermal  conditions  the  piecewise  smooth  instan- 
taneous  loading  surface  is  used  (Zaretskiy  and 
Lombard0 1982, Shchobolev 1982). An  analytic 
expression  for  regular  parts  has  the  form: 

where U* is  the  strength  limit with respect  to 
tension;  the  other  notation  is  the same as  in 
equation 12. 

represented as 
volumetric  strain  of  the  frozen  soil  may  be 

where  Evp is the  volumetric  strain,  caused  by 

hydrostatic  pressure,  and €;Yi) is the  volumetric 
strain,  caused  by  tangential  stress  intensity. 
Volumetric  strain  of  frozen  soil,  which  is  deter- 
mined  by  hydrostatic  pressure  and  by  tangential 
stress  intensity  in  pre-limiting  state  is  usually 
small, so for  the  sake of simplicity  it  may  be 

v(0) 

neglected. 
The  function P depends on the  ratio Ey/E::i) 

and on the  tangential  stress  intensity  oi. 
Zaretskiy  and  Gorodetskii (1975)  found  that  the 
dilatant  part of volumetric  strain  and  shear  strain 
intensity  develop in synchronism,  their  ratio  being 
independent  of  time.  This  condition  may  be  written 
mathematically  as 

( 1 5 )  

Neglecting  volumetric  strains  caused by tangen- 
tial  stress  intensity at ui < u & ~ ) ,  we may write the 
function P as follows: 

c2 

where C1 and C2 are  the  material  parameters,  which 
depend  on u. The model  parameters can be deter- 
mined  by means of soil tests  under  triaxial. For 
the  model  to  be  used  it  is  necessary  to  determine: 

- the  long-term  strength  curve OZ(t> = ui(m)(l + 
a" 
f ( U )  ; 

m) with  the  account  of  the  dependence 0 -  = I(R.1 



- the  hardening  function  ET') based on 

stabilized  values  of  viscoplastic  strains  at 
Oi < 9(t) ; 

velocity of viscoplastic  strains E'? ; 

- the  function p(&?, E::.) and  the  minimal 

- the  value 0 and  moduli  of  elasticity  Ge  and 
Ke . 

A picture  of  the  instantaneous  loading  surface 
for  a  frozen  soil  is  shown  in  Figure 4. Figure 5 
shows a comparison o f  computational  results  ob- 
tained  using  the  model  presented, with experimental 
data  (Gorodetskii 1 9 7 5 )  of  frozen  soil  tests  at  the 
deviatoric  stress  path. 

Thus,  the  master  equations  proposed  for  a  frozen 
soil  have  non-holonomic  incremental  character,  The 
model  enables  one  to  describe  the  soil  behavior  in 
both  prelimiting  and  limiting  states with account 
of  the  loading  path.  The  model  does  not  require 
special  investigations  for  determining  its  para- 
meters.  The  design  parameters  may  be  found  from 
triaxial  compression  tests  by  means of triaxial 
apparatus. 

The  model  formulated  served  as  a  basis  €or 
solving  the  evolution  problem o f  strength  and 
deformability  of  a  frozen  retaining  structure  by 
means of the  finite  elements  method,  The  solving 
algorithm  was  constructed on the  basis  of  the 
initial  strains'  method  (Zienkiewicz 1975), while 
separation  of  strains  into  elastic  and  viscoplastic 
components  was  done  by  a  procedure  suggested  by 
Zaretskiy  and  Lombardo (1982). 

The  computational  diagram  is  shown in Figure 6 
for  a  case  of  shaft  sinking  by 2 m  stopes.  Fixa- 
tion  of  the  top  end  section  by  means  of  tubing  was 
assumed t o  be  rigid.  The  calculations  were  made 
for  Callovian  silty  sandy  loam,  the  pressure on the 
frozen  retaining  structure  was  assumed  to  be  dis- 
tributed  uniformly  and to be  equal  to 5 . 0  MPa  which 
corresponds  to  the  rock  pressure  at  the  depth  about 
500 m. The  bottom  was  assumed to be  completely 
frozen  and  locked i n  position. The soil  tempera- 
ture  beyond  the  cross-section  of  the  frozen  retain- 
ing  structure was  taken  constant  and  equal  to 50'F. 

Figure 7 shows  the  profile of the  frozen  soil 
pressure on the  tubing  for  time  moments t=15 
minutes  and t = 6  hours.  Figure 8 shows  bending  of 
the  shaft  walls  for  the  same  time  moments. 

The  maximal  displacement  of  walls  of  the  frozen 
retaining  structure  may  be  found  in  terms  of  an 
analytic  solution  (Vyalov,  Zaretskiy  and  Gorodet- 
skii 1981) by a  formula 

B 
1 

;= [ 1 + -  (I-) (1 - E ) ( ; )  (-1 1 h l+m a  m 
fi  

(17) 
ua 

where  the  following  values of parameters  for 
Callovian  silty  sandy loam are  to  be  used  at  temp- 
erature 50'F: m = 0.27; tp = 6 hours, 

?i(tp) = 3- A(tp), A(tp) = 6 . 4  m a ,  6 = 0 or 0.1 
depending on fixatlon  degree  of  the  computational 
cylinder's  tops.  The  results  of  calculations  by 
the  equation 17 mean  that  the  frozen  retaining 

l+m 

146 0 

structure's  displacement  at  the  time  moment  t = 6 
hours  varies  from 12 cm to 8 cm, while  the  corres- 
ponding  observed  result  is 9 cm.  Thus  the  results 
obtained  are i n  good  agreement  with  analytic 
solutions. 

Further  improvements of the  approach,  which  is 
directed to a  description  of  viscoplastic  behavior 
of  soils,  require  detailed  theoretical  developments 
and  more  experimental  investigations  of  rheological 
behavior  of  soil  under  conditions of complex 
stressed  states  for  various  loading  paths  and 
regimes. 
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FIGURE 1 A model of elastic viscoplastic 
body. 
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FIGURE 2 A geometric interpretation of instan- 
taneous  loading  surfaces. 
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FIGURE 3 Creep  curves  under  one-dimensional  compression: 
(a) the  loading  diagram and regimes; 
(b) the time-evolution of a deformation €1. 
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FIGURE 4 Instantaneous loading  surface. 
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FIGURE 5 Creep  curves  for  shear (a) and  volumetric 
( b )  s t r a i n s  ( i n  case  (b )  volumetr ic   compact ion  s t ra ins  
are not  taken in to  account) of a sample a t  h y d r o s t a t i c  
pressure  u = 3.0 MPa for   var ious  values   of  shear in- 
t e n s i t y  oi: 1 - 3 ,9 ;  2 - 3 . 4 7 ;  3 - 3.03; 4 - 2.6; 
5 - 2.16 MPa. 
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FIGURE 7 The p ro f i l e   o f   t he   p re s su re  on t h e  
support. 

FIGURE 6 .  Computational  diagram  of  frozen  retaining 
s t r u c t u r e .  
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FIGURE 8 Radial  displacements of h o r i z o n t a l  wall 
of   Lockingport ion of t h e   s h a f t .  
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T h i s   p a p e r   p r e s e n t s   t h e   r e s u l t s   o f   b o t h   a n   e x p e r i m e n t a l   a n d   a n a l y t i c a l   r e s e a r c h  
program  undertaken t o  d e v e l o p   d e s i g n   c r i t e r i a  for a i r   d u c t  systems.  These  systems 
have  been  used i n  Alaska  as a method o f   p r e v e n t i n g   d e g r e d a t i o n   o f   p e r m a f r o s t  
beneath  highway embankments, An exper imenta l   duc t  was assembled  and  instrumented 
t o  de te rm ine   t he   re la t i onsh ip   be tween   a i r   f l ow   ra tes   and   t empera tu re   d i f f e rence ,  
h e a t   t r a n s f e r   r a t e s ,   a i r   d u c t   l e n g t h ,   s t a c k   h e i g h t s ,   e t c .  A f i n i t e  element com- 
p u t e r  model  has a l s o  been  used t o   i n v e s t i g a t e   t h e   p l a c e m e n t   o f   t h e   a i r   d u c t   u n d e r  
t h e  roadway.  Optimum  placement o f   t h e   a i r   d u c t s   w o u l d   a l l o w   s u f f i c i e n t   w i n t e r  
c o o l i n g   o f   t h e   g r o u n d  so t ha t   deg rada t ion   o f   t he   under l y ing   pe rmaf ros t   wou ld   no t  
o c c u r   d u r i n g   t h e  summer t h a w i n g   s e a s o n .   T h e r m a l   p r o f i l e s   r e s u l t i n g   f r o m   t h e   f i n i t e  
e lemen t   s imu la t i ons   show ing   t he   e f fec ts   o f   a i r   duc t   p lacemen t   a re   p resen ted .  From 
the   da ta   p resented  i n   t h i s  paper ,   the   des ign   eng ineer   shou ld   f ind  i t  e a s i e r   t o  
d e s i g n   a i r   d u c t  systems for roadway s t a b i l i z a t i o n   i n   p e r m a f r o s t   a r e a s .  

INTRODUCTION 

The e x i s t e n c e  o f  permaf ros t  i n   n o r t h e r n  Canada 
and  Alaska  has  required  roadway  designers t o  pay 
s p e c i a l   a t t e n t i o n   t o   t h e   t h e r m a l   r e g i m e   o f   t h e  
ground. I n   t h e   p a s t ,  many highway  projects  have 
employed  varying  thicknesses o f   g r a v e l  fill, o r   i n  
some cases   foam  board   type   insu la t ion   w i th   g rave l  
fill t o   t h e r m a l l y   p r o t e c t   t h e   u n d e r l y i n g   f r o z e n  
ground. 

The purpose o f   u s i n g   g r a v e l  fill o r   u s i n g  
i n s u l a t i o n   w i t h   g r a v e l  fill i s  t o   m a i n t a i n   t h e  
a c t i v e   l a y e r   w i t h i n   t h e   n o n - f r o s t - s u s c e p t i b l e  fill 
m a t e r i a l .   G e n e r a l l y ,   t h e   t h i c k n e s s   o f   t h e  fill 
r e q u i r e d   t o   t h e r m a l l y   p r o t e c t   t h e   u n d e r l y i n g  
permaf ros t   inc reases   as   the  mean annual s o i l  
surface  temperature  approaches 0°C. The th ickness  
o f   t h e  fill can  be  reduced  by  the  use o f  foam 
p l a s t i c   b o a r d   i n s u l a t i o n .   A n o t h e r   s o u r c e   f o r  
s t r u c t u r a l   d e g r a d a t i o n   o f   t h e  roadway i s   t h e  
embankment r o t a t i o n  due t o  thaw  set t lement.  I n  
many cases,   even  though  the  act ive  layer  i s  
ma in ta ined i n   t h e  fill m a t e r i a l   b e l o w   t h e   c e n t r a l  
p o r t i o n   o f   t h e  roadway, t h e   s l o p i n g   o f   t h e  fill 
m a t e r i a l   t o   s m a l l e r   t h i c k n e s s e s   o u t   t o   t h e   t o e   o f  
t h e  roadway s e c t i o n   a l l o w s   t h i s   r e g i o n   t o   e x p e r i -  
ence  thermal  degradation o f   t h e   o r i g i n a l  perma- 
f ros t .   Th is   degradat ion   can   be   fu r ther   accentua ted  
b y   t h e   i n s u l a t i n g   e f f e c t  o f  d r i f t e d  or plowed snow 
o v e r   t h e  roadway s ides lopes   wh ich   p revents   the  
complete  freeze-back o f   t h e   a c t i v e   l a y e r   l e a v i n g  a 
t a l i c .  The thaw  se t t lement   wh ich   resu l ts  due t o  
t h e s e   e f f e c t s   u s u a l l y  shows up as l a t e r a l   c r a c k i n g  
on  the  wear ing  sur face o f  t h e  roadway. 

A p o t e n t i a l   s o l u t i o n   t o   t h i s   p r o b l e m   i s   t h e   u s e  
o f   n a t u r a l l y   v e n t i l a t e d   a i r   d u c t s   p l a c e d  i n  berm 
a t   t h e   t o e   o f   t h e  road,   F igure 1. A i r   d u c t  systems 
have  also  been  used t o   s t a b i l i z e   f o u n d a t i o n s   u n d e r  

bui ld ings  and  tanks,   Sanger (1969) and  Nixon 
(1978). These d u c t s   a r e   u s u a l l y  .25 m t o  .5m 
d i a m e t e r   c o r r u g a t e d   m e t a l   p i p e   ( c u l v e r t )   w i t h  a 
s h o r t   s l o p i n g  or v e r t i c a l   i n l e t   s e c t i o n   l e a d i n g   t o  
a l o n g   h o r i z o n t a l   s e c t i o n   p l a c e d   i n   t h e   p r o b l e m  
zone  connected t o  a v e r t i c a l   o u t l e t   s e c t i o n   o r  
s t a c k .   C o l d   a i r   f l o w s   i n   t h e   i n l e t ,  i s  heated  by 
t h e   g r o u n d   s u r r o u n d i n g   t h e   b u r i e d   h o r i z o n t a l  
s e c t i o n   a n d   t h e n   f l o w s   o u t   t h e   v e r t i c a l   s t a c k .  
Flow i n   t h e   d u c t   s y s t e m   i s   m a i n t a i n e d   b y   t h e  
"chimney" o r   " s t a c k "   e f f e c t .  The warm a i r   i n   t h e  
v e r t i c a l   o u t l e t   s t a c k   b e i n g   l e s s  dense i s  bouyed 
upward  by  the  cold  ambient a i r   e s t a b l i s h i n g   f l o w .  
Flow i s   m a i n t a i n e d  as l o n g  as t h e   a i r   i s   h e a t e d   b y  
the  ground,  i .e.   the  ground  temperature  exceeds 
the   amb ien t   a i r   t empera tu re ,  

D u r i n g   t h e  summer  when t h e   a m b i e n t   a i r  tempera- 
t u r e   i s   h i g h e r   t h a n   t h e   g r o u n d   t e m p e r a t u r e ,   f l o w  
c e a s e s   a s   t h e   c o l d   a i r  now i n s i d e   t h e   c u l v e r t  
r e m a i n s   t r a p p e d   t h e r e   b e c a u s e   o f   i t s   g r e a t e r  
dens i ty .  So, t h e o r e t i c a l l y ,   t h e   a i r   d u c t   v e n t i l a -  
t i o n  system i s  a t o t a l l y   p a s s i v e   d e v i c e ,   e x t r a c t -  
ing   thermal   energy   f rom  the   g round  dur ing   the  
w in te r   acce le ra t i ng   t he   f reeze -back   t ime   and   t hen  
becoming  dormant o r   i n o p e r a t i v e   d u r i n g   t h e  summer 
months when thawing  f rom  the  sur face  occurs.  
Winter t ime  winds will i n c r e a s e   t h e   c o o l i n g   e f f e c t  
( b y   i n c r e a s e d   a i r   f l o w )   e s p e c i a l l y  i f  t h e   i n l e t  
and ou t l e t   sec t i ons   have   been   des igned   to   t ake  
advantage  o f   the   p reva i l ing   w ind   d i rec t ion .  
However,  summertime winds  can  have a d e t r i m e n t a l  
e f f e c t  i f  they   a re   a l l owed   to   cause   f l ow   th rough  
t h e   b u r i e d   d u c t s .  

This  paper  d iscusses an a n a l y t i c a l   a n d   e x p e r i -  
menta l   s tudy  which  has  invest igated  the  parameters 
t h a t   a f f e c t   t h e   p e r f o r m a n c e   o f   a i r   d u c t  systems. 
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ANALYSIS 

A schemat ic   d iagram  of  an a i r   d u c t  system i s  
shown i n   F i g u r e  1. The s t a t i c   p r e s s u r e   d i f f e r e n c e ,  
APs, c r e a t e d   b y   t h e   s t a c k   e f f e c t   i s :  

Fo r   t he   s tack  shown, i f  no h e a t i n g   o c c u r s   i n  
t h e   i n l e t   s e c t i o n  and  no c o o l i n g   o c c u r s   i n   t h e  
o u t l e t   s e c t i o n ,   t h e n  h i s   t h e   s t a c k   h e i g h t  and 
APs can  be  ca lcu lated  us ing  equat ion [l]. A 
la rger   tempera ture   d i f fe rence  be tween  the   co ld  and 
warm a i r   o r  a l o n g e r   ( t a l l e r )   s t a c k  will increase 
t h e   s t a c k   e f f e c t   p r e s s u r e   d i f f e r e n c e   r e s u l t i n g   i n  
a g r e a t e r   a i r   f l o w .   T h i s   s t a c k   e f f e c t   p r e s s u r e  
d i f f e r e n c e   i s   b a l a n c e d   b y   t h e   v e l o c i t y   p r e s s u r e  
Pv= pV2/2  and t h e   f r i c t i o n a l   p r e s s u r e   d r o p ,  bPf 

pfLeV2 
AP, = - 

20 

The Darcy-Weisbach f r i c t i o n   f a c t o r ,  f, i s   d e t e r -  
mined  based  on  the  Reynolds number o f   t h e   f l o w  
w i t h i n   t h e   d u c t  and t h e   r e l a t i v e  roughness o f   t h e  
duct. The sum o f   t h e   v e l o c i t y   p r e s s u r e  and f r i c -  
t i ona l   p ressu re  loss i s  e q u a l   t o   t h e   s t a c k   e f f e c t  
p ressu re   d i f f e rence .   Subs t i t u t i ng   t he   equa t ions  
f o r  APf, P and AP i n t o   t h e  above express ion  
a n d   r e a r r a l g i n g   y i d l d s  an e x p r e s s i o n   f o r   t h e  
ave rage   ve loc i t y  

The f r i c t i o n   f a c t o r  must  be known i n  O r d e r   t o  
use  equat ion [31 t o   c a l c u l a t e   t h e   v e l o c i t y .  
Therefore, an i t e r a t i v e  method o f   s o l u t i o n   i s  
necessary. It i s  recommended t h a t  a t r i a l   v a l u e   o f  
t h e   f r i c t i o n   f a c t o r   o f  .07 be used t o   a r r i v e  a t  a 
f i r s t   a p p r o x i m a t i o n   t o   t h e   v e l o c i t y .  An improved 
va lue  o f  t h e   f r i c t i o n   f a c t o r  can be determined 
f rom  F igure 2 once the  Reynolds number has  been 
c a l c u l a t e d .   T h i s   i t e r a t i v e   p r o c e s s   i s   c o n t i n u e d  
u n t i l   t h e   d e s i r e d   a c c u r a c y   i s   a c h i e v e d .  

I f  an a n n u l a r   r i n g   o f   f r o z e n   g r o u n d  o f  rad ius  R 
e x i s t s   a r o u n d   t h e   b u r i e d   a i r   d u c t ,   t h e n   t h e  
q u a s i - s t e a d y   s t a t e   h e a t   t r a n s f e r   r a t e   i s  

9, = (Tf - T a l  

hc+D1 1 + I n  (2R/D) 
2 r k l  

r41 

The h e a t   t r a n s f e r   r a t e   g i v e n  above i s   s e t   e q u a l   t o  
t h e   t h e r m a l   e n e r g y   l i b e r a t e d   i n   t h e   f r e e z i n g  
process 

Qc = 2aRL 1 - dR 
d t  

r 51 

Equat ing  equat ions [ S I  and [ S I ,  r ea r rang ing  and 
i n t e g r a t i n g ,   y i e l d s   t h e   f o l l o w i n g   r e l a t i o n s h i p :  
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Figure  1. F i e l d   I n s t a l l a t i o n   o f  Air Duct 

0.4 

F i g u r e  2. F r i c t i o n - R e y n o l d s  N O .  

d i a .  H e l i c a l   C o r r u g a t e d   D u c t .  
R e l a t i o n s h i p  f o r  4.7 cm 

A = Alr Data 
o = Water Data 

Sllberman (1970)  

"--0"00. 

O m  mlwu 1 x x )  1 x w  

REYNOLDS  NUMBER  (Re) 

F.I .  = L [ [ R 2 - ( D / 2 ) 2 ]  ( hcD 2 - 4) + R21  n  (?RID)] 
2k 

T h i s   s o l u t i o n   n e g l e c t s   t h e   s e n s i b l e   e n e r g y  
changes i n   t h e  ground  and as  a r e s u l t   o v e r -  
p r e d i c t s   t h e   s i z e   o f   t h e   f r o z e n   a n n u l u s  for a 
g iven F. I .  An improved  approximation for t h e  
f reeze  rad ius   to   account   fo r   the   non-s teady  
t e m p e r a t u r e   d i s t r i b u t i o n  and s p e c i f i c   h e a t   e f f e c t s  
i s   g i v e n   b y   H a r l a n  and  Nixon (1978) as 

R '  = R( l - . lPSte) '  r 71 
where R i s   t h e   i n i t i a l  a p r o x i m a t i o n   f o r   f r e e z e  
rad ius   g iven   by   equat ion  161 and R '  i s   t h e   s o l u -  
t i o n  of   increased  accuracy.  The Ste fan  number 
def ined as t h e   r a t i o   o f   s e n s i b l e   t o   l a t e n t   h e a t  or 

Ste = CtTa/L [81 

FIELD INSTALLATION 

I n  1973 a research   p ro jec t  was i n i t i a t e d   u n d e r  
the  Highway  Planning  and  Research  Program o f   t h e  
Federa l   H ighway  Admin is t ra t ion  to   s tudy  the 
b e n e f i t s   o f   s e v e r a l  a1 t e r n a t e  embankment designs 
i n   c o n t r o l l i n g   p e r m a f r o s t   t h a w  under embankment 
s lopes .   I nsu la t i on ,   t oe  berms  and a i r   d u c t  sec- 
t i ons   were   cons t ruc ted   i n  1974 a t  Bonanza Creek, 
approximately 40 k i lometers   wes t   o f   Fa i rbanks  on 
the  Parks  Highway. 

The roadway embankment was cons t ruc ted   over  
und is tu rbed muskeg, u n d e r l a i n   b y   i c e - r i c h   s i l t  
conta jn ing  segregated  ice.  The permafrost  tempera- 
t u r e  was measured t o  be between -3°C and -1°C. 
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Twenty cent imeter   d iameter   ga lvanized  corrugated 
me ta l   p ipe   duc ts   were   i ns ta l l ed .  The i n l e t  ends 
were  placed  above  the maximum  snow cover. The 15 
t o  30 meter   long  bur ied  sect ions  were  s loped 
s l i g h t l y  upward  toward  the 3 meter  stack.  The 
conc lus ions   o f   t h i s   s tudy   were   repo r ted   by  Esch 
(1978). 

Air d u c t s   i n   c o m b i n a t i o n   w i t h   i n s u l a t i o n   p r o v e d  
t o   p r o v i d e  maximum p r o t e c t i o n   a g a i n s t  thaw. Air 
d u c t s   w i t h o u t   i n s u l a t i o n   p r o v i d e d   s i g n i f i c a n t l y  
l e s s   p r o t e c t i o n .  However, a f t e r   s t u d y i n g   t h e  
temperatures  a long  the  duct,  Esch conc luded  tha t  
t h e   d u c t s   w e r e   t o o   l o n g   t o   p r o v i d e   e f f i c i e n t  
c o o l i n g   a l o n g   t h e i r   e n t i r e   l e n g t h .   T h i s   c l a i m   c a n  
be subs tan t ia ted   by   F igure  3. As t h e   a i r   f l o w s  
toward   the   ou t le t ,   i t s   tempera ture   approaches  the  
ground  temperature.   Near   the  out le t  o f  the  duct ,  
t h e   t e m p e r a t u r e   d i f f e r e n t i a l   i s   q u i t e   s m a l l  
r e s u l t i n g   i n   n e g l i g i b l e   c o o l i n g   o f   t h e   s u r r o u n d i n g  
s o i l .  It appears   tha t   th is   duc t   shou ld   have been 
about 10 meters  shor ter .  

Heat   f low  can be es t ima ted   us ing   t he   equa t ion  
f o r   c y l i n d e r i c a l   h e a t   f l o w  

I . ,  

Q =  0 - I d  I 

1 n (2R/D)/2rk 
r 91 

The s o i l   d e n s i t y   a t   t h e   s i t e   i s   a p p r o x i m a t e l y  
1600 kg/m3 w i t h  a 15% moisture  content   by  weight  
and a thermal   conduct iv i t y   o f  1.5 W/m "C. Using 
t h e   p i p e   r a d i u s  as 0.10 m and t h e   o u t s i d e   s o i l  
r a d i u s   o f  0.40 m, t h e   h e a t   f l o w   p e r   u n i t   l e n g t h   a t  
any   po in t   a long  the   duc t   can   then be ca l cu la ted .  
The h e a t   t r a n s f e r   r a t e   a l o n g   t h e   p i p e   f o r   J a n u a r y  
1980 i s   p l o t t e d   i n   F i g u r e  4. The t o t a l   e n e r g y  
t rans fe r red   can   be   ca l cu la ted   by   i n teg ra t i ng   t he  
h e a t   t r a n s f e r   r a t e   p e r   u n i t   l e n g t h   o v e r   t h e   e n t i r e  
l e n g t h  o f  a i r   d u c t   o r ,  

Qt = 1 Q dx = 381.1 W 

Combin ing   the   F i rs t  Law o f  Thermodynamics  and the  
mass f l o w   r a t e   r e l a t i o n s h i p   y i e l d s  

V = Qt/Apc A T  
P c 111 

Us ing   the   thermal   p roper t ies  of a i r   a t  0°C and t h e  
Q va lue  above, g i v e s   t h e   a i r  speed i n   t h e   d u c t  
a l  

V = 0.33 m/s 

F i e l d  measurements  have ind ica ted   approx imate ly  
0.3 m/s a i r  speed a t  AT o f  30°C. 

COMPUTER MODELING 

An a i r   d u c t   s y s t e m  was modeled  on the  Univer-  
s i t y   o f   A l a s k a  Computer  Network (UACN) Honeywell 
Computer us ing   t he  DOW Chemical  Model, " F i n i t e  
Element  Heat  Conduction  Program", Wang (1979). The 
model i s  des igned  to   so lve  a two  dimensional   heat 
conduction  problem,  assuming  there i s  no  tempera- 
t u r e   g r a d i e n t   i n   t h e   t h i r d   d i r e c t i o n .  The boundary 
temperature may be e i t h e r   f i x e d   o r   t i m e - v a r y i n g .  
Each  node1 p o i n t  can  be e i t h e r  a heat   source   o r  a 
heat   s ink .  

The p rog ram  fu r the r  assumes t h a t   t h e  phase 
change  occurs  between O°C and -1°C. La ten t  and 

F igure  3. Ground  Temperature a t  Bonanza  Creek, 
January 1980. 
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F igu re  4. Heat  Flow  from  Duct, 
January 1980. 

sensib le   heats   have  been  combined  for   th is   reg ion 
t o   y i e l d  an apparen t   spec i f i c   hea t .   (Mos t   f i ne  
g r a i n e d   s o i l s   e x h i b i t  some s u b c o o l i n g   i n   t h e  
freeze-thaw  process as w e l l  as l a t e n t   h e a t   l i b e r -  
a ted   ove r  a temperature  range due to   un f rozen  
water   con ten t ) .  The t h e r m a l   c o n d u c t i v i t y   o f   t h e  
s o i l  can be v a r i e d   i n   t h e  x and y d i rec t ions .   Here  
i t  was assumed unSform f o r   t h e  same s o i l   t y p e   b u t  
v a r i e d   f r o m   l a y e r   t o   l a y e r ,  

The a i r   d u c t  system i n   t h e  embankment i s  shown 
i n   F i g u r e  5. The embankment i s  comprised o f   t h r e e  
l a y e r s   w i t h   t h e   d u c t   p l a c e d   a t   t h e   s u r f a c e   o f   t h e  
o r i g i n a l  ground. The p r o p e r t i e s   o f   e a c h   l a y e r   a r e  
i n d i c a t e d  on F igu re  5 .  A 0.6 meter snow cover  was 
placed on t h e  embankment s lopes and t h e  berm 
between  October 1 and  AprS1 15 o f  each  year. The 
pavement sur face  was l e f t   b a r e   t h r o u g h o u t   t h e  
year .  The sur face  temperature was modeled  by  the 
cps ine   func t ion :  

TS = Ts - Tv COS ( w t  - WS) 

The fo l low ing   va lues   were  used; 

T = -3"C,  T = 2O"C, and I)  = 10 days. 
- 

S V 

An i n i t i a l   r u n  was  made w i t h o u t   t h e   d u c t s   t o  
d e t e r m i n e   t h e   e f f e c t   o f   t h e  embankment on the  
under ly ing  permafrost .  As might  be  expected, 
degradat ion o f  the  premafrost  was noted  beneath 
the  shoulder .   Th is   would be evidenced on the  
pavement sur face  as a l o n g i t u d i n a l   c r a c k i n g .  
Addi t ional   runs  were made w i t h   t h e   a i r   d u c t   u s i n g  
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Figure  5.  F i n i t e  Element  Simulat ion 
i n  August. 

a c o n v e c t i v e   h e a t   t r a n s f e r   c o e f f i c i e n t   o f  
9.7W/m2-"C f o r   t h e   p i p e  and  an a i r   t e m p e r a t u r e  
equal   to  outdoor  ambient.  As seen i n   F i g u r e  5, t h e  
d u c t   r a i s e d   t h e  0°C i s o t h e r m   i n t o   t h e  embankment, 
thereby   p reserv ing   the   permaf ros t .  

It should  be  noted  that   the  computer  model 
provides  an  upper  bound t o   t h e   f i e l d   i n s t a l l a t i o n .  
The d u c t   i n   t h e  model was l a r g e r  and  placed  more 
e f f e c t i v e l y   u n d e r   t h e  embankment. I d e a l l y ,   t h e  
duc t   shou ld   be   p laced  fa r  enough under   the embank- 
ment to   p revent   the   degredat ion   o f   permaf ros t  
beneath  the  shoulder   mater ia l  

EXPERIMENTAL  SYSTEM 

An e x p e r i m e n t a l   f a c i l i t y  was cons t ruc ted   du r ing  
1982 i n   o r d e r   t o  augment f i e l d   d a t a   o b t a i n e d   a t  
Bonanza  Creek. The e x p e r i m e n t a l   f a c i l i t y ,   F i g u r e  
6, cons is ted  o f  an  above  ground  convection  duct, 
an a d j u s t a b l e   e l e c t r i c   h e a t i n g   c i r c u i t ,  and da ta  
a c q u i s i t i o n  system. H e l i c a l l y   c o r r u g a t e d   m e t a l  
c u l v e r t  30 cm i n  diameter  (60 cm p l a t e  and 7  x  1.5 
cm co r ruga t ions )  was used f o r   c o n s t r u c t i o n   o f   t h e  
duc t ,  The h o r i z o n t a l   s e c t i o n  was 12.5 meters i n  
l e n g t h   w i t h  a o n e   m e t e r   v e r t i c a l   i n l e t   s e c t i o n  and 
a v e r t i c a l   o u t l e t   s t a c k   o f   v a r i a b l e   l e n g t h .   H e a t  
i n p u t  was accompl ished  v ia   copper   c lad  heat ing 
tape  wrapped i n   t h e   c o r r u g a t i o n s  on t he   ou ts ide  o f  
the   duc t .   Three   separa te   heat ing   c i rcu i ts   spann ing  
t h e   h o r i z o n t a l   s e c t i o n  o f  the  duct  were  employed 
(see  F igure 6) .  In o r d e r   t o   r e d u c e   h e a t   t r a n s f e r  
d i r e c t l y   t o   t h e   o u t s i d e   a i r  and a l l o w  a s t a b l e  
duct   temperature  to   be  mainta ined,  5 cm o f   f i b e r -  
g l a s s   i n s u l a t i o n   w e r e  wrapped  around  the  outside 
o f  t he   ho r i zon ta l   sec t i on   cove r ing   bo th   t he   duc t  
and heat ing  tapes.  Each o f   t h e   t a p e s  was powered 
by a "Var iac "   va r iab le   t rans fo rmer  and  monitored 
by an i n d i v i d u a l  power  t ransducer.   This  a l lowed 
f o r   f l e x i b i l i t y   n o t   o n l y   i n   o v e r a l l   h e a t   i n p u t   b u t  
a l s o  in t h e   h e a t i n g   p r o f i l e   a l o n g   t h e   d u c t .  

Thermocouples  were  used t o  measure b o t h   a i r  
tempera tures   w i th in   the   duc t ,  and  temperatures o f  
the  duct  surface.  Temperature  and  heat  input  data 
was c o l l e c t e d   w i t h  a Hewlett-Packard 3054A data 
a c q u i s i t i o n   s y s t e m   i n t e r f a c e d   w i t h   t h e  power 
transducers  and  temperature  probes. 

Headloss- f lowrate  tests   were  run on  a  12.5 m 
h o r i z o n t a l   s e c t i o n   o f   t h e  30 cm diameter  duct .  
Pressure  drop  data  a t   f lowrates  cover ing  Reynolds 
numbers f rom 7,000 t o  30,000 were  recorded.  Darcy- 
Weisbach f r i c t i o n   f a c t o r s  were   ca lcu la ted   f rom  the  

F igure  6.  Schematic o f   Exper imenta l   Duct .  

da ta   and  the   resu l ts  have  been p l o t t e d   i n   F i g u r e  
2. Data   f rom  tes ts   conducted   w i th   water   in  30 cm 
d iamete r   he l i ca l   cu l ve r t s   by   S i l be rman  (1970) i s  
a l s o  shown i n   t h i s   f i g u r e .  

A ser ies  o f   tests   were  conducted as o u t l i n e d   i n  
Table 1. 

Table 1 - Exper imental   Tests--Duct  Conf igurat ions 

Tes t   S tack   He i   h t  D e s c r i p t i o n  
-" 

1 2.10 no i n s u l a t i o n  on stack,  
no weather  caps. 

2 3 . 3 5  no i n s u l a t i o n  on stack,  
no weather  caps. 

3 4.60  no i n s u l a t i o n  on stack,  
no weather  caps. 

4 3.35  no i n s u l a t i o n  on stack,  
weather   caps   ins ta l led .  

5 3.35 i n s u l a t e d   s t a c k ,  no weather 
caps 

Each o f   t he   exper imen ts  was r u n   f o r   s i x   t w e n t y -  
f o u r   h o u r   p e r i o d s   a t   d i f f e r e n t  power i n p u t   l e v e l s .  
Temperatures  and power inputs  were  scanned and 
recorded  hour ly   dur ing   each  per iod .  

Reduct ion  of   the  recorded  data was accomplished 
by   inspec t ing  i t  f o r   p e r i o d s  o f  s tab le   ope ra t i on .  
Usua l l y  a s t a b l e   o u t s i d e   a i r   t e m p e r a t u r e   r e s u l t e d  
i n   s t a b l e   d u c t   o p e r a t i o n   a l t h o u g h   t h i s  was n o t  
a lways   the   case,   par t i cu la r ly   dur ing   w indy  
weather. I n   genera l ,  one twenty - four   hour   per iod  
r e s u l t e d   i n   t h r e e   o r   f o u r   u s a b l e   s c a n s .  

The amount of   thermal  energy  absorbed  by  the 
a i r   i n s i d e   t h e   d u c t  was c a l c u l a t e d   b y   s u b t r a c t i n g  
t h e   h e a t   l o s t   t h r o u g h   t h e   i n s u l a t i o n   d i r e c t l y   t o  
t h e   o u t s i d e   a i r   f r o m   t h e   t o t a l   h e a t   i n p u t   r e c o r d e d  
by   t he   da ta   l ogger .  The v a l u e   f o r   t h e   t h e r m a l  
r e s i s t a n c e   o f   t h e   i n s u l a t i n g   l a y e r   c o v e r i n g   t h e  
heat  tapes  and  duct was ob ta ined  by   heat ing   the  
d u c t   w i t h   a i r t i g h t ,   i n s u l a t i n g   c o v e r s   a t   t h e   i n l e t  
and o u t l e t .  In t h i s   s i t u a t i o n   a l l  power i npu t   by  
the  heat   tapes  must   escape  through  the  insu lat ing 
layer,   Consequent ly,  a thermal   res is tance  va lue  
can  be c a l c u l a t e d   s i m p l y   b y   n o t i n g   t h e   h e a t   i n p u t  
and the   tempera ture   d rop   across   the   layer .  Once 
t h i s   r e s i s t a n c e   i s  known i t  i s   p o s s i b l e   t o   c a l c u -  
l a t e   t h e  amount o f   heat   be ing   absorbed by a i r  
f l ow ing   t h rough   the   duc t  as descr ibed above. Th is  
value  can  then be used i n   c o n j u n c t i o n   w i t h   v a r i o u s  
tempera tures   th roughout   the   duc t   to   ca lcu la te   the  
mass f l o w   r a t e   o f   d u c t   a i r ,   R e y n o l d s  number,  and 
t h e   c o n v e c t i o n   h e a t   t r a n s f e r   c o e f f i c i e n t  as  shown 
be l  ow: 
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m = Qair/(cp~T) 

Re = mD/Ap 

F i n a l l y   t h e   e x p e r i m e n t a l   r e s u l t s  were  presented 
as p l o t s   o f  m versus Qair and hc versus 
Reynolds number. 

Exper imental   resul ts  presented  here  were 
o b t a i n e d   d u r i n g   w i n t e r   o f  1981/1982 on the   Un ive r -  
s i t y   o f  Alaska  Fairbanks campus. O u t s i d e   a i r  
temperatures  ranged  from -5°C t o  -43°C. The 
h e a t i n g   c i r c u i t s  were  adjusted t o   d e l i v e r  a 
u n i f o r m   h e a t   f l u x   a l o n g   t h e   e n t i r e   h o r i z o n t a l  
s e c t i o n   o f   t h e   d u c t .   I n i t i a l   e x p e r i m e n t a t i o n  was 
hampered b y   d i f f i c u l t y   i n   e s t a b l i s h i n g   p r o p e r   a i r  
f l o w   i n   t h e   d u c t .  By i n t r o d u c i n g  a 1.5% s l o p e   t o  
t h e   h o r i z o n t a l   s e c t i o n   w i t h   t h e   o u t l e t   a t   t h e   h i g h  
end t h i s   p r o b l e m  was e l im ina ted .  

As expected, a t a l l e r   s t a c k   r e s u l t s   i n  a 
l a r g e r   d r a f t  head  which i n   t u r n  p roduces   la rger  
mass f l o w   r a t e s ,   F i g u r e  7. F i g u r e  8 shows t h a t  
i n s u l a t i n g   t h e   o u t l e t   s t a c k   w i t h  5 cm o f   p a p e r  
faced  f iberg lasss  has a d e t r i m e n t a l   e f f e c t   o n   d u c t  
opera t ion   and i s  backed-up, a t   l e a s t   i n   p a r t ,   b y  
obse rva t i ons   conduc ted   a t  Bonanza  Creek. F j g u r e  9 
i s  a p l o t  o f  hc  versus Re w i t h   d a t a   f r o m   a l l  
f i ve   exper imen ts   i nc luded .   Theore t i ca l  h va lues 
ca l cu la ted   us ing   t he   Reyno lds   ana logy   $e la t i ng  
f l u i d   f r i c t i o n  and h e a t   t r a n s f e r   a r e  i n  good 
agreement  wl'th  Figure 9 .  R e s u l t s   o b t a i n e d   f o r  
duc t   ope ra t i on   w i th   wea the r   caps   on   t he   i n le t   and  
ou t l e t   open ings   revea l   reduc t i ons  i n  mass f l o w  
r a t e s   o f  up t o  20%. The weather  caps  used i n   t h i s  
experiment  were o f   t h e   i n v e r t e d  cone  type   w i th  a 
15 cm gap  between t h e  cone  and  duct  opening.  This 
e f f e c t  will vary  depending  on  the  geometry o f   t h e  
cap   i ns ta l l a t i on ;   t he re fo re ,   resu l t s   have   no t   been  
p r e s e n t e d   g r a p h i c a l l y .   F i n a l l y ,   s t a c k   e f f i c i e n c i e s  
have  been c a l c u l a t e d   b y   d i v i d i n g   t h e   t h e o r e t i c a l  
v e l o c i t y   g i v e n   i n  [3 ]  by   t he   obse rved   ve loc i t i es .  
An a v e r a g e   e f f i c i e n c y  o f  86% was o b t a i n e d   w i t h  a 
s tandard   dev ia t ion   o f  3.5%. 

Con t ra ry   t o   wha t  was expec ted ,   i nsu la t i ng   t he  
ou t l e t   s tack   d id   no t   improve   duc t   pe r fo rmance   by  
m a i n t a i n i n g  a h i g h e r   a i r   t e m p e r a t u r e   i n   t h e   s t a c k  
a n d   t h e r e b y   i n c r e a s i n g   t h e   d r a f t  head. A p o s s i b l e  
e x p l a n a t i o n   i s   t h a t  when n o   i n s u l a t i o n   i s   p r e s e n t  
o n   t h e   o u t l e t   s t a c k   t h e   s t a c k   i t s e l f  will have a 
r e l a t i v e l y   l o w   t e m p e r a t u r e ,   c o n s e q u e n t l y   t h e   a i r  
film on  the   i ns ide   su r face  will be a t  a lower  
tempera ture   and  there fore   lower   v iscos i ty .  On t h e  
o t h e r  hand, w i t h   i n s u l a t i o n  on   t he   ou ts ide  o f  t h e  
s tack,  a h i g h e r   s u r f a c e   t e m p e r a t u r e   r e s u l t s   i n  a 
more v i s c o u s   a i r  film o n   t h e   i n s i d e   s u r f a c e   o f   t h e  
s t a c k .   T h e r e f o r e ,   i n s u l a t i n g   t h e   s t a c k   r e s u l t s   i n  
h i g h e r   f r i c t i o n a l   l o s s e s  i n  the   s tack   wh ich  may be 
s u b s t a n t i a l  enough t o  overshadow the   inc reases  i n  
t h e   d r a f t  head. 

DESIGN PROCEDURE 

A design  procedure  can  be  developed  basedon  the 
in fo rmat ion   p resented  i n   t h i s  paper. I f  a t a l i k  o f  
r a d i u s  R '  needs to   be  f rozen  back,   then  equat ions 
[6] and [7] can  be  used t o   d e t e r m i n e   t h e   r e q u i r e d  
f reez ing   index .   F igure  9 would  be  used t o  choose 
a c o n v e c t i v e   h e a t   t r a n s f e r   c o e f f i c i e n t .  
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I f  t h i s   f r e e z i n g   i n d e x  was l e s s   t h a n   t h e   a i r  
f r e e z i n g   i n d e x   f o r   t h e   s i t e   t h e n  a d u a l   a i r   d u c t  
system  should  be  considered.  Next,   the maximum 
perm iss ib le   t empera tu re   l eav ing   t he   s tack   can   be  
c a l c u l a t e d   b y   d i v i d i n g   t h e   f r e e z i n g   i n d e x   f r o m  
equat ion  [6 ]  by t h e   l e n g t h   o f   t h e   f r e e z i n g  season. 
The t o t a l   e n e r g y  removed from  the  ground  can  be 
e s t i m a t e d   b y   d e t e r m i n i n g   t h e   h e a t   t r a n s f e r e d   i n  
f r e e z i n g   a n d   s e n s i b l y   c o o l i n g  a t a l i k   o f   r a d i u s  
R ' .  The average  heat  removal   rate i s  found  by 
d i v i d i n g   t h e   t o t a l   e n e r g y  removed  by t h e   l e n g t h   o f  
t h e   f r e e z i n g  season.  Then the  average a i r  speed i n  
the   duc t   can   be   ca lcu la ted   by   equat ion  [ll]. The 
e q u i v a l e n t   l e n g t h   o f   a i r   d u c t   i s   t h e n   c a l c u l a t e d  
u s i n g   e q u a t i o n   [ 3 ]   w i t h   t h e   a p p r o p r i a t e   f r i c t i o n  
f a c t o r   t a k e n   f r o m   F i g u r e  2 and t h e   s t a c k   h e i g h t  
assumed. F i n a l l y ,   t h e   l e n g t h  o f  t h e   b u r i e d   s e c t i o n  
i s   c a l c u l a t e d   b y   s u b t r a c t i n g   t h e   i n l e t   l e n g t h ,  
o u t l e t   l e n g t h ,   a n d   f i t t i n g   l o s s e s   f r o m   t h e   e q u i v -  
a l e n t   l e n g t h .  

CONCLUSIONS 

An a n a l y s i s   o f  an a i r   d u c t  system  has  been 
presented. The weak p o i n t s  i n  t h i s   a n a l y s i s   w e r e  
l a c k   o f   d a t a  on f r i c t i o n   f a c t o r s  and   hea t   t rans fe r  
c o e f f i c i e n t s   f o r   a i r   f l o w   i n   t h e   h e l i c a l   d u c t s  and 
t h e   s t a c k   e f f i c i e n c y .   T h i s   d a t a   h a s  been d e t e r -  
m'ined from  the  exper imental   program  and  presented. 
The f i n i t e  e lement   ana lys is  was used t o   d e t e r m i n e  
t h e  optimum l o c a t i o n   f o r   a i r   d u c t  systems  which i s  
centered  i n  t h e   e x p e c t e d   t a l i k .   F i n a l l y ,  a des ign 
procedure  has  been  out l ined  which  can  be  used  to  
est imate  system  s ize.  
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On t h e   b a s i s  of the   theory  of adsorpt ion and  Darcy's l a w ,  and by using t h e  
contact  method,  samples of Qinghai-Xizhang  red  clay and Lanzhou yellow silt were 
t e s t ed   t o   de t e rmine   t he i r   i nd iv idua l  amounts o f  unfrozen water and the   hydraul ic  
conduct ivi ty  and d i f f u s i v i t y   i n   u n s a t u r a t e d   s o i l   ( w i t h o u t   i c e   I n   s o i l   a t   n e g a t i v e  
temperature). The r e s u l t s  show the   fo l lowing   regular i t ies :  The amount of 
unfrozen water increases   wi th  time and  approaches a cer ta in   cons tan t   va lue ;  
d i f f e ren t   so i l s   have   d i f f e ren t   adso rp t ion  rates and different   processing  curves .  
A t  h igh   tempera tures ,   the   adsorp t ion   ra te  is high, and the  unfrozen  water  content 
is a l s o   l a r g e ,  while t h e   r a t e  of curvature   approaching  the  f inal   value i s  
smoother. A t  low temperatures,  the final value of unfrozen water is also 
smaller. During t h e   e n t i r e   p r o c e s s ,   d i f f u s i v l t y  is  not  constant,   but is a 
funct ion of water content.  The accuracy of t h e   r e s u l t s  depends on t h e   i n t e r v a l  
of measurement w e d   i n  the experlment. 

Owing t o   t h e   e x i s t e n c e  of a c e r t a i n  
s u r f a c e   e n e r g y   o n   t h e   s u r f a c e  o f  s o i l  
m i n e r a l   c o n s t i t u e n t s ,  a c e r t a i n   a m o u n t   o f  
water m o l . e c u l e s   c a n   b e   a d s o r b e d   o n  i t  a n d  
a w a t e r  film w i t h   c o n s i d e r a b l e   t h i c k n e s s  
may b e   f o r m e d .   U n d e r   n e g a t i v e   t e m p e r a t u r e ,  
s u c h   w a t e r   f i l m   c o e x i s t s   w i t h  i c e  c r y s t a l s  
i n   f r o z e n  soil, a n d  i s  c a l l e d   u n f r o z e n  
water .  

a f f e c t e d   b y   t e m p e r a t u r e ,   a n d  i t  h a s  LI 

c o n s t a n t   v a l u e   u n d e r  a g i v e n   t e m p e r a t u r e .  
T h u s   w h e n  i c e  c r y s t a l s   a n d   s o i l   p a r t i c l e s  
c o e x i s t ,   n o   m a t t e r  how  much t h e   t o t a l  
water c o n t c n t  may b e ,   t h e r e   s h o u l d   b e  a 
a o r r e s p o n d i n g   a m o u n t   o f   e x i s t i n g   u n f r o z e n  
water ,  w h i c h   d e p e n d s   u p o n   t h e   s u r f a c e  
e n e r g y   o f  i c e .  H e n c e ,   t h e   q u a n t i t y   o f  
u n f r o z e n  water r e l a t e s   t o   t e m p e r a t u r e  
d i r e c t l y .  

A c c o r d i n g   t o   t h e   a d s o r p t i o n   t h e o r y ,  
when d i f f e r e n t   s u b s t a n c e s   c o m e   i n t o   c o n -  
t a c t ,   t h e   i n s t a b i l i t y   o f   t h e r m o d y n a m i c s  
i n d u c e d   b y   s u r f a c e   e n e r g y   k e p t   o n   t h e  
so i . l s  s u r f a c e s  will c a u s e   m o l e c u l a r   i n t e r -  
c h a n g e  a t  i t s  b o u n d a r y   f a c e s   ( W a t a n a b e  
1 9 7 3 ) .   T h e   l a r g e r   t h e   s u r f a c e  a r e a ,  t h e  
g r e a t e r   s u c h   i n s t a b i l i t y .  So u n d e r   t h o  
same t e m p e r a t u r e   c o n d i t i o n s ,   t h e  s u m  o f  
u n f r o z e n   w a t e r   i n   s o i l   o f   f i n e   p a r t i c l c s  
is g e n e r a l l y  a l i t t l e  l a r g e r .   T h e r e f o r e ,  
when p e r f e c t l y   d r y  s o i l  c o m e s   i n t o   c o n t a c t  
w i t h  i c e ,  a p a r t   o f   t h e  water  m o l e c u l e s  
will b e   a d s o r b e d   o n   t h e   s u r f a c e s   o f   s o i l  
p a r t i c l e s   i n   t h e   f o r m s   o f   s u b l i m a t i o n   a n d  
d i r e c t   r e m o v a l .   T h e   i n c r e a s e   o f   a d s o r b e d  
water  a m o u n t  i s  a f u n c t i o n   o f   s o i l   s u r f a c e  
e n e r g y   a n d   t e m p e r a t u r e .  To a s p e c i f i c  
s o i l ,   t h e   a m o u n t   o f   a d s o r b e d  water i s  j u s t  
t h e   a m o u n t   o f   u n f r o z e n   w a t e r ,   a n d   t h e  

T h e   s u r f a c e   e n e r g y  o f  i c e  i s  d i r e c t l y  

f i n a l   a m o u n t   o f   a d s o r b e d   w a t e r  i s  o n l y  a 
f u n c t i o n   o f   t e m p e r a t u r e ,  

F r o m   t h I s   p r i n c i p l c ,   t h e   a d s o r p t i v e  
n a t u r e  o f   s o i l  may b e   u t i l i z e d   t o   d e t e r -  
m i n e   t h e   q u a n t i t y  o f  u n f r o z e n  water  i n  
s o i l   a n d   t h e   p a r a m e t e r s  of w a t e r   m o v e m e n t  
i n   u n s a t u r a t e d   s o i l .  

METHOD 

T h e   t e s t e d   s o i l  i s  i n   t h e   f o r m   o f  a 
s l a b ,   t h o r o u g h l y   d r i e d   u n d e r   c o n s t a n t  
t e m p e r a t u r e   a n d   f i x e d   p r e s s u r e   a n d   p u t  
i n t o   m u t u a l   c o n t a c t   w i t h  i c e  o r  i c e - r i c h  
f r o z c n  s o i l .  To gua ran tee  g o o d   c o n t a c t ,  
t h e   c o n t a c t   s u r f a c e   s h o u l d   b e   s m o o t h e d  
b e f o r e h a n d .  I t  w o u l d   b e  a l l  r i g h t   t o   m e a -  
s u r e   t h e   i n c r e m e n t s  o f  water  c o n t e n t   i n  
t h e   s o i l   a t   r e g u l a r   i n t e r v a l s .   T h i s  
m e t h o d  i s  c a l l e d   t h e   C o n t a c t   M e t h o d .   T h e  
s a m p l c   w e i g h t   l i g h t e n e d   o n   t h e  t e s t  p r o -  
c e s s  w i l l  c a u s c   e r r o r   f o r   t h e   r e s u l t ,   t h e  
e r r o r  will p r i o r   c o r r e c t  before d a t a  p r o -  
c e s s i n g .  

A c c o r d i n g   t o   t h e   a d s o r p t i o n   p r i n c i p l e ,  
t h e   a m o u n t  o f  a d s o r b e d  water w i t h  t i m e  
o b e y s   t h e   f o l l o w i n g  l aw  ( d e   B o e r  1 9 5 3 ) :  

G t  7 G, ( 1 - e  ) (1 1 

w h e r e  t i s  t ime;  G t  i s  t h e   a d s o r b e d   a m o u n t  
( i n   w e i g h t )  a t  t ime t ;  G m  i s  t h e   a d s o r b e d  
amount t h e o r e t i c a l l y   o n l y   r e a c h e d   a f t e r  
a n   i n d e f i n i t e l y   l o n g  t ime;  k d  i s  a c o n -  
s t a n t   w h i c h ,   r e l a t e d  t o  a m b i e n t   c o n d i t i o n s  
( t e m p e r a t u r e ,   p r e s s u r e ,   e t c . )   a n d   c o n t a c t  
c i r c u m s t a n c e s ,   s o i l   s u r f a c e  a r e a  a n d   p e r -  
m e a b i l i t y ,   a n d   v i s c o s i t y  o f  water .  

-kH,* t 

We h a v e   u s e d   t h e   r e d   c l a y   o f   Q i n q h a i -  
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c I n d e x e s  for Two K i n d s   o f  S o i l s .  

K i n d   o f  s o i l  
S p e c i f i c   L i q u i d   P l a s t i c   S p e c i f i c  s u r f a c e  a r e a  S a l t   c o n t e n t  
w e i g h t  limit limit 

( % )  ( % )  

Red c l a y  o f  Q i n g h a i - X i z a n g  2 . 7 6  2 2 . 0  1 5 . 0  31.8 
Y e l l o w  silt o f   L a n z h o u  2 . 7 0  1 9 . 9  1 3 . 6  4 1 . 9  

0 .08  
0 . 1 9 4  

TABLE 2 P a r t i c l e   D i a m e t e r   A n a l y s e s   f o r  Two K i n d s   o f  S o i l s .  

P e r c e n t a g e  of  v a r i o u s   p a r t i c l e  s i z e s  ( d i a m   i n  mm) 

0 . 2 5  0.1 0.05 0.01 0.005 0 . 0 0 2  
K i n d   o f  s o i l  1 - 0 . 5  0 .5 -  0 . 2 5 -  0.1-  0 . 0 5 -  0.01- 0 . 0 0 5 -  0 . 0 0 2  

Ked c l a y  of Q i n g h a i - X i z a n g   2 . 7 0  2 .07  5.00 1 . 6 8   2 6 . 3 0  11 .59  1 7 . 4 1   3 3 . 3 0  
Y e l l o w  s i l t  o f   L a n z h o u   0 . 1 5   1 . 9 2   1 7 . 8 4   5 1 . 8 9  G . L O  5 . 2 9   1 6 . 8 1  

X i z a n g   a n d   y e l l o w  s i l t  o f   L a n z h o u  a s  t h e  
e x a m p l e s   t o   d e t e r m i n e   s e p a r a t e l y   t h e i r  
i n d i v i d u a l   a m o u n t s   o f   u n f r o z e n   w a t e r   a n d  
water m o v e m e n t   p a r a m e t e r s  i n  u n s a t u r a t e d  
s o i l .   T h e   b a s i c   i n d o x c s  o f  v a r i o u s   k i n d s  
o f   s o i l s  a r e  shown i n   T a b l e  L a n d  Table 2. 

RESULTS 

E x p e r i m e n t a l   r e s u l t s  s h o w  t h a t  t h e  
a m o u n t   o f   u n f r o z e n  water i n c r e a s e s   w i t h  
t ime a n d   a p p r o a c h e s  a c e r t a i n   c o n s t a n t  
v a l u e .   F i g u r e  1 s h o w s   t h e   c h a n g e   i n  
w e i g h t s   o f   u n f r o z e n   w a t e r  a t  -3.O'C o f  t h e  
s a m p l e s .  To t h e  same k i n d   o f   s o i l ,   u n d e r  
d i f f e r e n t   t e m p e r a t u r e s ,   t h e   c u r v e   s h o w i n g  
t h e   p r o c e s s  o f  c h a n g e   i n   a m o u n t   o f   u n f r o -  
z e n   w a t e r  is d i f f e r e n t .   F i g u r e  2 s h o w s  

0 '  
100 200 SO0 400 500 

Time (nour) 

F I G U R E  1 C h a n g e s  o f  u n f r o z e n  water  
w e i g h t s  a t  - 3  d e g r e e  c e n t i g r a d e   o f  t w o  
k i n d s  o f  s o i l .  

t h e   p r o c e s s  o f  c h a n g e   i n   a m o u n t   o f   B i n y h a i -  
X i z a n g   r e d   c l a y   a t   t h r e e   d i f f e r e n t   t e m p e r -  
d t u r e s .  

f i c u l t   t o  see t h a t   d i f f e r e n t   s o i l s   h a v e  
d i f f e r e n t   a d s o r p t i o n  r a t e s  a n d  d i f f e r e n t  
p r o c e s s i n g   c u r v e s .   T h e   s h a p e s   o f   v a r i o u s  
c u r v e s   a r e   d i f f e r e n t   t o o .  F o r  t h e  same 
k i n d   o f   s o i l ,   u n d e r   h i g h   t e m p e r a t u r e ,   t h e  
a d s o r p t i o n  r a t e  i s  h i g h ,   a n d   t h e   f i n a l  
v a l u e   o f   u n f r o z e n  water  c o n t e n t  i s  a l s o  
b i g .   M e a n w h i l e   t h e  r a t e  o f   i n c r e a s e  
a p p r o a c h i n g   t h e   f i n a l   v a l u e  i s  s m a l l e r .  
U n d e r  Low t e m p e r a t u r e s ,   r a p i d l y   a p p r o a c h -  

From t h e s e   t w o   f i g u r e s ,  i t  is n o t   d i f -  

14 If 

-0 .6 

12 n 
-3'C Y 

1 
'1 

3 014 It 

-E'% 

I 

0 '  
100 290 300 400 t 

Time ( h o u r )  

FIGURE 2 C h a n g e s  o f  u n f r o z e n   w a t e r   c o n -  
t e n t s   o f   t h e   R e d   C l a y  of Q i n g h a i - X i z a n g  
u n d e r   t h r e e   k i n d s   o f   l o w   t e m p e r a t u r e s .  
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t = O ,  8 = 0  

' Rod C l a y  o f  Qinghai -Xizang 

o Yellow Silt of Lanzhou 

0 -2  -4 -6  -& T 

Temperature ('C) 

FIGURE 3 U n f r o z e n   w a t e r   c o n t c r r t s   a n d  
t e m p e r a t u r e s   o f   t w o   k i n d s   o f   s o i l .  

I n g  i t s  t e r m i n a l ,   t h e   f i n a l   v a l u e  o f  u n -  
f r o z e n   w a t e r  i s  smal le r  t o o .  

F i g u r e  3 s h o w s   t h e   r e l a t i o n   b e t w e e n  
u n f r o z e n  water  c o n t e n t s   a n d   t e m p e r a t u r e s  
o f  t w o   k i n d s   o f   s o i l s   f r o m   t e s t e d   r e s u l t s  
o b t a l n e d   b y   t h e   c o n t a c t   m e t h o d   ( Z h a n g  
3 i n s h e n g   a n d  Fu R o n g ,   1 9 8 3 ) .  

E Q U A T I O N  OF WATER M I G R A T I O N  

M o l s t u r e   m o v e s   a n d  i t s  f l u x   c a n   b e   e x -  
p r e s s e d   i n   t h e   s a m e   f o r m   o f  Darcy's l aw.  

w h e r e   K ( 0 )  i s  u n s a t u r a t e d  water  c o n d u c t i -  
v i t y   a n d   v a r i c s   w i t h   t h e   w a t e r   c o n t e n t ;  
8 i s  v o l u m e t r i c  water c o n t e n t   a n d  i s  t h e  
s o i l  w a t e r   p o t e n t i a l .   I f   t h e   u n s a t u r a t e d  
condition i s  d e s c r i b e d   b y   D a r c y ' s  l a w  o f  
d i f f u s i v e   e q u a t i o n ,  we c a n   o b t a i n  

a n d  

w h e r e  D ( 8 )  is d l f f u s i v i t y   o f   u n s a t u r a t e d  
water  s o i l ;  t i s  t ime;  a n d   D ( O ) = K ( e ) / C ,  C 
i s  s p e c i f i c  water c a p a c i t y ,   a n d  

c = q .  a e  
T h e   d i f f u s i v i t y  D ( 0 )  c h a n g e s   w i t h  t ime.  

If i g n o r i n g   t h e   c h a n g e  o f  d i f f u s i v i t y  
b e t w e e n   t h e   t w o   m e a s u r i n g  times of  water 
w e i g h t   i n   s a m p l e ,  we c a n   o b t a i n  

w h e r e  8, i s  t h e   v o l u m e t r i c   u n f r o z e n   w a t e r  
c o n t e n t   o f   t h e   s a m p l e   u n d e r   c e r t a i n   t e m p e r -  
a t u r e ;  H i s  h a l f  of t h e   s a m p b e   l e n g t h .  
If E = D . t / H 2 ,  X = x / H ,   t h e n  eq 6 c a n   b e  r e -  
w r i t t e n  a s  f o l l o w s :  

U s i n g  L a p l a c e   t r a n s f o r m ,   e q  6 c o n v e r t e d   a s  

a 2 e  
3x2 
." (7) 

G(0,P) = - 0" 
P 

( 8  1 

( 9  1 
= O  d x  x = l  

a n d  t h e   s o l u t i o n   c a n   b e   o b t a i n e d  

e :  c h ( l - i )  p 5 
c h  p 

A f t e r  t h e   L a p l a c e   i n v e r s i o n ,  we o b t a i n  

so  

s o  

I l l u s t r a t e d   i n s t a l l a t i o n  of s a m p l e   i n  
F i g u r e  4. I f  A i s  t h e   c o n t a c t  a r e a  o f  
i c e - s o i l ,  t h e n   e q  3 c a n   b e   r e w r i t t e n  a s  

ic]-[ sa m pls  ice 

t-"--. n 
FIGURE 4 X a x i s   a n d   s a m p l e .  
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f o l l o w s :  

w h e r e  Q i s  t h e   q u a n t i t y  o f  water  m i g r a t i o n  
i n   t h e   s a m p l e .   H e n c e ,   t h e  water w e i g h t   i n  
t h e   s a m p l e  a t  time t i s  

c 

G t  = J: Q . d t  

S u b s t i t u t e  e q  1 0  a n d  11 i n t o   c q  1 2 ,  we 
h a v e  

SO 

The r e s u l t i n g   e q u a t i o n   c a n   b e   w r i t t e n  a s  

K 

As c o n v e r g e s   r a p i d l y ,  W P  t a k e   k = l ,   a n d  

a f t e r   t r a n s f o r m e d  t , h P  u n i t  o f  t ime a n d  
b e c a m e   a s  

0 " 

U s i n g  a p r e s s u r e   m e m b r a n e   e x t r a c t   i n -  
s t r u m e n t a t i o n ,  we c a n   d e t e r m i n e   t h e  r o l a -  
t i o n   b e t w e e n  s o i l  w a t c r   p o t e n t i a l   a n d  
v o l u m e t r i c   w a t e r   c o n t e n t .  As a r e s u l t .  
t h e   s o i l - w a t e r   c h a r a c t e r i s t i c   c u r v e s   c a n  
b e   d e t e r m i n e d .   C o n s e q u e n t l y ,   t h e   c o n d u c -  
t i v i t y  K i s  r e c k o n c d   ( X i e   S h c n c h u a n   1 9 8 2 ) .  

S o m e   o u t c o m c s  o f  e x p e r i m e n t s   f o r   d i f f u -  
s i v i t i e s   a r e   s h o w n   i n   F i g u r e  5 ,  a n d   p a r t  
of  t h e   n u m e r i c a l   v a l u e  o f  0 a n d  K a r e  
s h o w n   i n   T a b l e  3.  

s t a n t   d u r i n g   t h e   e n t i r e   p r o c e s s ,  buL a 
f u n c t i o n   o f  water c o n t e n t .  Cq 1 5  i s  a n  
a p p r o x i m a t e   e q u a t i o n ,   t h e   a c c u r a c y  o f  
r e s u l t s   d e p e n d s   o n   t h e   i n t e r v a l  o f  med- 
s u r e m e n t   i n   e x p e r i m e n t s .   I n   a d d i t i o n ,   t h e  
l e n g t h  o f  t h e   s a m p l e   c a n n o t   b c   c x c e s s i . v e l y  
l a r g e .  

I n   f a c t ,   t h e   d i f f u s i v i t y  i s  n o t  a c o n -  

C O N C L U S I O N  

T h e   c o n t a c t   m e t h o d   u s e d  t o  d e t e r m i n e  
u n f r o z e n  water  c o n t . e n t   i n   f r o z e n  s o i l  i s  
a s i m p l e   t e c h n i q u e ,   b u t   t h e   p e r i o d   o f  
e x p e r i m e n t  i s  c o m p a r a t i v e l y   l o n g .  

t i o n s h i p ,  we c a n   o b t a i n   t h e   c o n d u c t i v i t y  
W i t h   t h e   h e l p  o f  m o i s t u r e - t i m e  r e l a -  

2 

1 

11.7 

0.5 

0.3 

r 0.2 

=' 
6 0.1 

0.05 
0.07 

0.03-  
0 

FIGURE 5 P i f f u s i v i t i e s  o f  'two k i n d s   u n -  
saturated s o i l s  a n d   v o l i m e n t r i c   w a t e r  
c o n t e n t s .  

TABLE 3 D i f f u s i v i t  D ( c m 2 / d a y )   a n d  
C o n d u c t i v i t y  K ( X I O x  m m / d a y )  o f  U n s a t u r a t -  
e d  Water Soi l . .  

Temaer- V o l u m e t r i c  water c o n -  

S o i l   t v a e  a t u r e   t e n t   ( c m 3   H 2 0 / c r n 3   s o i l )  

' L ' '  0 .01  0 .07  0.10 0 . 1 5   0 . 2 0 .  

K 1 . 8 3  0.40  
R e d   c l a y   o f  -0.6 
Q i n g h a i -  
X i r a n g  0 .04  0 . 0 8  0.12 0 . 2 2  0 .40  

-2 0 . 0 5  0 .13  0 . 1 8  
- 4  " 0.06  0 . 1 9  
-6  0 . 0 8  0 . 2 6  

K 8 . 5 8  31 

Yellow 

L a n r h o u  -2 0 . 0 9  0.34 0.54  

- 0 . 6  

S i l L  o f  - 0 . 0 7  0 . 2 3  0.40 1 . 0 3  2 . 7 0  

- 4   0 . 1 3  0.61  
-6 0.16 0 . 7 1  

a n d  d i f f u s i v i  ty o f  u n s a t u r a t e d  water  
( w i t h o u t  i c e  i n  soil a t   n e g a t i v e   t e m p e r a -  
t u r e ) .  

of s a l t   o n   u n s a t u r a t e d  water .  
T h e   m e t h o d   c a n n o t  r e f l ec t :  t h e   i n f l u e n c e  
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LONG-TERM RESISTANCE OF ANCHORS IN PERMAFROST 

Zhang Luxing  and Ding Jingkang 

Nor thwes t   Ins t i tu te  of t h e  Chinese Academy of Railway  Sciences 
Lanzhou, People's  Republic of  China 

Pull-out tests on reinforced  concrete  anchors  with a nominal  diameter  of 10 cm 
were conducted at  f i e l d   r e s e a r c h   s t a t i o n s  on the  Qinghai-Xizang  Plateau  to 
i n v e s t i g a t e   t h e  long-term r e s i s t a n c e  of anchors i n  permafrost .   lased on a n a l y s i s  
of the  load-displacement  behavior of the  anchors   tes ted,   the   authors   present   the 
concept of gradual ly   advancing  fa i lure  o f  the   adf reez ing   s t rength  between the  
anchors  and  their  surrounding soils. The au tho r s   cons ide r   t ha t   t he re   ex i s t s   an  
"ef fec t ive   l ength"  for anchors i n  permafrost,  which may be of g rea t   s ign i f i cance  
i n   t h e   s t u d y  of p i l e s  and anchors i n  permafrost .   Test   resul ts  show t h a t   t h e  
u l t i m a t e   r e s i s t a n c e  of permafrost  anchors  depends  primarily upon the   l ength  and 
diameter of the  anchors;  soil temperature,  composition, and moisture;  and t he  
loading rate. From tests it wa: found tha t   the   d i sp lacement   ra te  of an anchor i n  
permafrost  can be expressed by y = K(r - T,)~, where T- is  the  long-term 
r e s i s t a n c e  o f  anchors i n  permafrost. 

l n  order t o   b u i l d   t h e   l i g h t   a n c h o r   r e t a i n i n g  
wa l l  i n  pe rmaf ros t   a r eas ,  we made the   long- te rm 
r e s i s t a n t   t e s t  of anchors  in Qinghai-Xizang 
P l a t e a u  i n  1979. Tho r e i n f o r c e d   c o n c r e t e  an- 
chor s   p re fab r i ca t ed   f rom 5 t o  22 CIP diameter  
and  from 50 t o  250 cm long  were  used in the 
test. The 72 anchors   were   t es ted  i n  a l l .  

The  anchors   were  set  up by f o l l o w i n  t 
I n s e r t i n g   t h e   a n c h o r s  in t h e  holes  i r i l l ed  of 

w i t h   t h e   s a t u r a t e d   r i d d l e - c o a r s e  sand. 
'15-32 cm d i a m e t e r ,   t h e n   b a c k f i l l i n g   t h e   c r a c k s  

We were t e a t i n g   w i t h  method o f  c o n s t a n t  Load- 
i n g   r a t e   a n d   c o n s t a n t   l o a d .  The Loads ware 
loaded  by screw  block. The displacemeat  was 
measured by d i a l   i n d i c a t o r .  

ANALYSIS OF THE TEST RESULTS 

The S t r e s s   D i s t r i b u t i o n   o f   A n c h o r s  Under Erter- 
aal Load 

Bur ied  in p e r m a f r o s t ,  the anchors  were  back- 
f i l l e d  wi th   s a tu ra t ed   s and   and   f rozen   i n to   p l ace  
by the   surrounding  permafrost  . The load a c t i n g  
on the   anchor  is t r a n s f e r r e d   t o  the sand  and 
permafros t .  Figure 1 s h o w s   t h e   r a d i a l   d i g t p i -  
b u t i o n  of s t r e s s  in the   anchor   sys tem when under 
a x i a l  load and Figure 2 g i v e s   t h e   d i s t r i b u t i o n  
of s t r e s s  on s h e a r i n g   s u r f a c e  of anchor   system 
along  depth.  It is seen  from  Figure 1 t h a t  
stress d e c r e a s e s   r a p i d l y   i n  radial d i r e c t i o n  
w i t h   i n c r e a s e  i n  d ia tance   f rom  anchor   cen ter  
and  becomes  zero a t  a d i s t a n a e   o f  25-45 cm from 
t h e   c e n t e r .  From Figure  2 ( t e s t  on No. 42 an- 
chor  of I O  om d i a m e t e r ) ,  we s e e   t h a t ,  when t h e  
load  is c o m p a r a t i v e l y   s m a l l ,   t h e   s h e a r i n g  stress 
a s   a c t i n g  on s h e a r i n g   s u r f a c e   a r e  a maximum i n  
t h e   u p p e r   p a r t ,   a t t e n u a t i n g   r a p i d l y   w i t h   i n -  
c r eas ing   dep th ,   and  becomes zero a t   c e r t a i n  
depth. It appears   tha t ,   under   the  maximum load, 
the   shape  is approx jma te ly   t r apezo ida l r   Such  a 

r e d i s t r i b u t i o n  o f  stress i n d i c a t e s  t h a t  the  ad-  
freeze s t r e n g t h  i n  the upper part of the   ehear -  
i n g   s u r f a c e  has a l r e a d y   b e e n   d e s t r o y e d ,   a t t a i n -  
ing t he  maximum v a l u e   b e f o r e   t h e  load on t h s  an- 
chor   reached  its maximurn, As t h e  maximum load  
is a t t a i n e d ,   t h e   a d f r e e z e   s t r e n g t h   o f   t h e  lower 
p a r t  of s h e a r i n g   s u r f a c e   r e a c h e s   i t a  maximum 
w h i l e   t h a t  of the   uppe r   pax t   r ema ins  at some re- 
s idua l   va lue .  

Figure 3 g i v e s  a load- t ime-def lec t ion  curve 
of No. 42 anchor   ob ta ined   unde r   g radua l ly  ap- 
p l i e d   l o a d s .  It is seen from t h a t   t h e   c r e e p  
curves  under 11,000 kg and 12,000 kg loads  appear  
i n  the   shape  o f  stair, v h i c h  is d i f f e r e n t  from 
t he   o the r s ,   Th i s   k ind   o f   c r eep   cu rve  is a re- 
f l e c t i o n  of g r a d u a l l y   a d v a n c i n g   f a i l u r e  of t he  
anchor .  

nq " E f f e c t i v e  Lenatbll and Wonversion Effec- 
t i v e  Lenpfh" of Anchor 

It i s  shown f r o m   g r a d u a l l y   a d v a n c l n g   f a i l u r e  
t h a t   t h e r e   e x i s t s  an ' W f e c t i v e  lengtht1 of an- 
c h o r a r m   i n   p e r m a f r o s t ,   w h i c h   r e f e r s   t o   t h e  ts- 
m i t t i n g  depth of t h e   s h e a r i n g   s t r e n g t h   a t  uer- 
t a in  s p o t  of shearing Burfacs  o f  anchor   system 
when i t  attains the   u l t imate   lom&term adfreeze 
s t r e n g t h  (see Figure 4 ) .  The e f f e c t i v e  length 
o f  anchor  remains a o a s t a n t   p r o v i d e d  i t s  d i m +  
ter ,   ground  temperature ,   and medium remain un- 
changed, i.e, t h e   r e s i s t a n t   f o r c e s  o f  t h e  amhor 
a r e   i r r e l e v a n t  t o  i ts o v e r a l l   l e n g t h  i n  c a s e s  
u h e r e   t h e   l a t t e r  i s  longer t h a n   t h e   ' l e f f e c t i v e  
length".  

f r e e z e   s t r e n g t h  can   be .d iv ide% i n t o  two p a r t s ,  
However, it is shown  by ex er iment  t h a t  ad- 

peak   and   r e s idua l .   Af t e r   f a i lu re ,   t he re  still 
e x i s t s  t h e  a c t i o n  of t h e   l a t t e r   b e t w e e n   t h e  an- 
chor  a d  t h e   b a c k f i l l   s a n d ,  as i n d i c a t e d  by t h e  
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: kg 

distance to the centre 
vf anchorarm cm 

Figure 1. The r a d i a l   d i s t r i b u -  
t i o n  o f  stress i n  anchor sys- 
tem in   permafros t .   (Calcu la t -  
ing by f i n i t e  element. P = 
2,000 kg, anchor  of 10 c m  di-  
ameter, b a c k f i l l  of 7 cm 
thickness.)  

Figure 2.  The d i s t r i b u -  
t i o n  of stress on t h e  
boundary su r face  between 
anchor  and f i l l e d  sand 
along  depth. 

Figure 3. Stair-shaped  creep 
curve o f  anchorarm  system. 

long-term adfreeze 
strength limit 

FZGURE 4 The s k e t c h  of e f f o c t i v e   l e n g t h  atrd 
c o n v e r s i o n   e f f e c t i v e  length of anahor. 

d o t t e d  l i n e  in Figure  4" T h e r e f o r e ,   t h e   t b t a l  

anchor l e n g t h   i n c r e a s e s  and !he "conversion eE- 
fect ire  length11 can be  used on account  of t h e  
a a t i o n  of r e s i d u a l   a d f r e e z e   s t r e n g t h .  
The a o t i o n  of t h e   r e s i d u a l  adfrcleze s t r e n g t h  
i n c r e a e e s  with increase of  anchor   l ength .  AE a 
r e s u l t ,   t h e  %onversion effective lengtht1 in- 
creases as anchor l e n g t h  increase. 

The % o n v e r s i o n   e f f e c t i v e  Length'l can be 
c a l a u l a t e d  by tho  following: 
I. Set the va lue   o f   conve r s ion   u l t ima te  

long- t e rm  ad f reeze   s t r eng th  on the basis of   the 
average ground temperature  around  the  anchoring 
section OS anchors 

2. Calculate the t h e o r e t i c a l   u l t i m a t e  long- 
t e r m   r e s i s t a n t  force under such c o n d i t i o n s  by 
m u l t i p l y i n g  ths above value by the Srores BUX- 
face area of the anchor6 

. resistant foraes rise  c o m e 8  ondingly  as t h a  

anchoring length cm 

FICjURE 5 The conversion ctwve o f  the oanversion 
e f f e c t i v e  length of anchorarm 

3. P l o t   t h e  above o b t a i n e d   v a l u e s  on a d i a -  
gram of  t h e   u l t i m a t e  Lon term r e s i s t a n t  forces 
of a n c h o r   v e r s u s   t h e  aacfiring l e n g t h s   t o  aa- 
hieve t h e  aonversion curve o f  anchor   l eng th  
(Pigwre 511 

4, On Figure 5 draw a s t r a i g h t  l i n e  p a r a l l e l  
t o  t h e   h o r i z o n t a l  axis f r o m   t h e   t e s t e d   c u r v e  t o  
t h e   t h e o r e t i c a l  CUIVB, which i n t e r s e o t s  tb lat- 
tar a t  a p o i n t  and the p r o j e c t i o n  o f  t h e  point 
on t h e  abscissa is t h e   v a l u e  o f  the  required 
c o n v e r s i o n   e f f e c t i v e   l e n g t h  of anchor. 

anahor h~ obtained. by the above method are list- 
ed in Table I, 

The r a t i o  of c o n v e r s i o n   e f f e c t i v e   l e n g t h   o f  
anchor t o   t h e  aatual anchor length i s  - c a l l e d   t h e  
c o n v e r s i o n   c o e f f i c i e n t  o f  anohor l eng th .  It de- 
cseoses with i n c r e a s i n g  anchor l e n g t h  (Table ?). 
Within   the  range o f  anehor lengths t e e t e a  from 

The v a l u e s  of o o n v e r a i o n   e f f e c t i v e   l e n g t h  00 



TABLE 1 Conversion  Coefficient  of  Anchorarm  Length 

Length of Average T e s t e d  c a l c u l a t e d  Conversion 
Anchoring gronnd u l t i m a t e  u l t i m a t e  e f f e c t i v a  

Anchor p a r t  temgerature  long-term  long-term  length 
( C) r e S i E t a A t   r e s i s t a n t  

Conremion 
c o e f f i c i e n t  
of anchorarm 
l e n g t h  
KL = hL/b 

0.93 

- 
36 200 42.74 8485 10684 172 0.86 

37 250 -2.25 9995 13716 'I 90 0.76 

* Diameter of a l l  anchors i s  10 cm 

.I 

I SI m m  m . a  
anchoring length cm 

FIGURE 6 Rela t ion   be tween the u l t i m a t e  loag- 
term r e s i s t a n t  fores of anchorarm  and  anchoring 
l e n g t h .  

100 t o  2% cm, t h e   r e l a t i o n   b e t w e e n  the twa i s  
c o n s i d e r e d  to be l i n e a r  and i s  e x p r e s s e d  by the  
f o l l o w i n g   e q u a t i o n ,  

ICL = 1.168-0.001665 h (1 1 
where K ia t h e   o o n v a r s i o n   c o e f f i c i e n t  of anchor  
1angth;I.h i s  t h e   a c t u a l   a n c h o r i n g   l e n g t h  o f  an- 
c h o r   i n  permafrost. 

hL is c a l c u l a t e d  by t h e   f o l l o w i n g   e q u a t i o n :  
The   conve r s ion   e f f ec t ive   l eng th  of the anchor ,  

hL ZT KLh = 1.168h - 0.001665 h (2) 

where El a d  h','are as defined i n  e q u a t i o n  1. 
U l t i m a t e   R e s i s t a n t  Force of Anchor VB Its Actual 
Anchorim  LenRth 

o f  medium around  anchor, water content ,  and tem- 
p o r a t u r e  are kept a o a s t a n t  and the  Loading rate 

anchor  i s  a funct ion  of   anchor   Length,  i.e. it  
i s  u n i f o r m ,   t h e   u l t i m a t e  resistant force o f  t h e  

When t h e  diameter of anchor, the c o n s t i t u e n t s  

i n c r e a s e s   w i t h   t h e  inorease o f  a n c h o r i n g   l e n g t h  
(Figure 6) and   gradual ly   approaohes  B maximum 
value---the maximum load ing   va lue   de t e rmined  by 
t h e   y i e l d   s t r e n g t h  of the r e i n f o r c i n g  rod o f  an- 
chor. The r e l a t i o n  is expressed  by the   fo l low-  
ing equat ion:  

P = 6 A ( l  - (3 1 
where P is t h e  ultimate r e s i s t a n t   f o r c e  of anchor, kg; 
6 is t h e   y i e l d  stress of re inforc ing   rod ,  cm2; A is 
the cross-sect ion o f  re inforc ing   rod ,  cui2; h is t h e  
anchoring  length  of  anchor,  cm; and K is a t e s t i n g  
parameter. K=0.00698 when A-3.8 cm2 and  the  diameter  
of  the  concreate  anchor  equals 10 cm. 

If'-'is seen  fro& Figure  6 and equation 3 t h a t  
t o   i n c r e a s e   r , e s i s t a n c e  force by i n c r e a s i n   t h e  
anchor   l eng th  i s  r a t i o n a l  only within a l f rn i t sd  
range  i . a .  when t h e  anchor l eng th   exceeds  a 
c e r t a l n   l e n g t h ,  there is only B small i n c r e a s e  
i n  r e s i s t a n t  force. 

and anchor   l eng th  i s  d i r e c t 1   r e l a t e d  t o  t h e  
g r a d u a l l y   a d v a n c i n g   f a i l u r e  lo t h e  PdSrseze. 
s t r e n g t h  in the upper reaches of the anchor.  
S ince   t he  ~ f f e c t i v e  Length o f  anchor is c o n s t a n t  
provided  ground  temperatures ,  medium c o n d i t i o n s ,  
and  the  diameter  o f  the anchor  remains  unchanged. 
An i n c r e a s e  in anchor  Length is o n l y   b e n e f i c i a l  
t o  u t i l i z e  a g r e a t e r  seatian of t h e  anahor having 
residual st rmngth.  

The n o n l i a e a r   r e l a t i o n   b e t w e e n   r e s i s t a n t  force 

Ultinate R e s i s t a n t   F o r c e  vs Diameter of anchor  

The u l t i m a t e   r e s i s t a n t   f o r c e  of  anchor vs. t h e  
increase  in   anchor   diameter ,   appearing in hyperbolic 
curve,  is shown i n   F igu re  7. 

HOWBVBX, aiace  the increase of anohor  diame- 
t e r  is accompanied by t h e  inurease o f  r i g i d i t y ,  
t h e   d e c r e a s e  of e f f a o t i v e   l e n g t h   o f   a n c h o r ,  
under   the  sama ground t empera ture  and medium 
c o n d i t i o n s ,  w i l l  b r i n g   a b o u t  a d e c r e a s e  i n  t h e  
6dfreez.a stress d i s t r i b u t i o n   p a t t e r n  with d e p t h  
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TABLE 2 C o e f f i c i e n t  of Effec t ive   D iame te r  

FIGURE 7 U l t i m a t e   l o n g - t e r m   r e s i s t a n t   f o r c e  vs. 
diameter  of anchors .  . Broup A (lo. 10-78 anchors), 

Group B (No. 19-27 anchors ) .  
The l e n g t h  of all anchors  is '100 cm. 
The tempera ture  i s  from -0.9OC t o  -1J OC. 

kr c h u  < h n  < h< I 
D. 5 0,- DI > t i r  

FIGURE 8 The ske tch  of e f f e c t i v e   l e n g t h  va 
diameter  of anchor ,  

k, 
a-r 
O r l  

i, 

L 
" a  so k 

diameter of anchorarm mm 

FIGURE 9 Conversion ultimate long-term adfreeze 
s t r e n g t h  vs diameter  of  anahor  

Anchor 
d i a m e t e r  

Conver s ion .   u l t ima te   Coe f f i c i en t  of 
l o n g - t e r m   a d f r e e z e   e f f e c t i v e  
s t r e n g t h   d i a m e t e r  

c 

5 

0.64 1.00 10 

0.71 1 .'I1 a 

0.92 'I .44 

12 I 0.59 

14 

16 

0.55 0.86 

0.52 o.az 

18 
20 

0.51 0.80 
0*50 0.78 

~. 

diameter  will r e s u l t  i n  the   veakening  of con- 
(F igu re  8 ) .  Therefore, the increase i n   a n c h o r  

vers ion   u l t imata   long- te rm adfreeze st rength 
(Figure 9) *. 

The e f f e c t  of anchor   diameter  on the conver- 
sion u l t i m a t e   l o n g - t e r m   a d f r e e z e   s t r e n g t h   c a n  be 
e x p r e s s e d   i n  terms of  t h e   c o e f f i c i e n t  of effec- 

e f f e c t i v e   d i a m e t e r  1s t h e   r a t i o  of t h e  comer- 
t i v e   d i a m e t e r ,   T h e * s o - c a l l e d   c o e f f i a i e n t  of 

sion ul t imate   long- te rm  adf reeze  strength ob- 
t a i n e d  i n  accordance w i t h  d i f f e r e n t   d i a m e t e r s  of 
a n c h o r   t o   t h a t  based on a f i x e d   d i a m e t e r  of 10 
cm, repreSent5d  by Kd. 

where T~ is t h e   c o n v e r s i o n  ultimate long-term 
a d f r e e z e   s t r e n g t h   o f  anchor of diameter ,  d, I n  
cm; fq0 is t h e   c o n v e r s i o n   u l t i m a t e   l o n m t e r m  
adfreeze s t r e n g t h  o f  anchor OS I O  em diameter .  

The c o e f f i c i e n t  of a f f e c t i v e   d i a m e t e r  de- 
c r e a s e s  with i n c r e a s e  of the diameter   (Table  2), 
which i s  expressed by e q u a t i o n  5. 

U l t i m a t e   R e s i s t a n t  Force of  Anchor YS Tempera- = 
When. t he  d i a m e t e r  o f  the anohor,  backfill, 

and water c o n t e n t  remain c o n s t a n t ,   t h e   u l t i m a t e  
resistant force inareases l i n e a r l y   w i t h  a de- 

* Conversion u l t ima te   l ong- t e rm  ad f reeze  strength 
i s  equal t o   t h e   u l t i m a t e   r e s i s t a n t  forae o f  an- 
chor   d iv ided  by the  frozen a r e a  of anchor.  
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FIGURE 10 Relat ion  between ultimate r e s i s t a n t  
f o r c e  o f  anchorarm vessus t empera ture  

FIGURE I 2  Damage c r e e p   c r i t i c a l  strain v e r s u s  
l o a d i n g  rate 

c r e a s e  i n  medium tempera ture   (F igure  I O ) .  The 
r e l a t i o n  between  the  conversion  ul t imate  long- 
t e rm  ad f reeze   s t r eng th   and   t empera tu re  can be 
exgre6sed by a linear equa t ion ,  as: 

T =  A + m t (6) 
where T i s  t h e  convers'on ul t imate   long- te rm ad- 

me$era,kg($I m i s  t h e   t e s t i n g   p a r a m e t e r  kg/ 
f r e e z e   s t r e n   t h ,  kg/cm3; A is t h e   t e s t i n g  para- 

s t h e   a b s o l u t e   v a l u e  o f  ne L t i v e  
% n & r a f ~ e ,  Dog. For  medium o f  s a t u r a t f o n   s a n d  
t h e   f o l l o w i n g   v a l u e s  of t e s t i n g   p a r a m e t e r s  oaa 
be  used: 

A = 0.06 kg/cm2; m = 0.56 kg/cm2,1Prag.. 

Equat ion 6 can   be   u sed   t o   eva lua te   t he  con- 
v e r s i o n   u l t i m a t e   l o n g - t e r m   a d f r e e z e   s t r e n g t h  o f  
s a t u r a t i o n   s a n d   w i t h   r e i n f o r c e d   c o n c r e t e   a n c h o r  
10 sm i n  diametar  and 100 om in l e n g t h   a t   d i f -  
f e r en t   t o rPpe ra tu r& 

The A t t e n u a t i o n  Creep Cr i t i ca l   D i sp lacemen t   and  
Daaaga Creep C r i t i c a l   D i s p l a c e m e n t  of  Anchor 
System in Permafros t  

F i e l d   t e s t s  show t h a t  when t h e   c r e e p   d i s -  
placement  of  anchor in permaf ros t   unde r   t he  
a c t i o n  o f  an e x t e r n a l   l o a d   r e a c h e s  a c e r t a i n  VB-  

form  with time, T h i s   v a l u e  i s  c a l l e d   t h e  atte- 
l u e ,   t h e   d i s p l a c e m e n t  of the  anchor  becomes uni- 

n u a f i o n   c r e e p   c r i t i c a l   d i s p l a a e m e n t  of anchor 
~ y s t e m .  When the   anchor  system comes t o  uniform 

temuerrlurs 'c 

FIGURE 11 Damage c r e e p   c r i t i c a l   s t r a i n  versus 
t empera ture  

0 n m t n l a r m  
anchorinw length cm 

FIGURE I 3  Damage creep c r i t i a a l  strain VBFSUS 
anchor ing   l eng th  o f  anchor 

f low  and  creep  displacement  reaches a n o t h e r  ma- 
ximum va lue ,  a t r a n s i t  a f  anchor Prom uniform 
fJov t o  advancing  f low  begins ,  The la t ter  ma- 
ximum value  is c a l l e d   t h e  damage c r e e p   c r i t i c a l  
displacement   of  anchor S J T I ~ ~ B I P ,  

According t o  t h e   r e s u l t s  of exper iments ,   the  
a t t e n u a t i o n   c r e e p   c r i t i o a l   d i s p l a c e m e n t  of rein- 
forced c a n c r a t e   a n c h o r   b u r i e d  i n  s a t u r a t i o n  sand 
a t  tempera ture  of -1.85 eo -2.aoC, i s  about  2 
t o  4 m. 

p e r a t u r e  is shown i n  Figure  11, v h i c h   I n c r e a s e s  
The damage c r e e p   c r i t i c a l  s train v e r s u s  tem- 

w i t h  a d e c r e a s e  in temperature  and i 5  approxi-  
m a t e l y   l i n e a r .  

w i t h   i n c r e a s i n g   l o a d i n g   r a t e s ,  as shown i n  Fi-  
gure  12. 

Damage c r e e p   c r i t i c a l   s t r a i n  l i m i t n  i n c r e a s e  

I n  a d d i t i o n   t o   t h e  above ment ioned   fac tors ,  
damage  creep cr i t ica l  s t r a i n   a l s o  i s  r e l e v a n t t o  
t h e   a n c h o r i n g   l e n g t h  of anchor ,  i.e. i n c r e a s e s  
w i t h  an i n c r e a s e  o f  anchor   l eng th ,   a s  shown i n  
Figure  13. 

To sum up, t h e  damage c r e e p   c r i t i c a l  dis- 
placement of ancharn is a s p e c i f i c   f e a t u r e  re- 
l a t i v e   t o   t h e  anchor system,  but its v a r i a t i o n  
is very compl i ca t ed ,   s ince  it i s  i n f l u e n c e d  by a 
number of f a c t o r s .  It t e n d s   t o  be a c o n s t a n t ,  
however ,   provided  temperature ,   tes t ing  method,  
anchor length, and medium condi t ions  remain ' 
unchanged. 
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t h  
t u  

I ,  The f a i l u r e  o f  the adfreeze st rength o f  
anohors in permafrost  takes plaae gradually along 
the frozen boundary surface between the  -or 
and backf i l l ,  After  fa i lure  o f  Lbe adfreeze 
s t rength,  there st i l l  e x i s t s  the reaidual ad- 
freezr strength at t he  boundary surface. 

2. The r e s i s t an t   fo rce  o f  anchor is the  fuac- 
t i on  of the  length, diamotei  of anohor, tempera- 
ture, vater  uoatent of medium and aating time of 
load. It fncraaaea wifb inarsase of anchor 

ceeds a certain length, fherr is only a small 
length and diameter. when the anchor length ex- 

increase i n  resistant fora** 

anchors in p i r i d r d s t ,  which 2s influeneed by 
3.  Them exisks an neffeative lengthH o f  the  

le anchor diameter, temperatars and coasti- 
ients of rediun and so on. In the C a l C U l a t i Q m  

of r e s i s t a n t  fortre o f  anahor, we c a n  only aonsi- 
der it. IC. The at tenuat ion creep c r i t i ca l   d i sp l aoe -  
ment and damage creep c r i t i c a l  displacement o f  
anchor system are a spec i f ic  feature r e l a t i v e  t o  
it. When the  displacement o f  anchor is less 
than damage creep cr i t ical   d isplacement ,  the 
fa i lure  o f  anchor w i l l  not take place andmr the 
ac t ion  of an external. load. 
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A STUDY OF THE  CALCULATION OF FROST  HEAVING 

Zhang  Shixiang  and Zhu Qiang 

Water  Conservancy  Department of Gansu  Province, 
Lanzhou,  People's  Republic  of  China 

In recent  years,  numerous  irrigation  canals  lined with  concrete and  masonry  slabs 
have  been  built  in  regions of seasonally  frozen  ground  in  Gansu,  China.  Many of 
them,  however,  have  been  damaged  by  the  heaving  action  of  frozen  soil. So it  is 
of  great  importance  to  find  a  practical  way  to  determine  frozen  depth  and  frost 
heave  under  various  conditions.  Frost  heaving  is  known  to  be  a  comprehensive 
process  of  heat  conduction  and  moisture  migration.  The  authors  describe  The  mois- 
ture  migration  process  by  the  theory  of  unsaturated  soil  water  movement,  developed 
since  the 1950's,  and  an  improvement  over  the  taxonomic  method  prevalent in the 
past  study  of  soil  water. A stepwise  calculation  method  for  one-dimensional  frost 
penetration  and  heaving  is  derived  by  simplifying  the  boundary  conditions of heat 
and  moisture  transport  and  temperature  distribution.  This  method  provides not  only 
the  maximum  frozen  depth  and  frost  heave,  but  also  describes  the  freezing  process 
and  the  heaving  ratio  along  the  frozen  depth.  Analytical  formulas  for  deeply  and 
shallowly  seated  ground  water  levels  are  presented with illustrating  examples. 

INTRODUCTION 

In recent  years,  numerous  irrigation  canals 
lined with concrete  and  masonry  slabs  have  been 
built  in  seasonal  frost  regions of Gansu,  China. 
However,  many of them  were  damaged or partially 
damaged  by  the  heaving  action of the  frozen  soil. 
So it  is  of  great  importance  to  find  a  practical 
way  to  determine  the  frozen  depth  and  frost  heave 
under  various  conditions.  Since  the 1970's the 
numerical  method for simulating  the  heat  and  water 
transfer  and  heaving  processes  have  been  developed 
by  many  investigators  (Harlan, 1973; Guymon  and 
Luthin, 1974; Taylor  and  Luthin,  1978;  Jame  and 
Norum, 1980). From  the  practical  viewpoint,  how- 
ever,  because  of  the  complexity  of  this  method,  it 
has  not  been  applied  extensively to the  design  of 
large-scale  canal  constructions. I n  addition,  many 
of the  current:  analytical  methods f o r  predicting 
frost  heave  only  deal with heat  and  mass  transfer 
processes  separately  and  cannot  meet  the  various 
soil  and  ground  water  conditions. 

process  and  sets  up  its  equation  by  the  theory  of 
water  movement  in  unsaturated  soil. To obtain  a 
calculation  method  that  will  be  simple  enough  for 
practical  engineering  use  and  to  be  able  to  reflect 
the  various  temperature  and  moisture  conditions of 
soil  during  freezing,  we  will  first  make  some 
simplifications to the  boundary  conditions of the 
heat  and  moisture  transport  equations  as  well  as 
temperature  distribution  in  the  frozen  soil. An 
analytical  formula  using a stepwise  calculation 
method  can  be  derived  by  solving  these  equations 
simultaneously. 

This  paper  describes  the  moisture  migration 

WATER  MIGRATION 

According  to  the  theory  of  unsaturated  soil 
water  movement  (Hiller, 1971),  the  soil  water 
potential  is  composed  of  the  matric  potential  $m, 

pressure  potential qP, gravitational  potential qP, 
temperature  potential $T, osmotic  potential 
i.e. 

Hereinafter,  the  study  is  limited  only  to  the 
matric  and  gravitational  potential.  The  moisture 
flux  can  be  expressed  as  the  same  form  of  Darcy's 
law: 

where K(&) i s  unsaturated  water  conductivity  and 
varies  with  the  water  content. 

During  freezing,  the  water  migration  occurs 
mainly  in  the  unfrozen  zone.  According to the 
experimental  and  simulated  results  presented  by 
Taylor  and  Luthin (19781, Jame  and  Norum (1980),  
water  movement in the  frozen  zone  is  insignificant. 
In  the  unfrozen zone, the  occurrence of both  water 
migration  and  frost  heave  depend on whether  the 
potential in the  unfrozen  soil  below  the  freezing 
front i s  greater  than q0, the  potential  at  the 
freezing  front.  Because  the  initial  water  content 
for  frost  heaving, wo, i s  a  content  below  which 
neither  frost  heaving  nor  water  migration  will  take 
place, $o may  be  regarded  as  the  potential  corres- 
ponding to wo. In turn, we can  determine q0 by w0 
from  the  characteristic  curve  of  soil  water. On 
the  basis of the  experimental  work  of Wu et al. 
(1981), wo is  about 0.84 wp, where wp is  the  plastic 
limit of water  content. 

be  studied,  If  the  soil  water  potential  is  taken 
as  that  of  a  unit  weight, we have: 

In this  paper,  only  a  one-dimensional  case  will 

( 2 )  
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where  x  is  the  vertical  coordinate,  positive  down- 
ward, D(w)  is  the  diffusivity o f  unsaturated  soil 
water,  a  function of  water  content. 

the  soil is relatively  dry  and  gravitational  poten- 
tial can be  neglected as compared with matric 
potential,  then  equation 3 can  be  rewritten  as 
follows: 

1. In the  case  of  deeply  seated  ground  water, 

Assuming  that  soil  is  semi-infinity,  the  in- 
itial  water  content  and  diffusivity  are  uniform 
along  the  depth  and  are  equal  to WB and D, 
respectively.  Where D is  the  weighted  mean  value 
of D(w). According  to  Crank (1956) ,  for  a  drying 
process, D can  be  expressed  as: 

In addition,  as  shown  before,  the  water  content 
at  freezing  front  is wo, thus  the  boundary  and 
initial  conditions  can  be  written  as: 

w(t,  h) = wo, w(t,-) = wB, t > 0  

w(0, x )  = wB, x >  h 

where  h i s  the  frozen  depth.  Then  the  analytical 
solution  of  equation 4 is: 

The  water  migration  flux  toward  the  freezing  front 
i s  : 

2. In the  case  of  shallowly  seated  ground 
water,  the  freezing  process is divided  into  a 
number  of  time  steps.  Water  movement  can  be 
approximately  considered  as  a  steady  flow  for  each 
step. In equation 2 ,  substitute  soil  water  tension 
S for (-qm), after  rearranging,  this  gives: 

A t  the  present  time,  the  theoretical  relation 
between K(S) and S has not  yet  been  found. In 
general,  they  are  related  by  an  empirical  formula 
derived  from  experimental  data  taking  the  following 
form: 

K------- K$ 

csm + 1 

where K, i s  the  saturated  water  conductivity  and C 
and  m  are  constants.  When rn-I, 1.5, 2 ,  3 ,  4 ,  the 
analytical  solution of equation 8 can  be  derived. 
For  example,  if m = 2 ,  we  have: 

At the  freezing  front,  x = H-h, S = S o ,  where H is 
the  depth of the ground  water  table,  and we can 
obtain  an  implicit  equation  for  the  water  flux: 

HEAT CONDUCTION 

The  heat  conduction  equations  during  freezing 
are  as  follows: 

aUf aZUf - =  
at af - ax2 

, h > x > O ,  t > O  

Assuming  the  freezing  temperature  of  soil i s  
zero,  then  at  the  phase  changing  point we have: 

uf(h, t) = uT(h,  t) = 0 (13) 

where u is  the  temperature, X is  the  heat  conduc- 
tivity,  a i s  the  thermodiffusivity, y is  the 
specific  weight o f  water, and  the  subscripts f and 
T are  for  the  frozen  and  thawed  zones,  respectively. 
The  unit  of  latent  heat is taken  as  J/g. 

For  practical  purposes,  it  would  be  better t o  
find an approximate  solution  for  equations  11 to 14. 
First, the  temperature  increment  in  the  period  At 
i s  assumed  to  be  linearly  distributed  along  the 
depth.  During  the  steady  frost  penetration  period, 
the  error  caused  by  this  assumption  is an infini- 
tesimal of higher  order.  Then  we  can  obtain: 

Auf = u - Auo - Au; h X  
I 

where Au,, Au, is the  temperature  increment  in  the 
period At at  the  surface (x=O) and  the  frozen 
depth ( x =  h), respectively  (see  Figure 1). 

1 
b+Al 

FIGURE 
I 
1 Sketch  of  Au  along  the  depth. 
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If we rewrite  the  left  side  of  equation 11 in 
a  differential  form  and  substitute  equation  15 
into it,  we have: 

a2uf  au AU Auo - Au; f .  0 

af ax2 - at 
"E" 

hAt x 

Integrate  the  above  equation  over  x  with  the 
boundary  conditions: x=O,  uf=uo;  x=h,  uf=O. 
After  rearranging,  we  have: 

- (Auo - Auk) A'O 
u =  f 6afMt 

x3 - - 2afAt X2 

u 0 2Au0+Aui 
- (T+ 6afAt h) x f uo (16) 

DEEPLY SEATED GROUND WATER  TABLE 

Substituting  q  determined  by  equation 7 into 
equation 20 gives: 

This is a  quadratic  equation.  After  rearrang- 
ing,  we  get  the  solution  of Ah: 

Ah =' ( iXfhAuo - 3af (333y(wg - wo)/4 
auf hAuo 4- 2uoAh 
- "0 - _  
ax  Ix=h 6afAt+ 2hAh  h 

In the  unfrozen zone, the  initial  condition: 
UT(X, 0) = ua,  x > h, is  assumed  and it should  be 
noted  that  the  temperature  at  the  upper  boundary, 
i.e.  the  freezing  point,  drops  to  zero.  We  can 
obtain  the  solution  of  equation  12 as: 

uT(x. t) = uaerf ( - x-h 1 
2 G  

where ua is the  mean  temperature  of  soil  before 
freezing. 

the  deeply  seated  ground  water  table,  or 10 and 19, 
which  are  for  the  shallowly  seated  ground  water 
table,  into  equation 1 4 ,  we  then  obtain  the  expres- 
sion  of  dhldt.  Furthermore,  the  unfrozen  water 
still  exits in the  negative  temperature,  mainly  in 
the  range  of 0°C to -5°C. To consider  the  effect 
on  frost  penetration  precisely  is  difficult  for an 
analytical  solution.  According  to  the  result  of 
numerical  method  (Nixon  et  al., 1973), we can 
regard  the  latent  heat  is  to  be  suddenly  released 
at  temperature zero without  a  significant  error  to 
the  freezing  process. So we can  modify  the  second 
term (w- wo) in the  right  parentheses of equation 
14 with ( w - w - ~ ) . ,  where w-5 is  the  unfrozen  water 
content  at -5°C. Thus  the  basic  formula  can be 
expressed  as  follows: 

Substituting  equations 7 and 17 which  are  for 

hAu, + 2uoAh  uo 
'T(6afAt + 2hAh - TIAt 

(21) 

When  u  is  constant,  equation 21 can be integ- 
rated to yleld h as  follows: 5, 

h = (1" 333y(wg  -2XfUo - w-5) 

333y(wg - wo>Jii f XTUa 1 /q 
594(WB - WJ 

I 

If the  latent  heat  of  migrating  water  and  the 
heat  conducting  toward  the  freezing  front  from  the 
unfrozen  zone  are  neglected  (the  second  term  in  the 
parentheses),  and  the  unfrozen  water  is  assumed t o  
be non-existent,  then  the  well-known Stefan's 
formula  can  be  derived  from  the  above  equation: 

=& 

-2Afuot 

We  can  see  that  Stefan's  formula  is  a  particu- 
lar form of equation  22  under  special  condition, 

When uo changes with  time, we must  divide  the 
freezing  period  into  a  number  of  intervals. The 
increment of frozen  depth  in  a  certain  period  can 
be  calculated  from  the  frozen  depth  at  the  end  of 
the  last  period.  Water  migration  flux  in  the 
various  period  can  be  defined  by  equation 7 ,  and 
the  frost  heave  is: 

where AHh is  the  heave  value in the  various  period. 
In  general,  the  first  term  may be neglected. 

Example 1. A t  a  given  locality,  the  ground 
water  is  deeply  seated  and  the  soil  is  silty  loam: 

~T=0.0105J/cm~soC,  hf=0.0151J/cm~soC, 

aT=3.82x10-3cm2/s,  af=7.41x10-3cm2/s, 

W B -w0 0.13, w B -w-5 = 0.26, 
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1 .I 2.1 + Date 
I 

I I / I  I I 

Prozen Fros t  
Depth(crn) I Heave(cm) 
FIGURE 2 Frozen  depth  and  frost  heave  versus  time  and  heave 
the  deeply  seated  ground  water. 

D = 1 . 1 6 X  10-4cm2/s,  ua = 8 . 2 ' C .  

The  surface  temperature  changing with time is 
shown  in  Figure 2 .  

The  time  step  is  taken  as 5 days,  and  the 
results  are  shown  in  Figure 2 .  

We  can  see  that  in  the  case  of  deeply  seared 
ground water, the  variation  between  results  from 
equation 21 and  Stefan's  formula  is  insignificant. 
Moreover,  the  frost  heave  ratio  in  the  upper  zone 
is  greater  than  in  the  lower zone; this  conclusion 
can  fit  many  observed  data  in  situ  (Zhu, 1980). 

SHALLOWLY SEATED GROUND WATER 

Under  this  condition,  equation 20 should  be 
modified. As shown  in  Figure  3,  when  frost  pene- 
tration  increases  from  h  ta h+Ah, the  original 
water  content  that  has  changed  phase  is  the  shaded 
area  between  curve 1-1 and 2-2, so the  first term 
of the  right  side  of  equation 20 should  be  re- 
written as: 

where ws is  the  saturated  water  content.  Then we 
can  get  the  solution  of  Ah  under  rhis  condition: 

The water  flux  q  can be defined bv a  relation 
curve  between q and  h  drawn  from 
equation 10. 

Example 2. The  ground  water 
below  the  surface. 

W, = 0.51, w0 = 0.24, w-5 = 0.1 1 

the  implicit 

table  is 120 cm 

Heave 
5 10 Ratio 

10 

X 

ratio  distribution  for 

K, = 1.16x 10-5cm/s, = 2.5 X 1 0 - ~ ~ m - ~ ,  

m = 2 ,  So = 370 crn. 

t 
I \ 1-1 

FIGURE 3 Sketch  illustrating  the  phase  change of 
the  original  water. 

The  other  conditions  are  the  same  as  in  example 1. 
The  results  are  shown  in  Figure h .  We  can  see  that 
the  frozen  depth  is  much  less  and  the  frost  heave 
is  much  greater  than  that  under  the  deeply  seated 
ground  water  condition. The result  indicates  that 
adopting  Stefan's  formula  in  this  case  may  cause  a 
great  error.  The  heave  ratio i n  the  upper  zone  is 
much  less  than  in  the  lower,  This  conclusion  fits 
well  with the  field  experiment  and  has an important 
effect on the  perfect  selection  of  the  anti-heave 
measure  in  engineering (Zhu, 1980). 
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Frozen 1 Frost  
Depth( om) Heave( om) 

FIGURE 4 Frozen  depth  and  frost  heave  versus  time  and  heave  ratio  distribution  for  the 
shallowly  seated  grcund  water. 
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THE PERIGLACIAL ENVIRONMENT OF THE LATE PLEISTOCENE 
ALONG  THE QINGHAI-XIZANG HIGHWAY 

Zhang Weixin, Xu Shuying, Xu Qizhi,  and Shi  Shengren 

Department of Geology  and  Geography, Lanzhou Universi ty  
People's  Republic of China 

There are several   k inds of p e r i g l a c i a l  phenomena  on the  Qinghai-Xizang  Plateau. 
Polygon and wedge-shaped casts 1 t o  50 m in   diameter  were  formed during the last 
g l ac i a l   pe r iod ,  and the   involu t ions   bur led  a t  depths of 3 t o  11 m may have  been 
formed during  the  Neoglaciation. Based on CI4 dat ing ,   po l len   ana lys i s ,  and per i -  
g l a c i a l  phenomena, the  paleogeographic  environment  during  the  Late  Pleistocene 
can  be  reconstructed. About 35,000 years  ago,  the Qinghui He Basin  and  other 
high  plains  in  southern  Qinghai were an  interper iglacial   environment ,  and 
carbonate  nodules were formed in   l ake   depos i t s ;   t he  upper parts of t he  Kunlun  and 
Tanggula Shan were per iglacial   environments .  From 26,000 t o  14,000  year  ago, the 
mean annua l   a i r   t empera tu re  was about -7" t o  -8°C. No carbonate  nodules 
developed in   t he   l ake   bas ins ,   bu t   l a rge  polygons  and  sand wedges were formed  on 
terraces along some r i v e r s ,  and g lac ie rs   cont inued   to  grow i n   t h e   h i g h  moun- 
t a ins .  The lower limit of t h e   p e r i g l a c i a l   b e l t   I n   t h e   n o r t h e r n   p a r t  o f  t h e  
Qinghai-Xizang Plateau  descended t o  3200-3400 m a.s.1. From 14,000 t o  12,000 
years  ago,  the climate was s t i l l  ra ther   co ld ,  as ind ica t ed  by undecayed buried 
p l an t  8 .  

Am &a well-known, the Q h g W - X i a h a n g  plrrerur 
t m  an area of s t r o n g   u p l i f t  of a l t i t u d e   s i n c e   t h e  
Quaternary   per iod  ( L i  Jijun e t  al, 1979) .  Accord- 
ing t o   t h e   d a t a  which  have  obtained, from geolo- 
g i c  (Wen Shixuan  1981),  geomorphic (Zheng Ben- 
Iring e t  al, 1981 1, and paleonto logic  CKmg Zhao- 
chen e t  al, 1981 , and many other   evldencee  de-  
monatrete t h a t   t h e   a l t i t u d e  of t he   p l a t eau  durinng 
t h e  late Ple i s tocene  was g e n e r a l l y  more than  
4,OOO m a.s.l., and the  mountain areaa wexe 
h i g h e r ,   u s u a l l y  moxe than 5,000 m. This high-al-  
t i t ude   t opography  of t h e   p l a t e a u  first brought 
about  a drop of  the   t empera ture   wi th   the  riae of 
the plateau  surface.   Along  with  the  coming of t h e  
aoXd climate of t h e  late P le i s tocene  on a g loba l  
male, a superimposed  cold  happened on t h e   p l a -  
teau. The combination of t h e  two kind8 of co ld  
put the p l a t e a u   s u r f a c e   i n t o  a p e r i g l a c i a l   e n v i -  
ronment of long dura t ion .  This he8 been proved hy 
a a e r i e 6  of p s r i g l a c i r l  phenomena, anc ien t  and 
e x i s t i n g ,   b i o l o g i c  and non-bio logic ,   recent ly  
found on t he   sou th   Q ingha i   p l a t eau .  

During t h e  4 mummexa from 1974-1977, we a11 
worked along the  Qinghai-Xizhang Highway,  and 
p a d ,  t o  a c e r t a i n   d e g r e e ,   a t t e n t i o n   t o  a seriea 
of   pe r ig l ac i a l  phenomena there .   La ter  we made 
r e p o r t s  on some of them (Zhang  Weixin  1979a; 
1979b;  1982). It i s  based  on  these  reports ,  
on the d a t e  of the  assemblages of spore 
po l l en   i n   t he   depomi t  of 20 m d e e p   d r i l l i n g   h o l e ,  
and abeo lu te  C-14 d a t i n g   t h a t  makes t h i s   s p e c i a l  
d i scunnlon  on several   changee i n  the environment 
of aouth Qingha i   p l a t eau   du r ing   t he  late P l e i a t o -  
oone. Aacording t o  t h e s e  data the   pa leegeographi -  
c a l  environment in t h i s  area hae been recon- 
I tmc fed . 

Qlllgehui River  area i e  l oca t ed   nea r   t he  68 Fd 
atation of Qiaghai-Xixhang Highway. To the nor th  
are Kunlun  Shan  and t o  i ts  south the  Tanggula Ran- 
g ~ ;  both  mountaine are more than  5,500 m a.s.1, 

and about  60 and 400 km away from the a r e a  re- 
spec t ive ry .  To t h e  east and weat is the h i n t e r -  
land of southern   Qinghai  plateau. During  the Qua- 
ternary p e r i o d ,   t h i s  area was a s t r u c t u r e   f a u l t  
baain. ! h e  depos i t  of the   Quaternary  i s  over 200 
m th i ck .  A t  p r e s e n t   t h e r e  remaina a e a a l l  lake t o  
tho   southeas t  o f  t h i s  area, and the former river 
bed from the   eouthern  elope o f  Kunlun Shan down t o  
the  lake basin i s  i n d i n t i n c t .  

This area, hat?- mean air t empera tu re   i n   J anua ry  
ia -17.3'C. in Ju ly  of 5.4"C; tho  mean annual  
tempera ture  it3 -5.5'C, and for more than  seven 
months in t h e  year it is under O'C. The annual  
p r e c i p i t a t i o n  there i s  267 mm. 

PERICWCIAL UNAINS OF 
THE LATE PLEISTOCENE 

Up t o  now, t h e   p e r i g l a c i a l  phenomena of the 
late Ple i s tocene  we  found   i n   t he  area on the pla- 
t e a u   s o u t h  of Qinghai  and n o r t h  of Xizhang, and 
t he   pex ig lac i a l   r ema ins  are  g r e a t   i n   v a r i e t y ,  of 
type, s c a l e ,  and conten t .  

Polygon  and Wedge-Shaped Caste 

During WUrm glaciat ion  per iod  large  polygons 
were widely formed on t h e   p l a t e a u  (Zhang Weixin; 
Xu Shuying e t  al ,  1981; Zhang Linyung  1981). The 
b igges t  of a lopes  of these  developed on the 
Bouthem a d  no r the rn   s lopes  of the Tanggula Ban- 
ge and on the banks o f  t h e   v a l l e y s  of Borne b ig  
rivers. They  were u s u a l l y  mom than 50 m i n  dia- 
meter. There axe some o f  sand vedges i n  va r ious  
s h a p e s   s x t e n s i v e l y   d h t r i b u t e d   u n d e r  t h e  terraces 
Burface, t he   b igges t   be ing   ove r  3 m broad at  t h e  
upper and i . B  m deep. C-14 d a t i n g  of t he  s i l k  in 
the  wedges is 24,000 t o  15,000 y e a r m  old (Gao 
Dongxin 1979; Zhang Weixin  1983).  Therefore, 



t h e  send wedge 
g l a c i a t i o n .  

Involut ion 

i a  the  produc t of  the  main Wxm- 
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Kunlun  Shan - 

Thia i s  thw beet preserved form o f  former and 
modern p e r i g l a c i a l  on the p la t eau   su r f ace .   In  
1976 we found i n  20 m by d r i l l i n g   h o l e   u n d e r   t h e  
ground s u r f w e  6-11 m many well-developed  ground 
ice l a y e r s  end  marlmud interbeddinge,  which are 
i n  form of,, i nvo lu t ion .  In t h e   e o u t h e m   p a r t  of 
the  Tanggula  Range,  there i s  a lso   wel l -deve loped  
i n v o l u t i o n  2 m under  the  ground  surface  of  the 
p laoe  eaat side  of  the  highway  near  Liangdaohe. 
The brom humic s o i l  under the   g round  sur face  is 
545eO P S ~ S  old  by i t a  C-14 dating,  which  shows 
t h a t  the i nvo lu t ion  was formed  during  the leo- 
g l a c i r t   i o n   p e r i o d .  

S t a i r  Surface on Slopee 

During our reseaxch  on the s o u t h e r n   p a r t  of 
the  Tanggula  Range, we found a kind of well-de- 
veloped  bedrock stair s u r f a c e  on the  mountain 
slopes between Ando X i a n  (county)  and Nagqu X i a n  
(Eleihe county) .  It i s  d i f f e r e n t  from t h e   r i v e r -  
eroded  bedrock  terraces .  The landform is d i e t r i -  
buted on the   convex   s lopes   a t  4,500 t o  4,800 rn 
a.s.1. The r o c k   s t e p  aurfece s l a n t   s l i g h t l y  
forward.  They  axe  mostly  covered  with a t h i n  la- 
yer of s l o p e   d e b r i s ,  and with angle of block 
m c k a  are accumula ted   before   the   t read   sur fme,  
bu t  at another   place  the  bedrock are  exposed, at 
the  baak  border o f  the  tread  the  bedrock  becomes 
s t eepen   on ly  a l i t t l e   h i g h e r .  Ilpwarde  from t h e r e  
t h e   s l o p e  becomem g e n t l e  and i t a   a u r f a c e  i s  co- 
verod  with a t h i n  layer of s o i l ,  and the  ground 
a u r f a c s  is covered  with a h igh   co ld  of meadow. 
Thin kind  of landform i e  nonact ive   under   the  
present   co ld   c l imat ic   condi t ion .   This   l andform 
i m  q u l t e  similar t o   t h e   c r y o p l e n a t i o n  terrace 
developed in t h e   p e r l g l a c i a l   e n v i r o n m e n t  of h igh  
l a t i t u d e   a r e a s  re o r t e d  by P&w& e t  a1 (1981) and 
Roger e t  a1 !lgl6!. I t  might  have  developed dur- 
ing t h e  oold mtage of t h e   l a t e   P l e i a t o e e n e .  
M d f O m S  with  euch  features   have also been 
found in   Q in l i an  Shan a reas  and on the  southern 
dopes  of M t .  Datong  and M t .  Longlongling,  which 
are  d i s t r i b u t e d  at  piedmont, 4,000 t o  4,200 m a, 
s.1. 

FEATURES OF THE PALEOGEOGRAPHIC 
WVIRWMENT 

From t h a t  20 m ho le  in  the   Qingahui   River  
area, the   fol lowing  assemblagea of spore p o l l e n  
are found  in   the   l ayer  of 18 to  20.25 m deep: 
LeDtoRrsunma, Pinus.  Plcea.  Abies.  Cedrus, T ~ u R ~ ,  

Quercua, Ulmam, Chenopodium, Nitraria, and Com- 
c h a r a c t e r  and t h e i r   r e q u i r e d   e c o l o g i c a l  

- Laxix. Ephedra,  Grsmineae,  Allium,  Alnue, 

b omitae.  According tQ t h e   a n a l y s i s  of t h e i r   b i o -  

geograph ic   cond i t ions ,   t heae   p l an t s   a r e   no t  
l i k e l y  t o  grow in t h e  same na tu ra l   geograph ic  
r e g i o n . b e c a u s e  of it is d i f f e r e n t  of b i o l o g i c a l  
f e a t u r e  of t h e   d i f f e r e n t   p l a n t 6  and  of  ecologic 
geogsaphfca l   condi t ion ,   which   the i r   requi red .  So 
the proper e x p l a n a t i o n   f o r   t h i s  is t h a t   t h e y  
were d i s t r i b u t e d   i n   t h e   a r e a 8  from p la t eau  Bur- 
face of warm and dry environment t o  mountains  of 

FIGURE 1. Pa leo landscape   be l t s ,  1) Lake bas in ,  
2) Gravel-Gobi  steppe, 3) Broadleaf  trees,  4 )  Broad- 
leaf-coniferous,  5) Alpine meadow and p e r i g l a c i a l  
b e l t ,  6) Alpine  snowline. 

wurm-0001 and humid elimatic cond i t ions ,  similar 
t o  the   na tu ra l   l andscape   f rom Gansu c o r r i d o r  t o  
Qilianahan uxea today. The apore-pollen of some 
of t he   p l an t s   p robab ly  have c a r r i e d  down by 
flowing water  from  Kunlunshan and accumulated i n  
basin.  According t o  t h e i r   b i o l o g i c   f e a t u r e e ,  
t heae   l andscape   be l t  may be d iv ided  as fo l lows :  
t h e   l a k e  basin b e l t  o f  (l ingshui  Elver;  the b e l t  
of a q u a t i c  and  wet p l a n t s  on the banks ;   the   be l t  
of  gravel-gob1  eteppe  before  mountaina; the b e l t  
of broad   leaf  trees on low mountains and i n   v a l -  
l e y s ;   t h e   b e l t  of broad  leaf  tTeW mingled w i t h  
c o n i f e r m e   t r e e s   i n   m o u n t a i n  areas; the a l p i n e  
meadow and p e r i g l a c i a l   b e l t ;   t h e   a l p i n e  snow-ice 
b e l t   ( F i g u r e  1). 

The Lake Basin Belt 

The lake bas in  o f  t he   Q ingshu i  River is a 
f a u l t   b a s i n  o f  Cenozoic 3ra, the   Quaternary  de-  
p o s i t   b e i n g  over 200 m t h i ck ,  The unearthed atre- 
tum from  the 20 m ho le  is a E s t  of d e p o a i t s  of 
r ive r - l ake   f ac i e s   fo rmed   du r ing   t he   l a t e   P l e i s to -  
cene. The depos i t   f ea tu re s   and   t he  spore pollen 
in t h e   d e p o s i t a  show that  the  environmental   condi- 
t ions   were   d i f fe ren t  from t h e   i n t e r p e r i g l a c i a l  
c l imates  on the   p la teau   sur face   to   the   per i -  
g l ac i a l   c l ima tes  on the  mountains. 

T ~ Q  B e l t  af Gravel-Cobi   Steppe  before  the Mow- 
t a i n s  - 

As 8 r e s u l t  of t h e  new t e c t o n i c  movement, the 
a l t i t u d e  of Kunlun  Shan u p l i f t  very high,   the  
g r e a t   a l l u v i a l  fans were d i a t r i b u t s d   b e f o r e   t h e  
aou the rn   foo t  of  Kunlun  Shan.  Because of the se- 
v e r i t y  of the ecologica l   envi ronmenta l   condi t io- ,  
t h e m  axe some drought -endur ing   p lmta ,   such  am 
b h e d r a ,   N i t r a r i a ,  and Cwposi tae   g rowing   there .  
T h i s  shows that t h e   c l i m a t i c   c o n d i t i o n   t h e n  wan 
warm-dry,   s imilar  t o  the na tu ra l   l andecape  at t h e  
southern   border  o f  Qaideun bas in  at t h e   n o r t h e r n  
f o o t  of t h e  Kunlun  Shan. 

The Broadleaf Treee Bel t  o f  Low Mountains  and 
Val leya 

This b e l t  i a '  d i s t r i b u t e d   m a i n l y  in  the  areas 
Of low  mountains and v a l l e y s  at the   aouthern  
foot  of Kunlun  Shan. As the  environment o f  
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plantsl vary with  an i n c r r a r e  in  a l t i t u d e  and 
l a n d f o r m   a c a t t e r e d b r o a d l e a f  trees o f  w a r m t h -  
r e e i a t i n g  and d r w g h t - e n d u r i n g  type$ such as I& 

Alma, Betulak  and a few Cupresetus e t c .  
grow on the sunny slopes of drier growing 
condition of low  mountains  and  valleys. 

Broadleaf-Coniferous Belt in  Mountain Areae 

The b e l t  ie d i e t r i b u t e d  on the   s lopes  a t  h lgh-  
ar a l t i t u d e s ,   t h e   l o w e r  of which  the  c l imate  be- 
come~ temperate   cool   and  the  a tmospheric  humi- 
dity increasee .  The p l a n t s  which  can grow in 
such  environment axe Betula, Quercus,  LaxixL 
Tsuaa, end Cedme. A t  the  uppar part  of t h i s  
b e l t   t h e   c l i m a t a  becomes c o o l e r  and the   humidi ty  
g r e a t e r ;   t h e r e f o r e ,   t h e  number of t r e e s  o f  coni-  
fe rous   genua   increases .  A t  the   place  where  the 
a l t i t u d e  s t i l l  h i g h e r   i n e t e a d  of and 

gradual ly .  

Aluine Headow qmd P e r k l a c i a 1  Belt 

T b i E  b e l t  is above t h e   f o r e s t   b e l t ,  with a 
mean annual  air temperature  below O'C. Alpine 
meadow takes the place of the needle-leaved 
f o r e e t s .  Up t o  t h e   u p p e r   p a r t  of the  mountain 
areas is per ig lac i r l   envi ronment   where  varioue 
perlg lac ia l  processes  and  phenomena  have  develop- ed. 
A l D i n e  Snow and Ice Belt 

Thie b e l t  is d i s t r i b u t e d  on top  of mountain 
area6 of st i l l  h i g h e r   a l t i t u d e  where a l l   k i n d a  
of g l a c i e r s  and glacial   landforms  have  developed.  

DISCUSSIOEJ 

Charac te r i e t i cn   and   Evo lu t iona ry   H i s to ry  of t h e  
h p o e i t  of River and  Lake F a c i e s  

According t o  the f e a t u r e a  of t h e   d e p o s i t  from 
t h a t  20 m deep  hole   in   Qingehui   River ,   the  assem- 
b l a g e s  o f  spore   po l len   and  the abso lu te  age by 
C-14 d a t i n g  in  it, t h i s  deposit  can he div ided  
i n t o   t h e e  layere. 

The lower layer i s  between  11,?8 t o  '20.25 m 
under   the  ground  surface.  The upper   s ec t ion  of 
it, which i s  between 11.78 t o  14 rn, is of marl- 
mud wi th  a few i c e   c r y s t a l s  i n  it. The co lou r  at  
the   t op  of this p a r t  i s  dark-gray,  which  changes 
g r a d u a l l y  i n t o  b l ack   a t   t he   l ower   pa r t .   P robab ly  
becaune of t he   i n f luences  of ground  water,   the 
record of t h i n  p a r t  i s  i n   m e l t e d  form with  a 
compnra.tively g r e a t   c o n t e n t  of  carburlate nodulae. 
The lower   s ec t ion  of it, which ia between  14 t o  
20.25 m, i s  of blue  gray and l i g h t  gray marlmud 
wi th  coarse sand and l imeetone  pebblee in  it. 
Thin  shows t h a t   t h e  lake a t  the  t ime when t h i s  
p a r t  was formed still had rivers f l o w i n g   i n t o  it. 
C-14 d a t i n g  of the blue gray marlmud layer from 
14 t o  14.7 rn under t he  ground aurface  ehowa 
t h a t  it is 34,700 2 2,800 years  old   (F igure  2). 

The middle layer, which lisa 4.32 t o  11.78 m 
under the   ground  surface,  i~ composed of  inter- 

yellow green one with a few pebbles and Coaroo 
layera of gray-white  and  blue-gray  marlmud and a 

s a n d   l a y e r s   i n  it, and the underground i c e  which 
is 5 t o  7 cm th ick   be ing   wel l -deve loped  in it. 
Its f r o a t   d e f o r m a t i o n   s t r u c t u r e   ( i n v o l u t i o n )  in 
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FIGURE 2.  Geologic p r o f i l e  from d r i l l   r e c o r d  of 
Qingshui River Basin. 

very  clear. Down from t he re ,  it gradually turns 
into a marlmud and sand l aye r   wh ich   con ta ins  a m -  
bonate   nodulea .   In   the   par t  from 9.37 t o  11.78 m 
i n   t h i a   l a y e r   t h e  carbonate nodule  is  26,200 2 
890 yeare old by i t a  C-14 dat ing .  

The uppe r   l aye r ,  1 t o  4-52 m under the ground 
s u r f a c e  is ,  at the   upper   par t ,  composed of 
s h e e t s  of brown roo ta  and l e a v e s  of planter  mired 
w i t h  a l i t t l e  amount of sand and c lay ,  and, a t  
W o  lower p a r t ,  a l a y e r  of blue-gray ooze mixed 
with ahec te  of medium-size and f i n e   s a n d s  as well  
&a with  humic s h e e t s  of h a l f - r o t t e n   l e a v e s  and 
roots of plant0.  S t i l l  lower It t u r n 6   i n t o  an in- 
t e r l a y s r  of, sand end i ce .  The blue-gray ooze la- 
yer, whice mia 2.73 t o  2.90 m under ground surface 
10 14,250 2 160 years ago, and t h e  ooze l a y e r ,  
which is 1.57 t o  2.52 m under   the  ground  surface,  
i n  12,950 ,+ 290 yeam o ld  by C-14 da t ing .  
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'he Q u a t e r n a r y   d e p o e i t   i n   t h e   l a k e   b m i n   d i s -  
onaged above and t h e   f e a t u r e s  of spore p o l l e n  in 
it r e f l e c t   t h a t   t h e   l a k e   b a s i n  of the  Qingshui  
River area of   the   l a te   P le i s tocene   underwent  
three .tagen. 

Thr e a r l y   a t a g e  was the period when a l l  t h e  
daporit of the  lowar l a y e r  were formed  and  the 
apore p o l l e n   o f   p l a n t s   i n  it was accumulated. Ac- 
oording t o  C-l4 d a t i n g  of the blue-gray  marlmud 
betwmn 14 t o  14.7 m, t h i a   p e r i o d  is 55,000 
yearn ago. This   s ed imen ta ry   ma te r i a l  of Kunlun 
Shan col-baein from 40 t o  20 m o f  d r i l l i n g   h o l e  
(upwards)  under  rhe  ground  surface is a l aye r  of 
fine and c o m a e  Band a t  the  lower  par t ,   and 8 la- 
yer of subclay  at the  upper  part..  The spore  pol- 
len of  p l a n t s  In th in   par t   conta ine   Ephedra ,  e 
tentieis. and CbenoDodbceae, whose composition i a  
similar t o  the   l andscape  of t h e   s o u t h e r n   p a r t  of 
G ~ E U  Corridor. T h i s   p a r t   a l a 0  shows t h a t   t h e  en- 
v i ronmenta l   condi t ion  is semiar id   s teppe  (Tang 
Zingyu e t  d ,  1979). Thus i t  can be s e e n   t h a t  the 
d e p o e i t   i n   t h e  lake bas in  was formed  from  35,000 
yearn ago when the   environment  was semiar id  down 
t o  the   c l ima te  at  tha t   t ime  became very   d ry ,   the  
Iskw getting lese water ,  and t he  amount of eva- 
p o r a t i o n   b e i n g   g r e a t .  The l ake   wa te r   t he re fo re  
became concentrated  and became r i c h  i n  carbonate .  
As a r r r a u l f ,   d e p o s i t  of m a r l  c o n t a i n i n g   l a r g e  
amount o f  carbonate  waa formed. The spore   po l l en  
o f  caniXeroua  and  broadleaf  free8 in t h i e   l a y e r  
wan probably c a r r i e d  down by f lood  from warm-cool 
mountain areas nearby. On t he   who le ,   t h i a   s t age  
demons t r a t e s   t he   env i ronmen ta l   f ea tu re s  o f  t he  
i n t e r g l a c i a l   p e r i o d .  

The middle   l ayer  of t h e   d e p o s i t  i n  the   l ake  
banin vm formed  dur ing   th ia   per iod .  The lower 
meetion of it l e  composed af marlmud  and sand 
with a few carbonate  nodulea.   Upwards  the  layer turn. g r a d u a l l y  in to  t h e   u p p e r   p a r t  of marlmud 
o f  grayish whi te ,   b lu ish   g ray ,  and yel lowish  
g reen ,  in which  sheeta   of   coarse  sand are mingled. 
miS upper   s ec t ion  i s  empty of   carbonate   nodules .  
The  environmental   condi t ion  ref lected is warm 
and dry  c l imat ic   condi t ion  evolving  into  cold 
c l imat ic   condi t ion ,  the evaporation  being les- 
asned, and  the  chemical  process  weakened. From 
then on, it came i n t o  o n e   c o l d   p e r i g l a c i d  en- 
rironmant,i.e. t h e  W k m  glac ia t ion   per iod .  

!She p a r t  formed  during  the late artage w a a  t h e  
upper l a y e r  of the depos i t .  Its l o w e r   p a r t  is of 
ooze layer, which turns upwards  into  ooze of blu- 
inh gray which is mixed  up  with  medium-aiecd  aand 
aheets and g r a y  ooze sheettc c o n t a i n i n g   b r l f - r o t -  
ten rootlr and leaves of p l a n t s .  The upper   pa r t  
in a layer conta in ing   wel l -preserved  brown r o o t s  
md leave0 o f  p l a n t a ,   w i t h  a l i t t l e  sand in the 
roota. The OOZQ layer of b l u i s h   g r a y ,  2.73 t o  
2.9 m under the  ground surface, i s  14,250 + 160 
years old by i t a  C-14 d a t i n g ,  and the  sandy-ooze 
layer, 1.57 t o  2.52 m under  the  ground surface, 
i s  12,950 ,+ 290 yea r s   o ld  by i t a  C-14 da t ing .  
These show t ha t   t he   wa te r   supp ly   t o   t ho   l a l ro  was 
lessened and t h e  lake became shallow  while  the 
air temperature  was atill cold. The r o o t s  and 
l eaves  of aqua t i c   p l an t s   g rowing  on t h e  lake 
bank  accumulated  without  decomponition.  There- 
f o r e  t h i s  must have been a t   t h e   s t a g e  of t he  
WUrm g lac i a t ion ,  

Qingshui   River  lake bas in   and   t he   b io log ica l  
The a n a l y a i s  of t he   depos i t   f rom  tha t   ho le  in 

. . . . ". - . . . .- ... 

f e a t u r e s  of t h e   s p o r e   p o l l e n   i n  it ahows t h a t  
d u r i n g   t h e  early s tage .   about  35,000 yearm -0, 
the   envi ronmenta l   condi t ion   in   which   the   depos i t  
Fn Qingshul   River  Wa8 formed i s  a hndECape Of 
w a r m  and dry s teppe  in a r e a s  of p l a t e a u ;  and a 
landscape of coo l ,  humid forest s teppe  in low 
mountsin areas changing  gradually  toward6 cold 
p e r l g l a c i a l  and g l a c i a l   l a n d s c a p s n   i n  top of the 
h i g h  mountains. 

About 26,000 t o  14,000  geare  go, t he   c l ima te  
grew  very  cold  with  the  coming by d e g r e e s  of t h e  
Wurm glac ia t ion- ! .   In   th i s   per iod ,  the lake   depoai t  
changed frmn marlmud con ta in ing   ca rbona te  nodu- 
l e a  of the esrly s t a g e   i n t o  marlmud without  any 
c o n t e n t  of carbonate   nodules .   Glaciers   developed 
throughout   the  Kunlun  Shan  and  Tanggula Range, 
and  polygons  and  river-bank  sand  wedges develop- 
ed widely an t h e   t e r r a c e s  o f  va l l eys   and   t he  
p l a i n a  . 

About  14,000 t o  12,000 y e a m  ago, owing t o  
t h e   p l a t e a u   s u r f a c e   u p l i f t  by new t e c t o n i c  move. 
m a n t ,   t h e   a l t i t u d e  is increased .   the   co ld  of the 
Wrm g l a c i a t i o n   i n  the plateau  area  continued. As 
a result, t h e   r o o t e  and l eaves  of a q u a t i c   p l a n t s  
accumulat ing 1.5 Do under the ground  surface of 
t h e   l a k e   b a s i n  and were n o t  able t o  decomposo. 
The c o l d   p e r i g l a c i a l   e n v i r o n m e n t   l a s t e d   u n t i l  
the   eaxly  Holocene.  During the  mid-Holocene 
per iod  o f  high temperature ,  the temperature  on 
t h e   p l a t e a u   i n c r e a s e d   s l i g h t l y ;  it dropped again 
dur ing   the   l a te   Holocene .   Therefore ,  the per i -  
g l a c i a l   e n v i r o n m e n t  has been   p re se rved   un t i l  
now. 

Northern Lower Boundary o f  P e r i g l a c i a l   B e l t  
on Q i n n h a l   P l a t e a u   d u r i n g  Late P l e i s t o c e n e  

The h ighes t   peak   in   the   Tanggula  Range im 
6,000 t o  6,500 m a. 8 .  1. The average   he ight  of 
t h e  range irJ about  5,800 m. The  modern snowline 
at 5,000 to   5 ,400  m, while t h e   f o s s i l   c i r q u e s  
a r e  at 5,000 t o  5,200 m. The average he igh t  of 
fossi l  c i r q u e  i a  about  5,100 m. But the amount 
Qf u p l i f t  Of p la t eau   su r f ace   i n   Ho locene  i s  
about  800 t o  500 m, d e d u c t   t h i s  number from 
5,100 m, t hen   t he   he igh t  of f O E S i 1  forms l e  
about  4,300 t o  4,200 m. The Fenghuo Shan a rea   i n  

high,   with a mean annual air temperature  of -6.6. 
t he   no r the rn  p a r t  of Tanggula Range i s  4,600 m 

C today .   Ca lcu la t ed   acco rd ing   t o   t he   r a t e  of the 
progres s ive   dec rease  of O.5"C per  hundred  metra,  
t h e  mean annual  air tempera ture   near  the e r i a t -  

C f o  -11OC. The value  i 8  the   t empera ture  of foe-  
i n  anowline of the  Tanggula  Range i s  about -10. 

si1 cirques  formed.   Accordingly it i s  deduced 
that   the   northern  lower  boundary  of   the paleo- 

Qinghai wan about  2,100 t o  2,200 m dur ing  WUW 
p e r i g l a c i a l   e n v i r o n m e n t   i n   t h e   p l a t e a u   s o u t h  of 

g l a c i a t i o n .  

the c e n t r a l  part and 5,600 t o  5,800 m on an aver- 
age. The h e i g h t  of the  modern  anowline at  5,200 
t o  5,400 m and 5,300 m on an average.  The foss i l  
c i r q u e s   w e r e   a t   4 , 8 0 0   t o  5,200 m d u r i n g   t h e  W h  
g l a c i a t i o n ,  the averege h e i g h t  at about  5.000 m. 
But  the  amount of u p l i f t  of p la t eau  surface i n  
Holocene i a  about  800 t o  900 m ,  t h e  number IS de- 
d u c t  from 5.000 m, t h e n   t h e   f o s s i l   c i r q u e a  a t  
4,300 to   4 ,100  rn. 

X i d a t a n ,   t h e   f a u l t   v a l l e y .  in t h e   n o r t h e r n  

Kunlun  Shan is  approximately 6,000 m a.s.1.  a t  
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p a r t  of Kunlun  Shan is  4 ,200  m a . s . l . ,  and  the mo- 
d e r n  mean a n n u a l   a i r   t e m p e r a t u r e  i s  about  -3'C. 
C a l c u l a t e d   a a c o r d i n g   t o   t h e  rate of the   p rogres-  
s i v e   d e c r e e s e  of temperature  mentioned  above  the 
mean annual air temperature   near   the modern snow- 
l i n e   o f  Kunlun Shan is -9'C t o  - l O ° C ,  t he  tempera- 
t u r e   v a l u e  I s  similar to  that near the f o m i l  
anowline t o  0me ex ten t .  Hence, it is i n f e r r e d  
tha t   the   lower   boundary  of the p e r i g l a c i a l  belt 
on the   nor thern   e lope   o f  Kunlun Shan was 2,100 to 
2,300 m d u r i n g   t h e  &nn glaciat ion.   This   height  is 
i n   acco rdance  with t h a t  of the   lower boundary of 
t h e   n o r t h e r n   p a r t  of t h e   p e r i g l a c i a l   b e l t  of 
Tanggula Range,  which is deduced from the  lower 
boundaxy of t he  fossil c i r q u e s  on St. This  
h e i g h t  i s  lower   than   tha t  of Nachi ta i .  

Nachitai.  which i s  a t  t h e   c e n t r a l   r e a c h e s  of 
Xunlun River ,  is  3,500 m a.s.1. On the   southern 
benk of Kunlun R i v e r   i n   t h i s   a r e a ,  a layer of in-  
v o l u t i m  i s  found on t h e   f i r s t   t e r r a c e .  The p l a n t  
roots and t.hs stems under ly ing   t he   l aye r   a r e  
4,900 100 yea r s   o ld  by i t s  C-14 d a t i n g  (Fan 
Ronghe 1982), which  demonstrates   that   the   layer  
was formed  during  the  hteoglacial  Age. S i m i l a r l y ,  
such   wel l   deve loped   s t ruc ture  was also found  on 
the second  terrace.   which was p o s s i b l y  formed 
e a r l i e r ,  and is perhaps   the  product of Wiim gla- 
ciation. The a l t i t u d e   a t  which t h e   p e r i g l a c i a l  
remains i n   t h i s   a r e a  l i e  fu l ly   p roves   t ha t   t he  
no r the rn   l ower  boundary of t h e   p e r i g l a c i a l  belt 
of W&rm glaciat ion  once  reached  the  height   of  
2,100 t o  2,300 I. 

A8 is s t a t ed   above ,   t he   i nvo lu t ion  layer in 
Liangdaohe area t ook   shape   i n   t he   Neog lac i a l  Age. 
The mean annual a i r  temperature   today i s  about 
-3'C there, According t o   t h i s  value, it i s  proved 
t h a t   t h e  mean annual air  temperature  under  which 
t h e   i n v o l u t i o n   l a y e r  on t h e   f i r s t  and second ter- 
racaa were formed was no h ighe r   t han  -3'C. How- 
ever, the L._._ meen annual  air temperature is 
about  tO.5-C i n   N a c h i t a i .  Thus we can  see that 
t h e  mean annual  air tempera ture   o f   Nachi ta i   dur -  
ing wlim g l a c i a t i o n  was 3'C t o  3.5'C lower  than 
today. meanwhile,  the mean annual air  tempera ture  
wan between -8OC t o  -9°C on the   p l a t eau   sux face  
s w t h  of Qingha i  and n o r t h  of  Xizang  of  4,500 m 
d u r i n g  W h n  glaciat ion.   Therefore   large  polygons 
of over 50 m i n   d i ame te r   and   t he  sand  wedges de- 
veloped  under them vere  formed  on  the  southern 
d o p a  of Tanggula Range as well a8 on the   wes te rn  
bank o f  the   Tongt ian   River ,  on t h e   n o r t h e r n   h a n k  
o f   t he   Tuo tuo   R ive r ,   on   t he   r i ve r   t e r r aces  o f  
Fenghuo Shan a r e a ,   a l l  of  which a r e  t o  the   nor th  
of 'Panggula Range. 

coNcLusLoNs 
1. The f o s s i l   p e r i g l a c i a l   r e m a i n s  and  the mo- 

d e r n   p e r i g l a c i a l  phenomena  formed u n d e r   t h e   p e r i -  
g l a c i a l  enViZm9nt Of t h e  dm g l a c i a t i o n  and the  
Holocene a r e   w i d e l y   d i s t r i b u t e d  on t h e   p l a t e a u  
sur f   ace  and mountains. 

2. The h i n t e r l a n d  area on t h e   p l a t e a u  of  EIOU- 
t h e m   Q i n g h a i  w a ~  a w a r m  and i n t e r g l a c i a l  enoi- 
ronment  about 35,000 y e a r s  ago when glaciern end 
a m p h i t h e a t e r   t e r r a i n  was l e f t  i n  t h e   m e a s  of , 

Tanggula Range and Kunlun  Shan,  and  about 26,000 
t o  14,000 y e a r s  ago, grea t   po lygone   w i th  rand we- 
dges  under t h e   p e r i g l a c i a l   e n v i r o n m e n t  widely de- 
veloped   on   the   t e r races  of d 1  t h e  b i g  r i v e r e ,  
and about 14,000 t o  12,000 yea r s   ago , the   pe r i -  

glacial environment on t h e   p l a t e a u   s u r f a c e  i s  the 
lasted of Wfim g lac i a t ion .  

3. The northern  lower  boundary of the peri- 
g l a c i a l   b e l t  on t h e   p l a t e a u  w a s  2,100 t o  2,300 m 
dur ing  ,drm g lac i a t ion .  
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CALCULATING THE THAWED DEPTH BENEATH HEATED BUILDINGS IN PERMAFROST REGIONS 

Zhao  Yunlong  and Wang J i an fu  

S c i e n t i f i c  and T e c h n i c a l   I n s t i t u t e  of Qiqihar  Railway  Bureau 
Qiqihar,  Heilongjiang  Province,  People's  Republic of China 

Determining  the maximum thawed depth  beneath  the  foundation o f  a heated  bui lding 
in   the  permafrost   region is an  important  subject i n  engineering  cryopedology. It 
is d i r e c t l y  related t o   t h e  materials, depth,  and type of foundation.  Based on t h e  
formula  suggested by Ding Dewen, the authors  have  developed a new formula  for  cal-  
cu la t ing   t he  thawed depth  in  the  midpoint of the  bui lding  span,  which r ep resen t s  
t he  maximum thawed depth. I n   t h i s  formula,  the  following  factors  have  been  taken 
in to   accoun t :   t he   e f f ec t  of the thermal   res is tance of t he   f l oo r ,   t he   t he rma l  
cu r ren t  under the  ground,  and  modifications  corresponding  to the t r ans i t i on   f rom 
two-dimensional ca l cu la t ion ,  as well as empi r i ca l   coe f f i c i en t s  f o r  c a l c u l a t i n g   t h e  
thawed depth  beneath wall foundations. A t  t he  end of the  paper ,   there  is a mono- 
graph  for   determining  the thawed depth. The d i f f e rence  between the ca l cu la t ed  and 
observed  values o f  thaw depth is less than 8%. 

Io t h e   g e r d r o s t  region, t h e   f o u n d a t i o n  of 
a h e a t e d   b u i l d i n g  is b u i l t  on t h e   p e r e n n i a l l y  
frosen soil. Beoause o f  t h e   h e a t i n g   i n s i d e   t h e  
building, t h e  ground benea th  it $.haws gradually 
and the i n t e n s i t y  of t h i s   t h a w i n g  proceas be- 
o o m w  weaker as time goes 01 until e q u i l i b r i u m  
is r e a c h e d .   T h e   l i m i t i n g   s u r f a a e   d e s i g n a t i n g  
t h i s   e q u i l i b r i u m   e x p a a d s  i n  summer, F igu re  I, 
a n d   c o n t r a c t s  i n  win te r   F igu re  2, v l t h i n  a cer- 
t a in  range, 

If the founda t ion  o f  a h e a t e d   b u i l d i n g  is de- 
s igned   improper ly ,   the   thawing  of t h e  frozen 
ground may cause sinking and  deformation of t h e  
b u i l d i n g   d u e  t o  d i f f e r e n t i a l   s e t t l e m e n t   b e t w e e n  
var ious   paxts i  of t h e  building having exceeaed a 
c e r t a i n  Limit. These e x c e s s i v e  aonnniform set- 
t l emen t s  are caused  by t h e   d e c r e a s e  o f  b e a r i n g  
s t r e n g t h  of t he   founda t ion  base. The b e a r i n g  
c a p a c i t y  o f  the  soil v a r i e s .  due t o   t h e   t h a w i n g  
of t he  perennially f r o z e n  ground i n  which  tha 
founda t ion  i s  b u i l t .   T h i s  is one OP the  impor- 
t an t   sub jec r t a  i n  en$Saee r ing   a ryopdo logy .  

The c o n d i t i o n s   f o r   t h e r m a l   e q u i l i b r i u m  a t  t h e  
boundary  gurfaco o f  phaso   t r ans fo rma t ion  aso 
uaod  and   the   genera l ioed  Green's fQrWl8i i s  

c r n l  ni mum) 

FIGURE 1 I n  summer. FIGURE 2 In winter .  

of ten  employed in e s t a b l i s h i n g   i n t o g r a l   d i f f e -  
rential  equations, u s i n g   p o t e n t i a l   e q u a t i o n s  
i n s t e a d  o f  . thermal   tmrrdaet ion  equat ions.  A l -  
mast a l l  the e q u a t i o n s   f o r   o a l a u l a t i a g   t h e  
thawed dep th  I n ~ l ~ d e  t r a n s c a m d e n t a l   f u n a t i o n s  
and it i s  d i f f i c u l t   t o  consider t h e  effect  of  
t h e   t h e r m a l  resietance o f  f l o o r  and t h a t  o f  t h e  

Jor probLem t o   f i n d  a numer ica l  ~ ~ l u t i o n   d i r e o t -  
l y  f rom  ana lys i s .  

h a a t  flow under ground. Therefore, it i@ a M- 

Tak ing   i n to   accoun t  the l i f e &  of the the rma l  
r e s i s t a n c e  of  f l o o r  and t h e   h e a t  flow under 
ground, a new approximate  formula for c a l c u l a t -  
ing the  thawed  depth a t  t h e  mid-point o f  t h e  
b u i l d i n g  has been   der ived ,  using the   method of 
i t e r a t i o n   a n d   t h e  formula sugges t ed  by Ding De- 
win (1978). 

I n  t h i s  formula, m o d i f i c a t i o n s   c o r r e s p o n d i n g  
t o   t h e   t r a n s i t i o n  from two-dilaensfonal t o  t h r e e -  
d imens iona l   ca l cu la t ion   have   been  taken i n t o  
accoun t   and   empi r i ca l   coe i f io i en t s   have  been 
used i n  c a l c u l a t i n g  the thawed  depth  beneath  the 
wall founda t ions .  The difference between  calcu- 
l a t e d  and o b s e r v e d   v a l u e s  i s  less t h a n  8%. 

In t h i s   a r t i a l e ,  nomographa f o r  pFaEt iCal  USB 
are  a o u s t r u o t e d  simplifying t h e   l a b o r i o u s  pro- 
oess o f  manua l   ca lou la t ion ,  SO t h e  thervod  depth 
can be fornnd d i r e c t l y   f r o m  the nomograph. 
The reby   t h s   bas i s  f o r  dssignning t h e   f o u n d a t i o n  
of h e a t e d   b u i l d i n g  in peTllafFOSt r e g i o n  is &en. 

THAWING OF THE GROUND BEliEATB 
HEATED BUILDINGS 

If a heated b u i l d i n g  is o o a s t r u e t e d  OR per- 
mafros t ,   hea t  i s  t r ansmi t t ed  downward which  thaws 
the  frozen  ground. The i n t e n s i t y  o f  thawing 
decreases g r a d u a l l y   w i t h  time and d e p t h ,   u n t i l  
a state of r e l a t i v e   e q u i l i b r i u m  is reached. A f -  
ter t h a t ,   t h e  thawed  depth of the  ground a t  t h i s  
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z] of thawing 

FIGURE 3 The range o f  
thawing 

s i t e  will v a r y   w i t h   t h e  season w i t h i n  a c e r t a i n  
range as shown i n   F i g u r e  3, i f   t h e r e  are no un- 
usual   ahanges  i n  s u c h   c o n d i t i o n s   a s  room t eape-  
rature, t h e r m a l   c o n d u c t i v i t y  o f  the  ground, 
t h i c k n e s s  of t h e   f l o o r ,  e tc. 

I n   t h e  summer, the frozen s o i l  below  the 
e a r t h q s   s u r f a o e   o u t s i d e   t h e   b u i l d i n g   ( a c t i v e   l a -  
ye r )   has   a l r eady   t hawed  and l i n k e d  up w i t h   t h e  
thaw  bowl i n s i d e  the bui ld ing ,   thus   the   boundary  
surface o f  e q u i l i b r i u m   t a k e s  an open shape as 
shown In Figure  I, and  tho  thawed depth of t h e  
gr0und h a s  reached its maximum value .  

I n  win ter ,   the   thawed soil b e l o v   t h e   e a r t h ' s  
Burface o u t s i d e   t h e   b u i l d i n g   f r e e z e s   a g a i n ,   a n d  
the   t hawed   dep th   i n s ide   t he   bu i ld ing   d raws  back 
due t o   t h e   h o r i z o n t a l  loss of energy. Thus t h e  
boundary o f  e q u i l i b r i u m   t a k e s  a c losed   shape  as 
shown i n  Figure  2, when the  thawed  depth has 
reaEhed its minimum value.   Although  the  thawed 
depth  i u  w i n t e r  2s d i f f e ren t  from t h a t  i n  summer) 
u n d e r   o r d i n a r y   c o n d i t i o n s   t h e   d i f f e r e n c s  irs n o t  
great  d u r i n g  a year .  Ia v e r y  rare i n s t a n c e   t h i s  
d i f f e r e n c e   h a s   r e a c h e d   s e v e r a l  teas of centime- 
ters. The  amount of t h i s   v a r i a t i o n   f l u a t u a t e s  
w i t h i n  a c e r t a i n   r a n g e  as shown in Figure  3* and 
t h i s  f l u c t u a t i o n  i s  b a e i c e l l g   s t e a d y .  

BASIC THEORY 

Tbe geometry f o r  t h e  problem is shown i n  
Figure 4. The bas ic   assumpt ions  are as fQllOWSt 

1. The soil is homogeneous. If t h e  s o i l  is 
heterogeneous,  St  should be made homogeneous by 
a weighted  average. 

2. The t e m p e r a t u r e   f i e l d  is quasi-s teady.  A t  
any g iven  time f t h e   f e m p e r a t u r a   d i s t r i b u t i o n  as 
a f u n c t i o n   o f   t h e  space v a r i a b l e s  will s a t i s f y  
t h e   p o t e n t i a l   e q u a t i o n .  Thus, ve would substi- 
t u t e   p o t e n t i a l   e q u a t i o n  $or the   thermal   conduc-  
t i o n  equation. 

According to t h e  above-memtionad  assumption. 
The f u n c t i o n s  t r  (X,Z,Z), t,,(X,Z,<) for t h e  tem- 
p e r a t u r e   d i s t r i b u t i o n s  of the  thawed and frozen 
regions s a t i s f y   t h e   p o t e n t i a l   e q u a t i o m e .  

p. t p o  (&a E G, ('I 1 
4 t,=O (x ,z)  6 O H  (2) 

The g e n e r a l   c a s e s  are  shewn in Fiflre 4. The 
upper-boundary  condi t ion a X O t  

t7lzvo =f, (X,7), x GL, t , tX=O,X, (7)  x <x2 (.SI (3) 

FIGURE 4 The geometry 
f o r  the problem 

When X I  and X 2  approaoh i n f i n i t y ,  tbs Upper- 
boundary f u n c t i o n  i s  

'*" e t 

Taka Green's f u n c t i o n  

It is easy t o  know t h a t   t h e  & *  is t o   s a t i s f y  

t,(X,z,?) ana $' (X,X,,z,Zo) are used i n  t h e  
genera l ized   Green ' s  formula w i t h i n   t h e  a, and 
can be writ ten a s . f o l l m r s  
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Gm &=hmP) 

FIGURE 5 Equivalent Layer 

Considering  the boundary condition we s p l i t  the  
in tegra l   to   ob ta in :  

Solvigg  the  equation of implicit function o f  
Zo=h(Xo), YB can  gat the shape o f  the  stable 
thawed bowl. 

In equation (12), aonsidexing t h e  mean annual 
temperature  value f ( X )  at  the   d i f fe ren t   loaql i ty  
X on the ground sur fme,  We WW XIs. .aiXpft(~a iS 
the  span o f  the  building), P-z constant  ( the  in- 
door mean annual  temperature), f w  and fw are 
also constants  (the  outdoor surfaoe mean annual 
temperature), when bath sides are the same, 
namely, f ~ q  =fm = f ~ .  
Subst i tut ing them in to  equation (12), we get 

Determination o f  As, AT, TJ, Tr from the fol- 
lowing group of the l inear  equation 

T g ~ T ~ ( t h e  temperature is equal on the  contact 
surface 2~0); 
ASAS= h,AT (the heat  flow is equal on the COD- , 

Thus, t o  solve equations (151-(18) we obtains 
toot  surface).  

Therefoxe,  the  formula of the maximum thawed 
depth a t  the   cen t re  af clear span o f  the  build- 
ing  a m  be rewr i t ten  as a transcendental equa- 
t i o a  

Thus, the  numerical  solution i s  solved by 
the method of successive  approximation.  This 
method o f  approximate  solution of a lgebraic  
equation is given t h a t ,  a s  follows 

$7 5 
F - f, H,+S 

take - - = D  
P is a small parameter of dimensionless equa- 

t i on  (20 )  can be wr i t ten  as 

The clquation (14) had been obtained by Ding 

When considering  the indoor f loor ,  a layer 

d i s  thickness o f  layer  of t he   f l oo r  of the  

Dewin and Ltmardfni. 

of insu la t ion  ex is ts  as shown i n  Figure 5. 

building, ha i s  thermal conductivity and the 
coordinates are a l so  shown in Figure 5. 

In t h i s  problem, when Z=O, the  mean annual 
tmbprature values  ranging fron - T < Z  C+T have 
been chosen,  then, it can be caloulated by 
equation (14). 

Under stable eondition,  one-level approxi- 
mate l e  made. Suppose tha t ,   t he   d i s t r ibu t ion  
of Pallrperatwe.. T 'ilr the &inter Zina by secti-egal 
l i n e a r i t y  I s  sxpresssd by 

Solving the abwe equation VB obtain 

On this  basis,   considering  simultaneously the  
heat Plow q under  the  ground, namely, adding 
the  oonoerted  value 4 n r = e g  H~ t o  the  equa- 

t i o n  (201, it can be rewr i t ten  as 

when it is transmitted from two-dimension t o  
three-dimension,  the  coefficient K of rectifi-  
cation  should be mul t ip l ied   to  it, then, we can 
get the  value of  HM 
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CALCULATION OF THE MAXIMUM 
THAWED D E A H  OF THE UROUND 

The p o i n t  of maximum thawed  depth of ground 
benea th   t he   bu i ld ing   i n   t he   pe rmaf ros t   r eg ion  

span of buXlding or s l i g h t l y   d e v i a t e d   f r o m   t h i a  
is mos t ly   l oca t ed  near the   n id-poin t   o f   the  

p o s i t i o n   t o   t h a t  o f   the   hea t   sourca .  So t h a t  
the   thawsd  depth  a t  the  mid-point of t h e   s p a  Of 
b u i l d i n g  can be usad i n  c a l c u l a t i o n   i n s t e a d  of 
t h e  maximun thawed  depth, and t h e  maximum dif -  
ference between t h e s e  two v a l u e s  does not   exceed  
296. 

The formula  fo r  o a l c u l a t i n g   t h e  maximum thaw- 
ed depth  of  ground is given  as fo l lows:  

H,=k*H* 
In which H M  is t h e  maximum thawed  depth of 
ground,  in m; He i s  the thawed depth of ground 
when c o n s i d e r i n g   t h e   e f f e c t  o f  t he   t he rma l  re- 
sistanco of f l o o r  and the   hea t   f low  under  
ground; (as t h e  values of F,G,S,a, fr e tc .   axe  
known, the   va lue  o f  Ht can   be   found   d i r ec t ly  
froni the nomograph), i n  m. 

When consul t ing   the   nomograph t o  f i n d   t h e  
va lue  of He the  meanings of the symbols  shown 
i n  t h e  nomograph are: 

surfaae of ground t empera ture  outdoors, C ,  
is equa l  t o  

F is the   conve r t ed   va lue  of  t h e  annua? meau 

F = x f n  or T"; AM A, fnl *frl 

fn, f ", , fM, is annual  mean s u r f a c e  of 
ground  temperature   outdoors ,  ' C ;  fT is annual 
mean atmospheric  tenipperatura  indooxs, 'C; 

h n ,  A+ is t h e r l p a l   c o n d u c t i v i t y  of frozen soil 
and of the  thawed soil (kcaL/m, C,h)$ G is t h e  
converted v a l u e  o f  t e m p e r a t u r e   g r a d i e n t  of t h e  
frozen l a y e r  ~ = * g  (g i s  t h e  value OP tempera- 
ture g r a d i e n t  of t h e  frozen l a y e r  and it i s  a 
n e g a t i v e   v a l u e ,   o r d i n a r i l y   t a k e n  as 0.01-0.02); 
S is t h e   e q u i v a l e n t   t h i a k n e s s  i n  meters (m) o f  
t h a   h e a t   i n s u l a t i o n  IuJTer; 

.% hrRI=&(-$+*+ 6 ... . . * + 6 " )  A* (26) 

where o( is o o e f f l c i e n t  o f  h e a t  emission, 7.5 is 
adopted8 6; is t h i a k n e s s  (m) of  t h e  material s f  
t he   i - t h  olayerr hl i s  t h e r m a l   a o n d u a t i v i t y  
(kcallm,, C,h) of tho material of t h e   b t h  
l a y e r ;  is t h i c k n e s s  (m) of t h e   m a t e r i a l  of 
the   n - th   l ayer ;  A- i s  t hexmal   eondua t io i tg  
(kcal/m, * C,h)  of the m a t e r i a l  of the   n- th  la- 
yer; a is t h e   h a l f  o f  c l e a r  $pan o f  t h e   b u i l d -  
ing  (m) 1 K i e  t h o   c o e f f i c i e n t   c o n s i d e r i n g   t h a  
affect of the ratio o f  the   l ength   and   wid th   o f  
b u i l d i n g  on the  thawed  depth  in   tho  mid-point ,  

TABLE 1 Value of K. 
see TABLE 1. 

~ / a I 2 3 4 5 6 7 8 9  

F I W Q49 Q66 R76 Q83 987 090 093 996 1.w 

CALCULATION OF THAWED 
WALL FOUNDATION 

DEPTX BENEATH 

The formula f o r   a a l c u l a t i n g   t h e   t h a w e d   d e p t h  II, beneath wall f o u n d a t i o n  is given as foLloWst 

where H H  is t h e  maximum thawed  depth o f  t h e  
ground (m); K& is t h e   c o e f f i c i e n t   c o n s i d e r i n g  
t h o  effeat of   o r i en ta t ion .  of t h e  building. 

IIk=Ka*H. (27 1 

In which  the  meanings  of   the  synbols  a are  
t h e  same as t h a t  i n  formula (25). 

EXAMPLE 

How, a b u i l d i n g   o f   r e g i o n  o f  Mangui is made 
by way of example . 
I. Clear l e n g t h  and alear width  p f  t h o  

bu i ld ing '  are 4.6 m and 27.6 m. 

2. Ths g e o l o   i o a l   a o n d i t i o n s  o f  e n g i n e e r i n g  
we u fef~aws (See TABLE 3) 

N 

FIGURE 6 The loca t ion  o f  Ka. 
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T A B U  3 Geological conditions of eng;ineering 

0.25 a 3  2 3 
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CALCULATION OF THE THICKNESS OF INDOOR 
FLOOR (THE THERMAL INSULATION LAYER) 

To design the   indoor   f loor   for   heat   insula-  
t ion is  used t o  cont ro l  unthaw or a l i t t l e  thaw 
o f  perennial ly   f rozen  soi l  beneath heated build- 
ing, so that ,   the   heat   insulat ing  layer  must be 
aalculated  according  to  thermodynamics. I n  ge- 
neral,  aceording t o  H converted  to  the  heat  in- 
su la t ing   l ayer  by various  formulas. In. t h i s  pa- 
par the  following  formula is submitted for refe-  
rence of calculat ion.  

Under the stable oondition,  one-leva1 appro- 
ximation is made, accarding  to  equations (15)- 
(18) and the condition at Z = 0, TS TT, 
hsAI = hr A+ solre   the group o f  equations when 

t h e  frozen  foundation is unthawed, namely, 
€I n = O  

where A S  and A T  is the gradient  o f  temperature 
of equivalent laylsr of indoor f l o o r  and the 
foundation of thavsd soil ("C/m) ; 

A, and AT i 8  tho thermal conauctivity of 
the  equivalent Layer of indoor  f loor and the  
forladation of thawed s o i l  (kcal/m,,'C,h); 

S is thickness o f  equba lea t   l aye r  (m); 

f7 is the  mean annual  indoor  temperature (OCL 
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SOME FEATURES OF PERMAFROST IN CHINA 

Zhou Youwu and Guo Dongxin 

Lanzhou I n s t i t u t e  of Glaciology and  Cryopedology, Academia Sinica 
People's  Republic of China 

The permafrost   that   underl ies  2,150,000 km2 of  China can be d iv ided   i n to  two 
broad  categories:   high-lati tude  permafrost  and h igh-a l t i tude   (a lp ine)  perma- 
frost .   High-lati tude  permafrost  is  found i n  the northeast,  and i t s  d i s t r i b u t i o n  
and c h a r a c t e r i s t i c s  depend c h i e f l y  upon l a t i t ud ina l   zona t ion .  The  mean annual 
ground  Kemperature inc reases  by 0.5°-10C/10N, and  permafrost  varies in t h i c h e s s  
from 5-20 m in the south t o  50-100 m at the  northernmost limit. High-alt i tude 
(alpine)  permafrost   occurs in the high  mountains and plateaus of western  China 
and is  v e r t i c a l l y  zoned. The  mean annual ground temperature   var ies  from -0.1' t o  
-2.5'C a t  the  lower llmit t o  -4" or -5'C a t  the   h igher  limit. Correspondingly, 
the permafrost   increases in thickness  with elevation.  Alpine  permafrost   also 
shows l a t i t u d i n a l   v a r i a t i o n ,  however. As t he   l a t i t ude   i nc reases ,   t he   l ower  limit 
of the  alpine  permafrost   descends  with a v a r i a b l e  of about 150-200 m / l " N .  The 
l a t i t u d i n a l  and v e r t i c a l   z o n a t i o n  of permafros t   d i s t r ibu t ion  may be modified by a 
zonal   factor .  On the  Qinghai-Xizang  Plateau, some t a l i k s  are t h e   r e s u l t  of geo- 
thermal  anomalies and surface and  ground water; and i n  no r theas t  China,  tempera- 
t u re   i nve r s ions  i n  win ter ,   toge ther   wi th  the swampy process,  makes f o r  well- 
developed  permafrost i n   t h e   v a l l e y s  rather than on the   h igher  crests. Horizontal  
ground-ice layers  are  widely  developed on north-facing  slopes and i n  well- 
vegetated  intermontane swampy depress ions ,   espec ia l ly  i n  f ine-gra ined   so i l s .   In  
coarse-grained  sediments, there i s  cemented  and  cemented-segregated  ground ice. 
In perennial ly   f rozen  bedrock,   there  is some vein-shaped  ground ice i n  cracks. 

R e g i o n a l   i n v e s t i g a t i o n   o n   p e r m a f r o s t   i n  
C h i n a   b e g a n   i n   t h e   e a r l y  1950's. \ V i t h   t h e  
n a t i o n a l   e c o n o m y   d e v e l o p i n g   a n d   w i t h   t h e  
s p e c i f i c   i n s t i t u t i o n s   b c i n q  seL u p ,  sys- 
t e m a t i c  s c i e n t i f i c   e x p l o r a t i o n s   h a v e   b e e n  
c a r r i e d   c u t   s i n c e  19150 i n   t h e   v a s t   p e r m a -  
f r o s t   r e g i o n s ,   i n c l u d i n g   t h e   D a - X i a o   H i n g -  
g a n   L i n g   o f   N o r t h e a s t   C h i n a ,   a l o n g   t h e  
Q i n g h a i - X i z a n g   H i g h w a y ,   Q i l i a n   S h a n ,   a n d  
T i a n   S h a n   a n d   A l t a y   S h a n   o f  W e s t  C h i n a .  

UlSTRIDUTION, TEMPERATURE, A N D  
THICKNESS OF FROZEN G R O U N D  

P e r m a f r o s t   u n d e r l i e s  2 , 1 5 0 , 0 0 0  km2 o r  
2 2 . 3 %  o f   t h e   t e r r i t o r y  o f  C h i n a .   T h e  Co- 
t a l .  a r e a   o f   p e r e n n i a l l y   a n d   s e a s o n a l l y  
f r o z e n   g r o u n d   ( t h e   d e p t h  i s  o v e r  0 .5  m )  
o c c u p i e s  6 8 . 6 % .  G e n e r a l l y ,   p e r m a f r o s t   i n  
C h i n a   c a n   b e   d i v i d e d   i n t o  two b r o a d   c a t e -  
g o r i e s :   p e r m a f r o s t   i n   h i g h   l a t i t u d e s   a n d  
p e r m a f r o s t   i n   h i g h   a l t i t u d e s   ( F i g . l ) ,  

T h e   p e r m a f r o s t   r e g i o n   i n   n o r t h e a s t e r n  
C h i n a  i s  p a r t   o f   t h e   s o u t h m o s t   z o n e   o f   t h e  
E u r a s i a n   c o n t i n e n t a l   h i g h   l a t l i t u d e   p e r m a -  
f r o s t   a r e a .   T h e   d i s t r i b u t i o n   o f   p e r m a -  
f r o s t   d e p e n d s   o n   l a t i t u d i n a l   z o n a t i o n .  
T h e   m e a n   a n n u a l .   g r o u n d   t e m p e r a t z r e  r i s e s  
s o u t h w a r d .   G e n e r a l l y ,   w i t h  a l d e c r e a s e  
i n   l a t i t u d e ,   t h e  m e a n   a n n u a l  a i r  t c m p c r a -  
t u r e   a n d   t h e   m e a n   a n n u a l   g r o u n d   t e m p e r a -  
t u r e  will i n c r e a s e  l 0 C  a n d  0 , 5 O C ,  r e s p c c -  
t i v e l y .  To t h e   s o u t h ,   t h e   c o n t i n u i t y   o f  
p e r m a f r o s t   g o e s   f r o m   p r e d o m i n a n t l y   c o n t i n -  
u o u s  t o  i s l a n d   p e r m a f r o s t .   P e r m a f r o s t  

t h i c k n e s s   v a r i e s   f r o m  50 t o   1 0 0  m i n   t h e  
n o r t h m o s t   p a r t ,   t o  5 t o  20  m a t  t h e   s o u t h  
limit ( T a b l e  I., Guo 1 9 8 1 ) .  

T h e   s o u t h e r n  limit o f  p e r m a f r o s t  i s  
b e t w e e n  4 6 . 6  a n d  49.4' N ;  t h e  m e a n   a n n u , a l  
a i r   t e m p e r a t u r e   i n   t h e   m i d d l e   s e c t i o n  i s  
O°C;  a t  t h e   w e s t e r n   s e c t i o n ,   b e t w e e n  O°C 
a n d  - 1 O C ;  a n d  a t  t h e   e a s t e r n   s e c t i o n  t h e  
a i r  t e m p e r a t u r e  i s  b e t w e e n  0°C a n d  
+ l 0 C .   I n   m o u n t a i n s   t o   t h e   s o u t h  o f  t h i s  
limit, s u c h  a s  t h e   H u a n g g a n g l i a n   S h a n ,  
C h a n g b a i   S h a n ,   W u t a i   S h a n   a n d   T a i b a i   S h a n ,  
a l p i n e   p e r m a f r o s t   o c c u r s .  

I n  West C h i n a ,   p e r m a f r o s t   o c c u r s   i n  
h i g h   m o u n t a i n s ,   s u c h  a s  t h e   Q i l i a n   S h a n ,  
T i a n   S h a n ,   a n d   A l t a y   S h a n ,   W i t h   r i s i n g  
e l e v a t i o n ,   t h e   p e r m a f r o s t   t e m p e r a t u r e  a t  
t h e   d e p t h   o f   z e r o   a m p l i t u d e   v a r i e s   f r o m  
- O h l 0 C  a t  t h e   l o w e r  limit t o  -2 .5  o r  - 4 -  
-5 C a t  t h e   h i g h e r ;   c o r r e s p o n d i n g l y ,   p e r -  
m a f r o s t   v a r i e s   i n   t h i c k n e s s   f r o m   s e v e r a l  
meters t o   1 0 0   t o  200 m o r   m o r e   ( T a b l e   2 ) .  
F o r  i n s t a n c e ,   i n   t h e   R e s h u i   R e g i o n   o f   t h e  
Q i l i a n   S h a n ,   w i t h   a n   e l e v a t i o n   i n c r e a s e   o f  
1 0 0  m ,  t h e   g r o u n d   t e m p e r a t u r e   d e c r e a s e s  
0.6OC a n d   t h e   p e r m a f r o s t  ,thickness i n -  
c r e a s e s  1 4  t o  2 1  m .  T h c   t e m p e r a t u r e   g r a -  
d i e n t   a t  a n  e l e v a t i o n   o f  2,700 t o  3 , 0 0 0  m 
i n   t h e   T i a n   S h a n  i s  t h e  same a s  i n  t h e  
R e s h u i   r e g i o n ;   h o w e v e r ,   t h e   t h i c k n e s s  i n -  
c r e a s e s  a s  much a s  3 1  m/100 m .  T h e   l o w e r  
limit o f  a l p i n e   p e r m a f r o s t   r a n g e s   f r o m  
2 , 2 0 0  m i n  t h e   n o r t h   ( A l t a y   S h a n )  t o  3 , 7 0 0  
m i n   t h e   s o u t h   ( Q i l i a n   S h a n ) .  

T h e   Q i n y h a i - X i z a n g   P l a t e a u   h a s   t h e  
h i g h e s t   a n d   l a r g c s t   p e r m a f r o s t   r e g i o n   i n  

1496 
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FIGURE 1 Map o f  t y p e s   a n d   d i s t r i b u t i o n  o f  p e r m a f r o s t   a n d   s e a s o n a l l y   f r o z e n   g r o u n d  in 

p e r m a f r o s t  on t h e   P l a t e a u ;   c - A l p i n c   p e r m a f r o s t .  
111, S e a s o n a l l y   f r o z e n   g r o u n d :   a - S e a s o n a l   z o n e   o f   f r o z e n   g r o u n d ;   b - S o u t h e r n   b o u n d a r y  o f  
f r o z e n   g r o u n d  (0 .5  m t h i c k ) ;   c - S o u t h e r n  limit o f  f r o z e n   g r o u n d .  
1 - H u a n g g a n g l i a n g   S h a n ;   2 - C h a n g b a i   S h a n ;  3-Wutai S h a n ;   4 - T a i b a i   S h a n .  

TABLE 1 M a i n   C h a r a c t e r i s t i c s   o f   P e r m a f r o s t  i n  N o r t h e a s t   C h i n a  
-. 

D i v i -  Mean a n n u a l  Mean a n n u a l   P e r c e n t a g e   o f   T h i c k n e s s  o f  

t e m p e r a t u r e   t e m p e r a t u r e  b y  p e r m a f r o s t  
a i r   g r o u n d   a r e a  O c c u p i e d  p e r m a f r o s t  

( O C  1 ( O C  1 ( % I  (m ) 

I 
P r e d o m i n a n t l y  

- 5  
-3.5"' c o n t i n u o u s  

( l o w e s t - 4 . 4 )  p e r m a f r o s t  100-50 
7 0 - 8 0  

D i s c o n t i n u o u s  
I1 -5 - -3  - 1 . 4 - - 0 . 5   p e r m a f r o s t   5 0 - 2 0  

5 0 - 6 0  

I s l a n d  p e r m a -  

III - 3-0  - 1.0-0 f r o s t   1 0 - 3 0 ,  
s o u t h e r n   e d g e  2 0 - 5  

D e p t h  o f  z c r o  amp1j . -  
t u d e  o f  a n n u a l   g r o u n d  
t e m p e r a t u r e  

( m  1 

1 2 - 1 6  
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T A B L E  2 T e m p e r a t u r e   a n d   T h i c k n e s s   o f   P e r m a f r o s t  i n  West C h i n a  

Mean D e p t h  
a n n u a l   z e r o   T h i c k n e s s  
g r o u n d   a m p l j . t u d e   o f  

t u r e  t e m p e r a -  
R e g i o n s   E l e v a t i o n   t e m p e r a -  o f  g r o u n d   p e r m a f r o s t   S o u r c e  

t u r e  

( m )  ( " C  ) ( m  1 ( m  1 - - I_ 

o v e r   l o w e s t   t h i . c k e s t  d e r i v e d  f r o m   G o r b u n o v ,  
A l t a y   S h a n  2 , 800 - 4 . 0 - - 5 . 0   1 0 0 - 2 0 0   1 9 7 8   a ,   1 9 7 8   b ;   S h a t s ,  

1 9 7 8 ;   M e l ' n i c o v ,   1 9 7 4 .  

K u i x i a n d a b a n  2 7 0 0  -0.1-"0.2 
T i a n   3 0 0 0 - 3 2 0 0  - 2 . 0 - - 2 . 5  

I 6 
110-150 Q i u  G u o q i n g ,  1981.  

M o t u o s h a l a  
+ 

3 2 0 0 - 3 4 0 0   - 2 . 6   1 2 0 - 1 7 0   T a n   Q i n g f e n g ,   1 9 7 3 .  

1 3 - 1 7  * M u r i  Team,   Academia  
Mur i 4 0 0 0 - 4 3 0 0  - 0 . G - 2 . 3  s o m e t i m e s   3 0 - 9 5  S i n i c a ,  1 9 6 6 .  

9 

Q i l i a n   H o n g s h u i b a   3 8 2 9 , 4 0 3 2   7 9 . 3 , 1 3 9 . 3  Guo P e n g f e i ,   1 9 8 3 ,  
Sh an  ----- 

- 0 . 1 - - 1 . 5   1 0 - 1 4   0 . 6 - 1 1 . 0  R e s h u i  T e a m ,   1 9 7 6 ;  
R c s h u i  3 4 8 0 - 4 0 5 0   a n d   l o w e r   s o m e t i m e s   2 . 0 - 9 0   G u o   P e n g f e i ,   1 9 8 3 .  

6-7 

H a i y a n ,  
Menyuan 3 5 0 0 - 3 6 0 0  

5 - 3 5  

1 0 - 2 0  
g e n e r a l l y   F a n   X i p c r r g ,  1 9 6 3 .  

Q i n g h a i - X i z a n g  Map o f   p e r m a f r o s t  
H i g h w a y :   a l o n g  Qi n g h a i  -Xi z a n g  
C o n t i n u o u s   p e r -   H i g h w a y  (1 :600000) ,  
m a f r o s t   z o n e  1983 .  

Q i n g h a i -   H i g h   p 1 a l . n   a n d   4 5 0 0 - 4 6 5 0  O"0.5 9 -10 0-2 5 
X i z a n g  r i v e r  v a l l e y  -0 a 5--1.5 2 5-60 
P l a t e a u   H i g h   m o u n t a i n s   4 7 0 0 - 4 9 0 0  -1.5--3.5 1 2 - 1 6  6 0 - 1 2 0  

o v e r   4 9 0 0   - 4 - - 5  140-1 7 5  
a n d  h i l l s  l o w e r  -3 .5  1 2 0  C u i  Z h i j i u , Z h o u  Youwu, 

1 9 8 0 .  

I s o l a t e d   p e r m a -  Wang 3 i a c h e n g ,   1 9 7 9 .  
f r o s t   z o n e   A b o v e   m e n t i o n e d  Map 
X i d a t a n   4 2 0 0  0"O. 5 c 2 0   o f   p e r m a f r o s t  
Amdo-Nagqu  4500-4700 0--0. 5 <2  5 (1 : 6 0 0 0 0 0  ) 

x. 
f r o m  u n p u b l i s h e d   r e p o r t s .  

t h e  l o w - m i d d l e   l a t i t u d e s   o f  t h e  w o r l d .  
G e n e r a l l y ,  t h i s  p l a t e a u  i n c l i n e s  s o u t h -  
e a s t w a r d   t o p o g r a p h i c a l l y ,   a n d  t h e  p r e c i p i -  
t a t i o n   a n d   a i r   t e m p e r a t u r e   b e c o m e   l o w e r  
n o r t h w e s t w a r d .  

A l o n g  t h e  Q i n g h a i - X i z a n q   H i g h w a y ,  w h i c h  
t r a v e r s e s  t h e  p l a t e a u  f r o m  n o r t h   t o   s o u t h ,  
t h e  l o w e r  limit o f  i s o l a t e d   p e r m a f r o s t  i n  
t h e  K u n l u n  S h a n  i n  t h e  n o r t h  i s  a t  4150 
Lo 4 2 0 0  m .  As t h e  e l e v a t i o n   i n c r e a s e s  p e s  
100 m ,  t h e  g r o u n d   t e m p e r a t u r e   d e c r e a s e s  0.6 
t o  l . O ° C .  Above   4350  m c o n t l n u o u s   p e s m a -  
f r o s t   o c c u r s .  T h e  l o w e r  limit o f   i s o l a t e d  
p e r m a f r o s t  r i s e s  s o u t h w a r d   a n d   g o i n c i d e s  
a p p r o x i m a t e l y  w i t h  t h e  - 2  t o  - 3  C i s o t h e r m  
o f  m e a n   a n n u a l   a i r   t e m p e r a t u r e .  I n  t h e  

c o n t i n u o u s   p e r m a f r o s t   r e g i o n s ,   a t   a n   e l e v a -  
t i o n  o f  4 5 0 0   t o   4 9 0 0  m ,  t h e  m e a n   a n n u a l  
g r o u n d   t e m p e r a t u r e   r a n g e s  Prom z e r o   t o  
-3 .5OC. T h e  maximum t h i c k n e s s  m e a s u r e d  i s  
128.1 m. ( Z h o u  1965; C u i   a n d   Z h o u  1980;  
Zhou   and  Guo 1982 ;  T o n g  1 9 6 5 ,  1 9 8 1 ;  
Wang e t  a l .  1 9 7 9 ) .  

I n  m o s t  o r  t h e  a l p i n e   p e r m a r r o s t   r e g i o n s  
t h e   l o w e r  limit o f  p e r m a f r o s t   o n   s o u t h - f a c -  
i n g  s l o p e s  i s  h i g h e r   t h a n   o n   n o r t h - f a c i n g  
s l o p e s .   H o w e v e r ,  t h e  H i m a l a y a   S h a n   a r c   a n  
e x c e p t i o n .   A c c o r d i n g  t o  c a l c u l a t i o n s  
b a s e d   o n   m c t e o r o l o q i c a l   d a t a   a n d   g l a c i a l  
i c e  t e m a e r a t u r e  ( S h e n  1 9 7 5 ;  X i e  and  
Wang 1975), i t  c o u l d  b e   e s t i m a t e d  t h a t  
t h e  l o w e r  limit o f  p c r r n a f r o s t   o n   n o r t h -  
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Fle.2 Relationship  between  elevation of the  lower 

h i t  of  permafrost  distributhn and latitude 

1.  Allay  Shan 2. Tian Shan 3. Qilian Shan 4. Kulun Shan 
5. Tanggula Shan 6. Nyainqanlanglha  Shan 7. Himalaya Shan 
8. Taibai  Shan 9. Wutai Shan 10. Changbai  Shan 1 1 .  Huang- 
gangliang Shun 

f a c i n g   s l o p e s  i s  a t  a b o u t   5 1 0 0   t o  5300 m ,  
a n d  i s  300 t o  400 m h i g h e r   t h a n   o n   s o u t h  
s l o p e s   ( F u j i i  1 9 6 0 ) .  T h i s   c a n   b e  
e x p l a i n e d   b y   t h e   f a c t   t h a t   t h e   n o r t h   s l o p e  
is much d r i e r   t h a n   t h e   s o u t h ,  

As m e n t i o n e d   a b o v e ,   t h e   a l t i t u d e   i n   t h e  
m o u n t a i n s   a n d   p l a t e a u  of West C h i n a  i s  a 
d e c i s i v e  f a c t o r   f o r   p e r m a f r o s t   d e v e l o p m e n t  
a n d   c o n s e r v a t i o n   t h e r e ;   h o w e v e r ,   l a t i t u d e  
a l s o  h a s   a n   i m p o r t a n t   e f f e c t   o n   a l p i n e  
p e r m a f r o s t   ( F i g .  2 ) .  

a l p i n e   p e r m a f r o s t   h a v e  a c l o s e   r e l a t i o n -  
s h i p  t o  l a t i t u d e .   W i t h   t h e   i n c r e a s e   i n  
l a t i t u d e ,   t h e   e l e v a t i o n   o f   t h e   l o w e r  limit 
o f   t h e   s n o w l i n e   a n d   p e r m a f r o s t   b e c o m e s  
l o w e r .   F r o m   t h e   n o r t h   t o   t h e   s o u t h ,   t h e  
l o w e r  limit rises 3000 m .  

1. T h e   s n o w   l i n e   a n d   t h e   l o w e r  limit o f  

2.  T h e   l o w e r  limit o f  p e r m a f r o s t   i n   t h e  

west a t  a g i v e n   l a t i t u d e  is 1 1 5 0  t o  1300 m 
h i g h e r   t h a n   i n   t h e  e a s t .  

3.  T h e   v a r i a t i o n   i n   l o w e r  limit of p e r -  

m a f r o s t  i s  1 5 0  m / 1 °  o f  l a t i t u d e   i n   t h e  

h i g h   m o u n t a i n s   b o t h   i n   t h e  e a s t  a n d  west. 
4. S n o w l i n e  i s  u s u a l l y   h i g h e r   t h a n   t h e  

l o w e r  limit o f  p e r m a f r o s t ;   t h e   d i f f e r e n c e  

b e t w e e n   t h e m  i s  1000 t o  1100 m. 
I n   t h e   Q i n g h a i - X i z a n g   P l a t e a u ,   t h e   p e r -  

m a f r o s t   t e m p e r a t u r e  r i s e s  0 .5  t o  l . O ° C  p e r  
1 0 0   t o  200 km s o u t h w a r d ;   c o r r e s p o n d i n g l y ,  
t h e   t h i c k n e s s   d e c r e a s e s  10  t o  2 0  m f o r  100  
t o  200 krn. 

B e c a u s e  o f  t h e   c o m b i n a t i o n   o f   t h e   v e r -  
t i c a l  z o n a t i o n   a n d   l a t i t u d i n a l   v a r i a t i o n ,  
t h e   p e r m a f r o s t   d i s t r i b u t i o n   i n   t h i s   p l a -  
t e a u  i s  v e r y   c o m p l e x .  

INFLUENCE OF R E G I O N A L  FACTORS ON PERMAFROST 

The l a t i t u d i n a l   a n d   v e r t i c a l   z o n a t i o n  
m e n t l o n e d   a b o v e   i s   m o d i f i e d  by i n t r a z o n a l  
f a c t o r s  , i n c l   u d l   n g   g e o l o g i c   s t r u c t u r e ,   n e o -  
t e c t o n i c   m o v e m e n t ,   t h e r m a l   r e g i m e ,   d r a i n -  
a g e ,   l i t h o l o g i c a l   c h a r a c t e r i s t i c s ,   r e l i e f ,  
v e g e t a t i o n   a n d   l o c a l  c l i m a t i c  c o n d i t i o n s .  

s t r e t c h e s  W-E i n   t h e   Q i n g h a i - X i z a n g   P l a -  
t e a u ;   t h e   s e c o n d a r y   s t r u c t u r e   l i n e  i s  N-S,  
s t r e t c h i n g   w i t h   s e v e r a l   f o l d - f a u l t   z o n e s  
o r   r o t a t i n g   l a y e r s   t h a t  a r e  c o n n e c t e d   w i t h  
t h e   p r e s s u r e - t w i s t e d   f a u l t s .   S u c h  a t e c -  
t o n i c   p a t t e r n   h a s   i m p o r t a n t   e f f e c t s   o n  
p e r m a f r o s t   d e v e l o p m e n t .  

a l i e s  a t  t h e   i n t e r s e c t i o n   o f   t w o   s t r u c t u r e  
g r o u p s ,   f o r m i n g   c o o l   s p r i n g s ,   h o t   s p r i n g s ,  
g a s   f o u n t a i n   s p r i n g s ,   a n d   t h e   s t r u c t u r e -  
g e o t h e r m a l   t a l i k s .   T h e   c o o l   s p r i n g s ,  
t h o u  h t h e i r   t e m p e r a t u r e  i s  o n l y  1 t o  4' 
o r  7 C ,  c a n   m a k e   t h e   p e r m a f r o s t  warmer a n d  
t h i n n e r ,   a n d   e v e n   f o r m   t h a w e d   c h a n n e l s ,  
s u c h  a s  t h o s e   s e e n  a t  t h e   X i d a t a n ,   B u d o n g -  
q u a n   ( U n f r o z e n   S p r i n g )   o f   t h e   K u n l u n   S h a n .  
F r o m   t h e   K a i x i n   L i n g   t o   t h e  Amdo, a 260  km 
s e c t i o n   a l o n g   t h e   Q i n g h a i - X i z a n g   H i g h w a y ,  
t h e r e  a r e  m a n y   h o t   8 p r i n g s   w i t h   t e m p e r a -  
t u r e s   o f  +20 t o  +30 C ,  o r   e v e n  +70 t o  
+80°C, a n d  a s e r i e s  o f   s t r u c t u r e - g e o t h e r -  
mal t a l i k s .  

t h e   s k e l e t o n   o f   t h e   l a n d f o r m   a n d   c o n t r o l s  
t h e   d e v e l o p m e n t   o f   t h e   h y d r o l o g i c a l   s y s t e m .  
T h e   g e o t h e r m a l   b a c k g r o u n d ,   t o g e t h e r   w i t h  
t h c   t h e r m a l   a c t i o n   o f   s u r f a c e   w a t e r ,   m a k e s  
a 1 . 5   t o  2 . 0  km w i d e  t a l i k  i n  B u q u   R i v e r  
V a l l e y .   T h e r e   a r e   c o m p l e t e   t a l i k s   f o u n d  
u n d e r   t h e   T u o t u o   R i v e r   a n d   T o n g t a i n   R i v e r ,  
1000 a n d  4000 m w i d e ,   r e s p e c t i v e l y .   U n d e r  
a n d   s u r r o u n d i n g   t h e   l a k e s   o n   f a u l t s ,   s u c h  
a s  t h e   Y a x i n g - c u o   L a k e   a n d   B a s i c u o   L a k e ,  
t h e r e  a r e  s t r u c t u r e - l a c u s t r i n e   t a l i k s   w i t h  
d i a m e t e r s  f r o m  s e v e r a l   h u n d r e d  meters 
up  t o  2 - 3  km. 

T h i r d ,   t e c t o n i c   m o v e m e n t   c o n t r o l s   t h e  
l a n d f o r m   d i f f e r e n t i a t i o n   a n d   t h e   d e p o s i -  
t i o n a l   c o n d i t i o n ,   w h i c h   a f f e c t   p e r m a f r o s t  
d e v e l o p m e n t .  T o r  e x a m p l e ,   t h e   n e o t e c t o n i c  
m o v e m e n t   i n   t h e   K u n l u n   S h a n   a n d   T a n g g u l a  
S h a n  i s  r a t h e r   s t r o n g ,  s o  t h e   X i d a t a n   a n d  
W e n q u a n   B a s i n s  a r e  f i l l e d   w i t h   c o a r s e -  
g r a i n e d   s e d i m e n t s ;   b u t   i n   t h e   m i d d l e   o f  
t h i s   p l a t e a u ,   t h e   r i s i n g   a n d   s a g g i n g   m o v e -  
m e n t   d u r i n g   t h e  Neocene  a n d   Q u a t e r n a r y  
p e r i o d s  i s  r a t h e r   w e a k ;   t h e r e f o r e ,  a s e -  
r i e s  o f   f a u l t - b a s i n s  were f i l l e d   w i t h  
f i n e - g r a i n e d   s e d i m e n t s .   C o r r e s p o n d i n g l y ,  
t h e   l a t t e r  was a m o r e   f a v o r a b l e   c o n d i t i o n  
f o r  t h e   d e v e l o p m e n t  o f  p e r m a f r o s t   a n d  
g r o u n d  i c e .  

T h e   m a i n   g e o l o g i c   s t r u c t u r e   l i n e  

F i r s t ,   t h e r e  a r e  m a n y   g e o t h e r m a l   a n o m -  

a 

S e c o n d ,   t h e   t e c t o n i c   p a t t e r n   d e t e r m i n e s  
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L i t h o l o g i c a l   c h a r a c t e r i s t i c s ,  m a r s h  
f o r m a t i o n ,   a n d   s l o p e   o r i e n t a t i o n  a l l  h a v e  
a c l o s e   r e l a t i o n s h i p   t o   p e r m a f r o s t   d c v e -  
l o p m e n t .  When t h e   o t h e r   c o n d i t i o n s   a r e  
s imilar ,  t h e  m e a n   a n n u a l   g r o u n d   t e m p e r a -  
t u r e   o f   p e r e n n i a l l y   f r o z e n   c l a y   a n d   s a n d y  
c l a y  i s  u s u a l l y  1 t o  3 O C  l o w e r   t h a n   t h a t  
o f  b e d r o c k  o r   g r a v e l s .   T h e   e x i s t e n c c   o f  a 
c o a l   l a y e r  r a i s e s  t h e   g r o u n d   t e m p e r a t u r e  
a n d   g e o t h e r m a l   g r a d i e n t .   A c c o r d i n g   t o   t h e  
t e m p e r a t u r c   m e a s u r e r n c n t   i n  we l l s ,  t h e   g e o -  
t h e r m a l   g r a d i e n t o i n   p e r m a f r o s t   o f  West 
C h i n a  i s  1 . 5 - 2 . 0  C / l O O  m ,  i n   q e n e r a l ;  
h o w e v e r ,   u n d e r   t h e   i n f l u e n c e   o f  a c o a l  
l a y e r ,   t h e   g r a d i e n t   i n c r e a s e s  4 t o  5°C/100 
m .  T h e   m a r s h   a n d   m o s s   c o v e r   c a n   p r o m o t e  
t h c   d e v e l o p m e n t   o f   p e r m a f r o s t ,   e s p e c i a l l y  
i n   t h o s c   p l a c e s   w h e r e   t h e   t e m p e r a t u r e  i s  
n e a r  O°C.  I n   t h e  Da H i n g g a n   L i n g ,  t ge  
t e m p e r a t u r e  i . n  a m a r s h l a n d  i s  1 t o  2 C 
l o w e r   t h a n   i n   o t h e r   k i n d s   o f   l a n d s c a p e s .  
T h e r e f o r e ,   n e a r   t h e   s o u t h e r n  limit o f   t h e  
p e r m a f r o s t   z o n e ,   t h e   m a r s h l a n d   c o u l d   b e  
c o n s i d e r e d   a s   t h e   i n d i c a t o r   o f   i s o l a t e d  
p e r m a f r o s t .  On t h e  o t h e r   h a n d ,   i n   t h o s e  
p l a c e s   w i t h  a m e a n   a n n u a l   g r o u n d   t e m p e r a -  
t u r e  n e a r  O 0 C  a n d  w i t h  a z e r o   g e o t h e r m a l  
q r a d i e n t ,   p e r m a f r o s t  i s  v e r y   u n s t a b l e ;  
t h e r e f o r e ,   c l e a r i n g   o f   l a n d  r e s u l t s  i n   t h e  
i n c r e a s e   o f   g r o u n d   t e m p e r a t u r e   a n d   l o w e r -  
i n g   o f   t h e   p e r m a f r o s t   t a b l e .   M o r e o v e r ,  
e v e n   i n   R e g i o n  I o f  Da H i n g g a n   L i n g ,   w h i c h  
i s  Tar f r o m   t h e   s o u t h e r n  limit, p e r m a f r o s t  
is r e g e n e r a t i n g   d u e   t o   t h e   i n t e r f e r e n c c   o f  
m a n k i n d ;   t h i s  i s  i n d i c a t e d   b y   t h e   f a c t  
t h a t   t h e   t e m p e r a t u r e - d e p t h   c u r v e s   w i t h  a 
n e g a t i v e   g r a d i e n t   h a v e   b e e n   f o u n d   t h e r e .  

w a t e r   c o n t e n t :   h a v e   a n   i m p o r t a n t   e r f e c t   o n  
t h e   s e a s o n a l   f r e e z i n g / t h a w i n g   p r o c e s s ,  
m a k i n g   t h e m   v a r y   i n   l a r g e   r a n g c   w i t h i n  a 
s h o r t   d i s t a n c e .   G e n e r a l l y ,   t h e  maximum 
f r e c z i n g   d e p t h   r a n g e s   f r o m  2 t o  8 m ,  a n d  
t h e   t h a w i n g   d e p t h  i s  1 - 4  m i n   u n s o l i d   Q u a -  
t e r n a r y   s e d i m e n t s ,  8-10 m i n   b e d r o c k .   T h e  
s e a s o n a l   l a y e r  i s  a b l e   t o   l i n k   u p  w i l h  t h e  
p e r m a f r o s t ,  h o w e v c r ,   n e a r   t h e   l o w e r / s o u t h  
limit o f   p e r m a f r o s t ,  o r  a t  t h o s e   p l a c e s  
w i t h   t h e   s u p r a - p e r m a f r o s t  water  u n f r o z e n  
i n  w in te r ,  t h e   p e r m a f r o s t  w j L L  n o t   c o n n e c t  
w i t h   t h e   s e a s o n a l l y   t h a w i n g   l a y e r .  

D i f f e r e n c e   o f   s l o p e   o r i e n t a t i o n   a n d  
s t e e p n e s s   c o u l d   m a k e   t h e   a l p i n e   p c r m a f r o s t  
d i s t r i b u t i o n   u n s y m m e t r i c a l .  F o r  i n s t a n c e ,  
i n   T i a n   S h a n ,   t h e   l o w e r  1imi.t o f   p c r m a -  
f r o s t   o n   s o u t h - r a c i n g   s l o p e s  i s  400 m 
h i g h e r   t h a n   o n   n o r t h - f a c i n g   s l o p e   ( Q i u  
and  Zhang 1981). I n   t h c   Q i l i a n   S h a n ,   t h e r e  
i s  a 2 1 0  m d i f f e r e n c e   b e t w e e n   n o r t h   a n d  
s o u t h  (Guo P e n g f e i  1 9 6 3 ) ,  a n d   i n   t h e  
Q i n g h a i - X i  r a n g  P l a t e a u ,   t h e   t e m p e r a t u r e  
d i f f e r e n c e   b e t w e e n   n o r t h - f a c i n g   a n d   s o u t h -  
r a c i n g   s l o p e s  i s  1 . 7  t o  2 . 4 O C ,   a n d   t h e  
d i f f e r e n c e   i n   p e r m a f r o s t   t h i c k n e s s  i s  50 
t o  70 m .  A l s o ,  g r o u n d  i c e  d e v e l o p m e n t  
c o n d i t i o n s   v a r y   o n   d i f f e r e n t   s l o p e s .  C'or 
e x a m p l e ,   i n   t h e   F c n q h u o   S h a n   R e g i o n ,  i t  
h a s   b e e n   f o u n d   t h d t   a t   t h e   l o w e r   p a r t  o f  
n o r t h - f a c i n g   s l o p o s   t h e  i c e  l a y e r  i s  a s  

T h e   l i t h o l o g i c a l   c h a r a c t e r i s t i c s   a n d  

t h i c k  a s  2 t o  5 rn, w h i l e   o n   t h e   s o u t h - f a c -  
i n g   s l o p e s  w i t h  t h e   s a m e   e l e v a t i o n ,   o n l y  a 
f e w   d i s c o n t i n u o u s   t h i n  i c e  l e n s e s   o c c u r  
(Wang J i a c h e n g  e t  a l .  1 9 7 9 ) .  

a considerable a r e a  o f   N o r t h e a s t   C h i n a ,  
f r o m   H e i l o n g   3 i a n g   i n   t h e   n o r t h   t o   N e n -  
j i a n q   a n d   H a i l a r   i n   t h e   s o u t h ;   t h i s   h a s  
a n   o b v i o u s   e f f e c t   o n   t h e   d e v e l o p m e n t   o f  
p e r m a f r o s t .   M o r e o v e r ,   t h e   m a r s h l a n d  a;: 
t h e   b o t t o m   o f   t h e   v a l l e y  i s  U 5 U a l l Y  c o v -  
e r e d   b y   m o s s ,   p e a t ,  o r  o t h e r   w e l l - d e v e l -  
o p e d   v e g e t a t i o n ;   t h e   c o m b i n a t i o n   o f   i n -  
v e r s i o n   a n d   m a r s h l a n d   m a k e s   t h e   p e r m a f r o s t  
d e v e l o p  w e l l  a t  t h e   l o w l a n d   o f  a v a l l e y   b u t  
n o t   a t   t h e   t o p   o f   h i l l s .   t o r   e x a m p l e ,   i n  
t h e  Amur r e g i o n  ( O a i   J i n y b o ,   1 9 8 2 1 ,  a t  t h e  
b o t t o m   o f  a v a l l e y ,   t h c   m e a n   a n n u a l   g r o u n d  
t e m p e r a t u r e  i s  a s   l o w   a s  - 4 . Z " C ;  a t  t h e  lower 
p a r t   o f  a g e n t l e   s l o p c ,  - 1 . 7 " C ;  on t h e  
n o r t h - f a c i n g   s t e e p   s l o p e ,  -O.l"C, a n d   a t  
t h e   f o o t   o f  a s t c e p   s o u t h - f a c l n g   s l o p e ,  
+ l . O ° C .  U s u a l l y ,   t h e   g r o u n d   t e m p 8 r a t u r e   i n  
l o w l a n d s  i s  1 t o  2OC (max .  4 t o  5 C )  l o w e r  
t h a n   t h a t  a t  a h i g h   d i v i d c .  

T h e   w i n t e r   t e m p e r a t u r e   i n v e r s i o n   c o v e r s  

G R O U N D  I C E  

G r o u n d  i c c  i s  w i d e s p r e a d   i n   t h e   p e r m a -  
f r o s t  a n d   h a s  a c l o s e   r e l a t i o n   t o  r e l i e f ,  
l i t h o l o g i c a l   c h a r a c t e r i s t i c s   a n d   m o i s t u r e  
s u p p l y .  

1. On g e n t l e   n o r t h - f a c i n g  s l o p e s  a n d  i n  
i n t e r m o n t a n e  m a r s h  d e p r e s s i o n s   w i t h  wel l -  
d e v e l o p e d   v e g e t a t i o n ,   h o r i z o n t a l  i c e  l a y e r s  
a r e  u s u a l l y   w e l l - d e v e l o p e d ,   e s p e c i a l l y   i n  
c l a y e y   s o i l   o r   p e a t   w i t h   h i g h  water  c o n -  
t e n t .  T t  is known t h a t   t h e   u p p e r   s u r f a c e  
o f   a n  i c e  l a y e r  i s  a l w a y s   p a r a l l e l   t o   t h e  
g r o u n d   s u r f a c e   a n d   a p p r o x i m a t c l y   c o i n c i d e s  
w i t h   t h e   p e r m a f r o s t   t a b l e .   T h e   d e p t h   o f  
t h e  i c e  l a y c r s  r a n g e s   f r o m  0 . 9  m t o  3.0 m 
i n   t h c   Q i n g h a i - X i z a n g   P l a t e a u ,   a n d   f r o m  0 . 3  
t o   1 . 5  m i n   t h e  Da H i n g g a r l   L i n g .  

T h e   h o r i z o n t a l  i c c  l a y e r s   c a n   b e   d i v i d e d  
i n t o   t h r e e   t y p e s ,   a c c o r d i n g   t o   t h e i r   t h l c k -  
n e s s :   t h i n ,   f r o m   s e v e r a l  mill imeters t o  
s e v e r a l  ccr l t lmetres;  t h i c k ,   s c v c r a l   t e n s   o f  
cm; a n d   t h e   t h i c k e s t ,   u p   t o  G Lo 7 m 
t h i c k ,  d i s t r i b u t e d   w i t h i n  t h e  d e p t h   o f  
z e r o   a m p l i L u d e   o f   a n n u a l   g r o u n d   t u m p e r a -  
t u r e ,  b e l o n g i n g   t o   c e m e n t e d - s e g r e g a t e d  i c e .  

T h e r e  a r e  t w o   k i n d s   o f   p i n g o  i c e :  i n t -  
r u s i v e  drrd s e g r e g a t e d  i c e .  It1 t h e   f a m o u s  
h u g e   p i n g o   i n   t h e  P a s s  B a s i n   o f   t h e   K u n l u n  
S h a n , t h e r e  a r e  f o u r  i c e  l d y e r s  a t  t h e   f o l -  
l o w i n g   d e p t h s :  1.. 3 t o   1 4 . 6  m ;  2 6 . 3  t o   2 9 . 1  
m; 30.0 t o  34.9 m ;  a n d   4 2 . 1  - 4 3 . 0  m .  The  
f i r s t  o n e   c o n t a i n s  a l i t t l e  a m o u n t  o f  s i l t ,  
b u t   t h e  s i l t  c o n t e n t   b e c o m e s  smal le r  w i t h  
i n c r e a s i n g   d e p t h .   B e t w e e n   t h e   t h i c k  i c e  
l a y e r s ,   t h e r e  i s  v e i n - s t r u c t u r e   p e r m a f r o s t  
c o m p o s e d   o f   s a n d y   c l a y ,   c l a y e y  s a n d ,  a n d  
f i n e   s a n d ,   o f   w h i c h   t h e  i c e  c o n t e n t   b y   v o -  
lume i s  5 0   t o  70%.  

m o r a i - n c ,   a l l u v i a l - p l u v i a l   g r a v e l s ,   a n d  
e l u v i a l  d e b r i s ,  t h e   g r o u n d  i c e  u s u a l 1  y b e -  

2 .  I n  c o a r s e - q r d i n ~ : d   s e d i m e n t s ,  s u c h  a s  



l o n g s   t o   c e m e n t e d   a n d   c e m e n t e d - s e g r e g a t e d  
t y p e s ,   f o r m i n g   c o n g l o m e r a t e d   c r y o g e n e t i c  
p e r m a f r o s t .  

i s  s o m e   v e i n - s h a p e d   g r o u n d  i c e  f i l l i n g   i n  
t h e   c r a c k s .  

I t  h a s   b e e n   p o i n t e d   o u t   t h a t   i n   G a l a y a  
o f  Da H i n g g a n   L i n g ,   t h e  i c e  v e i n s   r e a c h   t h e  
d e p t h   o f  54  m ;  t h e   l a r g e s t   o n e  i s  20  cm 
w i d e .   B e s i d e s ,   t h e  i c e  l a y e r l v e i n s   d e v e l o p  
a l o n g   t h e   o r i g i n a l   s t r a t i f i c a t i o n  o r  w e a t h -  
e r e d   c r a c k s ,   f o r m i n g   t h e   r e t i c u l a t e d   s t r u c -  
t u r e  o f  p e r m a f r o s t .  

Up t o  now,   no  i c e  w e d g e s   h a v e   b e e n  
f o u n d   i n   C h i n a .   H o w e v e r ,   o n   t h e   Q i n g h a i -  
X i z a n g   P l a t e a u ,   o n   t h e   s e c o n d - o r d e r  t e r -  
r a c e   o f   t h e   B e i l u , T u o t u o ,   T o n g t i a n   a n d  
Buqu R i v e r s ,   t h e r e  a r e  m a n y   s a n d   w e d g e s ,  
f r o m   s e v e r a l   t e n s  o f  c e n t i m e t c r s l u p  t o  2 
t o  4 m d e e p ,   A c c o r d i n g   t o   t h e  C d a t l n g ,  
t h e s e  may b e   t h e  t r a c e s  o f  i c e  w e d g e s  f o r -  
med i n  l a t e  P l e i s t o c e n e  time (Guo  
1 9 7 9 ) .  

3. I n   p e r e n n i a l l y   f r o z e n   b e d r o c k ,   t h e r e  

SUMMARY 

1. P e r m a f r o s t  i n  C h i n a   c a n   b e   d i v i d e d  
i n t o  two b r o a d   c a t e g o r i e s :   p e r m a f r o s t   i n  
h i g h   l a t i t u d e s   a n d   i n   h i g h   a l t i t u d e s .  
T h e   f o r m e r  i s  i n   n o r t h e a s t   C h i n a   a n d   d e -  
p e n d s   c h i e f l y   o n   l a t i t u d i n a l   z o n a t i o n ;   t h e  
l a t t e r  o c c u r s   i n   t h e   h i g h   m o u n t a i n s   a n d  
p l a t e a u s   i n  west C h i n a ,   a n d  is v e r t i c a l l y  
z o n e d ,  

2 .  A s e r i e s  o f  a z o n a l   f a c t o r s   p l a y  
i m p o r t a n t   r o l e s   i n   t h e   d e v e l o p m e n t   o f   f r o -  
z e n   s o i l s ;  a m o n g   t h e m ,   t e m p e r a t u r e   i n v e r -  
s i o n   i n   w i n t e r   a n d   p e a t   p r o m o t e   p e r m a f r o s t  
d e v e l o p m e n t   i n   l o w l a n d s  o f  t h e   N o r t h e a s t ;  
g e o l o g i c   a n d   h y d r o g e o l o g i c  f a c t o r s  r e s u l t  
i n  m a n y   k i n d s   o f   t a l i k s   i n   t h e   Q i n g h a i -  
X i z a n y   P l a t e a u .  

3. Most: o f   t h e   a l p i n e   p e r m a f r o s t  i n  
C h i n a   b e l o n g s  t o  t h e   c o n t i n e n t a l   t y p e ,   b e -  
cause  t h e   l o w e r  limit o f  p e r m a f r o s t  is 
g e n e r a l l y  B O O  t o  1 0 0 0  m l o w e r   t h a n   t h e  
l o c a l  s n o w l i n e ;   h o w e v e r ,   p e r m a f r o s t   o c c u r -  
i n g   o n   t h e   s o u t h - f a c i n g   s l o p e s   o f   t h e   e a s -  
t e r n   s e c t i o n  o f  H i m a l a y a   S h a n ,   i n   s o u t h -  
e a s t e r n   X i z a n g ,   a n d   i n   t h e   H e n g d u a n   S h a n  
b e l o n g s   t o  mar i t ime,  w i t h   t h e  Lower limit 
n e a r   o r   h i g h e r   t h a n   t h e   l o c a l   s n o w l i n e .  

4. P e r m a f r o s t   i n   t h e   N o r t h e a s t   h a s  a 
s o u t h e r n  limit c o i n c i d i n g   w i t h   t h e  -1 t o  
+ l 0 C   i s o t h e r m   a n d   e x t e n d s  t o  l a t i t u d e  
46.6'N. The   Lower  limit o f  p e r m a f r o s t   o n  
Q i n g h a i - X i z a n g   P l a t e a u   c o i n c i d e s   w i t h   t h e  
-2  t o  - 3 O C  i s o t h e r m .  

5 .  By c o m p a r i n g   t h e   t h i c k n e s s   a n d  
g r o u n d   t e m p e r a t u r e  o f  p e r m a f r o s t   i n   t h e  
N o r t h e a s t   w i t h   t h a t   o n   t h e   Q i n g h a i - X i z a n g  
P l a t e a u ,  i t  i s  known t h a t   t h e   p e r m a f r o s t  
o n   t h e  l a t t e r  i s  m o r e   s t a b l e ,  
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STABILIZATION OF HIGHWAY SUBGRADE IN PLATEAU  PERMAFROST REGION OF CI-IINA 
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People's  Republic of China 

According t o  the  permafrost,  engineering,  and  geological  conditions,  the  perma- 
frost  regions on the  Qinghai-Xizang  Plateau  can  be  divided  into four categories: 
(I) poor in  ice,  with  thaw-settlement  coefficient  of  frozen  soil A less  than 5%; 
(11) with  a  moderate  ice  content,  and A is  5-10%; (111) rich i n  ice,  and A is 
10-40%; ( I V )  with a massive  ice  layer  beneath  the  permafrost  table,  and A > 40%. 
In  applying  these  classifications to highway  construction,  the  authors  find  that 
in Category I, no  special  techniques  are  needed t o  deal  with  frost  damage. I n  
Category 11, cutting  is  generally  avoided,  but  when  it IS unavoidable,  the  side 
slope  should  be  gentle  and  the  strength of the  subgrade  should  be  ensured. In 
categories IIL and IV, no  cutting is allowed,  since  the  natural ground surface 
should  not  be  disturbed  within 10 m of  the  roadside;  the  height of the embanbent 
should  not  be  lower  than  the  critical  value.  Based on observation  and  calcula- 
tion,  a  minimum  thickness of  embankment i s  recommended: fot category I, the 
height of the  road  has no relation to permafrost  and  frost  action.  For  category 
11, the  height  of  embankment  is 0.8-1.2 m;  for  category 111, 0.9-1.5 m; and  for 
category IV, 1.1-1.7 m,  depending  on  what  kind of fill  material  is t o  be  used. 

Permafrost  regions  in  China  axe  scattered in 
the  northern part o f  the Major and  Minor  Xinggan 
Ling,  the  L&-&ai-Xizang  Plateau,  and  the  ailpine 
areas  of  western  China.  The  permafrost  grounds 
discussed  in  this  article  are those located in the 
Kunlun Shan and  the  plateau to its  south  with an 
altitude  higher  than 4200 m above sea level. 

The alimte of  this  region is cruel. In the 
thin  air at  hi& altitude,  the  orygen  content  is 
only  about  one half of that at. ","a level.  The  an- 
nual  mean  air  temperature  is -2 - -7'0, snd the 
frown season is ss long  as 7 - 8 months a year. 
Even in the  warm  season  (July  and  August),  na- 
gative  temperatures  often  occur  at night .  

The presence of permafrost  and  the  severe  cli- 
mate  cause  a  series of problems  to  the  construc- 
tion o f  asphalt  pavement. It is necessary  to  find 
out the  proper  depths of embankment  of  the preser 
oation  of permfrost and  the measwes for preven- 
tion  against  frost  action.  According  to  the  in- 
vestigations  taken  in 1973-1980, several  recon- 
mendations  were  made for the  design  of  subgrade 
under an asphalt  pavement. 

CEOLOUICAL  REGIONALIZATION OF HIGHWAY 
CONSTRUCTION AND PERMAFROST  PROTECTION 

The Qingbai - Xieang Plateau  Permafrost 
Region  belongs  to  one of the  general  highway 
natural  regions of China. Xt may be  divided 
into  two  subregionst oontinuoua perm@froat 
and  discontinuous  (sporadic)  permafrost. 

Tbe continuous  permafrost  subregion  that 
lies in the  north of the  plateau  can  be  clas- 
sified  into  three  conditions:  high  mountains, 
low  mountains  and  rolling  hills,  and  level 
land in the  valley  (valley  plain and terrace), 
according to their  topographic and geomorpho- 
logic  features. 
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With  regard  to  the  regional  engineering 
geological  conditions,  those of the  valley 
plain  zones  are  the  best,  and  there are thaw- 
ing zones along  big  rivers. In the  zones of 
low  mountains  and  rolling  hills,  top  soils are 
finer,  moisture  contents are higher,  thawing 
and freezing  actions  are  much  more  intensive, 
underground  ice  is mQre developed,  and  marsh 
lands a r e  often found at  the  flat  ridge or  in 
depreseions among mountains.  All  theae  phenomena 
make the  engineering  geological  oonditions  most 
unfavorable. In  the  high  mountain  zones,  the si- 
tuation  lies  between  the  other  two.  But  when  the 
route is passing  over  the  mountain  ridge  where  the 
undulation  of  the  terrain i s  flatter, the geologid 
cal  conditions  are  similar to that of the zones of 
low  mountains and rolling  hills. 

The  discontinuous  (sporadic)  permafrast  subre- 
gion is  on  the  south  of Tangula Shan. The main m- 
favorable  geologio  phenomenon  is  marshy  lands,  and 
the  route  through  it  should be avoided  whenever 
possible. 

mafrost  region.  The  engineering properties o f  
frozen soils after thawing are  substantially dif- 
ferent  according  to  their  moisture  content. Thus, 
the  alassification  of  frozen  soil in hiaway en- 
gineering in the permafrost area depends  upon  the 
total.  water  content  of  the  frozen soil and  its 
coefficient  of  settlement  in  thawing.  The  depth o f  
the  active  layer, t pes and i o e  aontent ( or the 
total water content7 of the  froeen  soils must be 
defined by boring,  and  for  design  and  canstruc- 
tion purposes, roads are  generally  divided  into 
sections  according  to  the  total  water  content of 
the  frozen  soils  within  the  depth of 1 meter  from 
the  upper boundmy of the  permafrost  horizon. The 
olaasifioation  of  the road sections  is  shown i n  
Table I, and the  appropriate  requirements for the 

Underground  ice  is  abundant in the  plateau per- 
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preservation o f  the frozen state of the  permafrost 
are also  proposed. (1 ) For the  cut  sections  and/ 
or  the  sections  where  the  hydrological and geologi- 
cal conditions  are  unfavorable,  detailed  geologic 
survey  and  special  design  must  be teen. 

Solar  radiation  in  the  plateau  permafrost 
region  is  much  stronger than in  the  high  latitude 
region. In the  case of asphalt  pavement,  beoause 
of the  higher  adsorbing  capacity of road  surface 
from  sunlight,  the  surface  temperature of pavement 
and  the  accumulated  heat  in  the  road  bed  beneath 
it  will  be  higher and more  than  that  of  the  gravel 
pavement. Thus, the  thaw  penetration  will  be deeper, and 
thaw settlement  will  also OCOW, if no  appropriate 
preservation  measures  to  the  froaen  state  of  per- 
mafrost  were  employed. 

Practice  shows  that  the  settlement  of  the  road 
bed  caused  by  paving  with  black  top  can  be  pre- 
vented  by  raising  the  height of the  embankment. 
However,  under  difficult  conditions  due  to  severe 
climate,  raising  the  height  of  embankment  from 
borrow  on  plateau  would  be  very  expensive. 

Different  thicknesses of embankment  had  been 
built  at  the  Bltitudes  of 4500-4600 m above  sea 
level  near 35 N in 1973-1976 to  find  out  what is  
the  proper  thickness  required.  The  data  obtain 
from  observation  indicate  that  the  thaw  penetra- 
tion of the  active  layer sa& into  the  shape of 
a "disk" after  the  asphalt  surface  is  placed(Fig1) 
For fillings  with  silty  and  clayey  soil, an 
actual  sinking  of 39-43 cm has resulted (h, in 
Fig. 1) for loam  or sandy soils;  it i s  about 1.2 
times of the  mentioned  value.  The  pavement  on 
top o f  the  embankment  having 1.2 m thick  at  the 
section of category I V  (see  Table 1 )  still  kept 
in good condition  for  nine  years,  although  there 
was  some  light  but  uniform  settlement. For the 
section of category I and 11, the  embankment  with 
0.8 m thick  will  be  enough. 

Two observation  sites  were also  established 
near  the  experimental road sections  in 1973 and 
1977. The  difference  between  the  $ravel and the 
asphalt  pavements  were  observed.  Surface  tempera- 
tures  were  measured  by  glass  surface  temperature 
gauges used  by  the  meteorological  station 3 times 
a day for 2 years ( 1979-1 980 ). The  data  at 

"7 

FIGURE 1 Variation of upper bundary o f  per- 
mafrost horizon after  the  construction  of ernbank- 
ment  and  asphalt  pavement. H, height  of  embank- 
ment; h, deepened  thawing  penetration  after  paving 
asphalt  pavement. 
",-v-.-~pper boundary of permafrost horizon. 
1, natural; 2, after  the  construction o f  embank- 
ment; 3, after  paving  asphalt  pavement. 

the  depth  of 5 cm  (just  beneath  the  asphalt  pave- 
ment)  were  used. 

The data of our  observation  and  the  meteorolo- 
gical  stations  show  that  there  is  a  good  correla- 
tion  between  the  air  thawing  index  and  surface 
thawing  index of the sandy gravel  ground.  This 
correlation  is  shown in Fig, 2, and can  be  ex- 
pressed as equation 1. 

Where N is the  N-factor  of  gravel  ground! 
1, is the  air  thawing  index,  in C'- days 5 
I, - g is  the  surface  thawing  index  of  sandy 
gravel ground. in C*- days. 

gravel  for  various areas o f  this  region  can  be 
oalculated  according  to  the  Long  term  air  tempera- 
ture data, and  the  N-factor  is  much  greater  than  in 
high  latitude  areas. 

The  ratio of the  surface  thawing  index Xs of 
gravel  pavement  against sandy gravel ground is 0.98 
obtained  from  observation, and is considered to be 
the same, while  the I of asphalt  pavement 
against  gravel  pavemen?  is 1.26 - 1.38. There  will 
be  a  little  difference  between  the yearmof obser- 
vation  and  different  filling  heights.  But  these 
values  are  very clom to  those  obtained  from 
Alaska  and  the USSR. (3,5) 

& these  correlations  and  taking  into  account 
the e f f ec t  o f  temperature variation during the 
service  life of  the  pavement,  the  design  surface 
thawing  index  of  asphalt  pavement  can  be  defined. 
The results  are  shown i n  Table 2. 

From 1, the surface  thawing  index  of sandy 

N =  

I 2 3 4 

&factor 

FIUURE 2 N ,- factor of natural sandy gravel 
ground  verse  the  air  thawing  index  in  plateau 
permafrost  region. 
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TABLE 1 Classification  of  road  sections  according  to  the  preservation  requirements 

Conditions o f  froeen  soil 
at the  upper  boundary 

Categoq 

of road ~ c e  con- ~w-settlement section tant coef. I& 

Preservation  requirements 

I  Low 5 
Design  and  construotlon  according  to  common 
seasonally  frozen  region 

Cutting is  generally  avoided. When unavoid- 
able,  side  slope  should  be  gentle and mea- 
sures  be  taken  to enswe the  strength of the 
subgrade. 
Distanoe  between  borrow  pit  and  the  foot  of 
the  side  slope  should be not  less  than 5 m. 

I11 Rich 10-40 

Height of embankment  should  meet  the  preser- 
vation  requirement.  Generally  no  cutting is 
allowed, measures should be  taken to ensme 
the  stability  of  the  subbase  and  the  side 
slope  if cutting is unavoidable. 
Principally,  natural ground surfaoe within 
10 m at  the road side  should  not  be dis-  
turbed. 
Distance of borrow  pit  should  be at least 
10m apart  from  the  foot  of  the  side  slope, 
depth of excavation  should  not  be  greater 
than SO$ of thaw  penetration o f  local per- 
mafrost soil. 

I V  
Ice stra- 
ta  with ~ 4 0  
soil  in- 
clusion 

Principally,  cutting  is  not  allowed. 
Height  of  embankment  should  meet  the 
preservation  requirements. 
Natural ground surface  within 10m at  the 
road  side  should  not  be  disturbed. 
Earth  borrowing  from  the road side  should be 
avoided  when  possible,  otherwise  the  borrow 
pit  should  be  located as given  above. 
For intercepting  surface  water  retaining 
dikes  are  preferable to intercepting 
ditches.  Side  ditohes  along  road  side 
should be avoided. 

TABLE 2 The  design  surface  thawing  index of 
asphalt  pavement 

Site No. 1 I1 

Latitude 35' 17'N 33' 57'N 
Altitude(m) 4612 4533 
Annual  mean air 
temperature C' -5.7 -4.3 
Mean  air  thawin 
index ( C--daysY 465 744 
Surface  thawing 
index of asphalt 2240 2484 
Pavement ( C -  days) 

Thus, the effaot of an asphalt  pavement  on  the 
top of  gravel  pavement  aan  be estimted by equa- 
tion 2. 

where  h is the  depth of thaw  penetration  deepened 
by paving  asphalt  pavement, in m; I 
Is- are  the  surfaoe  thawing  index  oP2fbpbalt  and 

and 

grab pavements  respeatively,  in c0-days; K is 
the  coeffioient  of  thermal  conductivity, in 
kcal/m.hrj G o $  L is  the  latent  heat of the  soil, 
in kcal/m . 

It is  found  that (for homogeneous  soil 
system) t 

1. For fine  grained  soils,  the  variation of the 
value of h is  not  significant for a same soil  type 



TABLE 3. Cri t ioal thichess of 
plateau  permafrost  region (m) 

emk 

150 5 

mnlanent  in  the 

. Subgrade Silty,clayey, Coarse sand, 
Material  soils and sandy sandy  gravel, 
for  filling soils grawel,  and 

Local  soils 0.8-0.9 1 .e1.2 
Sandy gravel 1 .l-1 .a 1 .&I .2 

having  the  moisture  content and density  ohanged 
within a conventional range. They range from 43 
to 52 om for silty  and  olayey  soils,  and  from 56 
to 66 om for sandy soils,  but  somewhat  deeper f o r  
coarse grained  soils  that range from 66 to 102 cm. 

2. Although  there exists a difference  in the 
mean air thawing  index  between  site I and  site 11, 
the  surface  thawing indexes of asphalt pavement are 
sseentially  the  same. 

Beoause  the  temperature  conditions  of site I 
and site XI can  be  approximately  considered as the 
margin  cases  of  the  plateau  between  the Tanggula 
Shan and Kunlun Shan, the  critical thichess of 
embankment for preservation of permafrost  in  this 
area may be  evaluated. 

For the oase of layered  systems,  the  problems 
can  be  solved  with  the method used  by Saner (1973). 

Figures  shorn in Table 3 had  been  developed us- 
ing the  data  from  the  road  investigation  and ob- 
servation aites(2). Results  had  been  justified 
that  it i s  applicable  for  conventional  loaal case=- 

Different  factors  of  safety  are  adopted for 
different  oategories  of  road  section. !he 
minimum  depths of embankment  suggested  to  prevent 
thermo-thawing d a m p s  are shown in Table 4. 

preservation  layer, and the  proper  thioknesa  will 
be  determined  by  the  soil  engineer in the  field. 
For sections  where  the  hydrologiaal  and geologiod  
conditions  are  very  unfavourable,  special  design 
should  be  taken. 

The  annual  rainfall  of  the  southeast  part of 
this  region  is 400-600 mm, but decreases to 200 mm 
from  south  to  north,  and  deoreaaes to less than 
100 mm from  east  to  west.  The warm season i s  short 
and  the  temperature is low. Therefore,  the  soil 
forming  process is very  slow.  These  factors make 
the  soil  of  the  active  layer  usually  coarse  in size  
and  moderate  in  moisture  (less  than  liquid  limit, 
and a large part of. it  ranged  from 0.7 4 . 8  of 
the  liquid limit). It  is  possible to build  the em- 
banlanent  with  local  soils  and drop the  oost of oon- 
struction. As the  heat  conduotivity of looal  soils 
is lese than that of gravel,  the  thickness of em- 
bankment may be  thinner.  But in this case, proper 
gradation  must  be  kept in mind. 

The pavement may be  considered as a part of the 

FROST HELVE, FROST BOILS  AND  THEIR  PREVENTIVE 
AND REMEDTAL MEASURES 

In this  region,  sand,  gravel, and sandy  soil 
predominate.  Investigation  revealed  that  only  very 
small  amounts of aocumulated  water  occured  in sandy 
subgrade soil  with  medium  water  oontent  during 
freeeing.  Therefore,  the  stability of the  subgrade 
will  generally  not  be  affected.  While  in  subgrade 

Moisture  content 

water - soil  moisture  before 
froeen 
-- soil  moisture  during 
December 

(b) case 1 (b) oase 2 (a) 

FIGURE 8 Soil moisture  aggregation clurina; the 
freezing  period in plateau  permafrost  region. 
(a) natural  ground,  without  external  water  supply 
to  the  system  during  freezing  period; (b) en- 
bankment  filling  with  silty  soil on the  grassland; 
case 1, without  external  water  supply  to  the  road 
system,  case 2. external  water oame Prom  the  accu- 
mulating  water  in  the  borrowing pit. 

with  silty  soil,  the  accumulated  mrter  during 
freesing ie apparent. 

without  external  water  supply to the  system,  the 
moisture  content o f  the  entire  active  layer  of 
soils  remains  essentially  unobanged  during  the 
freezing  period, and the  upper  and  lower  parts of 
the  layer  collected  the  water,  while  the  moisture 
of the  central  part  decreases.  (Fig. 3a) The 
water  aggregating  phenomenon  varies as the struc- 
tural  types of subgxade  and  pavement ohange, but 
their  basio  pattern  is  similar  to  that  of  the  na- 
tural ground (Fig.3 b case 1). 

In the  presence of external  water  supply,  it 
can be  seen  that  the  moisture  content of the  whole 
subgrade  soil  inareases (Fig.3 b, case 2). The 
amount of frost  heave is evidently  dependent on 
the ground water  level or the  level o f  the accwu- 
lated  water  along  the road side  before or during 
the  freezing  period. mimum frost  heave up to 
131 mm has been  observed  on  highways  in  this  region. 
Henoe preventive  and  remedial  measures  must  be 
taken. 

heave and frost  boils  ourrently  adopted  inolude 
improvement o f  the  drainage  system,  raising  the 
height  of  the  embankment,  and  provision of a sand 
gravel  bedding  course. 

Sand  gravel  bedding  course  has an obvious.  drying 
affeot  on  its underlying base soil. I t  can not 
only  serve as a part  of  the  pavement  struoture,  but 
also  improve  the  performance of the  subgrade, so 
that  it  has  been  widely  adopted. The thickness of 
such  bedding  course  should  not be less  than 20 om, 
preferably  extending  right  througfr  the  whole  width 
of  the  cross-section. 

When the  accumulated  water  along  the road side 
is difficult t o  drain or ground water e f f e c t s  
still  exist in winter  times, for the  sake of pro- 

It  was  also  revealed  in  the  investigation  that 

Measures for  the  prevention  and  remedy of frost 
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TABLE 4 Minimum  thickness of stabilizing  course 
for prevention of freezing  damages (for silt  and 
silty  clay) 

Height of embankment  Minimum  thickness o f  
(m) stabilizing  course  (cm) 

Above  road  Above  ground For asphalt For other 
side  water  water  level  concrete  types of 
level  before  asphalt 

freezing  pavements 

1.4-1.6 2.0-2.2 60 45 
I .I-I .4 1.7-2.0 70 50 
0.8-1 .I 14-1  e 7  80 60 

tection  from frost heave the  total  thickness o f  
the  whole  pavement  struoture,  including  the sand 
gravel bedding course, should not  be  less  than  the 
values  listed  in  the Table 4 .  

coNcLusIoN 

The stability of highway  subgrade  is an easen- 
tial  problem in the  construction of asphalt  pave- 
mer.t in  the  plateau  permafrost  region. For the 
prevention  of  thawing  settlement  and  frost  action, 
proper  depths of  embankment  is  needed.  Practice 
has been  shown that it  is  possible  to  build  the 
embankment  with  local  soils- of moderate  moisture 
content.  The  minimum  depths of embankment  re- 
commended  for road sections  acoording  to the pre- 
servation  requirements as well as the  measures for 

preventing  frost  heave, may be  a f e a s i b l e  and  eco- 
nomical  approach for O U T  country.  Because o f  the 
insufficient  experience fo r  the  construction of 
asphalt  pavement  in  this area, further  study  will 
be  needed. 
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CREEP BEHAVIOR OF FROZEN SILT UNDER CONSTANT UNIAXIAL STRESS 
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A series of unconfined  compression  creep tests was conducted on remolded, 
saturated  f rozen  Fairbanks s i l t  at constant-s t ress  (u) and  constant- temperatye 
condi t ions.  It was found t h a t  a sudden  change  occurred i n  the s lope of l o g  E 
VS. l / u  curves a t  a lmos t   t he  same minimum s t r a i n  rate (about s-l) €or  
va r ious  test temperatures .   Therefore ,   the   authors   suggest   that  the creep  of  
f r o z e n   s o i l  be c l a s s i f i e d   i n t o  two types:  short-term  creep  and  long-term  creep. 
D i f f e ren t   cons t i t u t ive  and s t rength- loss   equat ions are presented   for   each   type   o f  
creep. The c r1 tF r ion  of c r e e p   f a i l u r e  of f rozen  soil is  cons idered   to   have   the  
gene ra l  form of E x tn = E , where n i s  a material constant  dependent only upon 
water con ten t ,  E f r n i s  th!! f a i f u r e   s t r a i n ,  and i s  t h e  time t o   f a i l u r e   i n  
minutes. Dn t h e   b a s i s  of Assur 's   creep model?l980)  and t h i s   c r i t e r i o n ,  a creep 
equation was de r ived   t ha t   can   desc r ibe   t he   en t i r e   p rocess   o f   c r eep  of f rozen  so i l .  

The design of s t a b l e   s t r u c t u r e s  on permafrost 
o r  in a r t i f i c i a l l y   f r o z e n  ground requires   an under- 
s tanding of t he   s t r eng th  and  deformation  character- 
i s t i c s  of f r o z e n   s o i l s .  The creep of frozen s o i l  i s  
a complicated  physicomechanical  process  governed by 
var ious   fac tors   such  as appl ied  load,   temperature ,  
and material propert ies   (such as composition, ice 
content ,  and t ex tu re ) .  

The main ex te rna l   f ac to r s   t ha t   i n f luence   t he  
creep  response of frozen s o i l  are stress and 
temperature. To eva lua te   these   in f luences   quant i ta -  
t i v e l y  so as t o   p r e d i c t  the process of  creep  defor- 
mation and s t rength- loss  of f rozen   so i l ,   t h i s   i nves -  
t i g a t i o n  was performed  under  various  stress  levels 
and at  various  temperatures  varying  from -0.5 t o  
-1O'C. Three s o i l   d e n s i t i e s  were used t o   i n v e s t i -  
g a t e   t h e   i n f l u e n c e  of dens i ty  on creep  behavior,  but 
th i s   paper   dea ls   p r imar i ly  wi th  t he  data obtained 
from tests on the  specimens  with a dry   dens i ty  of 
from 1.16 t o  1.24 g/cm3 (correspondingly,   with a 
water content of 40.0% t o  44.8%). The complete 
r e s u l t s  w i l l  be inc luded   in  a CRREL r e p o r t   e n t i t l e d  
"Creep  and Strength  Behavior of Frozen S i l t  in 
Uniaxial  Compression,"  which is now in process. 

EXPERIMENT 

Test  Material 

The material used i n  t h i s   i n v e s t i g a t i o n  was a 
remolded s i l t  from the  USACRREL experimental  perma- 
f r o s t   t u n n e l   a t  Fox, near  Fairbanks,  Alaska. The 
phys ica l   p roper ty   ind ica tors  are as follows: 
p l a s t i c  limit of 34.16%, l i q u i d  l i m i t  of 38.4%, 
organic   content  of 5.49%, and a s p e c i f i c   g r a v i t y   o f  
2.68. The silt is c l a s s i f i e d  as ML with  approxi- 
mately 94% passing  the 1200 mesh s i eve  and  17% f i n e r  
than 0.01 mm. 

Test Specimens 

Each s o i l  specimen was compacted i n  uniform- 
density  layers,   vacuum-saturated,  and  quick-frozen 
u n i d i r e c t i o n a l l y  i n  an open system. The frozen 
specimens were 7 cm (2.75 in . )   in   diameter  and  end- 
machined t o  15.24 cm (6 in.) long. 

Test  Method 

The unconfined  compression  creep tests were 
performed  using  the  constant-stress  creep test ap- 
'paratus  designed by Sayles  (1968). It al lows  the 
app l i ed   l oad   t o   i nc rease   p ropor t iona l ly   t o   t he   i n -  
crease  in   the  deformation of  specimens so t h a t   t h e  
t e s t   ( t r u e )  stresses can  remain  constant  during 
test. 

RESULTS AND DISCUSSION 

E - u Relat ionship and Const i tut ive  Equat ions m 
As reported by many r e sea rche r s  (Assur 1980, 

Mellor and  Cole  1982, Martin et al. 1981, etc.), we 
consider  that  c reep   f a i lu re   occy r s  when the  creep 
rate   reaches i t s  minimum value E . The time t o   t h e  
minimum rate is def ined   as   the  tyme t o   f a i l u r e  t,, 
a n d   t h e   s t r a i n  a t  the  minimum is the   c r eep   f a f lu re  
s t r a i n  ~ f ,  

Exper iment   ind ica tes   tha t   for  a p a r t i c u l a r  
material the  minimum s t r a i n   r a t e s  are c l o s e l y  
related  to   temperature   and stress. In Figure 1 the 
minimum r a t e s  E a r e   p l o t t e d   a g a i n s t  stresses o in 
l oga r i thm  fo r  tEe material t e s t e d  at  var ious tem- 
peratures .  They are obv ious ly   no t   s t r a igh t   l i nes ,  
but a family of similar curves. It is e s p e c i a l l y  
i n t e r e s t i n g   t o   n o t e  tha t  they  suddenly  increase 
t h e i r   s l o p e s   a t  a c e r t a i n  minimum rate a s   s t r e s s e s  

1507 
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decrease.   This   feature   can be seen more c l e a r l y  by 
p lo t t i ng   l og  E vs. l / u  as shown i n   F i g u r e  2. I n  
this graph a f%i ly  of b i l i nea r   cu rves  is obtained,  
and they a l l  d e f l e c t  at  almost the same minimum 
s t r a i n  rate (about s - ' ) .  T l p s  impl ies   tha t  
t h e r e  is a cr i t ical  c reep   ra te ,  E.=, t h a t  may be 

considered  the minimum r a t e   f o r   d i s t i n g u i s h i n g  
between two fundamental  types of creep of f rozen 

s o i l .  The authors   therefore   suggest   that   the   creep 
of f r o z e n   s o i l  be c l a s s i f i ed   i n to   sho r t - t e rm-c reep ,  
which has minimum s t r a i n   r a t e s   g r e a t e r   t h a n  E ~ ,  
and  long-tprm  creep,  which has minimum strain rates 
less than cc. 

can be w e l l  descr ibed by t h e  fol lowing  exponent ia l  
equations.  For short-term  creep, 

Rased on Figure 2, t he   cons t i t u t ive   equa t ion  

where E* and U~ are material constants  independent 
of temperatures. By l i n e a r   r e g r e s s i o n  2nd 
s t ayda f f   dev ia t ion   ana lys i s ,  we ob ta in  E* - 8.84 x 
10- s and u* = 71.4 kg/cm2. The parameter k 
r e f l e c t s   t h e   i n f l u e n c e  of temperature and can be 
determined by k = 53.1 00.72 with -0.5 > -0 > 
-2'C, and k = 42.4 e l m o 2  with -2 2 -9 2--10":, 
where 0 is the   absolu te   va lue  of temperature,   in 'C. 

For long-term  creep, 

where E, is t h e   c r i t i c a l   c r e e p  rate, equal t o  
8-l f o r   t h e   m a t e r i a l   t e s t e d ,  and uc is t h e  
c r i t i ca l  c reep   s t r eng th   i n  kg/cm2) which  corresponds 
t o   t h e  stresses under  which = E . It v a r i e s  with 
the  temperature: u - 5.2 00.78. 'The parameter k' 
a l so   va r i e s   w i th   t egpe ra tu re :  k' - 125.7 

t h a t   t h e s e  two types of c reep   unde r l i e   d i f f e ren t  
deformation  mechanisms:  short-term  creep is con- 
t r o l l e d  by d i s loca t ion   c r eep ,   wh i l e  long-term c reep  
is con t ro l l ed  by g l ide   c reep  (Zhu and Carbee, i n  
press).  

t -u Relat ionship and Long-Term S t reng th  

To e x p l a i n   t h i s  phenomenon, the  authors  propose 

m 

Figure 3 presents   the   p lo t  of log VS. 110. 
c u r v e s   f o r   t h e   t e s t e d  material a t  various test 
temperatures.  These curves show a similar p a t t e r n  
t o  t h a t  shown in   F igu re  2, and  can  be well descr ibed 
by, for   short- term  creep,  

and   fo r  long-term  creep, 

tm = t exp[ kl'(- 1 . 1  - -)] 
C u u  

where t* and tC are material   constants  independ- 
en t  of temperature. For t h e   m a t e r i a l   t e s t e d ,  t* - 
0.19 min and tc = 912 min. k1 and k l '   a r e  a func- 
t i o n  of temperature: 

kl = 49.7 with -0.5 -0 2 -3°C 

kl = 30.7 with -3 2 -0 2 -lO°C, and 

k l '  - 117 9 l . l  with -0.5 2 -9 2 -1O'C 
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FIGURE 4 Comparison o f  the   predicted  s t rength- t ime 
curves  with test data. 

By t h e   d e f i n i t i o n  of creep   fa i lure ,   the   c reep  
stress a in  Equations 3 and 4 is  the u l t imate  
s t r e n g t h  o f  the   f rozen   so i l   (denoted  as uul t )  a t  
t h e  time o f  l o a d   a c t i o n   ( t )  equal t o  b. Then, 
from  Equations 3 and 4 we derived  the  following 
s t rength- loss   equa t ions ,   for  t < tc: 

kl a* 
u p  u l t  ary l n (   t / t , )  f kl ' 

and  for  t 2 tC: 

k1 'a 
u =  C 

u l t  uc  I n (   t / t c )  f kl' ' 

which  can be used t o  predicK the   u l t ima te   s t r eng th  
o f  f rozen s o i l  at any  given time. 

The curve8  predicted by Equations 5 and 6 and 
the   da t a   po in t s   a r e  compared in  Figure 4 ,  showing a 
very good agreement. 

It i s  c l e a r   t h a t  one should  adopt   different  
equat ions   to   eva lua te   u l t imate   s t rength   accord ing   to  
the   du ra t ion  of loading.  For  the  prediction of 
long-term  strength,  Equation 6 should  be  used. 

Followink the usual c r i t e r i o n ,  if we take the 
100-year s t r e n g t h  as the   u l t ima te  long-term s t r e n g t h  
(Ul t ) ,   then  from  Equation 6 we have  the  following 
re la t ion   for   f rozen   Fa i rbanks  silt:  

u - 3.49 
It 

where q t  is in kg/cm2 and e is  in O C .  

gat ion   a re   very   c lose   to   those   p red ic ted   for  re- 
molded frozen Hanover s i l t  by Sayles  (1974),  but 
higher than  those  for  undisturbed  frozen s i l t  
reported by McRoberts et al .  (1978). 

The values  of u l t  p r ed ic t ed   i n  t h i s  i n v e s t i -  

- t m Relat ionship 

Figure 5 shows a set of log E VS. log t curves 
f o r   t h e   t e s t e d   m a t e r i a l  under  various stresses at  
-5'C. It is clear t h a t  a l l  minimum points  F i n   t h i s  
f i g u r e   d i s t r i b u t e   v e r y   c l o s e   t o  a s t r a i g h t   l i n e .  
This means t h a t   t h e r e  is  a d e f i n i t e   r e l a t i o n s h i p  
between t h e  minimum s t r a i n  rate E, and  the time t o  
f a i l u r e  t,. Figure 6, which shows a l l  of the 
minimum points  fo r  a l l  test temperatures ,   indicates  
that t h i s   r e l a t i o n s h i p  is not  influenced by tempera- 
t u r e ,  and can  be  described by a simple power-law 
equation: 

E P C t  
-n 

m m 

where n is a constant  dependent  only upon water 
content ,  and c depends upon t h e  water content  and 
the   un i t  of time ( i f  n # 1). The values  of n and c, 
with  the  uni t  of time i n  minutes   for   d i f fe ren t  water 
content  groups, are given i n  Table 1. We note   tha t  
the  value o f  n fo r   i ce - r i ch   f rozen  s o i l  is very 
c l o s e   t o  that of p o l y c r y s t a l l i n e  ice (Mellor  and 
Cole 1982). 

- 
--- Predicted 

i t 

- 

-7  I 1 1 1 1 1 1 1  I I ]11,11 I , 1 1 1 1 1 ,  I I 
IO 

10-1 I 00 101 102 103 lo4 
t.  Elapsed Time (min) 

FIGURE 5 A s e t  of log  E vs. log t curves  under 
var ious stresses at  -5V. 
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FIGURE 6 Relat ionship between E~ and tm. 

TABLE 1 Values of  c and n in   Equat ion 8. 

W,% n C 

49.6-50.8 1.01 0.0083 

40.0-44.8 1.06 0.0860 

30.9-32.3 1.16 0.1800 

FIGURX 7 F a i l u r e   s t r a i n  as a func t ion  of minimum 
s t r a i n  rate a t  -2'C f o r   ( a )  w = 49.6-50.8% and (b)  w 

30.9-32*3%. 

FIGURE 8 F a i l u r e   s t r a i n   a s  a func t ion  of minimum 
s t r a i n  rate f o r  w = 40-44.8% a t  various  tempera- 
tures .  

TABLE 2 Averaged values  of ~f f o r   t e s t e d  
material at d i f f e r e n t  water contents.  

Water  content 
(%I  €f 

49.6-50.8 0.0117 

40.0-44.8 0.0870 

30.9-32.3 0. I760 

Creep F a i l u r e   S t r a i n  and F a i l u r e   C r i t e r i o n  

Creep f a i l u r e   s F r a i n  cf  as a func t ion  of 
minimum s t r a i n  rate E,,, f o r  different  water-content 
groups is  p lo t t ed  in Figures  7 and 8, respect ively.  
Clear ly ,  it is s u b s t a n t i a l l y  governed by the  water  
content  of the f r o z e n   s o i l :  the higher   the  water  
conten t ,   the  less t h e   f a i l u r e   s t r a i n .  It is 
i n t e r e s t i n g   t o   n o t e  that for   high  (Figure  7a)  and 
medium (Figure 8) water con ten t ,   t he   c r eep   f a i lu re  
s t r a i n  is nearly  independent o f  t h e   s t r a i n   r a t e  and 
temperature ,   whi le   for  low water  content  (Figure 
7b), it depends upon t h e   s t r a i n  rate: it  decreases 
: l i gh t ly   w i th   dec reas ing   s t r a in   r a t e   w i th in   each  
E, range of t h e  two types of c r eep   d i scusse i   i n  
th i  pa er, and s ign i f i can t ly   dec reases  as < 
IO-' s-'. Again, th i s   ev idence   suppor ts   the  view- 
poin t   tha t  the two types of c reep   a r e   con t ro l l ed  by 
different   deformation mechanisms. The average 
values  of cf for high and medium water-content 
groups,   together   with  that  of the low water-content 
group  for  short-term  creep, are given  in   Table  2. 

Comparing the   va lues  of f a i l u r e   s t r a i n   w i t h  
those of c o e f f i c i e n t  c in   Equat ion 8, we can see 
tha t   they   a re   very   c lose  t o  each  other.  Thus, from 
Equation 8 we have   the   fo l lowing   c reep   fa i lure  
c r i t e r i o n :  

where t is in  minutes,  and E is i n  min-'. 
Evydently,  the  CriteriOnmE X t m - €  wh 

was proposed by Ladanyi  (1972) End Assur f i980 
a particular case (n=1) or an  approximate form 
c r i t e r i o n  9. 

i ch 

of 
>, i s  

Creep Model and P red ic t ion  of  Creep  Strain 

To p red ic t  the creep  deformation of f rozen 
s o i l s ,  a number  of models  have  been  proposed by d i f -  
f e r en t   i nves t iga to r s .  It is  worth  noting that a 
similar creep model was recently  proposed, from d i f -  
fe ren t   perspec t ives ,  by Assur  (1980),  Fish  (1980), 



1511 

0.3 I I I I I I I I I 
"- Predicted 

- Test - - 
&7'c 

0.3 I I I I I I I I I 
"- Predicted 

- Test - - 
&7'c 

0 8 12 16 20X1O2 
1 ,  Tlme (min)  

FIGURE 9 Comparison  between the predicted and test 
creep  curves for short-term  creep. 
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FIGURE 10 Comparison  between the   p red ic ted  and test 
c reep   curves   for   (a )  u = 22 kg/cm2, 0 = -7'C and (b) 
0 = 7.7 kg/cm2, 6 3 -2'C. 

and Ting (1981), that can   desc r ibe   t he   en t i r e  
process of creep of f rozen   so i l s .  Among them, 
Assur's model is  the   s imples t  one. It is based upon 
physical  reasoning in a d i f f e ren t i a l   equa t ion   w i th  
t h e   r e s u l t i n g   i n t e g r a l :  

We found tha t   t he   va lues  of B were not d i r e c t l y  
re la ted  to   temperature ,   but  were c l o s e l y   r e l a t e d   t o  
stress. They can be expres sed   i n  terms of t, as 
fol lows  for   short- tern  creep:  

B = 0.33 when tm < 30 min 

The curves  predicted by Equation 10 and the  
test da t a  are compared in   F igu re  5.  It is clear 
that  Equation 10 can well descr ibe the creep  process 
for short-term  creep,  but  does  not  describe  the 
process as w e l l   f o r  long-term  creep. It is d i f f i -  
cu l t   t o   de t e rmine  B in   Equat ion 10 f o r  long-term 

creep. The authors   sugges t   tha t ,  as a f i rs t  
approximation  for  long-term  creep,  one  determines 
the   va lue  of 6 by f i t t i n g   E q u a t i o n  10 t o  the t e a t  
data  within  the  primary  creep  stage.  From our test 
da t a ,  B has  an  average  value of 0.6. 

s iderat ion  Equat ion 9 and ins t an taneous   s t r a in  E O ,  
we der ived  the  fol lowing  creep  equat ion:  

Integrat ing  Equat ion 10 and t a k i n g   i n t o  con- 

where tm is determined by Equations 3 and 4. 

da ta ,  we can see that  Equation 11 can well p red ic t  
t h e  en t i r e   p rocess  of short-term  creep  (Figure 9 ) .  
It does  not  predict  long-term  creep  as well (see 
Figure IO), but as a f i r s t  approximation it is  st i l l  
a p p l i c a b l e   f o r   p r e d i c t i n g   t h e  long-term  creep 
deformation of f rozen   so i l .  

Comparing the  predicted  curves  with t he  test 

CONCLUSIONS 

It can be concluded  from t h i s  i n v e s t i g a t i o n  

1. According t o   a p p l i e d   s t r e s s   l e v e l s ,   t h e  
t h a t :  

creep of f rozen   so i l   c an  be c l a s s i f i e d   i n t o  two 
types:  long-term  creep and short-term  creep.  Each 
obeys d i f f e ren t   cons t i t u t ive   equa t ions  and s t r e s s  
re laxat ion  equat ions.  

ated,   frozen  Fairbanks s i l t  wi th  a water  content o f  
from 40% t o  44.8% can be determjned by u l t  3.49 
90.87, where 0 is the   absolute   temperature   in  "C 
and u l t  is i n  kg/cm2, 

3.  For a cer ta in   type  of f a i l u r e  mode, t he  
c r e e p   f a i l u r e   s t r a i n  of f r o z e n   s o i l  is  almost 
stress- and  temperature-independent,  but it is 
c l o s e l y   r e l a t e d   t o   i c e   c o n t e n t .  

4. The c reep   f a l lu re -c r i t eE ion  of f r o z e n   s o i l  
takes the general  form of E x t = where n de- 
pends only upon water Contett  a d  t €3; i n  minutes. 

5 .  Equation 11 can be used tompredict  ade- 
qua te ly   the   en t i re   p rocess  of short-term  creep,  and 
can  also  provide a rough est imat ion of creep  defor- 
mation  for  long-term  creep. 

2. The 100-year s t r eng th  of remolded, s a tu r -  
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UNDERGROUND UTlLlDORS  AT BARROW, ALASKA:  A TWO-YEAR  HISTORY 
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The City of  Barrow  has  no  areawide  piped  water  or.sewerage facilities, Water is pumped from the  upper portion'of 
the  lsatkoak  Lagoon to the  treatment  facilities.  Treated  water is then  hauled to residences via private carriers.  Many 
residents  haul ice from clean water  sources  south of town. Sewage  wastes are collected  at  residences in holding 
tanks  or  plastic  bags,  then  trucked to a landfill. The North Slope Borough is improving these conditions  by instal- 
ling piped  sewerage  and  water facilities  in an underground utilidor system.  Due to the  unprecedented  size of this 
project and  the compatibility  of a heated utilidor buried  in  ice-rich  permafrost, an instrumented test  section  was 

gate the  interaction  between a heated utilidor and  the  surrounding  permafrost.  This  paper  presents  and  evaluates 
built and operated in ice-rich soil. The  objectives are to verify  thermal modeling used in the design and to investi- 

the  data  thus  far  obtained. 

Barrow,  Alaska, located on  the  Arctic Coastal  Plain, is the 
northernmost  community in the  United States, with a population 
of approximately 3,800. The town is a modern arctic Eskimo 
community serving as the governmental  center for the large 
North Slope  Borough  (Figure 1). Whaling  and game hunting still 
constitute a major portion  of the subsistence of the town's 
inhabitants. 
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TEST SECTION LOCATION 

Figure 1 Location map. 

Permafrost  underlies the  entire  Arctic Coastal  Plain.  The 
bottom of the permafrost zone in the Barrow area lies 300 - 400  m 
below the surface.  Polygonal or patterned  ground is common 
in the area. The  permafrost consists of ice-rich silt and contains 
numerous  ice wedges and  other ice  inclusions  (Black  1964). 
The area is characterized by typical  arctic  tundra  growth of moss 
and sedges. The  active  layer of seasonal freezing  and  thawing 
is approximately 0.5 rn in the undisturbed areas and  varies in the 
disturbed areas in a manner proportional to any  gravel fill that 
has  been placed  over the tundra. 

The City  of Barrow has not had  areawide piped  water or 
sewerage facilities in the past.  Water is pumped from  the upper 
portion  of the lsatkoak Lagoon to treatment facilities in Barrow. 
The  treated  water is then  hauled to residences  via private carriers, 
and  many  residents haul  ice from clean  water  sources south of 
the  town  for potable  water uses.  Sewage  wastes  are collected 
at residences in hqlding tanks  or  plastic bags then  transferred 
to a "honey bucket"  truck for deposition a t  the  landfill a t  the 
South  Salt Lagoon. 

The North Slope  Borough is improving these conditions  by 
installing piped sewerage  and water facilities in an underground 
utilidor system.  Due to the unprecendented  nature of this project, 
in terms of constructability and the  compatibility of a heated 
utilidor buried in ice-rich permafrost, an instrumented test 
section was constructed and  operated in ice-rich soil in order to 
verify thermal  modeling used in the design  and to investigate the 
interaction between a heated utilidor and the surrounding 
permafrost (Cerutti et al, 1982). 

This  paper  presents  and  evaluates the data obtained from 
the test section during  the last two years. 

UTlLlDOR DESIGN 

The utilidor is  constructed with 5 cm x 15 cm  Douglas fir 
lumber  placed with the wide side of  the boards  against  one 
another. Wheel  loads as well as soil overburden  and structure 
dead  loads  were  considered in the design.  The utilidor sections 
are 3 m long and contain six steel t ie rods.  The utilidor isdesigned 
to contain water,  sewerage, electrical, cable TV, and  telephone 
transmission systems. The interior will be kept above freezing 
with heated, circulating water,  and  space is provided for human 
access for maintenance (Figure 2). 
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Figure 2 Typical  utilidor section. 
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The exterior of the  utilidor is covered with an impermeable 
vapor  barrier,  which is covered with 100 mm (4 in.) of insulation. 
The  vapor  barrier is designed to eliminate damage  due to frost 
formation within the  insulation layers  and to also contain warm 
water within  the  utilidor  from leaks or line breaks. An impermeable 
moisture  barrier is then placed  over the utilidor insulation to 
direct small  amounts of free moisture away from  the warming 
front created by  the  utilidor. Access to the utilidor is through 
prefabricated  metal manholes. 

Service to residences from  the  utilidor mains will be via 
utiliducts consisting of preinsulated polyethylene pipe.  Water 
services will be circulated to residences with small circulating 
pumps  located within  the  utilidor.  All sewage  wastes will 
ultimately be deposited in a facultative  facility located in the 
South Salt  Lagoon  (Figure 1). 

After the utilidor structure is installed, a slurry consisting 
of sand,  water,  and bentonite (2%) is placed to the midheight of 
the  utilidor, and  compacted dried gravel is placed  above the 
slurry to the surface. A similar  method is used for the  utiliduct 
installation. 

THERMAL DESIGN 

The compatibility  of a buried  utilities system with the 
surrounding  permafrost is of  utmost importance in the design of 
the system. Sensitivity  of  the  ice-rich permafrost to thermal 
degradation  requires  intensive  engineering  analyses as well as 
stringent construction procedures to ensure that the  ground 
thermal regime around the  utilities system  remains  stable.  Design 
considerations  are: (1)  frost heave, thaw  settlement,  and  buoyancy 
problems as a result of seasonal freezing  and  thawing of the 
surrounding soils and/or  underground ice wedges; (2) structural 
integrity in response to the  freetelthaw mechanism; (3) possible 
groundwater seepage effects  on the thermal regime; (4) possible 
freezing of the utility pipes within the  utilidor  or  utiliduct  during 
shutdown or maintenance  periods;  and (5) the influence on  the 
ground  thermal regime of neighboring  structures,  roadways, etc. 

The  EBA  geothermal  model  (Hwang 1976) was  used to 
perform extensive thermal analyses with respect to: (1 )  the 
insulation  configuration  of  the utility structures; (2) the effect 
of burial depth; (3) soil stratigraphy, such as areas of ice-rich 
versus low-ice-content soils; (4) freezing point depression  due 
to groundwater salinity; and (5) upset  weather conditions, such 
as two successive "warm" years following  construction and their 
long-term  effect  on  the ground  thermal regime.  The  warm-year 
simulation uses the maximum monthly air  temperatures of the 
Barrow climatic data, while the normal year  uses  mean air 
temperature values. 

Input parameters to the  geothermal  model  are: (1 )  Barrow 
meteorological data, which include  air  temperature, wind velocity, 
snow  depth,  shortwave  radiation,  and  evapotranspiration a t  the 
ground surface; (2) thermal  properties of  the soils;  and 
(3) utilidor temperatures. 

The  design criteria considered  are: (1) soil/fill around the 
structure should stay permanently  frozen as to prevent seasonal 
freezehhaw action and (2) half or more of the  utilidor and 
utiliduct should lie below  the  maximum  depth of penetration of 
the -1.1% (30'F) isotherm to account for possible  freezing point 
depression  due to soil salinity. 

TEST  SECTION 

To evaluate construction techniques  and verify  the thermal 
design  parameters, part of the utilidor located in Block  A 
(Figure 1)  was isolated  and  instrumented as a test section in May 
1981. This  section was heated to the design interior operating 
temperature of 4Oc to 9°C. 

The instrumentation consisted of pressurecells,  piezometers, 
and thermistor strings  installed at various  locations  around the 
utilidor (Figures 3 and 4). Interior vertical and horizontal dis- 
placements  were  measured with extensometers at  three  locations. 
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Figure 3 Test  section  plan. 
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Figure 4 Thermistor  string  location. 

The test section was constructed in an undisturbed tundra 
area, which contains 45 - 60 cm (1.5 - 2 ft.) of organic rich silt 
(tundra)  overlying massive ice and ice-rich sandy silt to a depth 
of 4.6 m (15 ft.). Beneath this material,  sandy silt and silty sand 
are  present. 



The test section trench was  excavated by three  methods 
that were  used for construction evaluation. These methods  were: 
(1) using a large trenching machine  (ROCSAW) to  cut  the  trench 
borders  and  blasting the  interior  (Figure 5); (2) using the ROCSAW 
to cut one  trench  border  and  blasting the remainder;  and (3) 
blasting only. Method (1)  produced a clean trench with vertical 
walls (Figure 6). but methods (2) and (3) produced  widertrenches 
with irregular  walls (Figure  7). The dashed line in Figure 3 
indicates the  limits  of  trench excavation that resulted from 
method (2) (Sta. 0 + 75M) and method (3) (Sta. 0 + 84M - Sta. 
1 + 18M). Figure 8 shows the  installation of the  utilidor. 
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GROUND TEMPERATURES 

Ground  temperatures in the  backfill adjacent to the utilidor 
during  the summer after  construction are  shown in Figure 9. 
It can  be  seen that  the closer the  thermistor  station is to the 
overexcavated  area, the warmer the ground  temperature observed. 
This is due to the warming effect on  nearby  ground, by water 
ponding in the overexcavated  area.  Water table measurements in 
the area by standpipe probing were found to be about the same 
elevation as the water  bodies  around  the test site. The  source of 
water is believed to be the  melting  of  the active layer.  Drainage is 
allowed through  the active  layer  and the gravel  area fill. As the 
water was pumped out of the  utilidor, i ts  volume was approx- 
imately related to the increase in air  temperature  and 
corresponding precipitation. However, after  the  winter of 1981, 
all thermistors  indicated freezeback of the trench backfill 
throughout  the test section, as expected. 

Figures 10 to 14 show satisfactory  comparisons between the 
predicted and  observed  temperatures in 1982. The initial  tem- 
perature condition used in the model simulation was  based on 
the ground  temperatures on 13 May, 1981, as predicted by  the 
model for undisturbed  ground  rather  than those  measured  values 
shown in Figure 9. In spite of this and the  ponding  effect by 
groundwater  immediately after construction, the  trench  backfill 
freezes  back through  the  first  winter and exhibits ground 
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temperatures  close to those  predicted by  the model, indicating 
domination  by  the  conduction over the convection mode in the 
ground heat  transfer  process.  The  reason for colder  ground 
temperatures  than  predicted for March 1982 is partly  attributed 
to: (1 )  winter  activity inside the utilidor  for piping installations, 
as indicated by large fluctuations of the utilidor temperatures 
over the  winter of 1981 - 1982 (Figure 15) and (2) theopening 
of the utiliduct trenches, which were  excavated  and left open 
over the same period  (Figure 3). As the utilidor operating 
temperatures  stabilized  later, the  correlation between the 
predicted and  measured  temperatures  improves, as indicated by 
Figure 16 for 11 January, 1983. 
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Figure 9 Temperature after  construction. 

T E M P E R A T U R E  10'21 

Figure 12 Predicted vs observed  temperatures. 
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Figure 13 Predicted vs observed  temperatures 
(thermistor 6-5 for all stations). 

Figure 10 Predicted vs observed  temperatures. 
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Figure 11 Predicted vs observed  temperatures. 
Figure 14 Predicted vs observed  temperatures 
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DISPLACEMENT 

The  movements of the utilidor were  measured with an 
extensometer a t  three  locations.  The measurements  were  made 
at the centerline and midheight points by connecting the 
extensometer to permanent  hooks  installed for this purpose.  The 
data (Figure 17) seem to indicate that the utilidor is contracting 
and expanding with time. The maximum horizontal length 
occurs in March and April, when the permafrost temperature is 
a t  i t s  minimum; and the minimum horizontal length  occurs in 
September  and  October,  when the permafrost temperature is 
a t  i ts  maximum. It appears that the utilidor may  be experiencing 
the effects of volumetric changes in the surrounding permafrost 
due to seasonal temperature changes.  The vertical displacement 
in conjunction with the horizontal seems to support the inter- 
pretation that the utilidor expands  sideways during spring and 
contracts during fall. It is emphasized that further data  are 
required to confirm this cyclic action. However, the data indicate 
a cross-sectional  displacement of 0.5 cm for the utilidor structure, 
which is well within the design limit  of 2.5 cm. No meaningful 
data  were obtained by the pressure  cells  and  piezometers. 

UTlLlDOR TEMPERATURES 
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Figure 15 Utilidor and ambient  temperatures. 
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Figure  16  Predicted vs observed  temperatures. 

The  performance of the test section to date has confirmed 
the adequacy of the design  parameters  used in both thermal and 
structural designs,  as indicated by the ground  temperatures and 
utilidor displacement  data  obtained.  The construction experience 
obtained at the test site indicates that the ROCSAW technique 
proved to be the most effective excavation  procedure, as it 
provides minimum disturbance and thus enhances rapid freeze- 
back of the trench backfill. Water ponding effects near the over- 
excavated area indicated that the groundwater  movement should 
be kept to a minimum. As a result, trench plugs  consisting of 
a 5: 1 sand:bentonite mixture have  been  placed a t  30 m intervals 
along the trench length in all utilidor installations in order to 
inhibit the migration of  runoff water. 

78.0 r 
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Figure 17 Extensometer readings. 

Continuous monitoring of the test section  isbeingmaintained. 
It is felt that data obtained will be valuable in the preparation of 
maintenance  guidelines for the utilidor system. 
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